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A small number of residues in the class II molecule I-A" confer
the ability to bind the myelin basic protein peptide Acl-11
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ABSTRACT The N-terminal peptide Acl-11 of myelin basic
protein induces experimental autoimmune encephalomyelitis in
H-2" and (H-2" X H-2%) mice but does not in H-2° mice. Ac1-11
binds weakly to the class II major histocompatibility complex
(MHC) molecule I-A" but not at all to I-AS. We have studied the
interaction of Acl-11 and I-A" as a model system for therapeutic
intervention in the autoimmune response seen in experimental
autoimmune encephalomyelitis. Two polymorphic residues that
differ between I-A" and I-A%, Y263 and T28f3, and one conserved
residue, E743, confer specific binding of Ac1-11 to I-A". A fourth
residue, R70f3 in I-A", affects both peptide binding and T cell
recognition. These results are consistent with a model that places
arginine at position five of Ac1-11 in pockets 4 and 7 of the MHC
groove, which is formed in part by residues 26, 28, 70, and 74 of
A" and places lysine at position four of Ac1-11, previously shown
to be a major MHC contact, in hydrophobic pocket 6. The data
indicate that the primary region of I-A" that confers specific
binding of Ac1-11 lies in the center of the peptide binding groove
rather than in the region that contacts the N terminus of the
peptide, as has been shown for HLA DR and the homologous I-E
molecules.

Experimental autoimmune encephalomyelitis (EAE) is an auto-
immune disease mediated by CD4+ T cells in rodents that
resembles the human demyelinating disease multiple sclerosis (1).
EAE can be induced by immunization with components of the
myelin sheath, such as proteolipid protein or myelin basic protein
(MBP) or with peptides derived from proteolipid protein or MBP
(1, 2). Susceptibility to EAE is correlated with the ability of
particular peptides to bind to class IT major histocompatibility
complex (MHC) molecules in certain strains of mice. The N-
terminal peptide Acl-11 of MBP, which binds weakly to I-AY, can
induce EAE in mice that have the H-2* MHC haplotype, such as
PL/J, but cannot do so in mice with the H-2% haplotype, such as
SJL/J, because Acl-11 does not bind to I-A® (3—6). SJL/J mice,
however, develop EAE when injected with the MBP peptide
89-101, which binds to I-A® but not to I-A" (1).

Several different immunotherapies have been used successfully
in treating or preventing EAE (7). Peptides, either the enceph-
alitogenic epitopes themselves, analogs derived thereof, or unre-
lated peptides, have been used to prevent or treat EAE (3, 4,
8-11). One example is Acl-11[4A], an analog in which the lysine
at position 4 (Lys P4) is replaced with alanine. Position 4 is a
MHC contact, as Acl-11[4A] binds with 50X higher affinity to
I-A" than does Acl-11 and stimulates Acl-11-specific T cells in
vitro with greater efficiency (3, 6). Ac1-11[4Y], an analog in which
tyrosine replaces Lys P4, binds to I-A" with 1,500-fold higher
affinity than does Acl-11 and stimulates Acl-11-specific T cells
in vitro more efficiently than does Ac1-11[4A] (6, 9). Other studies
have shown that arginine at position 5 also contacts the MHC (12,
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13) whereas glutamine at position 3 and proline at position 6
contact the T cell antigen receptor (TCR) (3). Of interest,
Acl-11[4A], when coimmunized with Acl-11, will inhibit the
development of EAE (3, 8) and does not by itself induce a
proliferative response in vivo in (PL/J X SJL/J)F1 mice. The
mechanism by which Acl-11[4A] inhibits EAE is not understood
but probably is other than MHC blockade or induction of anergy
because it does not inhibit a proliferative response in vivo when
coimmunized with Acl-11, nor does it induce a suppressive
response (8).

Understanding the molecular nature of the differences in
binding between Acl-11, Acl-11[4A], and Acl-11[4Y] may pro-
vide clues to the unusual biological properties of Acl-11[4A] and
Acl-11[4Y]. Structural data exist for several human HLA DR
molecules (14-17), the homologous murine I-EX (18), and most
recently, murine I-A¥ and T-AY (19, 20). No structural data,
however, on human HLA DQ or the homologous murine I-A"
and I-A® molecules have been published. Therefore, we have
made site-specific mutants of I-A" and I-A® and have tested the
ability of these mutants to bind peptide and stimulate Acl-11-
specific T cells as a means to dissect the molecular nature of the
Acl-11/1-A" complex. Hypervariable regions (HVRs) in I-AS
that differ between I-A" and I-A® were mutated to those of I-AY,
and single conserved residues thought to be important for peptide
binding were mutated nonconservatively by using the class 11
MHC structures currently available as guides. The results indicate
that three key residues on the B chain, Y26, T2883, and E748, in
pockets 4 and 7 are critical for binding Acl-11 efficiently in the
center of the peptide binding groove. Arg P5 in Acl-11 is
predicted to lie within these pockets, potentially forming a salt
bridge with E74B. This model would place LysP4 in Acl-11 in a
hydrophobic pocket, which would be more accommodating to a
hydrophobic and/or aromatic residue, explaining why the binding
affinities of Acl-11[4A] and Acl-11[4Y] for I-A" over that of
Acl-11 is increased.

MATERIALS AND METHODS

Peptides. Peptides were synthesized on an Applied Biosystems
431A peptide synthesizer by using standard fluorenylmethoxy-
carbonyl chemistry. Peptides were purified by HPLC to >90%
pure, if necessary. Amino acid compositions were confirmed by
amino acid analysis and mass spectroscopy at the Mass Spectros-
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copy Facility at the University of California, San Francisco. Ova
322-339 and Acl-14[4A,14G] were biotinylated on either the
amino terminus (Ova 322-339) or the lysine at position 13
(Acl-14[4A,14G]) by using N-hydroxy-succinimide biotin
from Pierce as described (4). Peptide sequences are as follows:
Ova 322-339, EISOAVHAAHAEINEAGR; Acl-11, Ac-
ASQKRPSQRHG; Acl-11[4A], Ac-ASQARPSQRHG; and
Acl-14[4A,14G], Ac-:ASQARPSQRHGSKG.

Site-Directed Mutagenesis. A plasmid containing a genomic
clone, pI-Ap*-1 (21), was manipulated to create a vector into
which the B1 domain of AB® could be cloned easily. The exon
encoding the 81 domain of ABX was replaced with a multiple
cloning site. Because the first two amino acids of the 81 domain
are encoded in the leader exon and AB* differs from AB>"£7 at
amino acid position two, the promoter and leader exon of this
vector was replaced with a fragment containing the promoter and
leader exon from a genomic clone of AB%’. The B1 domain of AB*
was amplified by PCR. The resulting 81 domain was cloned into
pBluescript-KS+ (Stratagene) and was sequenced. This construct
was used for site-directed mutagenesis of the B chain by using the
method of Kunkel et al. (22). Mutant 81 domains were excised
from pBluescript-KS+ and were subcloned into the multiple
cloning site in the genomic clone. The Aa" cDNA was cloned into
an expression vector containing the neomycin resistance gene.

Transfectants. Wild-type and mutant constructs were linear-
ized and transfected as described into M12.C3, a B cell ymphoma
that lacks class II surface expression (23). Cells that had taken up
the constructs were selected with Geneticin (G418) (GIBCO).
Because M12.C3 expresses an endogenous Aad chain, AB" or
mutant AB molecules may pair with the endogenous « chain if
pairing with Aa" is not favorable. Therefore, transfectants were
screened with both fluorescein isothiocyanate-conjugated 10—
3.6, an antibody that recognizes the B chain (24), and biotinylated
4D5, an antibody that recognizes Aa®* but not Aad (25). Lines
expressing low levels of the a3 heterodimer were subjected to one
to three rounds of cell sorting in which the brightest 5% cells were
selected to obtain transfectants that express MHC levels within
2-fold of that of the wild-type transfectant.

Cell Surface Binding Assay. Transfectants were assayed for
peptide binding as described (4). In brief, 10°-5 X 10° cells were
incubated with 100 uM biotinylated Acl-14[4A,14G] or 50 uM
biotinylated Ova 322-339 for 2 hours in serum-free medium at 37°
in a 5% CO, atmosphere. Cells then were washed and incubated
on ice with avidin (1 ug/ml) for 30 minutes. Samples were
washed, were incubated for 30 minutes on ice with biotinylated
anti-avidin antibody (1 wg/ml), were washed, then were incu-
bated 30 minutes on ice with streptavidin conjugated to Texas
Red (1 pg/ml), and were washed. The median fluorescence of
5 X 10°-10* live cells was determined by flow cytometry. The
expression levels of MHC molecules were determined by staining
the cell lines with antibodies 10-3.6 and 4D5 in a separate sample
or by staining concomitantly with a fluorescein isothiocyanate-
conjugated form of 4D5 in the same sample.

T Cell Activation Assay. The T cell hybridoma 1934.4 was
created from the Acl-11-specific, I-AU-restricted T cell clone
PJR-25 (3). Tranfectants (5 X 10%) and T cells (5 X 10%) were
incubated in 96-well plates with varying concentrations of peptide
for 21 hours. Interleukin 2 production was measured by incubat-
ing the supernatants with HT-2 cells, an interleukin 2-dependent
cell line, and measuring the uptake of *H-thymidine in cpm (26).

RESULTS

Generation of Transfectants. About 25-100X more Acl-11
than Acl-11[4A] is required to achieve equivalent stimulation of
the T cell hybridoma 1934.4. Several I-A" transfectants that
expressed similar levels of I-A" were made. Depending on which
transfectant was used as antigen presenting cells, up to 5-fold
different amounts of Acl-11 were required to achieve maximal T
cell stimulation (data not shown). Thus, differences in presenta-
tion of Acl-11 and Acl-11[4A] between cells expressing mutant
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MHC molecules that were 5-fold or less were not considered
significant.

E74 in I-A" Potentially Interacts with Arg P5 of Acl-11.
Previous studies indicated that Arg PS5 in Acl-11 may be inter-
acting with a negative charge in the MHC, as alanine at position
five reduced binding significantly (6, 12, 13). Glutamic acid at
position 74 in the B chain (E748) was chosen as a likely candidate
because the homologous residue in certain DR molecules, R74,
contacts negatively charged residues in peptides (15). The posi-
tion of residue E74p is shown on the DRI structure (Fig. 1). 8
chains in which E748 was mutated were transfected along with
Ao" into M12.C3 and were screened for expression by flow
cytometry.

Alanine and Glutamine at E743 Abrogate Presentation of
Acl-11. To test the hypothesis that Arg P5 in Acl-11 contacts a
negative residue in I-AY, two mutations at E748 were introduced,
alanine (E74A) and glutamine (E74Q). Both E74A and E74Q
were unable to present Acl-11 and were able to present Acl-
11[4A] only at very high concentrations (Table 1).

These two mutants also were assayed for their ability to bind
biotinylated Ac1-14[4A,14G] and Ova 322-339, a peptide derived
from ovalbumin that binds to I-A" with high affinity (6) (Table 1).
Acl-11 binding to I-A" cannot be detected by using the binding
assay described here because it has a very low affinity for I-AY, so
a high affinity analog was chosen, Ac1-14[4A,14G]. This peptide
consists of the first 14 residues of rat myelin basic protein in which
the lysine at position four has been substituted with an alanine,
and the tyrosine at position 14 has been substituted with a glycine.
The lysine at position 13 provided a site for biotinylation. This
peptide binds to I-A" with ~40X higher affinity than does
Acl-11, and it stimulates T cells in an enhanced fashion, similar
to Acl-11[4A] (data not shown). Neither E74A nor E74Q showed
any detectable signal of binding Acl-14[4A,14G]. In contrast,
both mutants were able to bind Ova 322-339, indicating that the
lack of Ac1-14[4A,14G] binding on E74A and E74Q is caused by
an inability to bind this peptide rather than a loss of structural
integrity.

The Roles of Other Residues in I-A" in Peptide Binding. The
structure of DR1 revealed a deep hydrophobic pocket (pocket 1)
made up in part by residues F24«, 131, and G863 (14, 15). The
predicted sites of the homologous residues in I-A", F28a, L35a,
and T86p are shown in Fig. 1. To test whether pocket 1 contacts
Acl-11 in I-AY, these three residues were changed singly to a
nonconservative glutamic acid or a semiconservative serine or
glycine. Mutations F28E, F28S, T86E, and T86G had a beneficial
effect on binding Acl-14[4A,14G] (Table 2). There was, despite
the improvement in binding efficiency, no difference in the
abilities of transfectants F28E, F28S, T86E, or T86G and that of
a transfectant expressing the wild-type I-A* molecule to present
Acl-11 or Acl-11[4A] to 1934.4. One mutation at L35«, L35E,
did not affect the binding signal but did reduce the ability to
present peptide. The mutation L35S reduced binding by 3X and
concomitantly reduced the ability to present Acl-11[4A] by 50X.
In contrast, most of these mutations had a negative (F28E, F28S,
L35S, T86E) or neutral (L35E and T86G) effect on the binding
of Ova 322-339 peptide.

Creation of Transfectants Expressing 8 Chain HVR Mu-
tants. AB® and A" differ by 13 amino acids, which were
grouped into four HVRs. Fig. 1 shows where on the DR1
structure each of these residues are predicted to lie in I-A". The
roles of the B chain residues were examined by changing each
of the hypervariable regions of Ap® to those of ABY, either
singly or in combination. The sequences of the 81 domains of
each of the mutants and those of AB" and AB® are shown in Fig.
2. DNA encoding each of the B chain mutants and Aa" was
cotransfected into M12.C3, and transfectants were screened
for expression by flow cytometry.

Af® Chain HVR Mutants that Contain HVR2f3 of AB" Bind
Acl-11. Table 3 shows the binding signals of each mutant 3 chain
expressing transfectant. Because transfectants varied in their
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FiG. 1. The positions of residues mutated are indicated on the DR1
structure. The amino acid in AB® is noted on the right of the residue
number, and the amino acid in AB" is noted on the left of the residue
number. Residues E743, L35«, F28«, and T86B were mutated singly.
Polymorphic residues that differ between AB® and AB" were grouped
into HVRs and were mutated on the AB® backbone to those of ABY,
either as a single HVR or as combinations of HVRs. HVRI1, residues
8B, 98, 128, 13B, and 148; HVR2, residues 268 and 283; HVR3,
residue 708; and HVR4, residues 81, 8583, 8683, 888, and 89p.

MHC expression, the fluorescence signal generated by peptide
binding was normalized by dividing it by the signal generated
when the cells were stained with an antibody, 4D5, which
recognizes the « chain. Heterodimers Aa*AB® and Ae*AB" and
the M12.C3 cell line did not have binding signals significantly
above background (data not shown), indicating that both « and
B chains are needed for efficient peptide binding. Only those
mutants that contain HVR2B consistently bind peptide with
levels equal to or greater than that of the I-A" transfectant (u:u).
Of these, HVR1+28 and HVR2p consistently bind peptide at
much higher levels than that of the wild type whereas
HVR1+2+3p and HVR2+38 bind peptide at levels equal to or
slightly less than that of the wild type. These results indicate that
only HVR2p, residues Y263 and T28p, is sufficient for binding
Acl-14[4A,14G] whereas HVR3p, residue R70p, inhibits such
binding. Mutation of residue 26 alone was sufficient to bind
Acl-14[4A,14G] at a level similar to that of I-A" whereas muta-
tion of residue 28 alone did not bind peptide (data not shown),
indicating that both residues are needed for maximally efficient
binding.

T Cell Responses to the 8 Chain HVR Mutants. We tested each
of the nine HVR B chain shuffle mutants for their ability to
present Acl-11 and Acl-11[4A] to an Acl-11-specific, I-A"
restricted T cell hybridoma, 1934.4. The responses are summa-
rized in Table 4. Cells expressing ActABS, AcABY, or Aa"AB° did
not stimulate 1934.4 when presenting either Acl-11 or Acl-
11[4A] (data not shown).

Although mutants HVR28 and HVR1+2 bind peptide effi-
ciently, neither was recognized by 1934.4. In contrast, 1934.4
recognized HVR2+3B8 and HVR1+2+3B presenting Acl-11 and
Acl-11[4A]. These observations suggest that 1934.4 required only
HVR3B or R70B to recognize the peptide/MHC complex.
Although HVR1+2+3p requires ~20X more Acl-11 and Acl-
11[4A] to stimulate 1934.4 than does the wild-type transfectant,
the binding signal of Ac1-14[4A,14G] on HVR1+2+3p is similar
to that on I-AY, suggesting that these differences in ability to
present Acl-11 and Acl-11[4A] may be caused by factors other
than peptide affinity. Mutant HVR1+3+4f, which showed no
measurable binding signal for Acl-14[4A,14G], was able to
present Acl-11[4A] at high doses to 1934.4, indicating that this
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mutant is able to bind peptide, but at a level that the binding assay
cannot detect.

DISCUSSION

Studies with Acl-11 analogs indicate that the N-terminal acetyl
group and residues Lys P4 and Arg PS5 in Acl-11 contact the
MHC whereas residues Gln P3 and Pro P6 contact the TCR (3,
6, 12, 13). The present study extends these findings by defining
residues in I-A" that are critical for conferring specific binding of
Acl-11 to I-A". Through site-specific mutagenesis of residues in
I-AY, three residues in the B chain have been identified as key
peptide binding contacts: Y2683, T28B, and E74B. A fourth
residue, R70p, affects both peptide binding and T cell recognition
of the Acl-11/I-A" complex by an Acl-11-specific T cell hybrid-
oma. All four residues lie within close proximity of each other in
the center of the MHC and compose, in part, pockets 4 and 7 (as
defined by the crystal structure of HLA DR1) (14, 15).

Position E748 is a conserved, negatively charged residue in
murine B chains and thus in I-A" was a likely candidate for
contacting the positively charged arginine at position 5 (P5) in
Acl-11. Substitutions of neutrally charged residues, alanine and
glutamine, were expressed at E74B. Neither of these mutants
could bind Acl-14[4A,14G] detectably, indicating that E743 is
critical for peptide binding. In contrast, mutations at E748 had
little effect on Ova 322-339 peptide binding, indicating that (1)
the structural integrity of I-A" was not compromised by the
alanine or glutamine substitutions at 74p and (2) Ova 322-339
binding to I-A" does not depend on interactions between the
peptide and residue E748. Concordantly, T cell recognition of
Acl-11 presented by E74A or E74Q mutant was abolished
whereas recognition of Acl-11[4A] was reduced by >1000X.

Only 2 of the 13 residues that differ between the B chains of
I-A" and I-AS%, Y268 and T28pB, are needed to confer specific
binding of Ac1-11 to I-A". Residues Y2683 and T288 are predicted
to border pocket 4 on the left and pocket 7 on the right in the
MHC binding groove (Fig. 3) (14-20). Based on computer
modeling, Y268 and T28B in [-A" create a different-sized and
more hydrophobic pocket than do S268 and D288 in [-A® (data
not shown). Residues homologous to 288 and 74g in I-E and DR
molecules have been shown previously to confer specific binding
of other peptides by site-specific mutagenesis (27, 28) and struc-
tural data (14-20). In addition, residue 268 in I-A¥, which is
closely related to I-AY, is important for binding Acl-11 (K. Tate
and P. Jones, personal communication).

A fourth residue, R703, which also forms part of pockets 4 and
7, inhibits peptide binding but is required for T cell recognition
by 1934.4, an Acl-11-specific, I-A"-restricted T cell hybridoma.
Inhibition of peptide binding presumably results from electro-

Table 1. T cell response to the wild-type I-A" or mutants E74A
and E74Q presenting Acl-11 or Acl-11[4A] (4A) and the binding
signal of Acl-14[4A, 14G] (4A) or Ova 322-339 (OVA) for each

T cell response* Binding signal®

Cell line Acl-11 4A 4A Ova
uu ++ +++++ 0.16 = 0.06 0.22 = 0.11
E74A — + 0.01 =0.01 0.17 = 0.05
E74Q - + 0.002 = 0.001 0.11 = 0.04

*The number of plus symbols indicates the dose of Acl-11 or Acl-
11[4A] required for maximal T cell response as described in Materials
and Methods. The number of plus symbols indicating maximal dose
response is as follows: —, no response at any dose; =, 100-400 uM;
+, 25-100 pM; ++, 6-25 pM; +++, 1.5-6 uM; ++++, 0.4-1.5
uM; and +++++, 0.1-0.4 uM.

TThe binding signals for Acl-11[4A,14G] and Ova 322-339 were
determined by normalizing the binding signal for class II MHC
expression. The binding signal generated by the biotinylated peptides
was divided by the class II expression signal derived from staining cells
with 4D5 in a separate sample. Values for negative controls ranged from
0 to 0.02. The data are from at least four separate experiments.
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Table 2. T cell response to the wild-type I-A" (u:u) or mutants at
F28a, L35a, or T86B presenting Acl-11 or Acl-1-11[4A] (4A) and
the binding signal of Acl-14[4A,14G] (4A) or Ova 322-399 (OVA)
for each

T cell response* Binding signalt

Cell line Acl-11 4A 4A OVA
uu ++ +4+++4+ 29.6 = 9.5 50.6 = 12.7
F28E ++ +++++ 89.0 = 54.5 198 = 4.6
F28S ++ +++++ 76.2 = 27.1 226+ 29
L35E + ++ 231+ 83 57.0 £ 12.2
L35S — * 108 = 6.4 281+ 79
T86E ++ +++++ 89.7+ 5.8 93+ 1.6
T86G ++ +4++++ 532+ 59 81.0 = 145

*The number of plus symbols indicating maximal dose response is as
described in Table 1.

TThe ability of the relevant MHC molecules to bind Acl-11[4A,14G]
or OVA 323-339 is expressed as the median fluorescence of the signal
derived from the biotinylated peptide on cells gated for the same
MHC expression as determined by concomitantly staining with
fluorescein isothiocyanate-conjugated 4D5 antibody. Values for neg-
ative controls ranged from 2.0 to 4.0. The data are the average of
three separate experiments.

statically unfavorable interactions between Arg PS5 in Acl-11 and
R70B in I-A". R708 in I-A and the homologous residue in I-E,
DR, and DQ molecules have been shown to contact the TCR and
the peptide through both structure/function (29, 30) and struc-
tural studies (14-20). Several I-A molecules, including I-AX, I-AS,
and I-A", have deletions at residues 6583 and 67. These changes
distinguish these molecules from other I-A molecules as well as
from DR and I-E molecules and have been shown to alter the
structure of the B chain helix in I-A* (19). Position R708,
however, remains in the same position in I-A¥ as in DR and I-E,
and our data that R708 binds both peptide and TCR in the
Acl-11/I-A" complex are consistent with that finding.
Although several residues in the center of I-A" are critical for
binding of Acl-11 to I-AY, pockets on the left side of the binding
groove are not, as the single mutations at residues F28«, L35¢,
and T86B had a neutral or even beneficial impact on MHC
binding of Ac1-11 and Ac1-11[4A], with the exception of the L35S
mutant. The mutations at HVR4p also had little impact. The
appearance of a tyrosine in I-A" at position 818 rather than a
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Table 3. The ability of HVR mutants to bind Acl-14[4A,14G]

Binding signal*

Cell line Acl-14[4A,14G] Relative to I-Avt
uu 0.156 1.0
HVRI1B 0.037 0.24
HVR28 0571 3.66
HVR4p 0.057 0.37
HVR1+2p 0.309 1.98
HVR1+3p 0.063 0.40
HVR1+4B 0.051 0.33
HVR2+3p 0.135 0.87
HVRI1+2+3B 0.169 1.08
HVRI1+3+4B 0.062 0.40
s:s 0.022 0.14

*The binding signals for Acl-11[4A,14G] and OVA 323-339 were
determined as described in Table 1. Values similar to or greater than
that of wild-type binding are underlined. The data are from at least
three separate experiments.

TThe binding signal for each mutant was normalized to that of I-A" by
dividing the binding signal by that of I-AY.

histidine found in I-A% and other class II MHC molecules may
allow the N-terminal region of the groove to stabilize if solvent
exposed. The importance of pockets in the center of the groove
correlates with peptide binding motifs for I-AY, I-AY, and I-A¥7,
as well as DQ molecules, which indicate that anchor residues
appear in the middle of the peptide molecule (6, 31-36).
Although we have not shown a direct contact between Arg P5
in Acl-11 and Y268, T28B, and E74p, their interaction is a
reasonable hypothesis. Recent data show that, in I-A" and I-AX,
position 9B, which is adjacent to both pockets 6 and 9 of the MHC
binding groove, contacts Lys P4 in Acl-11. Based on these data
and those presented here, Lee et al. (37) have proposed that
Acl-11 occupies only the center and right portions of the MHC
binding groove, leaving pocket 1 on the left side of the cleft
empty. In this model, the hydrophobic CH; units of Arg P5 lie in
pocket 7, and the positively charged amino group extends into
pocket 4 to form a salt bridge with E743. Lys P4 then interacts
with V9 in the hydrophobic pocket 6 (Fig. 3). This model would
explain why Acl-11 has a low affinity for I-AY, as stabilizing
anchors in pocket 1 and elsewhere in the binding groove are not
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FiG. 2. Sequences of the 1 domains of I-A" and I-AS. Nine of the HVR mutant class II molecules are shown. The residues included in each

HVR are underlined in the last mutant listed for the B8 chains.
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Table 4. Summary of the responses to the B chain mutants
presenting Acl-11 and Acl-11[4A] to the T cell hybridoma 1934.4

Peptide

Acl-11 Acl-11[4A]
uu ++ +++++
HVRIB - -
HVR1+48 - -
HVR1+38 - -
HVR1+28 - -
HVR1+2+38 * ++
HVR1+3+48 - +
HVR2+3p + ++++
HVR28 - -
HVR4B - -

The maximal response is as described in Table 1.

occupied. Furthermore, the model shows why lysine at position
four confers a low affinity for the MHC whereas the hydrophobic
residues alanine and tyrosine confer higher affinities (3, 6). Both
our data and those of Lee ef al. correlate with direct peptide
binding data that show that the last four residues of Acl-11 are
not needed for efficient binding when tyrosine is placed at
position four (6) and with biological data that show that Ac1-6 is
sufficient to induce EAE in susceptible mouse strains (12).

In contrast to the model of Acl-11 bound to I-AY, structural
data of DR1 show that a major contact between DR1 and the HA
peptide consists of the P1 residue binding to the deep hydropho-
bic pocket 1 on the left side of the MHC groove (14, 15), a finding
that correlates with binding motifs of peptides that bind to DR
(38-41), I-E (42-44), and DQ (34, 45, 46) molecules. In addition,
I-Ak preferentially binds peptides with a glutamate or aspartate
at the P1 position (47). These data are confirmed by the structure
of the HEL peptide bound to I-A, which indicates that pocket 1
binds the aspartate at P1 in the HEL peptide (19). High affinity
peptide binding to I-AY, however, does not require large anchor
residues at position P1 or P4 (20). The structural data for I-A* and
I-AY emphasize that peptide binding relies on the conserved
network of hydrogen bonds that connect the peptide main chain
to conserved residues of the MHC seen in other peptide/class II
MHC structures so far studied (14-18). Moreover, Ova 322-339
probably occupies the N-terminal region of the groove, as mu-
tations in I-A" on the left side of the MHC had an adverse effect
on Ova 322-339 binding whereas mutations in the center of the
MHC had a neutral effect. Thus, the model of Ac1-11 binding to
I-A" may be an atypical example of peptide binding to I-A".

Replacement of Lys P4 with a hydrophobic residue alanine
(Acl-11[4A]) increases the affinity of the peptide for the MHC
and preserves recognition of the peptide/MHC complex by
Acl-11-specific T cells in vitro yet renders the peptide nonimmu-
nogenic in vivo (3, 8). Preliminary data indicate that the analog
Acl-11[5K], in which lysine at position 5 preserves the positive
charge, can stimulate Acl-11-specific T cells in vitro and can
induce EAE (48) whereas Ac1-11[4A,5K] can bind to I-A" but
cannot stimulate Acl-11-specific T cells in vitro (C.IP. and
H.O.M., unpublished work). Moreover, Acl-11[5E] antagonizes
T cell activation (C.I.P. and H.O.M., unpublished work), suggest-
ing that position 5 contacts the TCR in addition to the MHC.
These results suggest that Ac1-11[4A] binds to I-A" in a different
conformation than does Ac1-11. This different conformation may
allow recognition of the Acl-11[4A]/I-A" complex by Acl-11-
specific T cells in vitro but not in vivo, preventing an immune
response (because of a low affinity of the TCR for the Acl-
11[4A]/I-AY complex).

The structure—function studies presented here and the model
put forward by Lee et al. (37) show that MBP Acl-11 binds to the
center and right part of the peptide-binding groove, with a very
low binding affinity, primarily because of the necessity of placing
LysP4 into the hydrophobic pocket 6. This is an unusual peptide/

Proc. Natl. Acad. Sci. USA 96 (1999) 201

F16.3. Residues in pockets 4, 6, and 7 that are predicted to interact
with Acl-11 as outlined on the DR1 structure. E748 is predicted to
interact with arginine at position five in Acl-11. V98 is predicted to
interact with lysine, alanine, or tyrosine at position 4 in Acl-11,
Acl-11[4A], or Acl-11[4Y], respectively. The regions that compose
pockets 1, 4, 6, 7, and 9 have been circled and labeled accordingly.

MHC configuration. Despite these two distinctive characteristics,
Acl-11 is the immunodominant peptide epitope of MBP in
I-Av-expressing mice. One possible reason for this immunodomi-
nance might be an unusually high affinity of the T cell receptor
for the Acl-11/I-A" complex. Another possibility is that T cells
bearing TCR specific for more stable MBP peptide/I-A" com-
plexes, such as MBP121-150/I-AY, are tolerized whereas T cells
specific for the unstable Ac1-11/1-A" complex escape tolerance
(49).

These structure—function studies provide valuable information
concerning the important interactions between Acl-11 and I-A".
We have shown that the major contact between Acl-11 and I-A"
lies at the center of the peptide binding groove in pockets 4 and
7, and we provide evidence to explain why Ac1-11 has such a low
affinity for I-A". Until structural data on the Acl-11 and I-A"
complex are available, the details of this peptide/MHC complex
must rely on structure—function studies such as those presented
here.

We thank D. Fremont and J. Rothbard for critical discussion of the
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