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ABSTRACT Feline immunodeficiency virus (FIV) infection in domestic cats is the
smallest usable natural model for lentiviral infection studies. FLA-E*01801 was ap-
plied to FIV AIDS vaccine research. We determined the crystal structure of FLA-
E*01801 complexed with a peptide derived from FIV (gag positions 40 to 48; RMANV
STGR [RMA9]). The A pocket of the FLA-E*01801 complex plays a valuable restrictive
role in peptide binding. Mutation experiments and circular-dichroism (CD) spectros-
copy revealed that peptides with Asp at the first position (P1) could not bind to
FLA-E*01801. The crystal structure and in vitro refolding of the mutant FLA-E*01801
complex demonstrated that Glu63 and Trp167 in the A pocket play important roles in
restricting P1D. The B pocket of the FLA-E*01801 complex accommodates M/T/A/V/I/
L/S residues, whereas the negatively charged F pocket prefers R/K residues. Based
on the peptide binding motif, 125 FLA-E*01801-restricted FIV nonapeptides (San Di-
ego isolate) were identified. Our results provide the structural basis for peptide pre-
sentation by the FLA-E*01801 molecule, especially A pocket restriction on peptide
binding, and identify the potential cytotoxic T lymphocyte (CTL) epitope peptides of
FIV presented by FLA-E*01801. These results will benefit both the reasonable design
of FLA-E*01801-restricted CTL epitopes and the further development of the AIDS
vaccine.

IMPORTANCE Feline immunodeficiency virus (FIV) is a viral pathogen in cats, and
this infection is the smallest usable natural model for lentivirus infection studies. To
examine how FLA I presents FIV epitope peptides, we crystallized and solved the
first classic feline major histocompatibility complex class I (MHC-I) molecular struc-
ture. Surprisingly, pocket A restricts peptide binding. Trp167 blocks the left side of
pocket A, causing P1D to conflict with Glu63. We also identified the FLA-E*01801
binding motif X (except D)-(M/T/A/V/I/L/S)-X-X-X-X-X-X-(R/K) based on structural and
biochemical experiments. We identified 125 FLA-E*01801-restricted nonapeptides
from FIV. These results are valuable for developing peptide-based FIV and human
immunodeficiency virus (HIV) vaccines and for studying how MHC-I molecules pres-
ent peptides.

KEYWORDS crystal structure, CTL immunology, domestic cat, MHC-I, feline
immunodeficiency virus (FIV)

Feline immunodeficiency virus (FIV), which induces a lethal immunodeficiency in
domestic cats that parallels AIDS in humans (1), is a typical lentivirus that shares a

similar genomic structure, immunopathogenesis, and host cell dependency factor with
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human immunodeficiency virus (HIV) (2–5). Similar to humans infected with HIV, felines
infected with FIV exhibit a typically protracted asymptomatic phase that is sustained for
several years prior to developing the terminal immunodeficiency syndrome. Previous
studies have shown that despite a lack of clinical symptoms, a long-term decline in
CD4� T cells, a concomitant increase in CD8� cells and hypergammaglobulinemia
occur during the asymptomatic phase (6). Thus, the FIV/cat model has been an
invaluable tool for lentiviral infection research and vaccine evaluation (7, 8).

Studies have shown that major histocompatibility complex class I (MHC-I) molecules
are critical for activating cytotoxic T lymphocytes (CTLs) to control HIV infection (9–12).
CD8� T-cell proliferation responses control FIV infection, and MHC-I molecule expres-
sion on microglial cells is transiently upregulated at the onset of FIV reproduction
(13–17). Elevated MHC expression can also be observed in HIV and simian immunode-
ficiency virus (SIV) (18, 19). The CTL immune response is stimulated after MHC-I presents
viral peptides to specific T-cell receptors (TCRs) (20–22). These results show that the
domestic cat MHC-I may act against FIV similarly to the macaque MHC-I against SIV and
to the human MHC-I against HIV.

The epitope peptides are fixed in the peptide binding groove (PBG) of the MHC-I
heavy chain by six pockets (A to F) (23). MHC-I polymorphisms allow these pockets to
be highly variable. One MHC-I molecule can bind only CTL epitopes with specific motifs
based on compatibility with the PBG pockets (24, 25). Therefore, clarifying the pocket’s
peptide binding mechanism is the foundation for studying MHC-I-induced antiviral CTL
responses and for developing polypeptide vaccines. Interactions between the bound
peptide and the pockets have been explored using crystal structures of the MHC-I
heavy chain, epitope peptides, and �2-microglobulin (�2m) complexes in species
ranging from mammals to chickens (15, 26–31). The N- and C-terminal residues of the
peptide insert into the pockets at the N and C termini of the PBG, and the middle of the
PBG peptide arch contacts the TCR. The B and F pockets can accommodate the side
chains at position 2 (P2) and the C-terminal (PC) residues of the peptides, respectively,
to fix the peptide in place (32). The D pocket can accommodate the side chains of the
P3 residue and is vital for peptide binding (29). The C or E pocket usually interacts with
the side chain of the residue at the lowest point in the middle of the peptide (29, 32).
These five pockets interact with the peptide residue side chains to determine the
peptide binding motif of the MHC-I molecule, particularly the B, D, and F pockets, as
they consist of highly variable residues that have different properties and strong
interactions with their preferred residues. Compared to the B to F pockets, the A pocket
is highly conserved and primarily interacts with the main chain of the P1 residue. The
side chain of the P1 residue stretches out of pocket A; therefore, pocket A is not a factor
in determining the peptide binding motif of the MHC-I molecule (29, 33). However, the
domestic cat MHC-I peptide binding motifs and the FIV epitopes have not yet been
characterized.

Felis catus MHC-I, also termed feline lymphocyte antigen class I (FLA I), was first
cloned in 1988 (34), and its genomic region was sequenced in 2008 (35). Three loci (FLA
I-E, -H, and -K) are believed to encode the classic FLA I molecules that induce CTL
responses in F. catus (35). Despite the prominent roles of FIV and FLA I in modeling
studies of the anti-HIV CTL response, little is known about how FLA I presents FIV
peptides.

FLA-E*01801 (previously known as FLA-B*n06) has been used to study the immune
effect of the FIV vaccine (36). To illustrate the structural basis of FIV peptide presenta-
tion by FLA I, we solved the crystal structure of FLA-E*01801 in complex with a
nonameric peptide derived from an FIV gag protein (RMA9 [RMANVSTGR]). Surprisingly,
the A pocket of the FLA-E*01801 complex restricted peptide binding and blocked
peptide binding via interactions with the P1D residue. According to mutation analysis
and in vitro refolding analyses, Trp167 in the A pocket is directly related to this unusual
peptide binding method. The crystal structure of the mutated FLA-E*01801 complex
with Ser167 indicated that the confined space of the A pocket caused by the large bulk
of Trp167 might explain why the A pocket cannot accommodate the P1D residue. We
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also confirmed the peptide binding motifs of the B and F pockets and identified the FIV
nonamer peptides that may be presented by FLA-E*01801. Our study reveals the
structural basis of FLA I for use in the development of FIV and HIV vaccines and
improves our understanding of how MHC-I molecules present viral peptides.

RESULTS
Overall structure of the FLA-E*01801/peptide complexes. Nine peptides from

FIV, feline circovirus (FCV), and feline panleukopenia virus (FPV) were predicted in
silico (http://www.cbs.dtu.dk/services/NetMHCpan/) to be capable of binding to
FLA-E*01801, and in an in vitro refolding experiment, two peptides formed stable
complexes with FLA-E*01801 and f�2m (see Table S1 in the supplemental material).
One peptide, RMA9, was crystallized with FLA-E*01801 and feline �2m (f�2m) in the
P212121 space group with a resolution of 2.1 Å (Table 1). Only one FLA-E*01801
complex was contained within one asymmetric unit. The FLA-E*01801 complex dis-
played a canonical MHC-I complex structure, consisting of �1, �2, and �3 heavy-chain
domains and the light-chain domain f�2m. The peptide is located in the PBG formed
by the �1 and �2 domains (Fig. 1A). The FLA-E*01801 complex structure is more similar
to that of the horse MHC-I (Eqca-N*00602) than to other known MHC-I structures
according to the Dali server (http://ekhidna.biocenter.helsinki.fi/dali_server). The root
mean square difference (RMSD) of these structures is only 0.497 Å, indicating an
identical structural conformation (Fig. 1B). The most noteworthy difference lies in the
flexible loops in the �1 domain.

Species-specific features of the FLA I sequence. To analyze FLA I diversity, FLA-E,
FLA-H and FLA-K sequences were aligned with typical MHC-I molecules from cattle,
horse, swine, human, monkey, mouse, rat, and chicken (Fig. 2). All FLA I alleles coincide

TABLE 1 Data collection and refinement statistics for FLA-E*01801 and
FLA-E*01801-167W/S

Parameter

Value(s)a for:

FLA-E*01801 FLA-E*01801-167W/S

Data collection
Space group P212121 P212121

Cell dimensions
a, b, c (Å) 47.421, 83.379, 121.636 47.12, 82.64, 121.13
�, �, � (°) 90, 90, 90 90, 90, 90

Resolution (Å) 50.0–2.1 (2.103–2.157) 50.00–2.90 (3.06–2.90)
No. of reflections
Total 953,393 18,631
Unique 27,016 18,625
Rsym or Rmerge

b 0.063 (0.542) 0.092 (0.568)
I/�I 30.971 (4.2) 7.3 (2.8)
Completeness (%) 99.55 (98.95) 83.8 (68.5)
Redundancy 4.5 (4.7) 4.1 (4.1)

Refinement
Resolution (Å) 50.00–2.10 50.00–2.90
No. of reflections 27,016 8,745
Rwork/Rfree (%)c 21.33/25.52 22.08/25.00
RMSDs

Bond lengths (Å) 0.005 0.007
Bond angles (°) 0.919 1.077

Average B factor 35.4 25.6
Ramachandran plot quality

Most favored region (%) 97.35 94.6
Allowed region (%) 2.39 2.92
Disallowed (%) 0.27 0.00

aValues in parentheses are for the highest-resolution shell.
bRmerge � �hkl �i |Ii(hkl) � �I(hkl)� |/�hkl �i Ii(hkl), where Ii(hkl) is the observed intensity and �I(hkl)� is the
average intensity from multiple measurements.

cR � �hkl || Fobs | � k | Fcalc | |�hkl | Fobs |, where Rfree is calculated for a randomly chosen 5% of reflections
and Rwork is calculated for the remaining 95% of reflections used for structure refinement.
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with the prospective model of polymorphic and conserved sites in the �1/�2 domains
(36). Three hypervariable regions (HVRs) were identified, namely, positions 62 to 81 in
the �-helix of the �1 domain, positions 94 to 116 in the �-helix, and positions 94 to 116
in the �-strand of the �2 domain. Similarly, those three segments correspond to the
same residue stretches in other vertebrates. The homology of FLA I in mammals is
higher than that in nonmammals. FLA-E*01801 is 81.82% identical to HLA-Cw3 mole-
cules, which are most similar to MHC-I molecules. NCBI BLAST database searches found
3 amino acid differences among the FLA I alleles and other crystallized vertebrate class
I molecules. In FLA I alleles, Ser90, Ser117, and His224 are highly conserved, and Ser117 is
located in the F pocket, which may influence peptide binding.

Viral peptide presentation and pocket characteristics of the FLA-E*01801 com-
plex. The RMA9 peptide adopts an overall “M” conformation (Fig. 3A and B), and the
electron density map indicates that the conformation is stable. The B factor of the RMA9
N terminus is relatively high compared to that of the other regions. Information on the
exposed accessible surface area (ASA) and buried surface area (BSA) of each RMA9
residue is shown in Fig. 3C.

Examining the orientation of the RMA9 side chains revealed that the side chains of
residues P2, P3, P6, and P9 are inserted into the corresponding pockets and the side
chains of residues P1, P4, P5, and P7 extend out of the PBG. Previous MHC-I structural
studies showed the residues P2 and P9 to be the primary anchor residues and that P3
and P6 also affect peptide binding. The P4, P5, and P7 residues at the top of the arch
formed by RMA9 are most likely recognized by specific TCRs.

The A pocket of FLA-E*01801, which consists of Leu5, Tyr7, Phe33, Val34, Tyr59, Arg62,
Glu63, Thr163, Trp167, and Tyr171, fixes the position of P1R via hydrogen bonding and

FIG 1 Structure of the domestic cat MHC class I molecule FLA-E*01801. (A) Stereo view of the FLA-
E*01801 complex. The �1, �2, and �3 domains form the FLA-E*01801 complex heavy chain, which is
illustrated in purple; f�2m is cyan; and the pol peptide (RMA9 [RMANVSTGR]) is a stick model colored by
atom type (C, green; N, blue; and O, red). (B) Superposition of the structure of the FLA-E*01801 molecule
with that of equine MHC-I Eqca-N*00602. The RMSD is 0.479, and the area with the greatest difference
is marked with an oval in the �1 domain.
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strong van der Waals forces (VDWs) (Fig. 4A; Table 2). In general, the A pocket is
nonrestrictive in the PBG because it binds the main chain of the P1 residue in a
common mode among MHC-I structures, and the side chain of the P1 residue extends
upward out of the A pocket (33).

The B and F pockets are the primary anchor sites at the N and C termini of the PBG
and restrict peptide binding. The side chains of the P2M and P9R residues are inserted
into the B and F pockets of FLA-E*01801, respectively. The compositions of these two
pockets and their interactions with P2M and P9R are shown in Table 2 and Fig. 4B and
F. The environment of the B pocket is hydrophobic, whereas that of the F pocket is
negatively charged. P2M and P9R fit perfectly into the B and F pockets, respectively,
and determine the binding stability of RMA9 and FLA-E*01801.

The C, D, and E pockets usually accommodate the residue side chains in the middle
of the peptide and affect peptide binding. The amino acid compositions of these three
FLA-E*01801 pockets are shown in Fig. 4C to E. The C and D pockets interact with the
side chains of the P3 and P6 residues, respectively. The E pocket interacts with the main
chain of the P7 and P8 residues because the P7 side chain is oriented upward, and P8G
has no side chain (Table 2).

Pocket A restricts FLA-E*01801 peptide binding. The F pocket of FLA-E*01801
prefers positively charged residues due to its negatively charged environment. Three of

FIG 2 Structure-based amino acid sequence alignment of FLA-E*01801 and other representative crystallized MHC-I molecules. Black arrows above the alignment
show �-strands; cylinders indicate �-helices. Green numbers indicate residues that form disulfide bonds. Conserved residues are in red. Residues in green are
species-specific amino acids that differ between cats and other animals according to NCBI BLAST database searches. The residues at position 63 and 167 are
marked by blue stars. The total amino acid (AA) identities between FLA-E*01801 and the listed MHC-I molecules are shown at the end of each sequence.

Structures of the Domestic Cat MHC-I Molecules Journal of Virology

March 2018 Volume 92 Issue 6 e01631-17 jvi.asm.org 5

http://jvi.asm.org


the tested peptides (RMA9, KMV9 [KMVSIFMEK], and DTV9 [DTVTNTIGK]) fit this require-
ment, and two can bind FLA-E*01801 efficiently (with the exception of DTV9) (Fig. 5A).
As the primary anchor residue, P2T of DTV9 was expected to be the main reason for the
poor refolding if this peptide is not suitable for the B pocket. However, we mutated P2T
of DTV9 to P2M, and the refolding results showed that P2M did not restore the
refolding of DMV9 and FLA-E*01801 (Fig. 5A). We also mutated P2M to P2T, as found
in KMV9 and RMA9, and found that these new mutated peptides formed a complex
with FLA-E*01801 similar to that of the wild-type peptide (Fig. 5A). After excluding the
primary anchor residue at P2, the secondary anchor residues at P3 and P6 became the
most likely factors responsible for the poor refolding of DTV9. The P6 residues of DTV9
and RMA9 were mutated to Phe to remain consistent with KMV9, and the mutated
peptides were tested by in vitro refolding. However, the results showed that the P6
residue was likewise not the cause (Fig. 5A). A single anchor residue could not alter the
DTV9 refolding, but a combination of anchor residues might cause the poor refolding.
We mutated the P2 and P6 residues of DTV9 such that all the anchor residues matched
those of KMV9. However, this mutated peptide did not improve the refolding results
(Fig. 5A). Together, these mutations demonstrated that none of the canonical anchor
residues caused the poor refolding of DTV9.

To identify the vital restriction pockets for peptide binding, the peptide RMV9 was
mutated by alanine scanning, and circular-dichroism (CD) spectroscopy was used to
assess the stability of the FLA-E*01801 complexes with these mutant peptides (Fig. 5B).
The midpoint transition temperature (Tm) value of the wild-type RMV9 peptide, which
was used as the control, was 41.6°C. The Tm value of the P9A mutant peptide was
significantly lower (34.1°C), indicating that the P9 residue was the primary anchor
residue. Mutating the remaining anchor residues (P2, P3, and P6) did not show
significant changes with respect to the wild-type RMA9 peptide. These CD results were
consistent with the mutation experiments described above. The P1A mutant peptide
had the highest Tm value (47.5°C) among the tested peptides. This result suggested that
the difference in the P1 residue might be the reason for the unexpected poor refolding
in DTV9.

FIG 3 Structure of RMA9 presented by FLA-E*01801. (A and B) The peptide is presented with electron density in two vertical directions,
and the peptide coloration is based on the isotropic B factors. (C) Side chain orientation of RMA9 in the FLA-E*01801 structure in the
side view from the peptide N terminus to the C terminus. An arrow pointing up indicates that an amino acid residue is oriented toward
the TCR, an arrow pointing down indicates that an amino acid residue is oriented toward the bottom of the PBG, an arrow pointing
left indicates orientation toward the �1 helix domain; and an arrow pointing right indicates orientation toward the �2 helix domain.
The residues of the accommodating pockets are listed under the relevant anchors in the PBG. ASA and BSA represent the exposed
area and the buried area of each RMA9 peptide residue, respectively.
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Consequently, the P1 residues of RMA9 and DTV9 were interconverted and tested by
in vitro refolding. The results revealed that the P1 residue was the key factor. The
refolding of RMA9-P1D was similar to that of DTV9, and the refolding of DTV9-P1R was
similar to that of RMA9 (Fig. 5C). Because P1R and P1D are charged residues, we also
used anion-exchange chromatography to test their electronic stabilities. Both com-
plexes with the P1R peptides were stable in a strongly ionic environment, whereas the
complexes with the P1D peptides were dissociated (Fig. 5D).

As shown in previous studies, the A pocket does not restrict MHC-I peptide binding
because pocket A binds primarily with the main chain of the P1 residue via conserved
residues, such as Tyr7 and Tyr171, and the side chain of the P1 residue stretches out of
this pocket (Fig. 4A). However, our experimental data demonstrated that the P1 residue
is the vital anchor residue and that the A pocket can restrict the binding of peptides to
FLA-E*01801.

Glu63 and Trp167 play important roles in restricting pocket A of FLA-E*01801.
The filtration of the P1 residues of FLA-E*01801 must be determined by the residues of
pocket A, which interact with the side chain of residue P1. Glu63 and Trp167 were the
most likely candidates because they fixed the side chain of P1R via hydrogen bonds, a
salt bridge, and VDWs (Fig. 6A). The residues at those two positions are not conserved
in other solved MHC-I structures, and Asn63 and Ser167 appear with the second highest
frequencies (Fig. 6B). To test the relative binding abilities, Glu63 and Trp167 were
mutated into Asn63 and Ser167 (named FLA-E*01801-63E/N and FLA-E*01801-63E/N),
respectively.

FIG 4 Composition of the FLA-E*01801 pockets. The pockets are shown as surfaces colored by their vacuum electrostatics. Red represents negatively charged
residues, blue represents positively charged residues, and gray indicates noncharged residues. The residues composing these pockets are shown as labeled
sticks. Residues bound by these pockets are shown as green sticks. The hydrogen bonds between the residues and pockets are shown as yellow dashed lines.
(A) Pocket A with the P1 residue R; (B) pocket B with the P2 residue M; (C) pocket C with the P6 residue S; (D) pocket D with the P3 residue A; (E) pocket E
with the P7 and P8 residues; (F) pocket F with the P9 residue K.
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Peptides with P1R or P1D were refolded with the two mutated FLA-E*01801 heavy
chains and f�2m. The refolding results for FLA-E*01801-63E/N showed that no stable
complexes were formed, even with the crystallized RMA9 (Fig. 6C). One reason may be
that the residue at position 63 is part of both the A and B pockets. The change from
Glu63 to Asn63 might alter the FLA-E*01801 B pocket, making P2M and P2T unsuitable
anchor residues. The refolding results for FLA-E*01801-167W/S showed that all four
peptides formed stable complexes (Fig. 6D). Moreover, the refolding efficiencies of
FLA-E*01801-167W/S were much higher than the refolding efficiency of the wild-type
FLA-E*01801. Therefore, Trp167 is likely one of the critical residues that determines the
A pocket restriction.

Next, we investigated which peptides could be accommodated by the A pocket of
FLA-E*01801. Amino acids can be classified into several different types based on their
side chain properties, such as size, polarity, and charge characteristics. The P1 residue
of RMA9 or DTV9 was mutated to various residues representing the different amino
acid types and tested in the in vitro refolding assay. With the exception of Asp, all
residues were able to bind to the A pocket, regardless of whether they were small (Ala)
or large (Tyr and Trp), hydrophilic (Thr and Asn) or hydrophobic (Ile), or positively (Arg
and Lys) or negatively (Glu) charged (Fig. 7A). For example, when considering Asn and
Glu, one has a similar size to Asp, and the other has the same electronic characteristics
as Asp. Only the combination of the size and electronic characteristics of P1D might be
sufficient for rejection by the A pocket. All peptides could form stable complexes with
the Ser167 mutated heavy chain and had higher refolding efficiencies (Fig. 7B).

TABLE 2 Hydrogen bonds and van der Waals interactions between RMA9 peptide and
FLA-E*n01801

Complex

Hydrogen bonds and salt bridges

van der Waals contact
residuesa

Peptide Heavy chain

Residue Atom Residue Atom

P1-Arg N Tyr171 OH Leu5, Tyr7, Tyr59, Arg62, Glu63,
Lys66, Tyr159, Thr163, Trp167,
Tyr171 (93)

Tyr7

NH2 Glu63 OE2 (S)
O Tyr159 OH

P2-Met N Glu63 OE1 Tyr7, Tyr9, Met45, Glu63, Lys66,
Val67, Tyr99, Tyr159 (70)

O Lys66 NZ
P3-Ala N Tyr99 OH Tyr9, Lys66, Tyr99, Trpt156,

Tyr159 (31)
P4-Asn Lys66 (10)
P5-Val Asn69, Thr70, Ile73 (17)

FLA-E*n01801 P6-Ser Og Arg97 NH1 Ile73, Arg97, Glu152 (13)
Arg97 NH2

P7-Thr N Glu152 OE2 Ile73, Lys146, Trp147, Ala150,
Glu152 (26)

Glu152 OE1
Og1 Arg155 NH1
O Trp147 NE1

P8-Gly O Lys146 NZ Ile73, Asp77, Lys146, Trp147

(21)
Trp147 NE1

P9-Arg N Asp77 OD1 Asp77, Thr80, Leu81, Tyr84,
Ile95, Gln96, Asp116, Ser117,
Tyr118, Tyr123, Thr143,
Lys146, Trp147 (94)

NH1 Ser117 O
NH2 Ser117 O

Asp116 OD2 (S)
O Tyr84 OH

aNumbers in parentheses are the amounts of van der Waals force.
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To determine why Trp167 restricts the A pocket while Ser167 does not, the crystal
structure of the mutated FLA-E*01801-167W/S with RMA9-P1D was solved. The peptide
presentations of the mutated and wild-type FLA-E*01801 are shown in Fig. 7C. Except
for the mutated sites, the two are almost identical. Trp167 is large and closes the left side
of the A pocket (Fig. 7D). In contrast, the A pocket containing the smaller Ser167, as in
HLA-B*4402, is open, and the P1D residue side chain stretches through it at a sufficient
distance to avoid repulsion by Glu63 (Fig. 7E). This superposition reveals that Trp167

blocks the P1 residue side chain and causes Asp to be repelled by Glu63 in the limited
space. This hindrance should be reason for the rejection of P1D by the A pocket of
FLA-E*01801.

Peptide binding motif of FLA-E*01801 and the FIV peptide binding map. To
determine the peptide binding motif of FLA-E*01801, the residues that can be accom-

FIG 5 Peptide binding with FLA-E*01801 indicated by in vitro refolding. Anchor residues of the FLA-E*01801 complex were tested by alanine scanning, CD
spectroscopy, and peptide mutation. (A) FLA-E*01801 with three different wild-type peptides (RMA9, KMV9, and DTV9) and six mutant peptides (RMA9-P2T,
KMV9-P2T, DTV9-P2M, RMA9-P6F, DTV9-P6F, and DTV9-P2MP6F) refolded in vitro and analyzed by chromatography on a Superdex 200 16/60 column.
FLA-E*01801 without a peptide was included as a negative control. Peaks 1, 2, and 3 represent the heavy-chain polymer, the correctly refolded FLA-E*01801
complex, and the excess f�2m, respectively. The relevant concentration ratios and altitudes of peak 2 formed by complexes with different peptides represent
the refolding efficiencies. (B) Thermal stabilities of the FLA-E*01801 complex. The thermal stabilities of FLA-E*01801 with nine peptides (RMA9, RMA9-P1A,
RMA9-P2A, RMA9-P4A, RMA9-P5A, RMA9-P6A, RMA9-P7A, RMA9-P8A, and RMA9-P9A) were tested by CD spectroscopy. (C) Gel filtration chromatograms of
FLA-E*01801 complex with RMA9, RMA9-P1D, DTV9, and DTV9-P1R. (D) Anion-exchange chromatography of FLA-E*01801 complexes with RMA9, RMA9-P1D,
DTV9, and DTV9-P1R. The complexes with RMA9 and DTV9-P1R were eluted at NaCl concentrations of 12% to 15%. The refolded complex proteins with
RMA9-P1D and DTV9 disaggregated at NaCl concentrations of 12% to 15%, indicating instability.
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modated by the B and F pockets were analyzed. The sequence and structural compar-
ison revealed that the B pocket of FLA-E*01801 is most similar to the B pocket of
SLA-1*0401 (Fig. 8A). Only one residue differs between the B pockets of these two
MHC-I structures (66K/FLA-E*01801 and 66N/SLA-1*0401). Examination of SLA-1*0401
indicated that the B pocket can accommodate multiple residues, including M/T/A/V/I/
L/S. We mutated P2M of RMA9 into other residues to test the residue binding scope of
the FLA-E*01801 B pocket and found that it can bind to M/T/A/V/I/L/S (Table S1), which
was consistent with the results of the previous study (29).

The F pocket of FLA-E*01801 is negatively charged and forms a strong salt bridge
with the positively charged Arg. It is most similar to the F pocket of HLA-A*1101, and
only one residue, S117 of FLA-E*01801 and A117 of HLA-A*1101, differs between them
(Fig. 8B). Our refolding data confirmed that the F pocket of FLA-E*01801 prefers the
positively charged residues Arg and Lys, as reported for HLA-A*1101 in previous studies
(37) (Fig. 4A; see also Table S2).

Based on our structural and refolding data, we summarized the primary peptide
FLA-E*01801 binding motif as follows: X (except D)-(M/T/A/V/I/L/S)-X-X-X-X-X-X-X-X-(R/

FIG 6 Pocket A restriction was confirmed by in vitro refolding with the mutant FLA-E*01801-167W/S and mutant peptides. (A) The relative positions of Glu63,
Trp167, and P1-R in the three-dimensional structure are shown. (B) Statistical analysis of the residue types at positions 63 and 167 in the solved MHC-I structures.
The residues at positions 63 and 167 are shown as sticks, and the other parts of the �1 and �2 domains are shown as cartoons. (C) Gel filtration chromatograms
of the wild-type FLA-E*01801 (dashed lines) and mutant FLA-E*01801-63E/N (solid lines) with the peptides RMA9, DTV9, RMA9-P1D, and DTV9-P1R. (D) Gel
filtration chromatograms of the wild-type FLA-E*01801 (dashed lines) and the FLA-E*01801-167W/S (solid lines) with peptides RMA9, DTV9, RMA9-P1D, and
DTV9-P1R. The refolding efficiencies of FLA-E*01801-167W/S are higher than those of the wild-type FLA-E*01801.
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FIG 7 Determination of the suitable peptide binding motif for the A pocket by in vitro refolding with mutant peptides and the structure of RMA9-P1D
presented by FLA-E*01801-167W/S. (A) Gel filtration chromatograms of the wild-type peptide RMA9 and its P1 mutants (P1D, P1I, P1T, P1Y, P1W, and
P1Q) and of DTV9 and its P1 mutants (P1A and P1K). (B) Gel filtration chromatograms of the wild-type RMA9 and its P1 mutants (P1D, P1I, P1T, P1Y, P1W,
and P1Q) and of DTV9 and its P1 mutants (P1A and P1K) with FLA-E*01801-167W/S. (D) Superposed structures of FLA-E*01801-167W/S and FLA-E*01801.
The peptides RMA9-P1D (yellow) and RMA9 (green) are shown as stick models, and the residues in position 167 (Trp167 is magenta and Ser167 is yellow)
are shown as stick models. (E) The surface of the A pocket (magenta) in FLA-E*01801 with P1R. P1R (green), Glu63 (magenta), and Trp167 (magenta) are
shown as stick models. Hydrogen bonds can be formed by P1R and Glu63 (red dotted line). (F) The surface of the A pocket (yellow) in FLA-E*01801-167W/S
with P1D. P1D, Glu63, and Ser167 are shown as stick models in yellow. Hydrogen bonds can be formed by P1D and Ser167 (red dotted line). The distance
between the carboxyl groups of P1D and Glu63 in FLA-E*01801-167W/S is 3.8 Å (black dotted line). (D) Comparison of the A pockets of FLA-E*01801-
167W/S (yellow) and FLA-E*01801 (magenta).
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K). The FIV proteins were screened, and 125 peptides fitting this motif were identified
(Table S3). Among those peptides, NTP9 (NTPVFAIKK) and NAG9 (NAGKFRRAR) are
reported in previous studies (38, 39). Their binding to FLA-E*01801 was tested by in
vitro refolding (Table S1). Our peptides predicted by structure-based analysis to
bind FLA-E*01801 were compared with the peptides predicted by NetMHCpan.
Peptides fitting either only the NetMHCpan prediction or only our summarized
motif were synthesized, and the in vitro refolding results showed that our structure-
based prediction performed better than that of NetMHCpan. These finding are
presented in Table S1.

DISCUSSION

A new peptide presentation mode was recently reported in which HLA-B*57:01
presents N-terminally extended peptides (40). Previously, the A pocket was thought not
to restrict the P1 residue but to accommodate any residue for two reasons: the A
pocket forms strong hydrogen bonds with the invariable P1 residue main chain
through residues that are conserved among different alleles, such as Tyr7 and Tyr171

(Fig. 4A), and the variable side chain of the P1 residue stretches up and out of this
pocket. Thus, the current methods used to predict and analyze the peptide binding
motifs of certain MHC-I molecules do not account for the influence of the A pocket. In
this study, we found that FLA-E*01801 is not able to bind peptides with P1D, indicating
that the A pocket also restricts certain P1 residues. However, this result led to more
questions requiring further study. First, is the A pocket restriction to P1 residues
universal in other MHC-I alleles, or does it occur only in alleles with specific sequences?
Based on the refolding and crystal structures of the wild-type and mutated FLA-
E*01801, we believe that the A pocket does not accommodate P1D because its
positively charged carboxyl group conflicts with the positively charged Glu63 carboxyl
group in the limited space resulting from the large heterocycle of Trp167. We screened
other published MHC-I structures that also contain Glu63 and Trp167, including HLA-
A02/A11/B15/B27/B41/B52/B57/C08/CW3, H2-Db/Dd/Kb, and BF2-04/21; however, no

FIG 8 Comparison of the B and F pockets of FLA-E*01801 with those of other solved MHC-I structures. The residues forming the pockets and the peptides
accommodated by the pockets are shown as stick models. Dashed lines represent hydrogen bonds between the peptides and the pockets. (A) B pocket
alignment between FLA-E*01801 and SLA-1*0401 (PDB code 3QQ3). (B) F pocket alignment between FLA-E*01801 and HLA-A*1101 (PDB code 1X7Q).
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bound peptide with P1D was found (Table S2). Searching the peptide repertoire of
some extensively studied alleles in databases, e.g., HLA-A02 and H-2Kb in IEDB (http://
www.iedb.org), showed that Asp was disfavored at the P1 position but was not absent.
Two reasons are possible. The first is the variations of the A and B pocket in FLA-
E*01801, such as Met5 and Gly62 in HLA-A*02:01 and Tyr45 in H-2Kb. These variations
may alter the steric freedom of Trp167 and Glu63 and influence the accommodation of
P1D. The second is the role of the remaining anchor residues of the bound peptides.
Some strong anchor residues at other positions, such as P2 or P9, may compensate for
the loss of binding affinity caused by P1D. This compensation suggests that P1D
rejection may not be absolutely universal in MHC-I alleles containing Glu63 and Trp167.
Second, to what extent does the A pocket restrict P1 residues? Typical restricting
pockets, such as B or F, accommodate residues with similar properties, such as charge,
polarity, and size. According to a comprehensive analysis of the P1-mutated peptides
and other MHC-I structures with Glu63 and Trp167, the FLA-E*01801 A pocket appears
to accommodate all residues except Asp, regardless of size, polarity, and charge (Fig.
6A; see also Table S1). Are alleles with different A pocket compositions also restricted
to specific P1 residues? The possibility of other critical A pocket residues and their
influence on peptide binding require further study.

The domestic cat is an attractive model for studying viral pathology and immunol-
ogy in humans, especially for researching AIDS. The interaction of FIV with its primary
receptor changes during the disease development, which is parallel to the way HIV
switches its receptor as AIDS progresses (41). FIV is the only lentivirus for which a
commercial vaccine is available for prevention in either human or veterinary medicine.
It is beneficial to research the protective mechanisms of lentivirus vaccines in humans
and, at the same time, has comparative value in AIDS vaccine research. In this study, we
determined the primary peptide binding motif of FLA-E*01801 and depicted its FIV
peptide binding map. Some peptides, such as NTPVFAIKK, were predicted to be
restricted by HLA A*0301, A*6601 and C*0102 (38). Interestingly, NTPVFAIKK is con-
served in both HIV and FIV. Another peptide, NAGKFRRAR, is a part of a long peptide
that can induce immunity (39), but most peptides were identified the first time. These
potential FIV epitopes will benefit both the further study of FLA I-mediated anti-FIV
responses and vaccine development. The alleles that include the same or similar HVRs
likely have overlapped peptide binding preferences and present the same epitope
peptides.

Studying MHC-I structures from species other than humans and mice, including
swine, cattle, monkeys, horses, dogs, and chickens, can provide new perspectives and
a better understanding of issues such as the influence of PBG flexibility and shape and
the critical role of a single residue in the pocket. In this report, we provide the first
crystal structure of FLA I with an FIV peptide to facilitate the study of FLA I-mediated
anti-FIV responses. In addition, we found that the A pocket restricts the P1 residues,
illustrating the impact of the A pocket on the peptide binding motif.

MATERIALS AND METHODS
Peptide synthesis. Forty-seven peptides were used in these experiments (Table S1). Nine epitope

peptides that potentially bound to FLA-E*01801 were predicted by the NetMHCpan4.0 server (http://
www.cbs.dtu.dk/services/NetMHC/) based on the gag protein of FIV (GenBank accession no. GU055218),
the VP2 protein of FCV (GenBank accession no. APB53908.1), and the VP1 protein of FPV (GenBank
accession no. AAA47154.1). These peptides were predicted automatically using the closest homologue
(BoLA-D18.4) and purified by reverse-phase high-performance liquid chromatography (HPLC) (SciLight
Biotechnology) with �90% purity. The other 38 mutant peptides used to determine the peptide binding
motif of FLA-E*01801 were synthesized and purified in the same manner.

Protein preparation. The extracellular regions of the class I H-chain FLA-E*01801 (GenBank acces-
sion no. EU915360.1; residues 25 to 299 of the mature protein) and feline �2m (f�2m) (GenBank accession
no. AY829266.1; residues 21 to 118 of the mature protein) were synthesized with the amino acid
preferences of Escherichia coli and cloned into the pMA-T vector (Suzhou; GENEWIZ). To obtain the
desired protein, the target fragments were digested with NdeI and XhoI, inserted into the prokaryotic
expression vector pET21a(�) (Novagen), and expressed in E. coli Rosetta (DE3). FLA-E*01801 and f�2m
were expressed as inclusion bodies and purified as previously described (42).
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To confirm the relationship between Glu63 and Trp167 in FLA-E*01801 and the P1 residues, Glu63 was
mutated to Asn63 and Trp167 to Ser167 by overlap PCR (the primers used for the mutation were
5=-TTTCGCCAGGCTTTCCACGCA-3=, 5=-TGCGTGGAAAGCCTGGCGAAA-3=, 5=-TTTACGGGTGTTACGATCCCA-
3=, and 5=-TGGGATCGTAACACCCGTAAA-3=, where the underlined sequences altered codons encoding
Asn and Ser, respectively). The mutated genes (FLA-E*01801-63E/N and FLA-E*01801-167W/S) were
inserted into the pET21(�) vector and expressed in Rosetta (DE3) cells. Recombinant FLA-E*01801-63E/N
and FLA-E*01801-167W/S were expressed in inclusion bodies and further purified as described above.

FLA-E*01801 complex and FLA-E*01801-167W/S complex assembly. Gradual dilutions were used
to form the FLA-E*01801 and FLA-E*01801-167W/S complexes (43). Briefly, the FLA-E*01801 and f�2m
inclusion bodies were individually added to a solution of 6 M guanidine HCl and 50 mM Tris-HCl (pH 8.0).
The complex was refolded by gradual dilution of the FLA-E*01801–f�2m–RMA9 peptide at a 1:1:3 molar
ratio followed by incubation for 48 h at 277 K. The refolded complex was concentrated and purified with
a Superdex 200 16/60 column, followed by Resource Q anion-exchange chromatography (GE Healthcare).
The purified proteins were buffer exchanged three times (10 �M Tris-HCl and 10 �M NaCl, pH 8).

FLA-E*01801-167W/S was refolded with f�2m and RMA9-P1D in the same manner. The complex was
formed by refolding and then purified by gel filtration and anion-exchange chromatography as described
above.

Crystallization and data collection. The crystallization conditions for the FLA-E*01801 complex
were screened using the hanging-drop vapor diffusion method and the PEG/Ion kit (Hampton Research,
Riverside, CA) at 277 K. The FLA-E*01801 crystal was obtained with PEG/ion solution no. 23 (0.2 M
ammonium formate and 20% [wt/vol] polyethylene glycol 3350). Prior to X-ray diffraction, the crystals
were soaked for several seconds in reservoir solution containing 25% glycerol as a cryoprotectant and
then flash-cooled in a stream of gaseous nitrogen at 100 K (44). Diffraction data were collected to a
resolution of 2.1 Å at Beamline BL17U (wavelength, 0.97892 Å) of the Shanghai Synchrotron Radiation
Facility (Shanghai, China) using an R-AXIS IV�� imaging plate detector. The data were autoindexed and
integrated using the DENZO program (45) and subsequently scaled and merged using the HKL-2000
software package (HKL Research).

To determine why Asp did not fit into the A pocket, the FLA-E*01801-167W/S complex was
crystallized as described above, and a crystal of the FLA-E*01801-167W/S complex was obtained with
PEG/ion 2 solution no. 28 (0.2 M sodium formate at pH 7.0 and 20% [wt/vol] polyethylene glycol 3350)
at 277 K. Diffraction data for FLA-E*01801-167W/S were collected at a resolution of 2.9 Å. The crystal-
lographic statistics for the models of the two complexes are listed in Table 1.

Structural determination and analysis. The structure of the FLA-E*01801 complex was determined
by molecular replacement with the MOLREP program using BoLA-A11N*01801 (Protein Data Bank code
3PWV, with the peptide excluded) as a search model. The structure of the FLA-E*01801-167W/S complex
was determined by molecular replacement using the final model of the FLA-E*01801 complex. The
comprehensive model was built manually using COOT (46), and refinement was restrained with REF-
MACS5 (47). Refinement rounds were implemented using the phenix refine program in the PHENIX
package with isotropic atomic displacement parameter (ADP) refinement and bulk solvent modeling (48).
Finally, the PROCHECK program was used to assess the stereochemical quality of the final model (49). 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/) (50) and ESPript 3.0 (http://espript.ibcp.fr/ESPript/ESPript/) (51). ASA and BSA were
calculated with PDBePISA (http://www.ebi.ac.uk/msd-srv/prot_int/pistart.html), and the B factor was
calculated with CCP4.

Thermal stabilities of the peptide–MHC-I molecules. The thermal stabilities of the FLA-E*01801
complexes with the mutant RMA9 peptides were tested on a CD instrument (Chirascan; Applied
Photophysic, Ltd.). CD spectra were measured at 20°C using a Jasco J-810 spectrometer equipped with
a water-circulating cell holder. The protein concentration was 10 �M in 20 mM (pH 8.0) Tris-HCl and 50
mM NaCl. A 1-mm optical path length cell was used to monitor the CD value at 218 nm as the
temperature was increased from 25°C to 85°C at a rate of 1°C/min. The temperature of the protein
solution was detected using a thermistor. The ratio of unfolded protein to the mean residue ellipticity (�)
was calculated using a standard method. The unfolded fraction (expressed as a percentage) is shown as
(� � �N)/(�U � �N), where �N and �U are the mean residue ellipticity values in the fully folded and the fully
unfolded states, respectively. The midpoint transition temperature (Tm) was confirmed by denaturation
curve data in the Origin 9.1 program (OriginLab) (52).

Mutation experiments. FLA-E*01801-63E/N and FLA-E*01801-167W/S were refolded with f�2m and
the peptides RMA9, RMA9-P1D, RMA9-P1I, RMA9-P1T, RMA9-P1Y, RMA9-P1W, RMA9-P1Q, DTV9, DTV9-
P1A, and DTV9-P1K, separately, and purified by gel filtration chromatography as described above.

Eighteen RMA9 peptide P2 mutants were synthesized to determine the binding motif in the B pocket,
and six peptide mutants (RMA9-P2T, RMA9-P6F, DTV9-P2M, DTV9-P6F, DTV9-P2MP6F, and KMV9-P2T)
were synthesized to determine the primary anchor residues at P2 and P6. Their binding affinities with
FLA-E*01801 were detected by in vitro refolding as described above. Eight peptide mutants (RMA9-P1D,
RMA9-P1I, RMA9-P1T, RMA9-P1Y, RMA9-P1W, RMA9-P1Q, KTV9-P1D, and KTV9-P1A) were used to deter-
mine which peptides could fit into the A pocket of FLA-E*01801. Their binding affinities with FLA-E*01801
and FLA-E*01801-167W/S were detected by in vitro refolding as described above. Additionally, four
peptides (ARM9, KQR9, NTP9, and NAG9) were used to compare the binding of NetMHCpan-predicted
peptides and our structured-based predicted peptides to FLA-E*01801. Their binding affinities with
FLA-E*01801 were detected by in vitro refolding as described above.
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Accession number(s). The FLA-E*01801 and FLA-E*01801-167W/S complex structures were depos-
ited in the Protein Data Bank with the following accession numbers: FLA-E*01801, 5XMF, and FLA-
E*01801-167W/S, 5XMM.
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