














structure of HLA-B*5101 bound to different HIV-derived pep-
tides (42), Tyr99 adopts different conformations, leading to a
changeable D pocket. This flexible Tyr is also found in HLA-
B*5703 structures (67). Furthermore, in the recently defined
structures of chicken MHC BF2*2101 (30), the reorientation
of Arg9 within the large central cavity contributes to the pro-
miscuous peptide binding of BF2*2101. However, only one
flexible residue was reported in these MHC structures, and the
conformational rearrangement occurred only when the MHC

molecule was binding to peptides of different lengths. Unex-
pectedly, in our Mamu-A*02 structures, we found that four
residues (Arg97, His114, Glu152, and His156) exhibit distinct
conformations within the peptide-binding groove of Mamu-
A*02 when peptides YY9 and GY9, both of which are nona-
mers, are presented.

The peptide binding motif of Mamu-A*02 has been clearly
elucidated (40). The central-region residues of Mamu-A*02-
restricted peptides are diverse, which may be due to the un-

FIG. 5. Binding of peptide YY9 with the B and F pockets of Mamu-A*02. (A) Molecular surface (gray) of the Mamu-A*02 B pocket with the
P2 Thr of YY9 (yellow stick and sphere) in it. The major residues composing the B pocket are shown as green sticks. The salt bridge that extends
over the B pocket is formed by the Arg62 and Glu163 vacuum electrostatic surface potential. (B) Comparison of the B pocket residues of
Mamu-A*02 (YY9) and Mamu-A*01 (TL8). The heavy chains are represented as gray loops. The major residues (green sticks) of the B pocket
of Mamu-A*02 are in the same conformation as the corresponding residues (brown sticks) of Mamu-A*01. The similar P2 Thr residues of YY9
(yellow) and the Mamu-A*01-bound peptide TL8 (cyan) are in the same conformation. The hydrogen bonds of the Thr residue of YY9 in the
Mamu-A*02 B pocket are represented as red dashed lines. (C) F pocket of Mamu-A*02 with the P9 residue Tyr of YY9 (yellow stick and sphere)
in it. The residues making up the F pocket of Mamu-A*02 are denoted by green sticks. (D) Distinct F pockets of Mamu-A*02 and Mamu-A*01.
The residues of the heavy chains are represented in the same manner as in panel B. Residues that are similar in Mamu-A*02 and Mamu-A*01
are labeled in black; those that are different are labeled in green for Mamu-A*02 and brown for Mamu-A*01. P9 Tyr of YY9 and P8 Leu of the
Mamu-A*01-bound peptide TL8 are shown as yellow and cyan sticks and spheres, respectively. The hydrogen bonds of the P9 Tyr of YY9 in the
Mamu-A*02 F pocket are represented as red dashed lines.
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FIG. 6. Similar binding of Mamu-A*02 to rhesus and human �2m. (A) Structure-based sequence alignment of rhesus �2m and human �2m,
generated with the same software as Fig. 2. Residues that play critical roles in Mamu-A*02 binding are marked by purple asterisks. (B) Super-
imposition of the overall structures of Mamu-A*02/YY9 and Mamu-A*02/GY9, containing rhesus �2m or human �2m, respectively. The main
chains of the molecules are represented as gray ribbons, with peptides YY9 and GY9 as gray spheres. The amino acids that are distinct for human
�2m (blue) and rhesus �2m (green) are shown as colored spheres. The important residues (red ribbons) of human and rhesus �2m at the interface
with Mamu-A*02 maintain similar conformations.
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conventional flexibility of the peptide-binding groove. Consid-
ering P3 residues, for instance, the D pocket of Mamu-A*02
can accommodate diverse residues, from small and hydropho-
bic (Ala) to large (Phe) and from positively charged (Arg) to
negatively charged (Glu). This is in obvious contrast to the
restricted selection for Pro in the P3 position of Mamu-A*01
(13). Interestingly, according to a sequence analysis of MHC
heavy chains from different species, the four flexible residues
within the Mamu-A*02 groove are all located in nonconserved
portions of the protein (Fig. 2). Indeed, to the best of our
knowledge, Mamu-A*02 is the only MHC molecule that pos-
sesses these four residues in their corresponding positions.
These flexible residues in the peptide-binding groove contrib-
ute to the unique peptide presentation of Mamu-A*02.

Studies of CTL responses of structurally defined epitopes
demonstrate that a rigid peptide conformation leads to a spe-
cific T-cell repertoire with limited diversity. In contrast, a di-
verse TCR repertoire is evoked by peptides with flexible, ex-
posed residues (34, 37, 41). A broader TCR repertoire specific
to an MHC-peptide complex can limit the appearance of es-
cape variants and maintain host resistance to the disease (46,
56, 64). There is strong evidence that the immune escape
mutants of YY9 occur in the early stage of SIV infection, while
no GY9-derived mutants have been identified thus far (19, 52,
72). The previous explanation of this phenomenon involved
the different levels of fitness of the mutants (72). However, the
structural determination of YY9 and GY9 complexed with
Mamu-A*02 led to a new hypothesis to explain this phenom-
enon (below). The GY9 peptide has two solvent-exposed res-
idues (Asn4 and Arg6) in its central region, and furthermore,
GY9 was revealed to be more flexible than YY9 when we
superimposed the three molecules in one asymmetric unit of
the two Mamu-A*02 structures. These structural differences in
the presentation of the two peptides may lead to antigenic
variance. It has been reported that GY9-specific T cells effi-
ciently suppress SIV replication, while no suppression can be
detected for YY9-specific T cells (58). Although the YY9-
specific TCR repertoire has been identified as a variable region
beta (V�) family usage (44), and GY9-specific TCR usage has
not been determined, we can rationally predict that the TCR
repertoire specific for GY9 is relatively more diverse based on
our structural analysis.

The appearance of CTL escape variants of SIV during
chronic infection poses a challenge for host antivirus immunity.
A series of mutants of peptide YY9 that often escape recog-
nition by the initial YY9-specific CTL have been identified (19,
47, 51, 52, 72). The frequently mutated positions occur at P3,
P7, and P9 (19, 52, 72). From the structure of Mamu-A*02/
YY9, the side chains of these three residues do not protrude
into the solvent; therefore, they may not be recognized by
TCRs directly. It has also been determined that the peptide
binding affinities of the escape variants of YY9 are similar to
those of YY9 (unless the C-terminal P9 anchor is mutated to
residues other than Y and F). The substitution of residues in
P3, P7, and P9 would therefore be rationally predicted to
disrupt the presented conformation of YY9 by Mamu-A*02
(unpublished data). As seen in the structural comparison of
Mamu-A*02/YY9 and Mamu-A*02/GY9, the flexible groove
of Mamu-A*02 easily turns the main chain of the bound pep-
tide into a distinct conformation when the groove-interactive

residues of the peptide change. For the P7 residue of YY9-
derived variants, the Ile residue tends to be replaced by Ser or
Thr (19, 72), which can form an additional hydrogen bond with
Glu152 and lead to conformational rearrangement, as indi-
cated in the Mamu-A*02/GY9 structure. The concordance be-
tween CTL escape and the conclusions of our structural ana-
lyses complement our findings on the peptide presentation of
Mamu-A*02.

As elucidated in previous studies of MHC I molecule struc-
tures, the MHC heavy chain can be renatured in the presence
of interspecies �2m (1, 14, 34, 63). Here our structural analysis
of Mamu-A*02 complexed to rhesus macaque or human �2m
showed the interspecies heterocomplex to be similar to Mamu-
A*02 folded with rhesus macaque �2m (Fig. 6). The conserved
sequences and their similar conformations within the heavy
chain–�2m interface indicate that the peptide presentation of
Mamu-A*02 is not affected by the alteration of �2m from
rhesus to human �2m (1, 63).

The elucidation of peptide presentation characteristics of
Mamu-A*02 via structural determination increases our under-
standing of anti-SIV T-cell responses, including confirmation
of the antigenic peptide motif, evidence of peptide immu-
nodominance (38), and insights into CTL escape. Moreover,
these findings also provide beneficial reference points for the
extrapolation of the T-cell studies from rhesus macaques to
humans.
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49. Mühl, T., M. Krawczak, P. Ten Haaft, G. Hunsmann, and U. Sauermann.
2002. MHC class I alleles influence set-point viral load and survival time in
simian immunodeficiency virus-infected rhesus monkeys. J. Immunol. 169:
3438–3446.

50. Murshudov, G. N., A. A. Vagin, and E. J. Dodson. 1997. Refinement of
macromolecular structures by the maximum-likelihood method. Acta Crys-
tallogr. D Biol. Crystallogr. 53:240–255.

51. Newberg, M. H., et al. 2006. Immunodomination in the evolution of domi-
nant epitope-specific CD8� T lymphocyte responses in simian immunodefi-
ciency virus-infected rhesus monkeys. J. Immunol. 176:319–328.

52. O’Connor, D. H., et al. 2002. Acute phase cytotoxic T lymphocyte escape is
a hallmark of simian immunodeficiency virus infection. Nat. Med. 8:493–499.

53. O’Connor, D. H., et al. 2003. Major histocompatibility complex class I alleles
associated with slow simian immunodeficiency virus disease progression bind
epitopes recognized by dominant acute-phase cytotoxic-T-lymphocyte re-
sponses. J. Virol. 77:9029–9040.

54. Otwinoski, Z., and W. Minor. 1997. Processing of X-ray diffraction data
collected in oscillation mode. Methods Enzymol. 276:307–326.

55. Patel, V., et al. 2010. Long-lasting humoral and cellular immune responses
and mucosal dissemination after intramuscular DNA immunization. Vaccine
28:4827–4836.

56. Price, D. A., et al. 2004. T cell receptor recognition motifs govern immune
escape patterns in acute SIV infection. Immunity 21:793–803.

57. Purcell, A. W., J. McCluskey, and J. Rossjohn. 2007. More than one reason
to rethink the use of peptides in vaccine design. Nat. Rev. Drug Discov.
6:404–414.

58. Reynolds, M. R., et al. 2008. Macaques vaccinated with live-attenuated SIV
control replication of heterologous virus. J. Exp. Med. 205:2537–2550.

59. Robinson, S., et al. 2001. A commonly recognized simian immunodeficiency
virus Nef epitope presented to cytotoxic T lymphocytes of Indian-origin
rhesus monkeys by the prevalent major histocompatibility complex class I
allele Mamu-A*02. J. Virol. 75:10179–10186.

60. Roshorm, Y., et al. 2009. Novel HIV-1 clade B candidate vaccines designed
for HLA-B*5101� patients protected mice against chimaeric ecotropic
HIV-1 challenge. Eur. J. Immunol. 39:1831–1840.

61. Sauermann, U. 2001. Making the animal model for AIDS research more
precise: the impact of major histocompatibility complex (MHC) genes on
pathogenesis and disease progression in SIV-infected monkeys. Curr. Mol.
Med. 1:515–522.

62. Sauermann, U., et al. 2008. MHC class I haplotypes associated with survival
time in simian immunodeficiency virus (SIV)-infected rhesus macaques.
Genes Immun. 9:69–80.

63. Shields, M. J., L. E. Moffat, and R. K. Ribaudo. 1998. Functional comparison

7382 LIU ET AL. J. VIROL.



of bovine, murine, and human �2-microglobulin: interactions with murine
MHC I molecules. Mol. Immunol. 35:919–928.

64. Slifka, M. K., and J. L. Whitton. 2001. Functional avidity maturation of
CD8� T cells without selection of higher affinity TCR. Nat. Immunol. 2:711–
717.

65. Sliz, P., et al. 2001. Crystal structures of two closely related but antigenically
distinct HLA-A2/melanocyte-melanoma tumor-antigen peptide complexes.
J. Immunol. 167:3276–3284.

66. Smith, K. J., et al. 1996. An altered position of the �2 helix of MHC class I
is revealed by the crystal structure of HLA-B*3501. Immunity 4:203–213.

67. Stewart-Jones, G. B., et al. 2005. Structures of three HIV-1 HLA-B*5703-
peptide complexes and identification of related HLAs potentially associated
with long-term nonprogression. J. Immunol. 175:2459–2468.

68. Sun, Y., et al. 2010. Identification and structural definition of H5-specific
CTL epitopes restricted by HLA-A*0201 derived from the H5N1 subtype of
influenza A viruses. J. Gen. Virol. 91:919–930.

69. Thompson, J. D., T. J. Gibson, F. Plewniak, F. Jeanmougin, and D. G.
Higgins. 1997. The CLUSTAL_X windows interface: flexible strategies for
multiple sequence alignment aided by quality analysis tools. Nucleic Acids
Res. 25:4876–4882.

70. Turner, S. J., P. C. Doherty, J. McCluskey, and J. Rossjohn. 2006. Structural
determinants of T-cell receptor bias in immunity. Nat. Rev. Immunol. 6:883–
894.

71. Turner, S. J., et al. 2005. Lack of prominent peptide-major histocompatibil-

ity complex features limits repertoire diversity in virus-specific CD8� T cell
populations. Nat. Immunol. 6:382–389.

72. Vogel, T. U., et al. 2002. Escape in one of two cytotoxic T-lymphocyte
epitopes bound by a high-frequency major histocompatibility complex class
I molecule, Mamu-A*02: a paradigm for virus evolution and persistence?
J. Virol. 76:11623–11636.

73. Vojnov, L., et al. 2010. Effective simian immunodeficiency virus-specific
CD8� T cells lack an easily detectable, shared characteristic. J. Virol. 84:
753–764.

74. Watanabe, N., et al. 1994. A simian immunodeficiency virus envelope V3
cytotoxic T-lymphocyte epitope in rhesus monkeys and its restricting major
histocompatibility complex class I molecule Mamu-A*02. J. Virol. 68:6690–
6696.

75. Willcox, B. E., et al. 1999. TCR binding to peptide-MHC stabilizes a flexible
recognition interface. Immunity 10:357–365.

76. Zhang, Z. Q., et al. 2002. Mamu-A*01 allele-mediated attenuation of disease
progression in simian-human immunodeficiency virus infection. J. Virol.
76:12845–12854.

77. Zinkernagel, R. M., and P. C. Doherty. 1974. Immunological surveillance
against altered self components by sensitised T lymphocytes in lymphocytic
choriomeningitis. Nature 251:547–548.

78. Zong, L., et al. 2009. Rhesus macaque: a tight homodimeric CD8��. Proteins
75:241–244.

VOL. 85, 2011 DISTINCT PRESENTATIONS OF TWO SIV CD8� EPITOPES 7383


