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ABSTRACT Coordinates from x-ray structures of HLA-
A*6801, HLA-A*0201, and HLA-B*2705 were analyzed to
examine the basis for their selectivity in peptide binding. The
pocket that binds the side chain of the peptide's second amino
acid residue (P2 residue) shows a preference for Val, Leu, and
Arg in these three HLA subtypes, respectively. The Arg-
specific pocket of HLA.B*2705 differs markedly from those of
HLA-A*0201 and HLA-A*6801, as a result of numerous dif-
ferences in the side chains that form the pocket's surface. The
cause of the speciflcity differences between HLA.A*0201 and
HLA-A*6801 is more subtle and depends both on a change in
conformation of pocket residue Val-67 and on a sequence
difference at residue 9. The Val-67 conformational change
appears to be caused by a shift in the position of the a,-domain
a-helix relative to the -sheet in the cleft and may, in fact,
depend on amino acid differences remote from the P2 pocket.
Analyis of the stereochemistry of the P2 side chain interacting
with Its binding pocket permits an estimate to be made of its
contribution to the free-energy change of peptide binding.

Class I histocompatibility antigens bind short peptides, usu-
ally nonamers (1), derived from proteins expressed inside a
cell (2) and "present" them for recognition by T-cell recep-
tors on cytotoxic T lymphocytes, as part of a surveillance
mechanism for detecting foreign antigens (3). The class I
isotypes, HLA-A, -B, and -C, are encoded at three loci within
the human major histocompatibility complex (MHC) and
many alleles are known for each locus (4). Each subtype of
HLA preferentially binds peptides with certain amino acids
("anchors") at specific positions along the peptide, often
near the termini-e.g., at peptide position 2 (P2), P3, or PQ
(where fl is the C-terminal peptide position) (5-8). The
three-dimensional structures of collections of endogenous
human peptides complexed with three subtypes of HLA
(8-11) and three single viral peptides complexed with class I
molecules (12-15) have been determined by x-ray crystallog-
raphy. Peptides bind in an extended, but kinked, conforma-
tion (9) to a groove on the HLA molecule (16, 17) containing
"'specificity" pockets formed by polymorphic side chains
(11, 18). In a number of different class I MHC molecules, the
P2-binding pocket, originally the "B" pocket of HLA-
A*0201 (11), is located near the side chain of amino acid 45
of HLA and extends between the al a-helix and the (3-sheet
that forms the floor of the peptide-binding groove (11, 18).
Here we analyze the structure ofthe P2 specificity pockets of
two subtypes of HLA-A and one of HLA-B.tt A steric and
chemical match is observed between the specificity pocket
and the P2 side chain that it preferentially binds. The shape
of the specificity pocket and therefore the selectivity for
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peptide sequences is seen to depend not only on substitutions
of polymorphic positions in the pocket but also on the
reorientation of an unsubstituted residue that may be caused
by substitutions at remote polymorphic positions in the
binding groove. The binding energy contributed by the P2
side chain has been estimated and appears sufficient to
explain the observed selectivity of peptide-binding motifs.

MATERIALS AND METHODS
Coordinate Transformations. MHC molecules HLA-

A*0201, HLA-A*6801, and HLA-B*2705 were superimposed
pairwise by the use oftransformation matrices determined by
a least-squares fit of Ca atoms of amino acids forming the
t3-sheet of the MHC binding cleft (defined as in ref. 11),
achieved with the program WHAFITCA (written by S. J.
Remington and M. A. Saper). The structure of influenza
virus nucleoprotein peptide Np-(91-99) was transformed
from the 2.8-A resolution structure of HLA-A*6801/Np-(91-
99) (15) to the 1.9-A structure of HLA-A*6801 complexed
with a collection of endogenous peptides (PDBlHSB) by
using the least-squares transformation based on all Ca atoms
in the al and a2 domains.

Cavity Surface Areas. Cavity surface areas (19) were cal-
culated with the program MS (20) using the parameters
described (19). Some bound water molecules contribute to
cavity surfaces in HLA-A*6801 and HLA-B*2705.

Contact Atoms. van der Waals contacts were analyzed with
the program ACCESS (written by M. D. Handschumacher and
F. M. Richards). MHC atoms were considered to contact the
peptide if their solvent-accessible surface area (21) with
0.01-A radius probe differed in the presence or absence ofthe
peptide P2 side-chain atoms, as described (10).

RESULTS
The contact surface of the pocket contacting a P2 side chain
has been determined in HLA-A*6801 from x-ray coordinates
of a complex with a single peptide refined to 2.8-A resolution
(15) and with a collection of endogenous peptides to 1.9-A
resolution (Fig. 1A). Similar contact surfaces were deter-
mined from coordinates of HLA-A*0201 refined to 2.6 A (11)
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FIG. 1. P2 pockets: Residues that contact the peptide P2 side chain. (A) HLA-A*6801, P2 Val contacts. (B) HLA-A*0201, P2 Leu contacts.
(C) HLA-B*2705, P2 Arg contacts. P2 side-chain carbon atoms are shown in black; red spline shows Ca atoms of al-domain a-helix and (-sheet;
contact atoms (see Table 1) are enlarged; oxygen atoms are in red, nitrogen in blue, and carbon in yellow. The figure was generated with
HYDRASTER [modified by S. Watowich & L. Gross from programs written by D. Bacon and W. Anderson (RASTER3D) and R. Hubbard (HYDRA)].

and of HLA-B*2705 refined to 2.1 A (10), both complexed
with collections of endogenous peptides (Fig. 1 B and C). In
all three HLA subtypes, seven side chains (residues 7, 9, 45,
63, 66, 67, and 99) form the contact surface of the P2 pocket,
with one additional side chain (residue 24) contributing in
HLA-B*2705 (Table 1). Two of the contact residues, 7 and
99, are tyrosines that are similarly positioned in all three
structures. The contact atom of residue 63, a side-chain
oxygen, is also similarly positioned in all three structures, but
contributed by different side chains: Asn in HLA-A*6801 and
Glu in HLA-A*0201 and HLA-B*2705 (Fig. 1). Two positions
have different amino acids in each subtype: 9 (Tyr, Phe, and
His in HLA-A*6801, -A*0201, and -B*2705) and 66 (Asn,
Lys, and Ile) and two have the same amino acid in the HLA-A
isotypes but a different one in the HLA-B isotype: 45 (Met
and Glu), 67 (Val and Cys) (Fig. 1 and Table 1).
The peptide sequence preferences ofHLA-A*0201, HLA-

A*6801, and HLA-B*2705 have been analyzed by Edman
degradation and mass spectrometry (5, 7, 8, 23-25). All three
class I molecules restrict the sequences of bound peptides at
P2, but they select different side chains: a small residue (Val
or Thr) for HLA-A*6801, a nonpolar residue (Leu, Ile, or
Met) for HLA-A*0201, and a large positively charged residue
(Arg) for HLA-B*2705. Other sequence restrictions are ob-
served at P1, P3, and P9.
HLA-B*2705 Specificity. The most notable difference

among the three subtypes compared is that the two HLA-A
subtypes have a nonpolar, methyl group from Met-45 at the
base of the pocket whereas HLA-B*2705 has a negatively
charged carboxylate from Glu-45. The carboxylate oxygen
(061), along with Oty of Thr-24 and a water molecule hydro-
gen-bonded to His-9, is positioned to allow the formation of
a planar network ofhydrogen bonds to the guanidinium group
of a P2 arginine (Fig. 1C and ref. 10). The 8-methyl group of
Met-45 in the HLA-A subtypes forms nonpolar, van der
Waals contacts with P2 methyl groups of Val or Thr in
HLA-A*6801 or Leu in HLA-A*0201 (Table 1). HLA-A*6801
can accommodate P2 Thr by forming a hydrogen bond from
Q81 of Asn-63 to Oyl of P2 Thr (15).

Several polar atoms are found in the P2 pockets of all three
class I molecules and form van der Waals contacts, primarily
with P2 carbon atoms. However, all these polar atoms make
hydrogen bonds within the protein or to solvent or polar
peptide main-chain atoms (Table 1). In HLA-B*2705, one
water molecule contributes to the surface ofthe P2 pocket but
is also hydrogen-bonded to two MHC side chains (His-9 and
Tyr-99) and to another water molecule.

HLA-A*O201 vs. HLA-A*6801 Selectivity. The different
specificities of the P2-binding pockets in HLA-A*6801 and
HLA-A*0201 depend primarily on steric, rather than chem-
ical, changes within the pocket. Residue 67, which is Val in
both molecules, adopts two different side chain conforma-
tions. In HLA-A*6801, the Val-67 side chain is in the
"minus" (Xi = -63°) rotamer conformation (26) where one
methyl group blocks deeper access (Fig. 2A). In HLA-
A*0201, Val-67 is in the "plus" (Xi = +710) rotamer con-
formation with both methyl groups rotated out of the path of
a peptide P2 side chain (Fig. 2B), which allows larger side
chains such as Leu, Ile, and Met to be accommodated. The
C82 atom of a P2 Leu in HLA-A*0201 packs close to the end
of Phe-9, in space that is occupied in HLA-A*6801 by the
hydroxyl group of Tyr-9. Two other side chains in the
P2-binding pocket differ between HLA-A*0201 and HLA-
A*6801, 63 (Glu -* Asn) and 66 (Lys -- Asn) but do not
constrict the pocket near the y-methyl groups ofa P2 Leu side
chain. These observations suggest that either a Phe-9 -* Tyr
substitution or a helix shift leading to reorientation of Val-67
(see below) could independently cause the observed change
in the specificity of the P2 pocket.

Shift of a,-Domain a-Helix. The difference in the confor-
mation of the Val-67 side chain appears not to be caused by
amino acid differences between HLA-A*6801 and HLA-
A*0201 in the P2 pocket (such as Tyr/Phe-9) but instead to
be primarily due to a concerted shift of the a,-domain a-helix
along its axis by about 0.7 A (Fig. 3), so that the Val-67
rotamer of HLA-A*0201 is sterically hindered in HLA-
A*6801. Although the magnitude of this structural difference
is near the coordinate error for the two structures, when the
eight-stranded (-sheets of the a, and a2 domains are super-
imposed by least-squares fit, both those sheets and the
a2-domain a-helices overlap with small rms residuals (0.33
and 0.46) and no systematic deviations in x, y, or z, as
expected (Table 2). In contrast, the a,-domain a-helices
(residues 50-84) have a rms residual almost twice as large
(0.76) and systematic deviations along x and y with mean
values of 0.56 and 0.44 A, 10 times those seen with the
a2-domain a-helices (Table 2). The approximate x and y
coordinate directions are shown in Fig. 3, where it is evident
that the a,-domain a-helix in HLA-A*0201 is shifted toward
itsN terminus relative to that ofHLA-A*6801. Differences in
the a,-domain a-helices are also observed between HLA-
A*6801 and HLA-B*2705, but the direction is different (Table
2) with the HLA-B*2705 helix shifted slightly away from the
a2 a-helix and toward the l3-sheet (figure not shown). Al-
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Table 1. Contacts between MHC atoms and P2 side-chain atoms

MHC residue P2 atom(s)
No. Identity Atom A*6801/Val A*0201/Leu B*2705/Arg
7 Tyr C- N"1

CY - CM Cv
Ca C-Y

Cel C-CY
CM Cp, Cvi CY, CM Cv, C5, NE, Cc, N"1, N"2
Ce2 Cp, CY1 CY, C82 CY, C8, Ne, Cc, N"1, N"2
Cc CY1 - CY

9 Tyr o0 C
Phe Ce2 CM

Cc C82
His N'2 N"1

24 Thr Cp N"1l
0vl v1 Nn2
Cvi Cc, N"1, N"2

45 Met Ce Cp, CvY, CY2 Cv, C, CM2
Glu QS1 C8, Ne, CC, hln2

63 Asn Ca CY2
cQ Cy2

Glu Ca - Ca
C- Ca
0E1 Cp, Cv Cp, CY

66 Asn Cp CY2
NM Cvif

Lys Cp Ca
C8 C1
NC C

Ile Cy2 Cp, CB
Ca C

67 Val N CM
Ca C81

Cp- CM
Cyl Cp, Cv1, Cy2
Cvi - C81

Cys SY Ca, Ne, Cc, Ni1, N"2
99 Tyr 0" Cl, CYl CM2 Cl, Cv
Only atoms in contact are listed. -, No contact atom; blank, not relevant; underlined atoms,

hydrogen bonds (<3.2 A) to MHC side chain. Nomenclature for side-chain atoms is in ref. 22.

though we cannot explain this structural difference between
the two HLA-A subtypes in terms of specific amino acid
substitutions, it may be a result of amino acid differences
between HLA-A*0201 and HLA-A*6801 at polymorphic
positions (residues 70, 74, 95, 97, 114, and 116) at the
"right-hand end" of the groove (Fig. 3). The net effect of
these remote polymorphic differences would then be to alter
the shape of the P2 pocket by shifting the al a-helix and
inducing a change in the conformation of Val-67.

Peptide Binding Energy. In these structures, the P2 side
chain of a bound peptide is packed tightly among the MHC
side chains that form its binding pocket. The stabilization of
a protein's native folded conformation by side chains packed
in hydrophobic cores has been studied in T4 lysozyme (19),
and the stabilization energy (AAGf.Id) has been modeled as
the sum of the side chain's free energy of transfer from water
to an organic solvent (desolvation) (28, 29) and the molecular
surface area of the cavity occupied by the side chain (dis-
persion forces) (19). Both terms are evaluated relative to a
putative replacement side chain. An alternative interpreta-
tion in terms of the work of cavity formation in the solvent
and in the protein interior predicts that the stabilization
energy lies between the desolvation energy difference (min-
inmum) and the energy of cavity formation in water necessary
to accommodate the larger side chain (maximum) (30). We
have performed analogous calculations on the P2 side chain

bound in its specificity pocket, relative to a Gly replacement
side chain. Neglecting the entropic effects of peptide main-
chain torsional flexibility, a peptide with P2 Val should bind
HLA-A*6801 more tightly than a peptide with P2 Gly by w3.0
kcal*mol1 [P1.7 kcal mol-1 (desolvation) + =1.3 kcal'mol'1
(66-A2 cavity surface area times 20 cal.mol-l.A2)]. For a P2
Leu complexed with HLA-A*0201, the differential binding
energy relative to Gly would be %4.5 kcal-mol1 [-2.5
kcalmol-I (desolvation) + w2.0 kcal'mol'1 (98-A2 cavity
surface area)]. Our calculations cannot account for side-chain
repacking and therefore may overestimate the differential
binding energy (19, 30). Nevertheless, the desolvation term
can be taken as a minimum estimate (30). This analysis
cannot be extended to the P2 Arg anchor of HLA-B*2705,
because of the presence of several hydrogen bonds. Un-
charged hydrogen bonds generally stabilize binding by 0.5-
2.0 kcal-mol-1, while ones with poor geometry can destabi-
lize binding by 0.5 kcal mol-1; hydrogen bonds involving a
buried, charged atom appear to stabilize binding by 3.0-4.5
kcal-mol-1 (31, 32). Since the geometry of the uncharged
hydrogen bonds between P2 Arg and HLA-B*2705 is rea-
sonable, the P2 Arg hydrogen bonds are likely to contribute
>3.0 kcal-mol-1 to the binding energy of the peptide. In
addition, binding ofthe aliphatic moiety ofthe Arg side chain
probably adds to the binding energy, but its effect cannot be
estimated directly from the cavity surface area (137 A2)

Immunology: Guo et al.
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FIG. 2. Shape ofP2 pockets. (A) HLA-A*6801 with Val. (B) HLA-A*0201 with Leu. (C) HLA-B*2705 with Arg. Solid surface, van der Waals
surface ofpeptide; red, oxygen; blue, nitrogen; yellow, carbon; dot surface, molecular surface (20, 27) ofMHC molecule. The figure was prepared
with INSIGHT II (Biosym Technologies, San Diego) according to the user guide for Version 2.1.0.

because the van der Waals interactions ofthe polar atoms are
included in the hydrogen-bond measurements (19, 30). Nev-
ertheless, the potential energetic contribution of P2 Arg
compared with P2 Gly is likely to be larger than that estimated
from hydrogen-bonding interactions alone.

DISCUSSION
Class I histocompatibility glycoproteins bind mostly short
peptides (1, 5, 7, 8, 25) in an extended conformation with a
kink near P4 (9, 10, 12-15), although cases have been
described of bound octapeptides slightly straightened at the
kink (12, 14) and of deca- to tridecapeptides that probably
bulge at their centers (8, 23, 24). Histocompatibility antigens
interact very specifically with the side chains of peptides at
only a few positions ofthe peptide sequence ("anchors") (9),
through pockets in the peptide-binding groove (11, 18).
Peptide anchor side chains often occur near the ends of the
peptide at P2 or P3 and Pfl, as is found for HLA-A*0201,
HLA-A*6801, and HLA-B*2705. However, one anchor in
H-2Kb is at P(fl - 3). In each case, other side chains (e.g.,

FIG. 3. Superposition ofA subtypes to show shifts in al-domain
a-helix and altered Val-67 conformation. HLA-A*0201 is in red and
HLA-A*6801 in yellow. Dotted lines show hydrogen bonds. See also
Table 2 and text. The figure was prepared with HYDRASTER (see
legend to Fig. 1).

P1, P6, and P7 in the HLA-A*6801/nucleoprotein peptide
complex) also contact the HLA molecule but do not appear
constrained by a very specific pocket. Fig. 4 shows the
influenza virus nucleoprotein peptide Np-(91-99) (KTGG-
PIYKR) bound to HLA-A*6801, where the two "anchor"
positions P2 (Thr) and P9 (Arg) are clearly buried in pockets
in the groove, but P3 (Gly), P5 (Pro), and P6 (Ile) also contact
the site (15). Parts of P1 and P4-P8 are accessible to solvent
at the HLA surface and therefore presumably available for
direct recognition by T-cell receptors (15).
Conserved sites at both ends of the peptide-binding groove

interact with the peptide N and C termini and main chain in
all class I/peptide complexes studied to date (8-10, 12-15,
33). Elsewhere, we have argued that the binding of the
peptide main chain (class I and class II) and termini (class I)
provides the dominant interactions of peptide with MHC
molecules (8, 10, 15, 33, 34), consistent with experiments
with truncated or extended peptides (refs. 35 and 36; A.
Sette, unpublished work). Since anchor side chains are
generally a fixed distance from the N or C terminus in class
I-associated peptides, their binding is presumably coupled to
that of the associated terminus (8, 23-25). An incorrect
peptide anchor side chain that cannot be accommodated in its

Table 2. ala2 domain superposition by ,3-sheet Co positions
Aw68/A2 Aw68/B27

,B-sheet Arms 0.33 0.35
(Ax) 0.00 0.00
(AY) 0.00 0.00
(AZ) 0.00 0.00

a2 a-helix Arms 0.46 0.44
(AX) -0.05 -0.04
(Ay) -0.02 -0.04
(Az) 0.07 0.02

al a-helix Arms 0.76 0.66
(Ax) 0.56 0.41
(Ay) 0.44 -0.12
(Az) -0.26 -0.41

Aw68, HLA-A*6801; A2, HLA-A*0201; B27, HLA-B*2705; root-
mean-square deviation (Arms) = [M(AX2 + Ay2 + Az2)/n'l/2; (Ax) =
XAx/n; (Ay) = XAy/n; (Az) = XAz/n. The x, y, and z approximate
directions and superposition are shown in Fig. 3. Significantx, y, and
z shifts in the a, a-helix are underlined.
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FIG. 4. Influenza virus nucle-
oprotein peptide Np-(91-99) (KTG-
GPIYKR) bound to HLA-A*6801,
showing P2 Thr and P9 Arg buried in
specificity pockets. Solid surface
shows van der Waals surface of
peptide labeled by single-letter
amino acid code; N- and C-terminus
labels are white circled by red. Dot
surface shows molecular surface
(20, 27) of HLA-A*6801. The figure
was prepared with INSIGHT II (see
Fig. 2 legend). Six water molecules
inside the binding cleft were left out
in generating the molecular surface.

specificity pocket (based on size or charge) may disrupt not
only the anchor's binding but also that of the nearby termi-
nus, drastically reducing the peptide's affinity for the MHC
molecule. However, ifthe anchor side chain were suboptimal
but could still be accommodated, only the anchor's binding
energy would be affected.
Here we have estimated the energy of binding of optimal

peptide P2 side chains to the P2-binding pockets ofthree class
I molecules and suggest that they may contribute several
kilocalories per mole (relative to Gly). Since AAG 1.4
kcal-mol.1 corresponds to a 10-fold decrease in the equilib-
rium dissociation constant, the optimal P2 side chain could
confer binding several orders of magnitude tighter compared
with a small, incorrect side chain, thus explaining the pre-
ponderance ofbound peptides that fulfill a given class I MHC
molecule's binding motif. The analysis also shows that the
shapes and therefore specificities of the pockets may be
determined by substitutions remote from the pocket, which
alter the conformation of an unsubstituted residue, Val-67.
This result suggests caution in predicting "anchor" residues
from the sequences of class I molecules for which structures
are not known.

Peptide binding may be further modulated by other side
chains, as observed for class II-binding peptides (34). In class
I/peptide complexes, several peptide side chains contact
nonspecific MHC pockets (e.g., P3 and P7 in HLA-B*2705)
but appear to be only loosely constrained (7, 9). Steric or
electrostatic incompatibility of these "secondary anchors"
could block binding both locally and at nearby pockets, while
a particularly advantageous peptide side chain might provide
a significant increase in stabilization. Evidence for such
effects by "secondary anchor" side chains has been found
for peptides in HLA-A*0201 (37) and HLA-DR1 (34).
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