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We have solved the crystal structure of the MHCII molecule, IAb,
containing an antigenic variant of the major IAb-binding peptide
derived from the MHCII IE� chain. The four MHC pockets at p1, p4,
p6, and p9 that usually bind peptide side chains are largely empty
because of alanines in the peptide at these positions. The complex
is nevertheless very stable, apparently because of unique alternate
interactions between the IAb and peptide. In particular, there are
multiple additional hydrogen bonds between the N-terminal end
of the peptide and the IAb � chain and an extensive hydrogen bond
network involving an asparagine at p7 position of the peptide and
the IAb � chain. By using knowledge of the shape and size of the
traditional side chain binding pockets and the additional possible
interactions, an IAb peptide-binding motif can be deduced that
agrees well with the sequences of known IAb-binding peptides.

The crystal structures of a variety of MHCI (1–9) and MHCII
(10–23) molecules have revealed their features that lead to

stable peptide binding. Conserved amino acids of MHCI interact
with the N terminus and C terminus of the peptide in virtually
all isotypes and alleles. Between these termini, the peptide can
vary in length and in the path it takes through the binding groove,
often bulging out of the groove in the middle. In MHCII, the N
and C termini of the peptide generally extend beyond the binding
groove and do not interact with the MHCII molecule. Rather,
H-bonding interactions between the peptide backbone and
conserved amino acids of the MHCII �-helices force the peptide
to take a similar, extended path through the groove of all MHCII
isotypes and alleles.

The unique interactions that determine the allelic specificity
of peptide binding seem to be controlled by the character of
pockets within the interior of the binding groove that preferen-
tially accept particular amino acid side chains. Because the MHC
amino acids that line these pockets are among the most genet-
ically variable, their depth, shape, and chemistry vary consider-
ably among MHC alleles and isotypes, and they appear to be the
most important factor in the specificity of peptide binding.

In the current study we have solved the crystal structure of the
mouse MHCII molecule IAb with a bound immunogenic peptide
variant of a dominant peptide derived from the MHCII E�
protein that is found in IAb in some strains of mice (24). Despite
the high stability and immunogenicity of this complex, the four
usual p1, p4, p6, and p9 peptide side chain binding pockets of IAb

are largely unfilled, because alanines occur in the peptide at
these positions. Rather, the stability of this peptide�MHCII
complex can be attributed to the combination of the conserved
interactions with the peptide backbone as well as extensive
unique interactions of the IAb molecule with other peptide
amino acids particularly at the N-terminal end and the p7
position of the peptide. These results suggest that IAb can
achieve stable peptide binding in more than one way and may
account for the previous difficulty in defining the IAb peptide-
binding motif.

Materials and Methods
Preparation of Soluble IAb. The production of soluble IAb con-
taining a peptide attached to the �-chain N terminus via a

flexible peptide linker has been described (25). In the original
constructions, peptides included both the E�-derived peptide,
ASFEAQGALANIAVDKA (pE�), which occupies about 10%
of natural IAb, and an immunogenic variant, ASFEAQKAK-
ANKAVDKA (p3K), in which three positions in the peptide
(underlined) had lysines substituted for the E� peptide amino
acids. For crystallization, the construct was altered to use a
shortened form of p3K, FEAKGAKANKAVD, and to shorten
the IAb � and � chains to the predicted ends of the �2 and �2
domains. The construct was cloned into a previously described
dual promoter baculovirus transfer vector (26, 27) and intro-
duced into BacVector 3000 version of AcNPV baculovirus
(Novagen). High-titer virus stocks were prepared in Sf9 insect
cells (Invitrogen). Soluble IAb–p3K was immunoaffinity-
purified from the supernatant of High Five infected insect cells
(Invitrogen) by using the IAb �-chain-reactive monoclonal an-
tibody M5�114 (28). The eluted protein was concentrated and
further purified by size exclusion chromatography using
Superdex-200 (Amersham Pharmacia).

Crystallization. The crystals of IAb–p3K were grown by the vapor
diffusion method in hanging drops. Reproducible small crystals
grew at room temperature under the following conditions: 16%
PEG 8000�0.1 M Mes, pH 6.0�0.1 M KH2PO4, with a protein
concentration of 4–5 mg�ml. Streaking seeding was used to
improve the size of crystals. Crystals with a size of 0.4 � 0.4 �
0.05 mm were used for x-ray diffraction experiments. Crystals
were soaked overnight in a cryoprotectant consisting of 25%
trehalose in the mother liquor, and then flash-cooled in liquid
nitrogen for data collecting.

Data Collection, Processing, and Detwinning. A high-resolution data
set (2.5 Å) was collected at 100 K for a single crystal on beam
line SBC 19BM at the Advanced Photon Source at Argonne
National Laboratories (Argonne, IL). The data were initially
indexed and integrated with HKL2000 (29) in a C-centered
orthorhombic lattice, but the data merged poorly (Rmerge �
22%). After the data were reindexed in the less symmetric space
group P21, they merged well; however, the crystals were deter-
mined to be merohedral-twinned, as judged by cumulative
intensity distribution calculated with the program TRUNCATE
(30). We used the program DETWIN (30) with the twinning
operator l, �k, h, and a twinning fraction of 0.31, to create the
detwinned data set that was used to solve the structure. A Vm
value (31) of 2.46 Å3�Da indicated four molecules per asym-
metric unit with a solvent content of �50%. Collection statistics
are summarized in Table 1.

Structure Determination. The structure of the IAb–p3K complex
was determined by molecular replacement method using the

Data deposition: The atomic coordinates have been deposited in the Protein Data Bank,
www.rcsb.org (PDB ID code 1LNU).
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program AMORE (30). The coordinates of IAd–pHA (PDB
accession code 2IAD; ref. 14) were used as the search model to
find the initial molecular positions. The peptide and the water
molecules were deleted in the model, and mismatched residues
were mutated to alanines. Four clear molecular replacement
solutions were found with high correlation coefficients (51.3%)
and low R value (45.4%). The packing was analyzed by using the
program O (32), and no serious clashes were found. The program
suite CNS (33) was then used for further refining. After initial
rigid body refinement, subsequent rounds of refinement in-
cluded energy minimization, B-factor refinement, and simulated
annealing. After each round, the structure was inspected by using
O (32) and adjusted manually to improve the fit to the electron
density maps, eventually adding p3K and the missing IAb side
chains to the structure. During refinement strong noncrystallo-
graphic symmetry (NCS) was applied to restrain the coordinates
of four molecules. The NCS was released gradually and, on the
final round of refinement, released completely. Eventually, 239
water molecules and 12 carbohydrate molecules were added into
the refined structure. Except for a largely disordered loop
involving amino acids 104–112 of the � chain of IAb and the
linker between the peptide and the N terminus of the � chain,
other residues were readily found in the 2Fo � Fc electron

density maps. A Ramachandran plot was calculated with the
program PROCHECK (34). Structure determination statistics are
summarized in Table 1.

Cell Lines, Peptides, and Mice. The T cell hybridomas, B3K05–06
and B3K05–08, were produced from C57BL�6 mice, which were
immunized as described (25). p3K and its variants were synthe-
sized in the Molecular Resource Center of Nation Jewish
Medical and Research Center. The IAb-expressing B cell hy-
bridoma, LB-15.13 (35), was used as an antigen-presenting cell
for these peptides. Antigen-induced IL-2 release from the T cell
hybridomas was assayed as described (36, 37). Invariant chain
knockout mice on the C57BL�10 background were bred in our
facility at National Jewish Medical and Research Center from
breeding stock obtained from Elizabeth Bikoff of Harvard
University (38).

Results and Discussion
Structure of p3K Bound to IAb. A soluble version of the IAb

molecule with a covalently attached peptide was made as
described in Materials and Methods. The peptide was a version of
the MHCII IE�-derived peptide (pE�) that naturally occupies a
large percentage of IAb in strains of mice that express both IAb

and an IE molecule (24). In this version of the peptide (p3K),
three positions in pE� were changed to Lys residues. We have
shown previously that this peptide binds to IAb as stably as pE�
does (39) and is very immunogenic in IAb-expressing mice
(25, 39).

IAb–p3K molecule was crystallized and its structure was
solved by molecular replacement to a resolution of 2.5 Å by using
the mouse IAd molecule (14) as a model. As expected, the overall
structure of the IAb molecule was very similar to that of other
MHCII IA molecules, especially IAd (14, 15, 18, 19) (data not
shown). We compared the backbone of the p3K peptide to those
of peptides bound to other IA alleles after superimposing the
molecules on the basis of the �1 and �1 domain backbones (Fig.
1A). The paths of the peptides through the binding groove were
nearly identical. Consistent with this observation, we found that
the predicted H-bonding network between the peptide backbone
and conserved MHCII amino acids seen in other MHCII�
peptide structures is present in the IAb-p3K structure as well
(Fig. 1B).

These conserved backbone interactions determine the path of
the peptide through the binding groove allowing the N and C
termini to emerge from the ends. Theoretically, on the basis of
these interactions alone, a peptide could bind in any register
provided there were no steric clashes among side chains. In the
MHCII structures reported so far, the register of the peptide in
the binding groove appears to be determined by preferential
interactions between peptide side chains and pockets in the
interior of the MHCII binding groove. Aligning the peptides
based on the amino acid closest to the peptide N terminus that
fills a pocket (p1), well-defined pockets generally occur at
positions p1, p4, p6, and p9. Surprisingly, we found that for p3K
bound to IAb, the peptide contained an Ala at each of these
positions (Fig. 1C), so that only the Ala methyl side chains were
available to fill these pockets.

One explanation for alanines at these positions could have
been that IAb lacked pockets at p1, p4, p6, and p9 capable of
accepting amino acids with larger side chains. However, exam-
ination of the water-accessible surface of the IAb peptide-
binding groove showed that for the most part this was not the
case (Fig. 2A). The pocket at the p1 position is in fact very large
and mostly hydrophobic, capable of accepting virtually any
aliphatic or aromatic side chain, such as those found in the p1
position of many other MHCII�peptide complexes (10–13, 17,
19). In our structure, this mostly empty pocket contained a water
molecule. The other three pockets were neutral to hydrophobic

Table 1. Data collection and refinement statistics

Data collection
Space group P21

Unit cell dimensions, Å a � 65.04
b � 274.18
c � 65.12

Unit cell angles, ° � � 111.42
No. of molecules in asymmetric
unit

4

Resolution limits, Å 40–2.5 (2.59–2.50)*
Merohedral twinning

Operator l, �k, h
Twinning fraction 0.31

Unique reflections 54,497 (1,829)
Completeness, % 74.8 (21.3)
Average redundancy 2.2
Average I�� 7.0 (4.3)
Rmerge, %† 8.9 (35.2)

Refinement
Resolution, Å 40–2.5 (2.59–2.50)
Rejection criterion F � 0
Total reflections 54,427 (1,591)
Reflections used for Rfree 2,621 (66)
Rworking, %‡ 21.1 (27.7)
Rfree, %‡ 24.5 (31.3)
Average B factors, Å2 20.8
Ramachandran data

% of residues§ in:
Favored regions 80.4
Allowed regions 18.9
Disallowed regions 0.6

rms deviation
Bonds, Å 0.0105
Angles, ° 1.511
B factor main chain [1.5],¶ Å2 2.9
B factor side chain [2.0],¶ Å2 4.3
Cross-validated coord. error, Å 0.39

*All data (outer shell).
†Rmerge � �(�I � �I��)��(I).
‡Rworking�Rfree � ��Fo� � �Fc����Fo�.
§Excluding Gly and Pro.
¶Target value.
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and somewhat shallow. Nevertheless, each was certainly capable
of accepting side chains larger than that of alanine, such as those
of Ser, Pro, or Val.

The IAb and IAd molecules are most related among the
independent IA alleles. Two recent structures of IAd complexed
with two different peptides also found no large amino acid side
chains in the binding pockets, although some were larger than
Ala (14). Therefore, we examined how similar the pockets of IAb

or IAd were by comparing the IAb-p3K structure to that of IAd

bound to a peptide from influenza hemagglutinin (pHA). Of the
80 amino acids in the �1 domain, 12 differ between IAb and IAd.
Of the 94 amino acids in the �1 domain, 8 differ between IAb and
IAd. Of these 20 differences, 7 significantly affect the size and�or
shape of the peptide-binding pockets (Fig. 2B). The p1 pocket
of IAd is not as large as that of IAb due primarily to the change
of �52 Ala to Ile. On the other hand the p4 pocket of IAd is
considerably larger than that of IAb because of changes at �26
(Val to Ala) and �78 (Tyr to Leu). The size of the p6 pocket is
similar in both molecules but the shapes are different because of
changes at �65 (Val to Ala) and �66 (Val to Glu). The p9
pockets of both molecules are very similar except for the slight
difference caused by the change of Val to Ile at �72.

Overall, these differences predict that, were the pockets to be
filled optimally by peptide side chains, these alleles of IA would

bind very different peptides. However, with peptides containing
relatively small side chains at p1, p4, p6, and p9, one could
predict that either of these alleles could bind the same peptides.
For example, p3K is derived from pE�, which also has four Ala
residues in the same positions. pE� binds well to both IAb and
IAd (40, 41). A peptide of ovalbumin, VHAAHAEINEAG, is
presented by either IAb or IAd to the T cell hybridoma DO-11.10
(42, 43). Placing Ala, Ala, Ile, and Ala at the p1, p4, p6, and p9
positions, respectively, would be consistent with its binding to
IAb or IAd. The structure of IAd was solved bound to a longer
form of this peptide in a different register (14). However, the
authors pointed out that this alternate register was also consis-
tent with the IAd binding groove.

Our previous studies have shown that p3K binds very strongly
to IAb and, when bound to soluble IAb, forms a very stable
molecule (25, 39). How is this stability maintained in the face of
virtually no occupancy of the conventional side chain binding
pockets? One clue comes from the footprint of the p3K on the
IAb molecule surface (Fig. 3A). In this figure, the MHC contact
surface is color coded such that bright magenta shows areas of
closest peptide contact fading to dark gray for areas of poorest
contact. Despite the absence of side chains filling the binding
pockets, there are extensive interactions between the p3K and
IAb along the length of the binding groove. For example, strong
van der Waals interactions can be predicted between IAb and
side chains of p-2Phe, p2Gln, and p10Val. There are also
numerous predicted H-bond interactions in addition to the

Fig. 1. Structure of the p3K peptide bound to IAb. (A) A ribbon structure of
the IAb �1��1 domains is shown with the �1 domain in cyan and the �1 domain
in magenta. A wire frame representation of the p3K peptide backbone is
shown with coloring: carbon, white; oxygen, red; nitrogen, blue. Overlaid is a
wire frame representation of six other peptides as they are bound to other IA
molecules with the same color scheme. (B) IAb �1��1 domains and p3K
backbone as in A. Also shown are the backbone or side chains of eight
conserved MHCII amino acids that make predicted H-bonds (green dotted
lines) to the peptide backbone in IAb–p3K and in nearly all other published
MHCII�peptide structures. (C) Electron density (Fo � Fc, peptide omit, 2.5�)
associated with p3K as it is bound to IAb. View is from the side looking through
the �-chain �-helix. Coloring: carbon, yellow; oxygen, red; nitrogen, blue. All
three figures were made with SWISS PDB VIEWER (53).

Fig. 2. The p1, p4, p6, and p9 pockets of IAb. (A) The solvent-accessible
surface (electrostatic potential coloring) of a portion of the peptide binding
groove of IAb is shown with a wire frame representation of p3K (carbon,
yellow; oxygen, red; nitrogen, blue). In this side view the �-chain �-helix has
been cut away. A water molecule in the p1 pocket is shown (cyan). Figure was
created with WEBLAB VIEWER (Accelrys, San Diego). (B) The p1, p4, p6, and p9
pockets of IAb–p3K and IAd�pHA are compared. A side view of a semitrans-
parent solvent-accessible surface is shown for each pocket. For p1, p4, and p9,
the view is from the �-chain side with the �-chain �-helix cut away. For p6, the
view is from the �-chain side with the �-chain �-helix cut away. The surfaces
are colored white except for that portion contributed by the side chains of
amino acids that differ between IAb and IAd, which is colored red. The side
chains of these allelic amino acids are also shown (�-chain carbon, cyan;
�-chain carbon, magenta; oxygen, red; nitrogen, blue). Figure was produced
with WEBLAB VIEWER PRO.
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conserved ones shown in Fig. 1B. At the N-terminal end of the
peptide there are three additional H-bonds (Fig. 3B), an addi-
tional H-bond between the N of p-2Phe and the O of �52,
creating a short parallel �-strand pair whose interaction is
extended further by two H-bonds between the carboxylate of
p-1Glu with the OH of �53Ser and the backbone N of �55. These
interactions are not seen in the IAd structures.

Particularly interesting is a predicted large H-bond network
between p7Asn and the IAb � chain involving two ordered water
molecules (Fig. 3C). This network cross-links amino acids in the
�-chain �-helix (�70Arg and �71Thr) to those on the �-strand
floor (�28Thr, �30Tyr, and �47His). Because �47 of IAd is a Tyr,
this precise network is not possible in IAd, but some other type
of interaction may be possible, but was not seen in the published
structures. In nearly all MHCII structures the p7 amino acid
points laterally toward the �-chain �-helix. In some cases, its
contribution to MHC interaction is minimal because of a small
side chain (12–14, 23) or a rotamer that brings the side chain to
the surface (12, 16, 20, 21). In a few cases, the p7 rotamer buries
a portion of the side chain with considerable �-chain interaction
(11, 15, 17, 18). The p7Asn of p3K is a particularly dramatic
example of the latter.

Thus, overall the structure of IAb suggests that this molecule
can uniquely compensate for the absence of side chains in the
traditional p1, p4, p6, and p9 peptide-binding pockets by forming
new interactions with the peptide, particularly at the N-terminal
portion of the peptide and p7 position.

The IAb Peptide-Binding Motif. Over the years, the sequences of
naturally MHC-bound self peptides and immunogenic foreign
peptides have been combined with crystal structures to define
the peptide-binding motifs of various MHC molecules. For
example, peptide studies predicted the properties of the p1, p6,
and p9 pockets of IEk (44–46). The structure of IEk with bound

peptides confirmed these conclusions and determined the prop-
erties of the p4 pocket (12, 23).

There are many studies of peptides bound to IAb (39, 40, 47,
48). However, these studies alone have not yet yielded a con-
sensus on the peptide binding motif for IAb. We decided to
revisit this question, combining this peptide sequence data with
the properties of the IAb–p3K structure to predict the motif. We
aligned the peptides based mainly on the size and properties of
the p1, p4, p6, and p9 pockets, but also with the knowledge that
amino acids at the p-1 and p7 position may contribute to
peptide�MHC interactions. The previously unappreciated large
p1 pocket, which appears able to accept any aromatic side chain,
was particularly helpful in aligning the peptides. In fact, placing
the favored small aliphatic or polar amino acid (e.g., Ala, Pro,
Ser, Val) in the p4, p6, and p9 pockets often required an aromatic
amino acid at p1. In a number of cases, this alignment led to the
placement of an Asn at p7 and a Glu or Gln at p-1, allowing the
additional interactions seen in the IAb–p3K structure. In some
other cases, when deciding among more than one possible
alignment satisfying the initial conditions, the one that showed
either of these secondary interactions was selected. Fig. 4A
shows the core sequences of some self and foreign peptides
aligned by these principles. Fig. 4B summarizes the results for the
alignment of a set of 64 self peptides from a study by Dongre et
al. identifying peptides bound to IAb isolated from normal B
cells and tumor cells lines of B cell and macrophage origin. In this
figure the frequency of occurrence of the five most frequent
amino acids at each position in the aligned peptides are shown
from p1 to p9. The complete alignment of this peptide set is
included in Table 2, which is published as Supporting Informa-
tion on the PNAS web site, www.pnas.org.

Our alignment for the 64 self peptides predicts an aromatic

Fig. 3. Extensive interaction of p3K with IAb. (A) The footprint of p3K on the
solvent-accessible surface of the IAb molecule. The surface has been colored to
reflect the distance of the peptide from the IAb surface: magenta, closest;
white, intermediate; gray, farthest. Figure was created with PROTEIN EXPLORER

(54). (B) Details of the predicted H-bond interactions (green dotted lines)
between p-2Phe and p-1Glu of p3K and the IAb � chain are shown. (C) Details
of the predicted H-bond interactions (green dotted lines) between p7Asn and
the IAb � chain are shown. Two water molecules (W) involved in the interac-
tions are shown (cyan). View is from the C-terminal end of the peptide toward
its N terminus. In B and C (produced with SWISS PDB VIEWER) underlined amino
acids differ between IAb and IAd.

Fig. 4. The IAb peptide binding motif. Sixty-four peptides found bound to
IAb (48) were aligned by attempting to place an aliphatic�aromatic amino acid
at p1 and amino acids with small aliphatic or neutral side chains at p4, p6, and
p9. If more than one alignment was possible, secondary consideration was
given to the placement of a Glu or Gln at p-1 and�or an Asn, Asp, Glu, or Gln
at p6. (A) Alignment of 13 representative peptides showing the portion of the
peptide from p-2 to p11 aligned to p3K. Self peptides (48): pE� � amino acids
54–66 of IE� chain; CLP36 � amino acids 140–152 of CLP-36; ApoB � amino
acids 769–781 of apolipoprotein B; GAPDH � amino acids 228–242 of glycer-
aldehyde-3-phosphate dehydrogenase; DEC205 � amino acids 567–579 of
DEC205 receptor; CTLA4 � amino acids 38–50 of CTLA-4; H2DM� � amino
acids 140–152 of H-2DM � chain; INT�1 � amino acids 781–793 of integrin �-1;
CD98 � amino acids 210–222 of CD98 heavy chain; CLIP � amino acids 88–100
of invariant chain. Foreign peptides: OVA � aa 327–338 of chicken ovalbumin
(42); pE�(2W) � pE�(Q57W,I63W) (25, 39); PCC � aa 43–55 of pigeon cyto-
chrome c (47, 50). (B) Summary of the alignment of all self peptides. The
frequency (%) of the five most frequent amino acids at each position from p-1
to p9 is shown. Bar is the frequency of the most frequent amino acid. Open
bars, p1, p4, p6, and p9 anchors; gray bars, other MHC-interacting amino acids;
solid bars, potential T cell-interacting amino acids.
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amino acid as highly favored at p1. Tyr and Phe are predicted at
p1 in 36 of the peptides (56%) versus only a 7% frequency of
these amino acids in the mouse proteome (49). A small side chain
is also common at p1, with Ala, Val, Ser, and Gly accounting for
16 of the remaining 28 peptides. Pro is most frequent at p4 (39%
versus 6% in the proteome). Other amino acids lacking large side
chains, Ala, Ser, Val, and Gly, are also frequent at p4 (30 of 39
of the remaining amino acids). Amino acids lacking large side
chains are favored at p6 as well. Ala, Pro, and Val account for
58% of the p6 amino acids versus 19% in the proteome.
Aromatic and charged amino acids are completely excluded
from p4 and p6. A small side chain is also favored at p9, with Ala
and Val accounting for 38% of the amino acids versus only 13%
in the mouse proteome. However, the exclusion of other amino
acids is not so striking as with p4 and p6.

Gln and Glu are slightly favored at p1, accounting for 27% of
the amino acids versus 13% in the proteome; however, many
other amino acids occur at this position, perhaps indicating that
the backbone interactions at the N terminus of the peptide may
be more important than the p1 side chain interactions. Asn is the
most favored amino acid at p7, with a frequency of 19% versus
only 3.5% in the proteome. Although Leu, as the second most
frequent amino acid at p7, could not take part in the H-bonding
network shown in Fig. 3C, immediately adjacent to this part of
the �-chain wall of the binding groove is an extensive hydro-
phobic patch including the side chains of �67Ile and �61Trp that
could easily be reached by the appropriate rotamer of Leu. Many
different amino acids occur at p2, p3, p5, or p8, and the five most
frequent do not share a particular size or chemistry, consistent
with these being the predicted central �� T cell antigen receptor
contact amino acids.

As pointed out above, the four Ala residues of p3K are present
in pE� from which it was derived. Also present in pE� is p-1Glu
and p7Asn, so that it is reasonable to predict that pE� would bind
to IAb in the same register as p3K. Because in strains of mice that
express both IAb and the IE� chain pE� occupies about 10% of
IAb (24), this complex also appears very stable.

We also analyzed several foreign peptides that have been well
studied as immunogens in H-2b mice (Fig. 4A). For example, the
alignment of the DO-11.10 reactive ovalbumin peptide described
above that places amino acids with small side chains in the p1,
p4, p6, and p9 pockets also puts a favorable Asn at p7. Another
variant of pE� that is immunogenic in IAb-expressing mice and
binds very well to IAb has Trp substituted at positions p2 and p8
(25, 39), but otherwise has the same potential interactions with
IAb as p3K and pE�.

Finally, another very well analyzed peptide antigen presented
by IAb consists of amino acids 43–58 of pigeon cytochrome c
(50). Extensive mutational analysis of this peptide (47) is con-
sistent with the alignment shown in Fig. 4A. For example, the
stimulatory potency of the peptide was decreased by mutation of
the p1Phe to Ala and increased by mutation of the p9Asn to Ala
without changing T cell specificity, consistent with effects on IAb

binding such that the best binding was seen by optimal side chains
at either position. This alignment also places a favorable Thr at
p4, an Ala at p6, and again an Asn at p7. The predicted
surface-exposed p5Asp was shown to be important for T cell
recognition. Interestingly the p7Asn was also suggested to be
important for T cell recognition, because mutations at this
position created new T cell epitopes. The IAb–p3K structure
predicts that this Asn should not be readily accessible on the
surface (Fig. 3), but because it interacts extensively with the
highly exposed �71Arg, mutations in this Asn could very well
lead to substantial surface changes resulting in apparently new
epitopes.

Interaction of T Cells with IAb�p3K. The structure of the 3K peptide
bound to IAb reveals five upwardly pointing amino acids as

potential candidates for recognition by the �� T cell antigen
receptors (TCR): the p-1Glu, p2Gln, p3Lys, p5Lys, and p8Lys.
The side chains of these amino acids are at least partially
exposed on the molecule surface and fall within the footprints
seen of the ��TCRs on other MHCII�peptide complexes (51,
52). To test whether these are indeed important for recogni-
tion, we synthesized a set of mutant peptides in which each of
these amino acids was mutated to Ala. The peptides were
compared with p3K for recognition by two T cell hybridomas
(25) specific for IAb � p3K (Fig. 5 A and B). The peptides were
also tested for their ability to compete with pE� for binding to
IAb on the surface of invariant chain knockout, IAb-bearing B
cells (Fig. 5C). Mutation of any of the three central Lys
residues at p3, p5, or p8 to Ala completely eliminated recog-
nition by either hybridoma. Mutation of the Gln at p2 elimi-
nated the response of one hybridoma and partially affected the
other hybridoma. Reciprocally, mutation of the Glu at p-2 only
partially reduced the response of the first hybridoma, but
eliminated the response of the second. All of the peptides
tested were able to bind to IAb based on their ability to
compete with pE� for IAb binding. Therefore, all five of the
predicted surface-exposed amino acids play a role in T cell
recognition.

Concluding Remarks. Models that attribute the allele�isotype
specificity and differences in stability of peptide�MHCII com-
plexes to the relative occupancy of pockets at p1, p4, p6, and p9
may be too simple. In IAb other specific interactions, especially
at the N terminus and p7 position of the peptide, appear capable
of compensating for poor interactions in these pockets to
generate a very stable complex. Our findings point out the
importance of combining structural and peptide sequence in-
formation in identifying peptide-binding motifs for MHCII
molecules.
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Fig. 5. p3K amino acids important for T cell recognition. The responses of
two T cell hybridomas, B3K05-6 (A) and B3K05-8 (B), produced from T cells
from p3K-immunized IAb mice (25), were tested for their responses to a set of
p3K mutant peptides presented by the IAb-bearing cell line, LB-15.13 (35). The
results are shown as the units of IL-2 produced vs. the concentration of peptide
offered. (C) Spleen cells from IAb-bearing invariant chain knockout mice were
incubated with pE� (20 �g/ml) for 4 h at 37°C. The level of binding of pE� to
IAb was assessed by flow cytometry using the IAb�pE�-specific monoclonal
antibody, YAe (24). Competition between pE� and p3K or its variants was
assessed by the reduction in YAe staining when various concentrations of the
competitor peptide were included in the incubation of the spleen cells with
pE�. The results are shown as the percent of the mean fluorescence (corrected
for autofluorescence) remaining measured with fluoresceinated YAe vs. the
concentration of the competitor peptide. In all three panels the symbols are
as follows: Unmutated p3K (�); p-1E	A (which indicates an E3A mutant) (F),
p2Q	A (�), p3K	A (�), p5K	A (E), and p8K	A (�).
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