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High  polymorphism  is one  of the  most  important  features  of  human  leukocyte  antigen  (HLA)  alleles,  which
were  initially  classified  by  serotyping  but have  recently  been  re-grouped  into  supertypes  according  to
their peptide  presentation  properties.  Two  relatively  prevalent  HLA  alleles  HLA-A*6801  and  HLA-A*6802,
are  classified  into  the same  serotype  HLA-A68.  However,  based  on  their  distinct  peptide-binding  charac-
teristics,  HLA-A*6801  is  grouped  into  A3  supertype,  whereas  HLA-A*6802  belongs  to  A2 supertype,  similar
to HLA-A*0201.  Thusfar,  the  structural  basis  of the  different  supertype  definitions  of  these  serotyping-
identical  HLA  alleles  remains  largely  unknown.  Herein,  we  determined  the  structures  of  HLA-A*6801  and
HLA-A*6802  presenting  three  typical  A3  and  A2  supertype-restricted  peptides,  respectively.  The bind-
ing  capabilities  of  these  peptides  to HLA-A*6801,  HLA-A*6802,  and  HLA-A*0201  were  analyzed.  These
 cell data  indicate  that the  similar  conformations  of  the  residues  within  the F pocket  contribute  to close-
related  peptide  binding  features  of  HLA-A*6802  and HLA-A*0201.  However,  the  overall  structure  and  the
peptide  conformation  of HLA-A*6802  are  more  similar  to HLA-A*6801  rather  than  HLA-A*0201  which
illuminates  the  similar  serotype  grouping  of  HLA-A*6802  and  HLA-A*6801.  Our  findings  are  helpful  for
understanding  the divergent  peptide  presentation  and  virus-specific  CTL  responses  impacted  by MHC
micropolymorphisms  and also elucidate  the  molecular  basis  of  HLA  supertype  definitions.
. Introduction

The major histocompatibility complex (MHC) plays a pivotal
ole in adaptive immune responses by presenting peptides on
ntigen presenting cell surfaces for subsequent T cell recognition
Goulder and Walker, 2012; Koch et al., 2007; Liu et al., 2011c). For
he human MHC, human leukocyte antigen (HLA) alleles possess an
xtremely high amount of polymorphisms (de Bakker et al., 2006;
arsh et al., 2010). Initially, the HLAs were classified into differ-

nt serotypes according to their antigenicities (Marsh et al., 2010).
ecently, with the identification of numerous peptides that bind

o different HLA proteins, the peptide presentation characteristics
f HLAs have given rise to a new categorization. HLA molecules
ith similar peptide binding features are grouped into the same

Abbreviations: HLA I, HLA class I; Pc, C-terminal position of the peptide; P2,
osition 2 from the N-terminus of the peptide.
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supertypes (Lund et al., 2004; Naugler and Liwski, 2008; Sette et al.,
2003; Sidney et al., 1996). Nine major supertypes of HLA class I
(HLA I) proteins have been defined based on their shared over-
lapping peptide-presentation repertoires in the same supertype
(Doytchinova et al., 2004a; Reche and Reinherz, 2007; Sette and
Sidney, 1998, 1999b; Sidney et al., 2008). Each supertype possesses
similar peptide binding motifs.

A2 and A3 are two supertypes with relatively higher frequencies
of occurrence (in the range of 39–46% for A2 and 37–53% for A3)
among major ethnic groups worldwide compared to other super-
types (del Guercio et al., 1995; Longmate et al., 2001; Zhu et al.,
2006). The A2 supertype includes HLA-A*0201 to HLA-A*0207,
HLA-A*6802, and HLA-A*6901, etc. These alleles are character-
ized by a peptide motif of small or aliphatic hydrophobic residues
(e.g., Ala, Leu, Ile, Val, Met, Ser, or Thr) at both position 2
and the C-terminal position (Barouch et al., 1995; del Guercio
et al., 1995; Doytchinova and Flower, 2002; Fogg et al., 2009;
Liu et al., 2010a; Sidney et al., 2001). To date, although most

of the defined immunogenic peptide epitopes are with the HLA-
A*0201-restriction, dozens of cross-allele-presented peptides have
been identified within the A2 supertype (del Guercio et al., 1995;
Fogg et al., 2009; Mitchell et al., 2000). The A3 supertype mostly

dx.doi.org/10.1016/j.molimm.2013.03.015
http://www.sciencedirect.com/science/journal/01615890
http://www.elsevier.com/locate/molimm
mailto:liuj333@gmail.com
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omprises HLA-A*0301, HLA-A*1101, HLA-A*3101, HLA-A*3301,
nd HLA-A*6801, etc., which present peptides with similar features
uch as preferences for small or aliphatic residues (e.g., Ala, Leu, Ile,
al, Met, Ser, or Thr) at position 2 and positively charged residues

Arg or Lys) at the C-terminus of the peptides (Doytchinova et al.,
004b; Guan et al., 2003; Hattotuwagama et al., 2007; Sidney et al.,
996).

Interestingly, two relatively common HLA types, HLA-A*6802
nd HLA-A*6801, possess only five polymorphic amino acids and
elong to the same serotype HLA-A68 (Fernandez-Vina et al., 1992;
arsh et al., 2010). Three of the five polymorphic amino acids locate

n the F pocket of the peptide binding groove, while the other
wo locate in the positions which have no direct effect on pep-
ide binding or T cell recognition (based on the previous TCR-MHC
omplexes). However, based on their distinct peptide binding prop-
rties, HLA-A*6802 and HLA-A*6801 can definitively be grouped
nto the A2 and A3 supertypes, respectively (Sidney et al., 2008).
lucidation of the molecular basis of the divergent peptide pre-
entation characteristics of HLA-A*6802 and HLA-A*6801, which
etermine their different HLA supertype classification, requires
etailed structural exploration (Gostick et al., 2007). Furthermore,
ifferent disease correlation of HLA-A*6802 and HLA-A*6801 was
eported (Conway et al., 1997, 1996). It is indicated that HLA-
*6802 allele within the A2 supertype is associated with reduced
isk of HIV-1 infection and transmission (MacDonald et al., 2001a,
000, 2001b; Rowland-Jones et al., 1998). The particularly efficient
IV-specific CTL responses or present epitopes restricted by par-

icular MHC  alleles such as HLA-A*6802 may  act as one of the
estricting elements (Chen et al., 2012; Walker and McMichael,
011; Wu et al., 2011). However, the association of HLA-A*6801
nd HIV infection still remain in debate although it is reported that
he HLA-A68 serotype is associated with higher viral load in HIV
Gostick et al., 2007; Ngandu et al., 2009; Tang et al., 2002). There-
ore, it is indispensable to characterize the peptide presentation of
LA-A*6802 and perform a comparative analysis with its related
llele HLA-A*6801 and HLA-A*0201.

In our previous study, we illuminated the structural basis of
ross-allele presentation by HLA-A*0301 and HLA-A*1101 by char-
cterizing their structures complexed to peptide RT313 (Zhang
t al., 2011). In this study, we determined the crystal structures of
oth HLA-A*6802 and HLA-A*6801 complexed with their typically
resented peptides, respectively, two of which are HIV-specific
ntigenic peptides (Env199 and RT313). The structure of HLA-
*6802 complexed with self peptide TRP2-180 derived from a

umor antigen TRP2 was also determined. The binding capabili-
ies of the peptides to HLA-A*6802 and HLA-A*6801, together with
LA-A*0201, were characterized. Our results provide a molecu-

ar basis for the supertype differentiation between HLA-A*6801
nd HLA-A*6802 and offer a structural reference for understand-
ng HIV-specific T cell immunity among populations with different
LA supertypes (Lichterfeld et al., 2006; Ojesina et al., 2006).

. Materials and methods

.1. Peptide synthesis and preparation of the HLA complexes by
n vitro refolding

The nonamer peptides Env199 (TLTSCNTSV) derived from
uman immunodeficiency virus (HIV) Envelope protein (199–207),
T313 (AIFQSSMTK) of HIV reverse transcriptase (313–321), and

 human self peptide TRP2-180 (SVYDFFVWL) from Tyrosinase-

elated protein 2 (180–188) were synthesized (Frahm et al., 2008;
i and Bouvier, 2004; Madden et al., 1993; Parkhurst et al.,
998; Threlkeld et al., 1997; Zhang et al., 2011), and their purity
as determined as ∼95% by analytical high-performance liquid
logy 55 (2013) 381– 392

chromatography (HPLC) and mass spectrometry (Scilight-Peptide,
Inc.). The peptides were stored at −80 ◦C as freeze–dried powders
and were dissolved in dimethyl sulfoxide (DMSO) before use. The
cDNA of HLA-A*6802 (residues 1–274) was obtained through over-
lap extension PCR utilizing HLA-A*6801 as a template, which was
previously constructed in our laboratory (Gao et al., 2000). The HLA
complexes were prepared using in vitro refolding as previously
described (Garboczi et al., 1992; Li et al., 2011; Liu et al., 2011b).
Briefly, the HLA heavy chain and human �2m were expressed in
inclusion bodies containing in Escherichia coli and co-refolded with
peptides in a 400 mM L-arginine refolding buffer. Subsequently, the
HLA complexes were purified using Superdex® 75 10/300 GL  gel
filtration chromatography and Resource-Q anion-exchange chro-
matography (GE Healthcare). Before crystallization, the final buffer
was exchanged to 20 mM Tris–HCl (pH 8.0) and 50 mM  NaCl.

2.2. Crystallization, data collection, and processing

Crystallization was performed using the hanging drop vapor dif-
fusion technique. Plates were incubated at 291 K and checked for
crystal growth one week later. HLA-A*6802/Env199 crystals grown
in 0.1 M ammonium acetate, 0.1 M Bis-Tris (pH 6.5), and 17% (w/v)
PEG 10,000 at 10 mg/mL. Crystals of HLA-A*6802/TRP2-180 were
observed in 100 mM Tris (pH 8.5), and 8% PEG8000 at a protein con-
centration of 15 mg/mL. Single crystals of HLA-A*6801/RT313 were
obtained in a 0.1 M HEPES (pH 7.0) and 30% (v/v) Jeffamine ED-2001
solution with a protein concentration of 10 mg/mL. Diffraction data
for HLA-A*6802/Env199 and HLA-A*6802/TRP2-180 were collected
at 100 K at the SSRF BEAMLINE BL17U, Shanghai, China at a wave-
length of 0.9793 Å. Diffraction data for HLA-A*6801/RT313 were
collected using an in-house X-ray source (Rigaku MicroMax007
desktop rotating anode X-ray generator with a Cu target operated
at 40 kV and 30 mA)  and an R-Axis IV++ imaging-plate detector at a
wavelength of 1.5418 Å. In each case, the crystal was first soaked in
reservoir solution containing 15% glycerol as a cryoprotectant for
several seconds and then flash-cooled in a stream of gaseous nitro-
gen at 100 K. The collected intensities were subsequently processed
and scaled using the DENZO program and the HKL2000 software
package (HKL Research).

2.3. Structure determination and refinement

The HLA-A*6801/RT313 structure was solved by the molec-
ular replacement method using HLA-A*0301 (Protein Data Bank
[PDB] code 3RL1) (Zhang et al., 2011) as the search model in
the Crystallography and NMR  System (CNS) program (Brunger
et al., 1998). The different residues between HLA-A*6801 and the
search model HLA-A*0301 were manually rebuilt in the program
COOT (Emsley and Cowtan, 2004). Subsequently, restrained refine-
ment was performed using REFMAC5 (Murshudov et al., 1997).
Further refinement was performed using the PHENIX software
package with isotropic ADP refinement and bulk solvent model-
ing (Adams et al., 2010). The stereochemical quality of the final
model was assessed with PROCHECK (Laskowski et al., 1993). The
model of HLA-A*6801/RT313 was subsequently used to determine
the structure of HLA-A*6802/Env199 and HLA-A*6802/TRP2-180
by molecular replacement. Crystallographic statistics for the final
models of the two  complexes are given in Table 1. Figures were
generated using PyMOL (http://www.pymol.org/).

2.4. Accession numbers
The accession numbers of HLA-A*6802/Env199, HLA-
A*6802/TRP2-180 and HLA-A*6801/RT313 in PDB are 4I48
(http://www.pdb.org/pdb/search/structidSearch.do?structureId=
4I48), 4HX1 (http://www.pdb.org/pdb/search/structidSearch.

http://www.pymol.org/
http://www.pdb.org/pdb/search/structidSearch.do?structureId=4I48
http://www.pdb.org/pdb/search/structidSearch.do?structureId=4I48
http://www.pdb.org/pdb/search/structidSearch.do?structureId=4HX1
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Table 1
X-ray diffraction data processing and refinement statistics.

HLA-A*6802/Env199 HLA-A*6802/TRP2-180 HLA-A*6801/RT313

Data processing
Space group P21 C2 P212121

Cell parameters (Å)
a  (Å) 48.85 129.24 59.63
b  (Å) 68.19 37.86 79.04
c  (Å) 72.80 108.32 111.15
�  (◦) 90.00 90.00 90.00
�  (◦) 100.23 120.04 90.00
�  (◦) 90.00 90.00 90.00

Resolution range (Å) 50.00–2.80 (2.90–2.80)a 50.00–1.80 (1.86–1.80) 50.00–2.40 (2.49–2.40)
Total  reflections 35,687 155,862 146,211
Unique  reflections 11,512 41,016 21,190
Completeness (%) 97.7 (99.8) 95.4 (99.9) 99.4 (99.7)
Rmerge (%) 8.8 (57.8) 5.6 (27.1) 9.5(46.5)
I/�  12.8 (2.0) 21.7 (4.9) 20.2 (4.1)

Refinement
Rwork (%) 21.8 19.0 20.3
Rfree(%) 28.1 22.6 24.4
r.m.s.  deviation

Bond lengths (Å) 0.003 0.005 0.005
Bond  angles (◦) 0.756 0.958 0.800

Ramachandran plot quality
Most favored (%) 88.7 92.3 90.8
Additional allowed (%) 10.7 7.4 8.6
Generously allowed (%) 0.6 0.3 0.6
Disallowed (%) 0 0 0
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a Values in parentheses are given for the highest resolution shell.

o?structureId=4HX1), and 4HWZ (http://www.pdb.org/pdb/
earch/structidSearch.do?structureId=4HWZ), respectively.

. Results

.1. Overall structures of HLA-A*6802 and HLA-A*6801

The structures of HLA-A*6802 complexed with two peptides
nv199 and TRP2-180 were determined to resolutions of 2.8 and
.8 Å, respectively and the HLA-A*6801/RT313 structure is con-
tructed at a resolution of 2.4 Å (Table 1). As expected, the overall
tructures of HLA-A*6802 and HLA-A*6801 display the common
haracteristics of other structurally determined HLA I proteins
ncluding the previously determined HLA-A*6801 and HLA-A*0201
tructures (Fig. 1A–C) (Bjorkman et al., 1987; Guo et al., 1992, 1993).
he extracellular region of HLA-A*6802 heavy chain folds into three
ifferent domains: a typical MHC  molecule superfamily domain
ormed by the �1 and �2 domains, and an immunoglobulin like
3 domain which underpins the �1 and �2 domains together with
-microglobulin. The peptides lie along the peptide binding groove

ormed by two �-helices and eight �-sheets within the �1 and �2
omains.

The overall structure of HLA-A*6802 is extremely similar to
hat of HLA-A*6801, with a root mean square deviation (RMSD)
f 0.784 Å when the whole molecule of HLA-A*6801/RT313
as superimposed with HLA-A*6802/Env199 (Fig. 1D up left

nd down left). However, the superposition of the structure
f HLA-A*6802/Env199 with the previously determined HLA-
*6802/Env199 structure generated an RMSD of 1.536 Å (Fig. 1D
p right and up down) (Madden et al., 1993). This is concor-
ant with the higher identity of the amino acid sequences of
LA-A*6802 aligned to HLA-A*6801 (98.2%) than the identity
etween HLA-A*6802 and HLA-A*0201 (95.6%) (Fig. 2A). Crystal

acking of the molecules within these structures has not direct

nteractions through the HLA helices and thus does not affect the
verall structures. The structural alignments of the HLA-A*6801
nd HLA-A*6802 with the previously determined HLA-A*6801
and HLA-A*0201 structures also illuminate the similar overall
structures of HLA-A*6802 and HLA-A*6801 but not HLA-A*0201.
This may  indicate a comparable antigenicity between HLA-
A*6802 and HLA-A*6801, which gives rise to the similar serotype
classification of these two alleles. Furthermore, there are six
polymorphic residues between HLA-A*0201 and HLA-A*6801, and
HLA-A*6802 that are exposed to the solvent (Supplemental Fig.
1). The solvent-exposed amino acid may locate in the serological
recognition of the HLA molecules. Four out of the six polymorphic
residues are conserved between HLA-A*6801 and HLA-A*6802,
but different from HLA-A*0201, which may  contribute to the
different serological typing of HLA-A*6801/6802 and HLA-A*0201.
HLA-A*6801 has been indicated to be a weak binder for CD8��
due to a polymorphic residue V245, which has previously been
observed to change the conformation of the 223–229 loop region
in �3 domain. This conformation shift of the 223–229 loop is
also observed in HLA-A*6802 structure compared to HLA-A*0201
which may  indicate a weak CD8�� binding for HLA-A*6802.

The electron densities for the three bound peptides are well-
defined inside the peptide binding grooves of HLA-A*6802 and
HLA-A*6801, respectively (Fig. 1A–C). All the peptides utilize
residues in position 2 (P2) from the N-terminus and residues at
their C-terminus (Pc) as the primary anchors with similar confor-
mations (Leu for Env199, Val for TRP2-180 and Ile for RT313 at P2;
Val for Env199, Leu for TRP2-180 and Lys for RT313 at Pc). The crys-
tal packing of the molecules from different asymmetric units of the
HLA-A*6802 and HLA-A*6801 structures showed that the adjacent
packed molecules have no contact with the peptides, which may
indicate the structures determined herein display a natural peptide
presentation.

3.2. The peptide presentation of HLA-A*6802 is similar to
HLA-A*6801 but not HLA-A*0201
The structure of peptide Env199 complexed with HLA-A*0201
has been determined previously (Madden et al., 1993), which make
it possible to compare the peptide presentation of HLA-A*6802

http://www.pdb.org/pdb/search/structidSearch.do?structureId=4HX1
http://www.pdb.org/pdb/search/structidSearch.do?structureId=4HWZ
http://www.pdb.org/pdb/search/structidSearch.do?structureId=4HWZ
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Table 2
Hydrogen bonds and Van der Waals interactions between peptides and HLA residues.

Complex Peptide HLA-A*6802 HLA-A*0201

Residue Atom Hydrogen bond
residue (atom)

Van der Waals contact residues Hydrogen bond
residue (atom)

Van der Waals contact residues

Env199 Thr1 N Tyr171(OH) Tyr7,Tyr59,Arg62,Asn63,Tyr159,Trp167,Tyr171 Tyr171(OH) Met5,Tyr7,Tyr59,Glu63,Lys66,Tyr159,Thr163,Trp167,Tyr171
N  Tyr7(OH)
O  Tyr7(OH) Tyr7(OH)
O  Tyr159(OH)
OG1 Glu63(OE2)

Leu2 N  Asn63(OD1) Tyr7,Tyr9,Met45,Asn63,Asn66,Val67,Tyr99,Tyr159 Glu63(OE1) Tyr7,Phe9,Met45,Glu63,Lys66,His70,Tyr99,Tyr159
N  Glu63(OE2)
O  Lys66(NZ)

Thr3 N  Tyr99(OH) Asn66,Tyr99,Trp156,Tyr159 Try99(OH) Lys66,His70,Tyr99,Tyr159
O  Asn66(OH) His70(NE2)

Ser4  Asn66 Arg65,Lys66,Gln155
Cys5  Gln70,Gln155,Trp156 His70,Thr73,Gln155
Asn6 OD1  Ala69(O) Ala69,Gln70,Thr73 Thr73

OD1  Gln70(N)
ND2 Thr73(OG1)
ND2 Gln70(OE1)

Thr7 Asp77,Trp147,Val152 Thr73,Arg97,Trp147,Val152
Ser8 O  Trp147(OE1) Val76,Asp77,Lys146,Trp147 Trp147(NE1) Thr73,Val76,Asp77,Thr80,Lys146,Trp147

OG  Asp77(OD1) Asp77(OD1)
Val9 N  Asp77(OD1) Asp77,Thr80,Leu81,Tyr84,Tyr116,Thr143,Lys146,Trp147 Asp77(OD1) Asp77,Thr80,Leu81,Tyr84,Tyr116,Tyr123,Thr143,Lys146,Trp147

O  Tyr84(OH) Lys146(NZ)
O  Thr143(OG1)
OXT Tyr84(OH)
OXT  Thr146(NZ)
OXT  Thr143(OG1)

Peptide HLA-A*6801

RT313 Ala1 N Tyr171(OH) Met5,Tyr7,Tyr59,Asn63,Tyr159,Trp167,Tyr171
N Tyr7(OH)
O Tyr159(OH)

Ile2 N Asn63(OH) Tyr7,Tyr9,Met45,Asn63,Asn66,Val67,Tyr99,Tyr159
Phe3 N Tyr99(OH) Asn66,Tyr99,Gln155,Trp156,Tyr159
Gln4 OE1 Arg62(NH1) Arg62,Asn66

OE1 Asn66(ND2)
NE2 Arg62(NE)
NE2 Arg62(NH1)
NE2 Arg62(NH2)

Ser5 OG Gln155(OE1) Gln70,Gln155
Ser6 O Thr73(OG1) Ala69,Gln70,Thr73

OG Thr73(OG1)
Met7 Thr73,Lys146,Trp147,Ala150,Val152
Thr8 O Trp147(OE1) Thr73,Val76,Aap77,Lys146,Trp147
Lys9 O Tyr84(OH) Asp77,Thr80,Leu81,Tyr84,Ile95,Arg114,Asp116,Tyr123,Thr143,Lys146,Trp147

O Thr143(OG10
N Asp77(OD1)
NZ Asp116(OD2)
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Fig. 1. Overall structures of the HLA-A*6802 and HLA-A*6801 complexes. (A–C) Overview of the structures of HLA-A*6802/Env199 (A), HLA-A*6802/TRP2-180 (B), and
HLA-A*6801/RT313 (C) displaying the typical structural conformations of the MHC I molecule. The electron densities of peptides Env199, TRP2-180, and RT313 show their
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uthentic conformations in the HLA grooves. Displayed here are final 2Fo-Fc-stimu
LA-A*6802/Env199 (green) with HLA-A*6801/RT313 (cyan, right) and HLA-A*0201
LA-A*6801, and HLA-A*0201.

nd HLA-A*0201 using the similar peptide (Table 2). The main
hain conformation of the peptides presented by HLA-A*6802
nd HLA-A*0201, together with HLA-A*6801 are similar. How-
ver, the residues in the middle portion of the peptide Env199
resented by HLA-A*6802, is different from the Env199 presented
y HLA-A*0201 (Fig. 3A). The HLA-A*0201-presented peptide
nv199 adopts a bulged conformation, with the P6 residue Asn
ointing out of the groove. In contrast, the peptide Env199 in
he HLA-A*6802 groove presents a flat conformation, with the P6
esidue Asn protruding toward the �1-helix.

Due to the different peptide motif preference, we failed in
he refolding the HLA-A*6802 and HLA-A*6801 with the same
eptides. We  determined the structures of HLA-A*6802 and HLA-
*6801 with different peptides: Env199 and RT313, respectively.
e  found that the main chain conformation and the orientations

f residue side chains are extremely similar between the two pep-
ide presented by HLA-A*6802 and HLA-A*6801 (Fig. 3B and C).
oth the P6 residues of the two peptides (Asn for Env199, Ser for
T313) point their side chains to the �1-helix (Fig. 3C). The P6-
sn of Env199 and P6-Ser of RT313 form hydrogen bonds with

he residues on the �1-helix, e.g. Gln70 and Thr73 which are con-
erved between HLA-A*6802 and HLA-A*6801 (Figs. 2A and 3D).
his indicates a secondary anchor role for hydrophilic residues at
he P6 position of the peptides presented by HLA-A*6802 and HLA-
*6801. However, for HLA-A*0201, the hydrophilic residue P6-Asn

f Env199 does not form any contact polymorphic residue His70
Fig. 2A), but protrude upward (Fig. 3C and D), which is concord-
nce with the previous conclusion that the HLA-A*0201 usually has

 hydrophobic secondary anchor at P6 position to poke into the
nnealing omit maps contoured at 1.0�. (D) The superpositions of the structures of
99 (pink, right, PDB code 1HHG) show the similar overall structures of HLA-A*6802,

groove. The hydrophilic residue such as Asn will be repelled out of
the hydrophobic C pocket of HLA-A*0201.

3.3. F pockets with distinct static electrical statuses govern the
divergent peptide binding motifs of HLA-A*6802 and HLA-A*6801

Previous studies have elucidated that HLA-A*6802 prefers pep-
tides with the typical HLA-A*0201-restricted peptide motif that
is different from the one of HLA-A*6801 (Barouch et al., 1995;
del Guercio et al., 1995). Herein, we utilized an in vitro refolding
assay to analyze the binding capabilities of HIV peptides Env199
and RT313 to HLA-A*6802, HLA-A*6801, and HLA-A*0201. The typ-
ical A2 supertype peptide Env199 facilitated the renaturation of
both HLA-A*6802 and HLA-A*0201 but not HLA-A*6801 into solu-
ble complexes reflected by the lack of refolded protein. In contrast,
RT313 with its classical A3 supertype peptide motif assisted the
refolding of HLA-A*6801 but displayed no binding to either HLA-
A*6802 or HLA-A*0201 (Fig. 4A and B).

Peptides Env199 and RT313 have similar aliphatic P2 anchors
(Leu in Env199 and Ile in RT313) but differently-charged Pc
anchors (Val in Env199 and Lys in RT313). This implies that the
F pockets of the three HLA alleles HLA-A*6802, HLA-A*6801, and
HLA-A*0201, which accommodate the Pc anchor residues, may
contribute to their different binding affinities for the TRP2-180
and RT313 peptides. Structural analysis indicated that the static

electrical statuses of the HLA-A*6802 and HLA-A*0201 F pock-
ets are quite different from HLA-A*6801 (Fig. 4C–E). HLA-A*6802
and HLA-A*0201 bear highly hydrophobic F pockets, while HLA-
A*6801 possesses a negatively charged F pocket. The F pockets
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Fig. 2. Polymorphism analysis of HLA-A*6802, HLA-A*6801 and HLA-A*0201. (A) Structure-based sequence alignment of HLA-A*6802, HLA-A*6801 and HLA-A*0201. Cylinders
indicate �-helices, and black arrows indicate �-strands. Residues highlighted in red are completely conserved. The key polymorphic residues within the F pockets of HLA-
A*6802  and HLA-A*6801 are marked with green asterisks. The key polymorphic residues within the B/C pockets of HLA-A*6802 and HLA-A*0201 are marked with blue
asterisk.  The sequence alignment was generated with Clustal X and ESPript. (B) Two groups of A2 supertype alleles based on the match of structurally-determined key
residues conferring HLA-A*0201-like and HLA-A*6802-like polymorphisms. The representative F pocket residues (green) Arg97, His114, and Tyr116 as in (A) retain the same
in  all the A2 supertype alleles. In contract, in the B/C pockets, the A2 supertype alleles from “Group 1” have residues Glu63, Lys66, and His70, while the “Group 2” alleles
p s exce
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ossess Gln63, Gln66 and Asn70, with only His70 of HLA-A*6815 and HLA-A*6831 a
he  A2 supertype previously based on the previous experimental or bioinformatic 

n  the key residues in F pocket determined in our structures.

f HLA-A*6802 and HLA-A*0201 are formed by nearly identical
esidues, which include the similar hydrophobic residue Tyr116
ocated exactly at the bottom of the F pocket (Fig. 4F). However,
he residues composing the F pocket of HLA-A*6801 are quite
ifferent, characterized by a negatively charged Asp116 forming

 tight salt bridge with the Pc anchor Lys of RT313 (Fig. 4G).
lthough there are only five polymorphic residues between HLA-

*6802 and HLA-A*6801 (Arnett and Parham, 1995), three of them
re located in the F pocket, which leads to a divergent peptide
election of these two closely related HLA alleles within the same
erotype.
ption. #: HLA-A*6815, HLA-A*6827, HLA-A*6828, and HLA-A*6901 are defined into
s. Other alleles are listed in A2 supertype herein according to the prediction based

3.4. B pockets of HLA-A*6802 and HLA-A*6801 subtly differed to
HLA-A*0201

Previous studies indicated that the peptides presented by A2
and A3 HLA alleles have the small and aliphatic residues (Ala, Ser,
Thr, Val, Leu, Ile, Met) for the P2 primary anchor in the B pocket
of the peptide binding groove (Sette and Sidney, 1999a; Sidney

et al., 2008). The three peptides we studied here possess the typi-
cal residues (Val, Leu, and Ile) for the P2 anchor. This identical P2
anchor preference of HLA-A*6802, HLA-A*6801, and HLA-A*0201
imply a largely similar B pocket formation of the three alleles. Based
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Fig. 3. Comparative alignment of peptides presented by HLA-A*6802, HLA-A*6801 and HLA-A*0201. (A) Superimposition of peptide Env199 (purple) presented by HLA-
A*6802 and HLA-A*0201 (PDB code 1HHG), respectively. The different conformations of the main chains occur in the middle portion of the two peptides (P6 positions). (B)
Superimposition of HLA-A*6802-presented peptide Env199 (purple) with RT313 (cyan) from the HLA-A*6801 structure. Similar main chain conformation and the side chain
orientation of the residues within these two peptides are observed. (C) Side chain orientation for the the peptides presented by HLA-A*6802, HLA-A*6801 and HLA-A*0201 as
viewed  in profile from the peptide N-terminus toward the C-terminus (up is toward the T cell receptor, down is toward the floor of the peptide binding groove, left is toward
the  �1 helix domain, and right is toward the �2 helix domain). The residues at position 6 of the peptides with different orientations between HLA-A*6802 and HLA-A*0201
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re  marked with red rectangle. (F) The magnified view of the residues in the midd
eptide Env199 in HLA-A*6802/Env199 and Ser6 in peptide RT313 in HLA-A*6801/

s  observed between Asn6 of Env199 in HLA-A*0201/Env199 with the residues on t

n our structures of HLA-A*6802, HLA-A*6801 and the previous
etermined HLA-A*0201/Env199, comparative analysis indicated
hat the similar hydrophobic residues Tyr7, Tyr9 (Phe9 for HLA-
*0201), Ala24, Val34, Val67 form the bottom of the B pocket of
LA-A*6802, HLA-A*6801, and HLA-A*0201 which adopt the side
hain of the P2 anchor (Fig. 5A–C). However, the HLA-A*0201 has a
mall B pocket entrance compared to HLA-A*6802 and HLA-A*6801.

 salt bridge at the edge of B pocket of HLA-A*0201 was observed
etween the two polymorphic residues Glu63 and Lys66 for HLA-
*0201 (Fig. 5D). Although the polymorphism of the residues at

hese two positions may  not impact the P2 anchor selection of HLA-
*6802, HLA-A*6801, and HLA-A*0201, the exposing of the two
esidues to solvent may  influences the TCR-docking at this region
f the MHC. This may  contribute to the distinct MHC-restricted
CR recognition of HLA-A*6802/HLA-A*6801, compared to HLA-
*0201. Actually, the polymorphic residues at position 63 between
LA-A*6802 and HLA-A*0201 also contribute to the different con-

ormation of the P1 anchoring of peptide Env199 in the two  related
tructures (Fig. 5D). In the structure of HLA-A*0201/Env199, a
ydrogen bond is formed between Glu63 of heavy chain and P1
nchor Thr of Env199. However, no hydrogen bond is observed
etween Gln63 and P1 anchor Thr of Env199 in the structure
f HLA-A*6802/Env199 (Table 2). This also indicates a subtle
mpact of the micropolymorpism between HLA-A*6802/HLA-
*6801 and HLA-A*0201 on their peptide presentation and T cell
ecognition.

.5. Unconventional peptide presentation of HLA-A*6802

evealed by a distinct P3–Tyr anchoring of TRP2-180

In order to further demonstrate and confirm the peptide
resentation strategies of HLA-A*6802, we determined another
 of the peptides presented by HLA-A*6802, HLA-A*6801 and HLA-A*0201. Asn6 of
 bind to the residues Gln70 and Thr73 through hydrogen bonds. No direct interact

 helix of HLA-A2.

structure of HLA-A*6802 complexed with self peptide TRP2-180
derived from a tumor antigen TRP2. The overall structure of HLA-
A*6802/TRP2-180 and the conformation of peptide TRP2-180 are
similar to the one in structure of HLA-A*6802/Env199 with a
RMSD of 0.583 Å. However, when we  compare the structures of
HLA-A*6802/TRP2-180 with all the HLA-A*0201 structures avail-
able on the PDB, we found that Tyr3 of TRP2-180, which acts as
a secondary anchor residue, uncommonly inserts its side chain
into the C pocket of HLA-A*6802. Instead, D pocket of HLA-
A*6802 accommodates Phe5 of peptide TRP2-180. In contrast, the
D pocket of HLA-A*0201 accommodates the P3 residues in all of
the HLA-A*0201-presented peptides to the best of our knowledge
(Fig. 6A).

Further structural analysis demonstrated that the Tyr3 of
TRP2-180 forms a hydrogen bond with Gln70 of the �1-helix
of HLA-A*6802, which corresponds to a polymorphic residue,
His70, in HLA-A*0201 (Fig. 6B). This illuminates the contribution
of allele-specific micropolymorphisms to the unconventional P3
Tyr anchoring of HLA-A*6802 presented peptide. A previous study
indicates that the peptides presented by the HLA alleles from the
A2 supertype prefer aromatic amino acids such as Tyr as secondary
anchors at the P3 position (Sidney et al., 2001). Herein, base on the
structure of HLA-A*6802/TRP2-180, a different binding mode for
the P3 Tyr anchor of HLA-A*6802 is displayed when compared to
other A2 supertype members (Liu et al., 2011a). In accord with the
unusual P3 Tyr anchoring, the middle portion of the peptide bind-
ing groove of HLA-A*6802/TRP2-180 is wider than HLA-A*0201
(Fig. 6C), and a larger and deeper C pocket can be observed within

the groove of HLA-A*6802 (Fig. 6D and E). This may be associated
with the uncommon anchoring conformation of P3 Tyr which repels
the underside and flank of C pocket of HLA-A*6802 peptide binding
groove.
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Fig. 4. The binding peptide motif of HLA-A*6802 is similar to HLA-A*0201 but not HLA-A*6801, determined by the properties of the F pockets. A and B. Binding of Env199
(A)  and RT313 (B) to HLA-A*6802, HLA-A*6801, and HLA-A*0201 is elucidated by in vitro refolding. Peptides with the ability to bind to the HLA help the HLA heavy chain
and  �2m refold in vitro. After properly refolding, we found that high-absorbance peaks of the MHCs with the expected molecular mass of 45 kDa eluted at the estimated
volume of 65 ml  on a Superdex® 75 10/300 GL column (GE Healthcare). The profile is marked with the approximate positions of the molecular mass standards of 75.0, 43.0,
and  29.0 kDa. Complexes were formed by refolding of peptide Env199 with HLA-A*6802 and HLA-A*0201 but not with HLA-A*6801. On the contrary, peptide RT313 aided
HLA-A*6801 renature into a soluble complex but displayed no binding to HLA-A*6802 or HLA-A*0201. C–E. Vacuum electrostatic surface potential shows that the F pockets
of  HLA-A*6802 (C) and HLA-A*0201 (D) are hydrophobic, which differs from the negatively charged F pocket of HLA-A*6801 (E). The Pc anchor residues are represented in
sticks  and balls with different colors (purple for HLA-A*6802-presented Env199, yellow for HLA-A*0201-presented Env199 in 1HHG, and cyan for HLA-A*6801-presented
RT313). (F) Comparison of the F pocket residues of HLA-A*6802 and HLA-A*0201. The heavy chains are represented as gray loops. The major residues (purple sticks) of the
F  pocket of HLA-A*6802 have the same conformation as the corresponding residues (yellow sticks) of HLA-A*0201. The Pc residue Val of Env199 presented by HLA-A*6802
and  HLA-A*0201, respectively, are shown in purple and yellow sticks and balls. (G) Distinct F pockets of HLA-A*6802 and HLA-A*6801. The residues of the HLA-A*6801
heavy  chain are represented in cyan. The Pc Val of the HLA-A*6802-bound peptide Env199 and the Pc Lys of the HLA-A*6801-bound peptide RT313 are shown as purple and
cyan  sticks and balls, respectively. The salt bridge between the Pc Lys of RT313 and Asp116 of the HLA-A*6801 F pocket is represented as black dashed lines. In (F) and (G),
t twee
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he  names of residues that are similar between HLA-A*6802 and HLA-A*0201 or be
ccording to the colors of the residues.

. Discussion

Our studies demonstrate that HLA-A*6802 possesses a similar
verall structure to HLA-A*6801, indicating an identical serotype
lassification. However, the conformations of the polymorphic
esidues within the peptide binding groove of HLA-A*6802, espe-

ially the F pocket, are distinct from HLA-A*6801 but similar to
LA-A*0201. This determines the A2 supertype-like peptide bind-

ng motif of HLA-A*6802 as HLA-A*0201. Interestingly, the peptide
resentation strategy of HLA-A*6802, e.g. the conformations of the
n HLA-A*6802 and HLA-A*6801 are labeled in black; the different ones are labeled

N terminal and the middle portion of the peptide, are more homol-
ogous to HLA-A*6801 compared to HLA-A*0201. Therefore, our
comparative structural analyses of HLA-A*6802 and HLA-A*6801
together with HLA-A*0201 indicate an unusual peptide presenta-
tion feature of HLA-A*6802 (Doytchinova and Flower, 2003), which
may  imply a unique pathogen specific T cell recognition within

HLA-A*6802+ populations (Hogan et al., 1998; Rowland-Jones et al.,
1998).

Previous experimental and bioinformatic studies have indicated
that there are still many other HLA-A alleles (e.g. HLA-A*6815,
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Fig. 5. Similar B pockets of HLA-A*6802 with HLA-A*6801 other than HLA-A*0201. (A–C) Vacuum electrostatic surface potential of the B pockets of HLA-A*6802 (A), HLA-
A*6801  (B), and HLA-A*0201 (C) with the P1 and P2 resides of the peptides (stick and sphere) in the pockets. The major residues composing the B pockets of the HLAs are
shown as sticks. Within the B pocket of HLA-A*0201 (C), the salt bridge that extends over the edge of B pocket is formed by the Glu63 and Lys66. Hydrogen bonds between the
peptide  residue and the �1 helix are also observed (black dashed lines). (D) Comparison of the B pocket residues of HLA-A*6802 (purple), HLA-A*6801 (cyan), and HLA-A*0201
(yellow). The heavy chains are represented as gray loops. The major residues of the B pocket of the three alleles are in the same conformation. The polymorphic residues Glu63
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nd  Lys66 of HLA-A*0201 form the salt bridge (black dashed lines) which is differe
LA-A*6802, HLA-A*6801, and HLA-A*0201 are labeled in black; the different ones
eptides  presented by these three alleles are represented by the P2 Leu of HLA-A*6

LA-A*6827, HLA-A*6828, and HLA-A*6901, etc.) within the
2 supertype (Sidney et al., 2008), which present the typical
2 restricted peptides (or have the A2 supertype polymorphic
esidues) but belong to the HLA-A68 or HLA-A69 serotypes (both
re the subtypes of the common African broad antigen serotype
28) (Fig. 2B) (Fernandez-Vina et al., 1992; Hsu et al., 1999; Krausa
t al., 1993). Detailed sequence and structure analyses indicated
hat these alleles posses the A2 supertype specific residues (as
rg97, His114, and Tyr116) in F pocket, as HLA-A*6802 (Fig. 2A).
owever, within the B and C pockets, these HLA-A*6802-like
lleles bear residues (e.g. Gln63, Gln66, and Asn70) which are
istinct from typical A2 alleles (HLA-A2 serotype alleles, such as
LA-A*0201 to HLA-A*0207). The hybrid micropolymorphism of

hese HLA-A*6802-like alleles may  lead to a featured peptide pre-
entation characteristic as HLA-A*6802. Therefore, based on the
tructural properties of the micropolymorphism and potential dif-
erent peptide presentations, the A2 supertype can be divided into
wo groups: Group1: HLA-A*0201-like (e.g. HLA-A*0201–0207,
tc.) and Group2: HLA-A*6802-like alleles (e.g. HLA-A*6815, HLA-

*6827, HLA-A*6828, and HLA-A*6901, etc.). These two groups can
resent the peptides with similar motif at P2 and Pc positions but

n subtle different conformations. A recent structural study eluci-
ated the peptide presentation features of four HLA-A*0201-like
m HLA-A*6802 and HLA-A*6801. The names of residues that are similar between
beled according to the colors of the residues. The position of the P2 anchors of the
nv199 shown in purple sticks and spheres with surfaces.

molecules: HLA-A*0201, HLA-A*0203, HLA-A*0206, and HLA-
A*0207(Liu et al., 2011a). Herein our structures of HLA-A*6802 pro-
vide the insights into the peptide presentation of the HLA-A*6802-
like group. Peptides with similar A2 supertype restricted motif can
be presented by these two groups, but in different conformations.
Furthermore, the TCR restriction may  also differ between these
two groups due to the polymorphic residues within the solvent-
exposing region of �1 and �2 helixes. However, experimental
exploration is needed to confirm the peptide binding and the TCR
recognition features of A2 supertype alleles in a broader manner.

In spite of the micropolymorphism modulated different peptide
presentations, many studies illuminated a common phenomenon
of the cross-allele presentation of similar peptides by HLA-A*0201-
like and HLA-A*6802-like alleles. Mitchell et al. reported that within
six naturally displayed HLA-A2.1-restricted melanoma specific CTL
epitopes, four of the epitopes can also be recognized in the HLA-
A*6802 context by the cross-reactive CTLs (Mitchell et al., 2000). It
is also indicated that HLA A2-restricted Epstein–Barr virus-specific
CTLs were able to lyse EBV-infected B cells expressing different HLA

A2 supertype alleles including A*0201, A*0202, A*0203, A*0204,
A*0206, A*6802 and A*6901 (Khanna et al., 1998). These find-
ings indicated that although the peptide presentation of alleles
(as HLA-A*0201 and HLA-A*6802) within the A2 supertype can
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Fig. 6. Unconventional P3-Tyr anchoring of TRP2-180 presented by HLA-A*6802. (A) Alignment of TRP2-180 presented by HLA-A*6802 with peptides presented by HLA-
A*0201  indicates that the P3 residue Tyr (green) of the HLA-A*6802-bound peptide occupies the C pocket, whereas P3 residues (yellow) of all of the HLA-A*0201-bound
peptides insert their side chains into the D pocket. The HLA-A*0201 structures shown here are 1AKJ, 1AO7, 1B0R, 1HHG, 1HHI, 1HHJ, 1HHK, 1JF1, 1JHT, 1P7Q, 1QRN, 1S8D,
1S9W, 1T1X, 1T1Z, 1TVB, 2C7U, 2J8U, 2VLJ and 3I6G. Different mutations of the peptides are not included. (B) Interactions of the P3 Tyr of peptide TRP2-180 with the
residues within the C pocket of HLA-A*6802. The P3 Tyr interacts (black dashed lines) with Gln70 and Arg97 through hydrogen bonds and water linkage. The polymorphic
residues Gln and His at position 70 of HLA-A*6802 and HLA-A*0201 are denoted in pink and yellow sticks, respectively. Uncommon intra-chain interactions via two water
molecules are also observed between the P3 Tyr and P7 Val of TRP2-180 (Liu et al., 2010b). The existence of the two water molecules is clearly shown by electron density at
the  1.0� contour level. (C) The peptide binding groove of HLA-A*6802 (green) is wider than HLA-A*0201 (yellow) at the middle portion where the C pocket is located. The
distances are measured between the C� of Thr73 and Ala150 of the molecules HLA-A*6802/TRP2-180 and HLA-A*0201/Env199, respectively. (D and E) The surfaces of the
peptide-binding grooves of HLA-A*6802 and HLA-A*0201 are shown in gray, and the peptides TRP2-180 and Env199 from the structures of HLA-A*6802 (D) and HLA-A*0201
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E)  are represented as green or yellow stick models. The pink surface indicates a l
abeled in black letters. The C and D pockets of HLA-A*6802 accommodate the sid
nv199 points into the D pocket of HLA-A*0201 (E).

e subtly modulated by the micropolymorphism, similar peptides
an still be presented by these alleles and subsequently induce
ross T cell responses in different HLA allele individuals. The exis-
ence of the cross-reactive CTLs can be comprehended through the
ecent concept of the promiscuity of CTL recognition established
y the broadly structure determination of cross-reactive TCRs and
he related MHC  complexes (Borbulevych et al., 2009; Lichterfeld
t al., 2006; Liu et al., 2012; Mongkolsapaya et al., 2006; Yin and
ariuzza, 2009). In addition, the similar processing and transporta-

ion of the antigenic peptides within the antigen presenting cells
APCs) within different HLA alleles is also a prerequisite for the
eptide cross-allele presentation and recognition (Walker et al.,
011).

In previous study, we have identified a SARS coronavirus-
erived CD8+ T cell epitope N1 which is presented by HLA-A*2402

n an uncommon strategy (Liu et al., 2010b). A dramatically similar
verall conformation is observed between the two  peptides pre-
ented by HLA-A*6802 and HLA-A*2402 (data not shown). Similar
o our structure of HLA-A*6802/TRP2-180, the Lys3 residue of pep-
ide N1 in the HLA-A*2402 structure also locates in the C pocket but
ot D pocket in the peptide binding groove. In HLA-A*6802/TRP2-
80, Gln70 of the �1-helix of HLA-A*6802 grabs Tyr3 of peptide
RP2-180 through a hydrogen bond. Interestingly, for N1 presented
y HLA-A*2402, intrachain hydrogen bonds between Lys3 and Gln5

s formed which stabilizes the main chain conformation of N1. Due
o the hydrogen bonds contributed by the P3 anchor in C pocket,

oth of peptides TRP2-180 and N1 display a bulged conformation, in
hich the residues in the middle portion of the peptides protrude

ut of the peptide binding grooves. This bulged peptide confor-
ation within HLA-A*6802/TRP2-180 and HLA-A*2402/N1 helps
and deeper C pocket in HLA-A*6802 compared to HLA-A*0201. Pockets A to F are
ins of the P3 Tyr and P4 Phe of TRP2-180, respectively (D). The P3 Met  of peptide

to expose the amino acids in middle region of the peptide for the
TCR docking in T cell recognition.

The comparative structural characterization of peptide presen-
tation of HLA-A*6802, HLA-A*6801, and HLA-A*0201 illuminates a
molecular basis for their A2 and A3 supertype differentiation and
demonstrates the rationality of the supertype classification of HLA
alleles based on binding-peptide motif. Moreover, these findings
also provide beneficial reference points for viruses and tumors spe-
cific T-cell recognition of broadly cross-allele presented peptide,
but still delicately restricted by polymorphic HLA. Given the preva-
lence of the HLA-A68+ population in Africa and the close correlation
of A2-A*6802 supertype in HIV resistance, our study may  shed light
on the T cell vaccine development of HIV.
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