32. 1. A. Wilson, J. M. Rini, D. H. Fremont, G. G. Fieser,
E. A. Stura, Methods Enzymol. 203, 153 (1991).

33. D. Rognan, M. J. Reddehase, U. H. Koszinowski,
G. Folkers, Proteins Struct. Funct. Genet. 13, 70
(1992).

34. J. H. Brown et al., Nature 332, 845 (1988).

35. M. M. Davis and P. J. Bjorkman, ibid. 334, 395
(1988).

36. C. Chothia, D. R. Boswell, A. M. Lesk, EMBO J. 7,
3745 (1988).

37. D. R. Davies, E. A. Padlan, S. Sheriff, Annu. Rev.
Biochem. B59, 439 (1990).

38. K. Shibata, M. Imarai, G. M. van Bleek, S. Joyce, '

S. G. Nathenson, Proc. Natl. Acad. Sci. U.S.A. 89,
3135 (1992).

39. T. S. Jardetzky et al., EMBO J. 9, 1797 (1990); J.
L. Maryanski, A. S. Verdini, P. C. Weber, R. R.
Salemme, G. Corradin, Cell 60, 63 (1990).

40. A. G. Amit, R. A. Mariuzza, S. E. V. Phillips, R. J.
Poljak, Science 233, 747 (1986).

41. J. A Bluestone, S. Jameson, S. Millar, R. Dick, in
preparation; B. Catipovic, J. DalPorto, M. Mage,
T. E. Johansen, J. P. Schneck, in preparation.

42. F. R. Carbone and M. J. Bevan, J. Exp. Med. 169,
603 (1989).

43. A. J. Howard et al., J. Appl. Crystallogr. 20, 383
(1987).

44. P. D. M. Fitzgerald, ibid. 21, 273 (1988).

45. The program HARADA (written by D. Filman and

J. Arevalo) is based on a previously published
algorithm [Y. Harada, A. Lifchitz, J. Berthou, Acta
Crystallogr. A37, 398 (1981)].

46. A. T. Bringer, J. Kuriyan, M. Karplus, Science
235, 458 (1987).

47. T. A. Jones, J. Appl. Crystallogr. 11, 268 (1978).

48. V. Luzatti, Acta Crystallogr. 5, 802 (1952).

49. M. Carson, J. Mol. Graphics 5, 103 (1987).

50. Tubes were generated with the program MCS
TUBES (written by Y. Chen and A. Olson) and were
rendered in the AVS environment [C. Upson et al.,
IEEE Comput. Graph. Appl. 9(no. 4), 30 (1989)].

51. To calculate solvent accessible surfaces we used
a 1.4 A radius probe and the program PQMS
(written by M. L. Connolly), which is similar to the
program MCS [M. L. Connolly, J. Mol. Graph. 3,
19 (1985)].

52. We thank M. Pique for preparation of the figures,
Y. Saito for production of the soluble H-2KP, and
J. Arevalo, N. Klinman, J. Bluestone, and R.
Stanfield for helpful discussions. Supported in
part by NIH grant CA-97489 (to P.A.P.) and train-
ing grant CA-09523 (to D.H.F.). This is publication
7467-MB from the Scripps Research Institute.
Coordinates have been deposited in the
Brookhaven Protein Data Bank and are available
for prerelease.

24 June 1992; accepted 21 July 1992

Emerging Principles for the
Recognition of Peptide Antigens
by MHC Class | Molecules

Masazumi Matsumura, Daved H. Fremont,* Per A. Peterson,
lan A. Wilson

Class | major histocompatibility complex (MHC) molecules interact with self and foreign
peptides of diverse amino acid sequences yet exhibit distinct allele-specific selectivity for
peptide binding. The structures of the peptide-binding specificity pockets (subsites) in the
groove of murine H-2KP as well as human histocompatibility antigen class | molecules have
been analyzed. Deep but highly conserved pockets at each end of the groove bind the
amino and carboxyl termini of peptide through extensive hydrogen bonding and, hence,
dictate the orientation of peptide binding. A deep polymorphic pocket in the middle of the
groove provides the chemical and structural complementarity for one of the peptide’s
anchor residues, thereby playing a major role in allele-specific peptide binding. Although
one or two shallow pockets in the groove may also interact with specific peptide side chains,
their role in the selection of peptide is minor. Thus, usage of a limited number of both deep
and shallow pockets in multiple combinations appears to allow the binding of a broad range
of peptides. This binding occurs with high affinity, primarily because of extensive inter-
actions with the peptide backbone and the conserved hydrogen bonding network at both
termini of the peptide. Interactions between the anchor residue (or residues) and the
corresponding allele-specific pocket provide sufficient extra binding affinity not only to
enhance specificity but also to endure the presentation of the peptide at the cell surface

for recognition by T cells.

The human and murine class I major
histocompatibility complex (MHC) mole-
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cules are each separable into three allelic
series of peptide-binding cell surface pro-
teins, whose obligatory function is to pre-
sent peptide antigens to cytotoxic T cells
(1-4). Because of the extensive genetic
polymorphism of these class I molecules,
most individuals in an outbred population
express two allelic forms of each isotype.
Thus, the total number of class I molecules
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in an individual is very small compared
with the entire repertoire of T cell receptors
that can recognize a vast array of such
peptides in the context of class I molecules.

Iso- and allotypic variants of class I
molecules differ in those residues that form
the peptide binding groove (5, 6). This
observation suggests that individual class I
molecules bind peptides with varying spec-
ificities. However, each class I molecule
must be able to bind large sets of peptides to
explain the broad discriminatory capacity of
the immune system. Sequence analyses of
peptides isolated from individual class I
molecules have confirmed this notion (7-
10). That is, endogenously bound peptides
are restricted in length to eight or nine
amino acids, and, despite the size limita-
tion, almost any position in the peptide can
accommodate many different amino acid
residues. However, in certain positions,
one or a few amino acid residues recur with
considerably increased frequencies. Such
residues, called “anchor” residues, are char-
acteristic for each class I allotype examined,
and presumably the side chains of these
residues interact with allotype-specific resi-
dues in the peptide binding groove. How-
ever, in the absence of high-resolution crys-
tallographic data on the class I molecule
bound to defined peptide sequences, there
has been little direct evidence to support
this hypothesis.

Two structures of murine H-2K mole-
cules complexed with different viral pep-
tides have now been elucidated at 2.3 and
2.5 A resolution (11). This information, in
conjunction with the available information
on the structures of three human histocom-
patibility antigen (HLA) class I molecules
(6, 12-14) and the allele-specific peptide
motifs (9), has permitted us to examine
how class I molecules recognize and present
a variety of chemically distinct peptides.
We now show that conserved pockets at
both ends of the peptide-binding groove
accommodate the NH,- and COOH-termi-
ni of peptides, whereas a deep polymorphic
pocket in the middle of the groove forms
the structural complementarity to the main
anchor residue of the peptide and, hence,
determines allele-specific peptide binding.
Such limited usage of pockets appears to
explain the broad but specific binding of
peptides to MHC class I molecules.

Overall structure of peptide binding
groove. We investigated the molecular
mechanisms for MHC class I-peptide rec-
ognition by comparing structures of the
murine class I molecule H-2K? complexed
with either VSV-8 peptide [vesicular sto-
matitis virus nucleoprotein(52-59);
RGYVYQGL (15)] (7) or SEV-9 peptide
[Sendai virus nucleoprotein(324-332);
FAPGNYPAL) (16)] with the structure of
the human class I molecule HLA-A2 (5,
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12, 13). The HLA-A2 structure was cho-
sen for comparison because much is known

about its peptide prefer-ences. For exam-
ple, HLA-A2 selectively binds a nonapep-

Fig. 1. Comparison of the a,a,
domains of H-2KP molecule
(yellow) superimposed onto the
equivalent domains of HLA-A2
(white). All 52 polymorphic res-
idues that differ in the o, do-
main are shown on a ribbon
trace (42) of the two class |
molecules. The 13 residues that
face into the groove are shown
in red and numbered, whereas
the others are shown in blue.

Table 1. The constituent residues of the peptide binding groove of H-2KP. Surface areas were
calculated from the refined coordinates of the H-2KP-VSV-8 complex (excluding the coordinates of
the peptide and water molecules) by employing the MS program (40). The listed residues have
exposed surface areas when a 1.4 A radius probe was used but buried when a 5.0 A radius probe
was used. Although residues Lys®¢ (pocket B), Ser”® (C/F), Thr® (F), Tyr84 (F), Lys'4é (F), Arg's
(D/E), Thr'e3 (A), and Trp'¢7 (A) make van der Waals contacts with the peptides and hence constitute
pockets (shown in parentheses), these residues are not included in the table since their side chains
are exposed to the 5.0 A probe. Residues Ala''7 (pocket F) and Cys'®4 (A) are also omitted from the
table since only the backbone atoms (O and Ca, respectively) are located within the groove.

Posi- Resi- Probe

tion due Pocket A Locationt
5 L (Mt A 3.0
7 Y AB 3.5 (3.0)
9 V(F) B/C 3.0
22 Y (P C(-) 3.0 (buried)
24 E (A) B 3.0
34 \" - (B) buried (3.0)
45, Y (M) B 3.0
59 Y A 3.5(3.0)
63 E AB 3.0
67 A (V) B 3.0
70 N (H) B/C 4.5 (>5.0) Surface
74 F (H) c 30
77 D F 4.5 (4.0) Surface
81 L F 3.0
95 1(V) F (- 3.0 (buried)
97 VvV (R) C (C/E) 3.0 (4.5) (Surface)
99 S(Y) C/D (A/B/C/D) 3.5 (4.0) (Surface)
114 Q (H) C/D/E 40 Surface
116 Y C/E/F (C/F) 3.0
118 Y F 3.5(3.0)
123 Y F 3.0
124 | F(-) 3.0 (buried)
143 T F 3.0
147 w E/F 5.0 Surface
152 E(V) E 4.5 (>5.0) Surface
156 L D/E 3.0 (5.0 (Surface)
159 Y A/D 4.0 (>5.0) Surface
160 L - (D) buried (3.0)
171 Y A 3.0

*The radius of probe to which residue becomes inaccessible. The term “buried” in this column indicates that
residues are not accessible when 1.4 A probe is used for the calculation. tResidues exposed to a >4.0 A
probe are categorized into “surface” residues; residues hidden from a <3.5 A probe are considered "buried”
residues. Pockets A, B, C, D, E, and F consist of 6 (7), 7 (9), 8 (7), 4 (5), 5 (5), and 9 (7) residues, respectively
(the numbers in parentheses represent those of HLA-A2). Among them, “surface” residues are 1 (2), 1 (2), 2 (4),
2 (4), 3 (5), and 2 (2), leaving deep residues 5 (5), 6 (7), 6 (3), 2 (1), 2 (0), and 7 (5) for pockets A, B, C, D, E, and
F, respectively. Thus, pockets A, B, C, and F are deep, and pockets D and E are shallow.  $Residues, pockets,
and probe radii corresponding to HLA-A2 are shown in parentheses. The coordinates of the HLA-A2 structure
(13) were taken from the Brookhaven Protein Data Bank.
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tide with leucine at position 2 (Leu®?) and
valine at position 9 (Val®) (9, 17, 18),
whereas H-2K" preferentially binds an oc-
tapeptide with Tyr®® or Phe™ and Leu™
9, 19).

H-2K® and HLA-A2 molecules differ at
108 positions. Of these, 52 residues differ
in the a,a, domains (~72 percent iden-
tity), 26 in the a; domain (~72 percent),
and 30 in the B,-microglobulin (~70 per-
cent). Nevertheless, the overall structure
of H-2K® is remarkably similar to that
of HLA-A2 (11, figure 1). In particular,
the a,a, domains of H-2K® structures are
almost indistinguishable from the equiva-
lent domains of HLA-A2, the average
root mean square (rms) deviation being
0.66 A.

Examination of the 52 amino acids that
differ between the a,a, domains of the
two class I molecules reveals that the side
chains of 13 face into the peptide binding
groove (Fig. 1). Seven of these residues in
H-2KP interact with either or both of the
bound peptides through hydrogen bonding
or van der Waals interactions. Thus, any
differences in the shape and chemical
nature of the groove must arise from the
type and location of these polymorphic
residues as the other residues are con-
served (Table 1). The shape of the bind-
ing groove can be easily visualized through
the use of a solvent-accessible surface.
Although the shapes of the grooves of
H-2K® bound with either VSV-8 (Fig. 2A)
or SEV-9 (Fig. 2B) peptide are similar, the
shapes of the H-2K? and HLA-A2 grooves
differ [for HLA-A2, see figure 3b in (6)].
In H-2KP, an additional deep recess (or
indentation) lies mid-floor in the peptide
binding groove formed by the B sheet of
a,a, domains. This deep recess of H-2K®
perfectly accommodates the bulky side
chain of Tyr® of the VSV-8 peptide or
TyrP6 of the SEV-9 peptide (Fig. 2C). It
should be noted that these tyrosines of
VSV-8 and SEV-9 peptides are consensus
residues of H-2KP—restricted peptides and
are, therefore, called “anchor” residues
(9). The anchor residue has been defined
as an invariant residue or a few closely
related residues that represent the allele-
specific peptide motifs (9). As pointed
out, these motifs do not necessarily repre-
sent “peptide binding motifs,” but rather
the possible outcome of peptide process-
ing. Consequently, the anchor residues
would not always be responsible for the
specific binding to MHC molecules. In
contrast to H-2KP, the corresponding re-
gion of the groove of HLA-A2 is much
shallower (or mounted) and, therefore,
cannot accommodate such a bulky side
chain without causing severe steric hin-
drance. This dramatic transformation of
the groove shape in H-2K®, compared to
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HLA-A2, is primarily caused by the replace-
ment of bulky residues with smaller residues,
Phe® to Val, Arg®” to Val, and Tyr® to Ser,
and partially by a conformational change in
the Tyr!!6 side chain (Fig. 2, A and B). In
H-2K?, the side chain of Tyr!'!® faces Val®’,
whereas in HLA-A2 the side chain of Tyr!'6
is rotated toward Asp’’. However, it is not
clear whether such a conformational
change of the Tyr!!¢ side chain results from
the binding of different peptides or from
different interactions with the neighboring
residue at position 97 (Val in H-2K®; Argin
HLA-A2).

The deep recess in the middle of the
groove makes the H-2K® molecule distinc-
tive among class I molecules. For example,
H-2K® preferentially binds an octamer
peptide, whereas the other known class I
molecules bind nonamers (9). The NH,-

and COOH-termini of each peptide are
fixed at both ends of the groove through
an extensive hydrogen bonding network.
Consequently, the conformation of the
middle portion of the peptide is most
variable and greatly dependent on the size,
shape, and nature of the residues lining
the central portion of the groove. The
deep recess in the groove of H-2K? mole-
cule appears to account for the binding of
a one-residue shorter peptide (octamer).
By contrast, other class I molecules such as
HLA-A2 that have a shallow groove
would force the middle portion of the
bound peptide to have a more kinked
conformation while still conserving inter-
actions at the NH,- and COOH-termini
of the peptide, as seen for the H-2Kb-
SEV-9 complex (Fig. 2C).

Peptide binding pockets. Although var-
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ious types of recesses, indentations, and
ridges are visible on the peptide binding
groove (Fig. 2, A and B), finding exact
locations of pockets (subsites) for specific
side chains of the peptide is somewhat
difficult. The term “pocket” is equivalent to
the term “subsite” widely used in enzymol-
ogy (20). That is, a pocket of the peptide
binding groove is the unit with an individ-
ual affinity to the corresponding side chain
(or residue) of a peptide. Some pockets
have a well-shaped structure (such as a
recess or indentation) that is specific for
only one side chain, but others do not, and
in some instances the boundary between
two pockets is ambiguous. Also, a large
pocket could accommodate more than one
side chain of the peptide.

One way to locate the positions of
pockets, perhaps the most direct way, is to

Fig. 2. (A) Stereoview of the peptide binding groove of H-2KP
complexed with VSV-8 peptide. (B) Stereoview of the peptide
binding groove of H-2K® complexed with SEV-9 peptide.
Solvent-accessible surfaces for the groove were calculated
as described in the legend of Table 1. The coordinates of
H-2KP-VSV-8 (or SEV-9) complex excluding the peptide and
water molecules were used for the calculation. Residues
(Val®, Val®?, and Ser??) primarily responsible for the formation
of a deep recess in the middle of the peptide binding groove
of the H-2K® molecule are shown in yellow, and the solvent
contact surface of these residues is red. (C) Side view of the
peptide binding groove of H-2K® and the bound VSV-8
(carbon atoms in yellow) and SEV-9 (carbon atoms in green)
peptides. Oxygen and nitrogen atoms of the peptides are
shown in red and in blue, respectively. The NH,-termini of
peptides are at the left in the figure and the COOH-termini of
the peptides are at the right. Solvent contact surface of the
deep recess are shown in red as above. The NH_-terminus,
the Tyr side chain at position 5 of VSV-8 (or position 6 of
SEV-9), and the COOH-terminal residue of peptide are locat-
ed in pockets A, C, and F (see also Fig. 3).
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find a recess (or indentation) that accom-
modates specific side chains (or residues)
of the bound peptide. Another way is to
calculate the solvent-accessible surfaces
with the use of probes of different radii and
to find residues that are accessible to a 1.4

probe (corresponding to the radius of a
water molecule) but not to a larger radius
probe, say 3.5 A, as described (13). We
systematically calculated surface areas
with probes of radii ranging from 1.4 to
5.0 A. By these methods we not only
identified the locations of pockets but also
found variations in their depths (Table 1).
A deep pocket is one that has residues
predominantly accessible to a 1.4 A probe

Fig. 3. Peptide interaction with class | mole-
cules. (A) Representation of the conformation
of SEV-9 peptide and their side chain locations
in the groove of H-2K® molecule. The locations
of pockets are shownby A, B, C, D, E, and Fin
a view similar to that in Fig. 2B. Closed and
open circles represent the backbone Ca and
the side chains (P1 to P9) of the peptide,
respectively. The peptide backbone connec-
tions are shown in solid lines, while the side
chain connections appear as dotted lines. The
side chains at P1, P2, P3, P6, P7, and P9 fit into
pockets A, B, D, C, E, and F, respectively. (B)
Schematic representation of the orientation of
side chains of SEV-9 peptide in a view similar to
that in Fig. 2C. The side chains at P1, P4, and
P5 of the peptide protrude toward the solvent
and, hence, can be recognized by the T cell
receptor. The side chains at P2, P3, P6, and P9

but not to a probe >3.5 A. A shallow
pocket has residues mainly accessible to a
3.5 A probe but not to a 5.0 A probe. Our
analysis suggests that so-called pockets A,
B, C, and F are deep and that pockets D
and E are shallow, according to the no-
menclature of Saper et al. (13). Although
the exact location of pocket C is quite
different in H-2K® and HLA-A2 struc-
tures, all other pockets have more or less
the same locations. However, the sizes of
pockets B and, especially, C are signifi-
cantly different (as shown below). Six
buried residues are assigned to pocket C in
H-2K®, but only three residues are as-
signed to the equivalent pocket in HLA-

A

CE F

Pocket A B D

face into the groove and are accommodated in the corresponding pocket and, hence, not available
for T cell recognition. The amino and carboxyl groups of the peptide interact with the residues lining
in pockets A and F, respectively. The structures of pockets A and F are well conserved among many
class | molecules, but those of pockets B to E differ from one class | molecule to another with respect
to size and chemical nature. Also, the P5 side chain, instead of P6, could be accommodated in
pocket C in some cases. This diagram is based on the assumption that the optimal length of peptide
is a nonamer for a putative class | molecule. When the optimal length of peptide is an octamer, the
P6 to P9 peptide residues correspond to those of P5 to P8.

Tyr 159\

Flg. 4. The highly conserved structures of pockets A and F for the
formation of hydrogen bonds with the peptide termini. (A) The NH,-
terminus of VSV-8 peptide at pocket A. (B) The COOH-terminus of VSV-8
peptide at pocket F. At the NH,- and COOH-termini of the peptide

Trp 147

h g—
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A2. Thus, pocket C of H-2KP is not only
deeper but also larger than that of HLA-
A2.

The location of pockets A to F of H-2K?
and the location and orientation of side
chains P1 to P9 of peptide bound to H-2K®
are diagrammed in Fig. 3, A and B. Since
the backbone conformations of VSV-8 and
SEV-9 peptides bound to H-2K® are very
similar, only a nonamer peptide is shown.
The side chains of P1, P2, P3, P6 (P5 in
VSV-8 peptide), P7 (P6 in VSV-8), and P9
(P8 in VSV-8) fit into pockets A (near
residues 7 and 171), B (near 24 and 45), D
(near 99 and 156), C (near 9 and 97), E
(near 114 and 152), and F (near 77 and
143), respectively. Thus, all the peptide
side chains that interact with the corre-
sponding pockets extend toward the pocket
either vertically (P6 and P9) or horizontally
(P2, P3, and P7), except for the first residue
of the peptide (P1), which extends toward
the solvent.

Pockets A and F and the orientation of
peptide binding. Although many hydrogen
bonds are involved between the VSV-8 or
SEV-9 peptide and H-2K® (11, table 4),
pockets A and F contribute to several hy-
drogen bonds that are almost identical in
the two peptide complexes. Thus, highly
conserved residues at pockets A and F of
H-2K® form common hydrogen bonds with
these viral peptides (Table 2).

Pocket A accommodates the NH,-ter-
minus of the peptide, and the precise posi-
tioning of the NH,-terminus is in large part
achieved by the three highly conserved
tyrosines at positions 7, 159, and 171 (Ta-
ble 2 and Fig. 4A). The hydroxyl groups of
these tyrosines form neatly optimal hydro-
gen bonds (2.7 to 3.0 A) with the amino
group (N1) and carbonyl oxygen (O1) of

‘ ¥ Thr 143

Lys 146

backbone hydrogen bonds (dotted lines) are formed in pockets A and F,
respectively, with highly conserved residues (red) and less conserved
residues (green). Conserved water molecules in both VSV-8 and SEV-9
complexes are shown in blue. For details see Table 2.



the first residue of the peptide. In addition,
the peptide backbone atoms at P2 and P3
form hydrogen bonds with Glu®, Lys®,
and Asn’%; although these residues are less
conserved, they are sufficiently homologous
to form “conserved” hydrogen bonds. Thus,
the NH,-terminal peptide backbone inter-
acts with the bottom of pocket A through
an extensive hydrogen bond network. The
formation of so many hydrogen bonds in
the buried pocket, especially with the con-
served tyrosines, must provide significant
binding energy. Conversely, the P1 side
chain points up toward the solvent so that
various amino acids could be accommodat-
ed at this position. This may explain why
there is no evident preference for the P1
side chain in many class I molecules exam-
ined so far (9, 10). However, any chemical
modification of the a-amino group would
destroy several hydrogen bonds made with
class I molecules. Also, substitutions in the
class I molecule itself would likely destroy
the highly conserved electrostatic environ-
ment in pocket A. Of particular interest is
the nonclassical class I molecule, H-2M3,
which specifically binds N-formylated mito-
chondrial and bacterial peptides and has a

Side-chaln exposed (%)
o
(=]

AR

0
FR AG P/Y G/ NV Y/Y PIQ AG UL

B

60
B SEV
50 vsv

ARttt

Side-chaln thermal factor (A2)
A

FR AG P/Y G/ NN Y/Y PIQ AG LL
Residue

Fig. 5. Fractional solvent-accessible surface
(A) and thermal factor (B) of side chains of
VSV-8 and SEV-9 peptides bound to H-2K®, (A)
Solvent-accessible surfaces of the bound pep-
tides were calculated from the coordinates of
H-2KP-VSV-8 and H-2KP-SEV-9 complexes
(excluding the water molecules), as described
in the legend of Table 1. Solvent-accessible
surfaces of the unbound peptides were calcu-
lated from the coordinates of VSV-8 and SEV-9
peptides alone. (B) Side chain thermal factors
of the peptides bound to H-2K® molecules.

Phe at position 171 (21). Computer-aided
modeling based on the H-2KP structure
showed that the extra space formed by the
replacement of Tyrosine with phenylala-
nine could accommodate an N-formylated
NH,-terminus in this pocket. Although the
hydrogen bond between the formylated ter-
minus and the phenylalanine can no longer
be formed, the formylated terminus could
undergo a hydrogen bonding with the hy-
droxyl group of Tyr’.

The COOH-terminus of the peptide is
located at the other end of the binding
groove in pocket F (Fig. 4B). Although the
bottom part of pocket F is hydrophobic in
most class I molecules (except in HLA-
B27), the entrance to the pocket is hydro-
philic. The carboxyl group of the last resi-
due and carbonyl oxygen of the penultimate
residue of the peptide make extensive hy-
drogen bonds, with the highly conserved
side chains of Tyr®, Thr'®, Lys!# (salt
bridge), and Trp'47 and with the moderate-
ly conserved side chain of Asp’” (Table 2).
However, the buried hydrogen bond formed
with Thr'*? would be expected to be stron-
ger than the exposed hydrogen bonds with
Ty and Trp!'*’. Unlike pocket A, the
side chain of the COOH-terminus (Leu™
in VSV-8 and Leu™ in SEV-9) points
toward the floor of the binding groove.
Thus, the chemical nature and size of pock-
et F should restrict the amino acid side
chains that can be accommodated. Bulky
aromatic residues clearly cannot fit in this
pocket. However, the pocket depth in
H-2KP suggests that a longer aliphatic moi-
ety would bind tighter to this pocket than
leucine does (Fig. 2C). Indeed, in HLA-
B27 a longer arginine side chain fills this
pocket and presumably forms a buried salt
bridge with Asp'!6 (14) (as below).

Thus, both the NH,- and COOH-termi-
ni of the peptide specifically interact with
the opposite ends of the groove through
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extensive electrostatic interactions. This
suggests that the specific and extensive
hydrogen bonding in pockets A and F
determine the correct positioning and,
thereby, a general orientation of peptide
binding to class I molecules. These features
are similar to those described for the inter-
pretation of a mixture of peptides bound to
HLA-B27 (14). Consequently, the role of
pockets A and F, which bind the NH,- and
COOH-termini of the peptide, is likely to
be universal for all human and murine class
I molecules.

Another interesting feature is the
“closed” nature of pockets A and F, which
restricts the length of the peptide binding
groove in class I molecules. By contrast,
class II molecules can bind much longer
peptides (13 to 17 amino acids); in fact,
both ends of a peptide bound to class II
molecules have been assumed to protrude
from the peptide binding groove (8). The
closed structure of the pockets at both ends
of the class I groove is mainly due to the
highly conserved residues Trp'? and Tyr!7!
(pocket A and Tyr8* (pocket F), which are
replaced with Asp, Pro, and Arg, respec-
tively, in the corresponding class II se-
quence (22). The use of separate o and B
chains in class II molecules might also help
to open both ends of the groove and allow
the binding of longer peptides.

Deep and shallow pockets. Since pock-
ets A and F accommodate the NH,- and
COOH-termini of the peptide, the remain-
ing deep pockets B and C in the middle of
the groove appear to determine the se-
quence specificity of peptide binding in
H-2K. Indeed, pocket C accommodates
the anchor residue Tyr™® of VSV-8 or Tyr™¢
of SEV-9 (Fig. 2C). In H-2K?, pocket B
does not appear to be important for the
selection of peptides, presumably because it
is too small to accommodate a large side
chain. However, in HLA-A2, pocket B is a

Table 2. Hydrogen bonds between peptide and H-2KP. Conserved residues in human and murine
MHC class | molecules are shown in bold. The first numbers in parentheses represent the
conserved residues out of the total class | molecules surveyed. The residue Lys'#€ and the
carboxylate of the peptide form a salt bridge. Sequence data were taken from (47).

H-2Ke VSV-8 SEV-9

. . ) . . Conserved
Resi- Resi- Distance Resi- Distance
due Atom due Atom ( A) due Atom ( A)
Y? OH RP1 N 2.75 FP1 N 2.60 Y (21/21)
Y OH RP1 N 2.711 FP1 N 2.7 Y (19/20)
Y159 OH RP1 (o] 2.81 FP (o] 2.91 Y (21/21)
ESS Oe1 GP2 N 3.05 AP2 N 2.89 E,Q,N
K88 N¢ GP2 (@] 2.79 AP2 O 2.81 K,R,I,N
N70 N&2 YP3 (6] 3.03 pPs O 2.98 N,D,QH,T
w147 Ne1 GP7 (o] 2.99 AP® (o] 2.85 W (19/21)
D77 082 LP8 N 3.05 LPe N 2.95 D,S,N
Y84 OH LPe (o] 2.73 LPe (o] 2.82 Y (20/21)
T143 Ov1 LPe (o] 2.82 LPe (o] 2.77 T (20/21)
K148 Ng LPe oT 2.92 LP9 oT 2.79 K (20/21)
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single, prominent, deep indentation in the
middle side of the groove and probably
accommodates the anchor residues at P2 (as
discussed). Thus, the pocket depth or ca-
pacity to bury the side chain of bound
peptide has a direct impact on the peptide-
binding energy since such a pocket prevents
the access of water molecules and would
potentially realize the maximum hydropho-
bic and hydrogen bonding energy (23-25).
Conversely, a shallow pocket does not com-
pletely shield that side chain from solvent,

presumably leading to less binding energy.

This argument is supported by data show-
ing the solvent accessibility of individual
peptide side chains (Fig. 5A) and their
thermal factors (Fig. 5B). The crystallo-
graphic thermal factor for an atom or residue
indicates the degree of its thermal motion or
disorder in the crystal. For example, resi-
dues, such as a Pro, which have less intrinsic
rotational and vibrational freedom, tend to
have lower thermal factors. Therefore, it is
difficult to correlate precisely solvent acces-

Fig. 6. Pockets in a given class | Scheme 1
molecule for selective binding of 0~0
peptides. The model is based on
the assumption that the optimal
length of peptide is a nonamer
and that the class | molecule has
one major pocket (C) and one
minor pocket (B or D, or both). Itis
not clear whether pocket F is re-
sponsible for the allele-specific
peptide binding. (Scheme 1)
shows that a class | molecule is
capable of binding a slightly long-
er peptide with the same combi-
nation of pockets (in this case, D,
C, and F). The optimal length of
peptide (a nonamer) binds with D C
the greatest affinity to the class |
molecule (left), yet the same class
I molecule could bind a slightly longer peptide (in this case, a decamer) by protruding into the
middle portion of the peptide (right). (Scheme 2) shows that a given class | molecule binds a
different set of peptides by using a different set of pockets. This putative class | molecule has one
maijor pocket, C, and the two minor pockets, D (left) and B (right). Thus, this molecule could bind
two distinct sets of peptides; both have the common anchor residues at position 6, but only one has
a supplemental anchor residue at P3 (in pocket D) and the other at P2 (in pocket B). (Scheme 3)
shows that the same peptide can bind to different class | molecules. The putative class | molecule
on the left has two pockets, D (minor) and C (major), and the other class | molecule on the right also
has two pockets, D and C’. Pocket C’ differs from pocket C in that the left molecule accommodates
the PS side chain of peptide, whereas pocket C’ in the right molecule accommodates the P6 side
chain of the same peptide. Note that the orientation of the P5 and P6 side chains of the peptide is
entirely different when the same peptide binds to the two molecules.

Fig. 7. Double stereoview of the peptide binding groove of H-2K® complexed with the VSV-8 peptide
(left, in yellow) and the SEV-9 peptide (right, in blue). H-2K® is shown through the use of
solvent-accessible surface. Oxygen and nitrogen atoms of the peptides are shown in red and in
blue, respectively. Bound water molecules are also displayed in blue. The depth of the groove and
the relative inaccessibility of peptide bound to MHC class | molecules are illustrated.
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sibility and mobility as expressed by thermal
factors (26). However, residues that fit into
deep pockets clearly tend to have lower
thermal factors than residues that fit into
shallow pockets. The anchor residues Tyr™
(VSV-8) or Tyr™® (SEV-9) that are buried
in pocket C (deep) have low temperature
factors, whereas the side chains of GluP¢
(VSV-8) and even Pro®” (SEV-9) that are
partially accommodated in pocket E (shal-
low) have much higher temperature factors,
indicating that these side chains in pocket
E are more mobile (Fig. 5). Thus, shallow
pockets D and especially E are likely to be
less critical for specific peptide binding than
the deeper pockets because the former pro-
vide less binding energy. Nonetheless,
these pockets are important since they may
contribute to the capacity to bind peptides
with diverse sequences.

Table 3. Pockets and peptide binding motifs.
Only residues important for the transformation
of pocket structure and specificity are shown.
Since residues Tyr?, Val*4, and Glu®® in pocket
B and residues Tyr''8, Tyr'23, |le'24, Thr'43, and
Trp'#7 in pocket F are all conserved among
these class | molecules, they are not included
in the table. Ser®® for H-2KP and H-2DP does not
participate in the formation of pocket B and is
shown in parentheses. Data on the anchor
residues restricted to the corresponding class |
molecules are taken from (9), except for HLA-
B27 (10). The putative structures of H-2DP,
H-2KP, and HLA-B27 were modeled based on
either H-2KP-SEV-9 complex structure (for
H-2D° and H-2K®) or HLA-A2 structure (for
HLA-B27) with the use of HOMOLOGY (Bio-
sym) and subsequent energy minimization with
DISCOVER (Biosym).

Pocket B
Residue position  Anchor residue
T —— at P2
9 24 45 67 99
H-2KP VE Y A —
H-2DP E S Y A(9 —
H-2Kd V A F A F Y
HLA-A2 F A M V Y L
HAB27 H T E C Y R
Pocket C
Residue
sition
po— Anchor residue
9 97 99 at P5 (or P6)
H-2KP vV V § Y, F
H-2DP E Q S N
H-2K< V R F _
HLA-A2 F R Y —
HLA-B27 H N Y —
Pocket F
Residue
sition
—po Anchor residue
81 95 116 at P8 (or P9)
H-2KP L Iy L
H-2DP L L F M
H-2K4 A F F L
HLA-A2 L V Y \"
HLAB27 L L D K, R




Deep pockets and peptide specificity.
Several lines of evidence suggest that pock-
et B accommodates P2 side chains in many
class I molecules and in some is probably
the major pocket. First, in the HLA-B27
crystal structure complexed with heteroge-
neous self-peptides, the extra electron den-
sity of the P2 side chain, presumably argi-
nine, extends into pocket B (10, 14). Sec-
ond, the strict positioning of the NH,-
terminus peptide bound to class I molecules
automatically restricts the orientation and
location of the P2 side chain. In fact, the
conformations of VSV-8 and SEV-9 pep-
tides near the NH,-terminal region are
strikingly similar. Therefore, the P2 side
chain of peptide is probably accommodated
in pocket B of many class [ molecules, when
the size and chemical nature of the P2 side
chain are compatible with those residues
lining pocket B. As in H-2K, pockets D
and E of HLA-B27 also accommodate the
P3 and P7 side chains, respectively (14).
Thus, the remarkable similarity of pocket
location and common interactions with spe-
cific peptide side chains between H-2K" and
HLA-B27, as well as the observations made
above, suggests that in many class I mole-
cules peptides bind in a similar conformation
to those observed in the H-2KP-peptide
complex structures (Fig. 3). Thus, the pep-
tide binding scheme shown in Fig. 3 may be
applicable to many class I molecules. This
scheme suggests not only where the individ-
ual side chains of a given peptide are located
but also which side chains, such as P4 and
P5, may extend into the solvent. The latter
notion is supported by the uninterpreted
electron density in HLA-A2, which shows
that the middle portion of the bound pep-
tides protrudes from the groove (13).

We have further analyzed the structural
relationship between the deep pockets (B,
C, and F) and their corresponding anchor
residues for five different class I molecules
(murine H-2KP, -DP, and -K¢ and human
HLA-A2 and -B27) (Table 3). The prime
residues that determine the size and chem-
ical nature of pocket B are at positions 9,
24, 45, 67, and 99, and those residues
appear to be associated with the respective
P2 side chains. For example, H-2K¢ mole-
cules predominantly bind peptides with a
tyrosine at P2 (9, 27, 28). Computer-aided
modeling predicts that H-2K? is likely to
have the largest pocket B among these class
I molecules and that the very hydrophobic
pocket B (composed of Val®, Ala?4, Phe®,
Ala®", and Phe®®) can accommodate the
side chain of Tyr"? after a slight adjustment
of the peptide main chain. In contrast,
HLA-A2, which has a moderate-sized
pocket B, tends to bind peptides with small-
er P2 residues, such as leucine (9, 17, 18).
H-2KP, which has the smallest pocket,
tends to bind much smaller amino acids,

such as Gly*? (VSV-8) and Ala®? (SEV-9)
(19). In HLA-B27, the negatively charged
Glu* may be responsible for the selection of
positively charged Arg at P2, as previously
suggested (14). Modeling also suggests that
the size of residues at positions 9, 24, and 99
would be most important. The type of resi-
due at position 9, which lies at the boundary
between pockets B and C (Fig. 2A), defin-
itively changes the size and shape of pocket
B (as well as C). For example, in HLA-A2,
Tyr®® together with Phe® form a wall (or
high ridge) between pockets B and C, result-
ing in the formation of more defined pockets
(indentations) at this location.

A similar analysis was applied to pocket
C (Table 3). H-2K®, which has the deepest
pocket C among these class I molecules,
binds specifically a peptide with Tyr or Phe
at P5. However, H-2K4, HLA-A2, and
HLA-B27 have bulkier residues at positions
9, 97, and 99 that result in a shallow pocket
C, which no longer binds large side chains
at P5 (or P6). In the case of H-2DP, the
anchor residue Asn®™ might interact with
Gl® and GIn®? through hydrogen bonds.
Again, computer modeling supports this
notion. The model also suggests that hydro-
gen bonds between Asn™ and Glu® and
GIn®” would be buried provided that the
conformation of the peptide at P5 is similar
to that of the VSV-8 peptide. Such buried
hydrogen bonds should have enough
strength and provide sufficient energy to
determine the binding specificity to H-2DP.

Pocket F, in most class I molecules, is
hydrophobic and large enough to accom-
modate a medium-sized hydrophobic resi-
due such as Val or Leu (Table 3 and Fig.
2C). One exception is in HLA-B27, which
preferentially binds peptides with a posi-
tively charged Arg or Lys as the COOH-
terminal residue (10). This distinctive fea-
ture of HLA-B27 is reflective of the pres-
ence of a negatively charged residue Asp''
at the base of the pocket (14). Although
hydrophobic residues at the COOH-termi-
nus of peptides are assigned as the anchor
residues in many class I molecules, the
residues that pocket F accommodates vary
and are not restricted as stringently as other
anchor residues in the middle of the peptide
sequences (9, 17, 18). In 11 H-2K%-re-
stricted peptides, one of the two assigned
anchor residues, Ile™ and Leu®™, occurs in
six of the peptides, the remainder being
Val, Ala, and Thr, whereas the other Tyr™
occurs in all 11 peptides (9). In addition,
such a bias toward hydrophobic residues at
the COOH-terminus might be due to in
vivo peptide processing (9, 29). No domi-
nant residues were observed at the COOH-
terminus of peptides eluted from purified,
empty H-2KP mixed with randomly synthe-
sized octapeptides in vitro (19). Taken
together, these data indicate that pocket F
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lacks the strict selectivity for peptide side
chains and that pocket F is functionally a
minor pocket-despite its depth. This might
also be influenced by the near-surface posi-
tion of the COOH-terminal region of pep-
tide compared to the buried position of the
NH,-terminal region.

Regardless of whether pocket F is major
or minor, a close relation exists between
the structure of major pockets and the
identified anchor residues of their peptide.
The structural and physicochemical com-
plementarities between these pockets and
peptide side chains must be the molecular
basis of peptide binding specificity for MHC
class I molecules. This analysis suggests that
the limited number of major pockets (prob-
ably only one for a given class I molecule)
mainly determines the allele-specific pep-
tide binding motif.

A general model for peptide binding.
The comparison of conformations between
VSV-8 and SEV-9 peptides offers some
insight on how a longer peptide could bind
to a class I molecule (Fig. 6, scheme 1). As
shown, the middle portion of a slightly
longer peptide could protrude without
much loss of affinity. In fact, the dissocia-
tion constants of VSV-8 and SEV-9 pep-
tides are almost identical (about 4 nM)
(19). The Gly and Pro residues in the
middle portion of peptide may allow the
peptide to adopt a more kinked conforma-
tion, as for the SEV-9 peptide (Gly™® and
Pro®) seen in Fig. 2C.

Although pocket B appears to be the
major pocket in many class I molecules, the
pocket in H-2K? does not participate in the
binding of either VSV-8 (Gly at P2) or
SEV-9 (Ala at P2) peptides. However,
H-2KP may actually use the pocket to bind
a distinct set (or sets) of peptide sequences
such as the OVA-8 peptide (ovalbumin
257-264, SIINFEKL) (30), which contains
a larger residue at P2. In the H-2KP-SEV-9
complex, the CB of Ala®? points toward
pocket B, an indication that the side chain
of Ile?? could be accommodated partly in
pocket B and partly in pocket C. Thus,
pocket B may also participate in the selec-
tive binding of OVA-like peptides in
H-2Kb. Although pocket B in H-2KP is
minor, the combined usage of major and
minor pockets would allow the same class I
molecule to bind a distinct set of peptides
(Fig. 6, scheme 2). In H-2K? the VSV-8
and SEV-9 peptides interact with pocket D
(minor) and pocket C (major), whereas the
OVA peptide probably interacts with pock-
et B (minor) and pocket C (major). Here,
pocket C is common to both cases and,
therefore, determines the H-2KP-specific
peptide motif. In contrast, pockets B (for
OVA-8) and D (for VSV-8 and SEV-9)
must be supplemental for peptide binding.
Thus, it appears that class I molecules do
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not fully use all six pockets for peptide
binding; rather they preferentially favor one
major pocket and one or two minor pockets
in the selection of peptides. Such a limited
usage of pockets would allow binding of a
myriad of different peptides and would ac-
count for the broad specificity of peptide
binding to MHC class I molecules.

An alternative feature of class I-peptide
interactions is illustrated in scheme 3. The
same peptide could bind to different class I
molecules. For example, the OVA-9 pep-
tide (ESIINFEKL) binds to both H-2D and
H-2KP (31). In this case, Ile? and Asn® of
OVA-9 peptide may interact with pockets
D and C of H-2DP, while Ile?® and Phe®® of
the same peptide may interact with pocket
D and C' of H-2KP. The anchor residue for
H-2DP is Asnf®, and that for H-2KP is
PheP®. However, the conformation of
OVA-9 bound to H-2D" must be quite
different from that of OVA-9 bound to
H-2K" because the P5 side chain that faces
inward to the groove of H-2DP would face
outward to the solvent when the same
peptide binds to H-2KP. This conforma-
tional change in a peptide bound to differ-
ent class I molecules would be of particular
importance when one considers the inter-
actions between a class [-peptide complex
and a T cell receptor.

Inferences for peptide recognition. The
distinctive characteristic of class I-peptide
interactions is promiscuity compared with
other protein-ligand interactions, most of
which are highly specific. Let us consider
how a class I molecule can bind so many
different peptides. As described earlier
(11), a large number of hydrogen bonds (21
to 36), van der Waals interactions (88 to
119 contacts), and hydrophobic interac-
tions (604 to 681 AZ? of buried surface of
peptide) are involved in peptide binding.
This number of interactions is closer to that
in protein-protein rather than in protein-
ligand interactions (32-35). Most of the
interactions between the class I molecule
and the peptide are somewhat nonspecific.
Almost all of the hydrogen bonds are
formed with the peptide backbone. The
large number of van der Waals contacts is
due to the deep burial of the bound peptide
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within the groove of class I molecules (Fig.
7). These unusual features promote promis-
cuous rather than specific interactions
while still maintaining high affinity.

The class I molecule can select an allele-
specific peptide partly because of structural
complementarity between the allele-specif-
ic pocket and anchor residue and partly
because of the stabilization of class I struc-
ture by a bound peptide. As discussed
above, the specificity derived from structur-
al complementarity seems to be achieved by
only a single major pocket and a single
anchor residue. Indeed, it has been report-
ed that in class II molecules only a single
peptide side chain is crucial to binding, and
most of the side chains are not required for
high affinity binding (36). Similarly, a sin-
gle amino acid substitution of a peptide
anchor residue in H-2K® decreases the bind-
ing affinity only by a factor of 10 (37).
Importantly, this small decrease in affinity
has the profound biological effect of increas-
ing the dissociation rate of the bound pep-
tide enough to prevent adequate time for
presentation to T cells at the cell surface,
because class I molecules devoid of peptides
are very unstable (38, 39). Consequently,
only peptides with an allele-specific anchor
residue may provide sufficient stability to
class I molecules to ensure transport and
presentation of such peptides for T cell
recognition.
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