Amino Acid Residues on the I-A¥ a-Chain Required for the
Binding and Stability of Two Antigenic Peptides
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The class Il molecules of the MHC bind processed Ag fragments (peptides) for presentation to T cells, but the role of individual
MHC residues in binding these peptides has not been entirely defined. A panel of 27 mutant I-A* transfectants was analyzed for
the capacity to bind 2 unrelated peptides. The main peptides examined were hen egg lysozyme residues 48-62 and heat shock
protein (hsp70) to residues 28-41. Alanine substitutions of sites in the a-helical region of the I-A* «-chain altered the ability
of this class 11 protein to bind both peptides. Of the 27 substitutions tested, nine caused a decrease in peptide binding while only
three caused an increase in peptide binding. The stabilities of these altered I-A*-peptide complexes were also examined on
SDS-PAGE. Complexes with lowered stabilities were observed after only four substitutions, and in all four cases this loss of
stability was accompanied by a loss in hen egg lysozyme or hsp70 peptide-binding ability. Further, three of these residues lie
in the short extended strand at the N terminus of the o-helix of the a1 domain, suggesting that this region of the 1-A* molecule

may be critical for the formation of stable peptide-MHC complexes.

-ray crystallography has yielded a static picture of the

-x-: structure of MHC class II proteins (1, 2) and suggests

models of peptide-MHC interaction that can be tested
experimentally. Unfortunately, limited information currently exists
that measures the relative contributions toward peptide binding
made by individual amino acids of the class II molecules that have
been made to differ by single residues through site-directed mu-
tagenesis (3-5). This is, in part, because T cell hybridoma assays
do not always provide an accurate measurement of the amount of
peptide bound by class IT molecules.

In this study, we examined two parameters: peptide binding and
the capacity of peptides to stabilize a8 dimers of the class II mol-
ecule I-A¥. The peptides HEL* (48-62: DGSTDYGILQINSRW)
and hsp70 (28-41: ITANDQGNRTTPSY) were selected for this
analysis because their sequences correspond to naturally processed
Ag fragments. The HEL peptide is thought to be the main fragment
of lysozyme produced from this Ag by intracellular processing,
and the hsp70 peptide results from the processing of an endog-
enously expressed murine hsp. Both peptides form stable com-
plexes with I-A* (6).

The first parameter examined was peptide binding by I-A*.
From work with mixed haplotype hybrids, it was known that poly-
morphic residues on the c-chain control the binding of the HEL
peptide (7). To determine which residues on the I-A¥ a-chain were
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used in binding the HEL and hsp70 peptides, we examined a panel
of 27 class II transfectants, constructed in L cells, by replacing
residues from positions 50 through 79 of the a-chain one at a time
with alanine (8). These L cell lines were previously used by Mathis
et al. (9) to define residues required for T cell hybridoma recog-
nition of I-A*-peptide complexes. This region of the a-chain is
predicted to fold into an a-helix that forms one side of the Ag-
binding groove.

Previous binding studies involved the purification of class II
molecules from transfected cell lines. Here we used a procedure to
measure peptide binding that does not require the large scale pu-
rification of the mutant molecules. The amount of iodinated pep-
tide bound to surface-expressed class II molecules was measured
directly by immunoprecipitation. This procedure closely parallels
one developed by Racioppi et al. (3) in which the amount of pep-
tide bound at the cell surface was measured by fluorimetry with the
use of a biotinylated peptide.

The second parameter examined was the stability of peptide-
MHC complexes on SDS-PAGE (10, 11). In previous work, using
complexes recovered from APC, we found that peptides that sta-
bilize complexes on SDS-PAGE also confer longer life spans to
these complexes on APCs in tissue culture (12). Peptide-I1-A* com-
plex stability is known to be dependent on the length and sequence
of the bound peptide (13), but the molecular basis of this stability
is not yet understood.

Finally, the class II residues found by this study to be required
for peptide binding and complex stability were compared with
those class 11 residues shown in previous studies to alter T cell
recognition (8, 9).

Materials and Methods
Mutant APC lines

The panel of L cell lines bearing I-A* molecules with alanine substitutions
to the a-chain was described previously. In brief, expressible cDNA con-
structs encoding I-A%g and I-A*a genes were cotransfected with the herpes
simplex virus rk gene (tk™) into L cells and selected with hypoxanthine-
aminopterin-thymidine medium (8). The cells were carried in Dulbecco’s
modified Eagle’s medium (DMEM) supplemented with 5% FCS. Before
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the current experiments were begun, the cell lines were sorted for equiv-
alent class 11 expression with the anti-I-A*B reagent 10.3.6.2 (14) and sub-
cloned. The 10.3.6.2 Ab was labeled with FITC. Levels of class 11 expres-
sion on the resulting cell lines were quantitated by cytofluorimetry before
each experiment. As a standard for comparison, we used the level of 10.3.6.2
staining on the wild-type I-A*-expressing L cell line, RT7.3H3B (15).

Site-directed mutagenesis was also used to replace the arginine codon at
position 56 of the I-A* a-chain with alanine. This altered I-Aa* ¢cDNA (in
pCEP4 (Invitrogen Co., San Diego, CA)) was co-transfected along with a
wild-type I-AB* ¢cDNA (in pCEXV) (16) into the cell line M12.C3 (17).
Stable transfectants were selected in hygromycin B and subcloned. One of
these subclones, chosen at random, was given the name M12.C3.56A (or
56A). As a control in these experiments, we have used the wild-type I-A*-
expressing cell line M12.C3.F6 (18).

Peptide labeling

Peptides were synthesized on a Synergy 430A peptide synthesizer (Applied
Biosystems, Inc., Foster City, CA) by F-moc chemistry. The crude peptides
were purified to homogeneity on HPLC, and the m.w. of the recovered
material was confirmed by mass spectrometry. Both the HEL peptide and
the hsp70 peptides were labeled with I by the chloramine-T method. A
typical reaction was as follows: 6 ul of a 1 mM stock of each peptide (6
nM, 10.3 pg of HEL or 9.3 g of hsp70 peptide) were dissolved in 200 ul
of 0.5 M sodium phosphate buffer, pH 7.5; then 40 ul (4 mCi) of '*°1 (as
Nal carrier free in NaOH) were added followed by the addition of 23 ul of
chloramine-T at a concentration of 5 mg/ml in 0.5 M sodium phosphate
buffer, pH 7.5. The reaction was incubated for 5 min on ice and then
stopped by adding 23 ul of sodium metabisulfate, 5 mg/ml in phosphate
buffer. The labeled peptides were purified by reverse-phase HPLC ona C
column to remove unreacted iodine. Fractions containing the iodinated
peptides were dried in a Speed Vac concentrator and then resuspended in
sterile DMEM before use.

Quantitation of peptide binding

The I-A*-expressing L cells were grown in 60-mm dishes until 90% con-
fluent. All cell lines were checked for levels of I-A¥ expression by flow
cytometry with biotin-labeled 10.3.62 anti-I-A* Ab. The medium was re-
moved and the cells washed with DMEM. One milliliter of DMEM, 5%
FCS was added to each plate followed by 5 ml of DMEM supplemented
with 5% FCS and containing 5 X 10% cpm of '**I-labeled peptide. Within
each experiment, a single preparation of iodinated peptide was distributed
among the different L cell lines to be tested. The cells were incubated
overnight in medium containing the labeled peptide. (One aliquot of cells
was used to recheck levels of I-A¥ by incubating the dish with '**I-labeled
40F Ab, in the absence or presence of 100-fold excess of unlabeled Ab.
These data are not shown but they served as a control in each run.)

After the cells were washed twice with DMEM, | m! of lysis buffer was
added to each plate. Each lysate was transferred to an Eppendorf centrifuge
tube and rotated at 4°C for an additional 30 min to ensure complete lysis.
The lysate was spun in an Eppendorf centrifuge at 10,000 X g for 30 min
at 4°C, and the supernatant was transferred to a clean tube. As a preclear,
50 pl of a 50% slurry of protein A-Sepharose in PBS containing 1% Triton
X-100 were added to each tube, and the mixture was rocked for 30 min at
4°C. The lysate was spun at 7,000 X g for 4 min, and the supernatant was
transferred to a clean tube. The anti-I-A*8 Ab 40F (19) was added to each
tube to a final concentration of 25 pg/ml calculated to be about a 20-fold
excess of Ab. After the mixture was rocked for 2 h at 4°C, we added 25 wi
of a 50% protein A-Sepharose slurry in PBS containing 1% Triton X-100
and 1% BSA. The incubation was continued for 1 h longer. The immune
complexes were precipitated by spinning for 4 min at 10K. Each immu-
noprecipitate was washed twice with PBS 1% Triton X-100, 1% BSA, and
0.5% deoxycholate. The samples were further washed three times with
PBS, 1% Triton X-100, 1% BSA, 0.5% deoxycholate, and 0.5 M NaCl.
SDS-sample buffer, 100 ul, was added to each tube and left to stand for [ h
at room temperature. The tubes were vortexed briefly and spun at 10K for
4 min, and the eluted [-A*-peptide complexes were applied to nondena-
turing SDS-polyacrylamide gel as described previously (6). We applied
equal cell equivalents to the gel and not equal numbers of cpm.

After drying, the gels were used to expose storage phosphor “‘screens.””
The resulting images were captured digitally from the screens by scanning
(Phosphorlmager 425E, Molecnlar Dynamics, Sunnyvale, CA). Overnight
exposures were generally sufficient. The amount of radiolabeled peptide in
each lane was determined by integration of the recorded images using the
software program ImageQuant as follows: for each set of complexes, a
rectangular region containing the entire gel lane was drawn; the average
pixel values across the small dimension of the rectangle were calculated
and used to generate a line graph of average pixel height vs migration
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distance; the area under this curve was calculated at two positions (one
corresponding to that of the a8 dimer and one to that of the free peptide);
the relative amount of labeled peptide bound by the different mutants was
then determined by comparison of the areas obtained for the mutant [-A*
molecules to the area obtained for the wild-type 1-A* molecule on the same
gel. (Most free peptides migrate to the front of the gel, although a few are
slightly retarded. The areas of the gel containing free peptides are indicated
by brackets in the figure.) The amount of peptide bound by each of the
altered I-A* a-chain expressing L cell lines was compared with the amount
of the peptide bound by the wild-type I-A* expressing L cell line. A relative
value was then calculated as a percentage of wild-type binding. The ratio
of stable to unstable peptide-1-A* complex in each lane was also deter-
mined from these gels by integration.

One trivial explanation for the apparent loss of binding in our assay
could be that the 40F Ab used in the immunoprecipitation no longer binds
a particular combination of mutant class I and peptide. This is unlikely
because 40F is specific for the B-chain of I-A¥ (20), whereas these substi-
tutions were made to the a-chain. Further, the mutants found to have re-
duced peptide binding were previously shown to react with four a-chain-
specific and two B-chain-specific 1-A* Abs (9), suggesting that these
mutations did not overly distort the class 11 structure.

Metabolic labeling of I-A*

Metabolic labeling experiments to measure the ratio of stable to unstable
1-A* were conducted in the two cell lines M12.C3.F6 and 56A. For each
line, 1 X 107 cells/ml were suspended in methionine-free, cysteine-free
DMEM medium containing 5% dialyzed FCS and incubated at 37°C for
1 h. Some cell samples then received HEL in PBS to a final concentration
of 2 mg/ml, while others received only an equivalent amount of PBS.
Trans>*S-Label was added (200 xCi/10” C3.F6 cells, or 400 pCi/10” and
56A cells), and the incubation was continued for another 30 min. After the
addition of 100 ul/ml each of 10 mg/mi methionine and 10 mg/mi cysteine
to stop the labeling, the incubation was continued for another 4 h. The cells
were washed once in DMEM, and then 1 ml of lysis buffer was added to
each sample. The lysates were processed as described above for the labeled
peptides. The SDS-PAGE gels containing the labeled samples were first
fixed for | h in 40% methanol and 10% acetic acid and then soaked in
Enhance. The dried gels were used to expose phosphor storage screens, and
the gel images were captured by scanning.

Molecular modeling

The three-dimensional coordinates for the human class 11 MHC-peptide
complex were kindly provided by Dr. L. Stern (Harvard University,
Cambridge, MA). Alignments between mouse I-A* a- and B-chains and
the corresponding sequences for human HLA-DR1 were made using
QUANTA 4.1/Protein Workbench (Molecular Simulations, Inc., Burling-
ton, MA). Alignments were made to take into account minor additions and
deletions; an inserted glycine at position 10 in the a-chain of I-A* and a
two-amino acid gap (lysine and aspartic acid in DR1) after position 64 in
the B-chain. Allowing for these gaps, there is a 74.2% similarity and 57.2%
identity between the a-chains, and with the B-chains there is 76.6% sim-
ilarity and 65.9% identity, using the GCG suite of programs. The I-A*
sequence was then superimposed on the x-ray coordinates of DR1, and the
side chains and the regions around the insert and the gap were regularized.
The whole structure was then minimized (5000 steps, steepest descent al-
gorithm) using the CHARMM program (21). The structure was then sub-
jected to a CHARMM molecular dynamics simulation for 50 ps at 300K
with loosely constrained C-a. The final structure was again minimized with
100 steps using the Powell algorithm.

Results
Several amino acid side chains in the «1 domain of I-A*
contribute to peptide binding

L cells expressing either wild-type or altered I-A* molecules were
cultured in radiolabeled peptide. After 16 h, the cells were washed
and the class II bound peptide was immunoprecipitated with an
anti-I-A* B-chain-specific Ab. The I-A*-peptide complexes were
eluted from the immunoprecipitates without boiling and resolved
on SDS-PAGE. Gels from one set of experiments are shown in
Figure la using the HEL peptide and in Figure 15 using the hsp70
peptide. The amount of radiolabeled peptide in each lane was de-
termined by integration (see Materials and Methods). An average
binding value for each cell line, calculated from at least two and
usually three independent experiments, is shown in Figure 2 for
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FIGURE 1. Example autoradiographs of gels containing complexes formed between the I-A* L cell transfectants and the 1'**-labeled HEL (a) or
hsp70 peptides (b). Top of each lane, a-chain residue converted to Ala in the construction of that particular transfectant. Complexes in lanes WT
were obtained from the wild-type I-A*-expressing cell line, RT7.3H3B. All complexes were eluted from the immunoprecipitates at room temper-
ature in SDS without boiling and ran on 10% SDS-PAGE (see Materials and Methods). Left ordinate, migration position expected for peptide
running with the intact dimer (bound) or as released (free). Marker lanes contain m.w. standards. Right ordinate, corresponding m.w. values in
kilodaltons. The values given in Figures 2 and 3 were generated by integration of these and similar gels. The figure contains three different

experiments.

FIGURE 2. Many residues on the I-A¥
a-chain are involved in peptide binding. The
amount of HEL or hsp70 peptide bound by
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values were determined from at least two and
usually three independent experiments.

both peptides. Before beginning this series of experiments, the cell
lines were sorted on a FACS for equivalent levels of class II ex-
pression and then subcloned. Most of the resulting cell lines ex-
pressed between 50 and 100% of the level of I-A* found on the
wild-type L cell line, RT7.3H3B (as measured by FACS; see Ma-
terials and Methods). Despite these efforts, three cell lines had
consistently low levels of class II expression: 74L (i.e., residue 74
of the a-chain, a Leu that was changed to A; see Table 1), 63G, and

HEL Peptide

Hsp70 Peptide

671 with, respectively, 22 + 7, 36 + 16, and 39 + 5% of the
wild-type level. Two cell lines had consistently higher levels of
class Il expression: S1E and 62G with, respectively, 149 *= 31%
and 146 * 18% of the wild-type level. The peptide-binding
values given in Figure 2 were not adjusted to account for these
differences.

On this panel of class II mutants, the two peptides behaved
almost identically. The majority of substitutions to the I-A*
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Table I.  Summary of results
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=

Alanine Amount of

Substitutions I-A¥ in HEL Peptide T Cell Response to Predicted Amino Acid

for Residues L Cells Binding Stability HEL Peptide Side Chains
50P — — — No major effect Away from groove
51E High — — No major effect Away from groove
52F — Reduced Reduced Effects on some hybridomas Under short extended strand
53A nt? nt nt No major effect Away from groove
54Q — — — No major effect Up
55L — — — Reduced with some hybridomas Into groove
56R — Reduced Reduced Greatly reduced with all hybridomas tested Into groove
57R — Increased — No major effects Up
58F — Reduced Reduced Reduced with some hybridomas Under short extended strand
59E — — — Reduced with some hybridomas Up
60P — — — Reduced with some hybridomas Away from groove
61Q — — — Effects on some hybridomas Away from groove
62G High Increased — Greatly alters presentation —
63G Low Reduced — Greatly alters presentation —
64L — Reduced — Reduced to some hybridomas Away from groove
65Q — — — Greatly reduced with all hybridomas tested Up
66N — — — Greatly reduced with all hybridomas tested Into groove
671 Low Reduced — Reduced to some hybridomas Under helix
68A — Reduced - Greatly reduced Up
69T — — — Greatly reduced Into groove
70G — — — No major effect —
71K — — — Reduced to some hybridomas Away from groove
72H — a — Reduced to some hybridomas Up
73N nt nt nt Reduced to some hybridomas Into groove
74L Low Reduced Reduced Reduced to some hybridomas Under helix
75E — — — Increased to some hybridomas Away from groove
76l — Increased — No major effects Into groove
77L — Reduced No major effects Into groove
78T — — — No major effects Under helix
79K — — — No major effects Away from groove
80R nt nt nt — Into groove

“ Binding increased with HEL (48-62) peptide but not with hsp70 peptide. Dashes mean that the parameter tested is within normal limits.

P nt, not tested.

a-chain (15 of 27) did not significantly alter the level of binding by
either peptide. Substitutions at nine sites resulted in a notable re-
duction (i.e., <30%) in the amount of peptide bound: 52F, 56R,
58F, 63G, 64L, 671, 68A, 74L, and 77L. The most impaired of
these, 56R, bound <<4% as much peptide as the wild type. The
remaining bound between 10 and 50% as much peptide as the wild
type (Fig. 2). It should be noted that amino acid 68A was changed
to valine. Alanine substitutions at three other positions on the
a-chain (57R, 62G, and 76I) caused an increase in the binding of
both peptides (between 150 and 300% compared with wild type).
The differences seen between the binding of these two peptides
were found with residues S0P and 59E which had reduced binding
of the hsp70 peptide; also, the 72H substitution favored HEL pep-
tide binding but not hsp70 peptide binding. Table I contains a
summary of these data with HEL peptide.

Alanine substitutions to the I-A* a-chain that alter
peptide-1-A* complex stability

As a second test for peptide-MHC interaction, the stabilities of
complexes made between the altered class 11 molecules and the
radiolabeled peptides were examined on SDS-PAGE. Complexes
were formed with the HEL and hsp70 peptides as described in
Figure 1. The samples were eluted from the immune precipitates in
SDS without boiling and run under reducing conditions. The
amount of labeled peptide at two regions in each lane was con-
sidered: a region at the top of the gel where labeled peptide bound
to the intact a3 dimer migrated; and a region at the bottom of the
gel where free peptide migrated. For each complex, a percentage
stability was calculated as the ratio of peptide found at the top

position to the total peptide in each lane. An average stability value
for complexes formed in each cell line was calculated (Fig. 3).

In general, complexes formed with the HEL peptide were more
SDS-stable than complexes formed with the hsp70 peptide. For
example, when the wild-type I-A* molecule is used, 97% of the
complexes formed with the HEL peptide were stable compared
with 78% of the complexes formed with the hsp70 peptide. Ala-
nine substitutions at four positions on the A¥ a-chain (52F, 56R,
S8F, and 74L) reduced the stability of the peptide-MHC complexes
produced. For complexes formed with the HEL peptide, substitu-
tion at position 52F caused a drop in stability of about 40% (from
97 to 58%). Substitution at position 52F also caused a drop in
stability with the hsp70 peptide of nearly 55% (from 78 to 23%).
Similarly, substitution at 58F yielded complexes that were only
58% stable with the HEL peptide and 41% stable with the hsp70
peptide. The introduction of alanine at position 74L. also lowered
complex stability (73% stable with the HEL peptide and 44% sta-
ble with the hsp70 peptide). As described above, molecules with
alanine substitutions at these positions do not bind peptide as well
as the wild-type molecule (between 5 and 42% of wild-type bind-
ing with either peptide). We could not determine with certainty the
stability of complexes formed with the class II mutant that contains
an alanine substitution at position 56R because this mutant bound
only a small amount of peptide. However, the small amount of
labeled peptide that was recovered did suggest that the 56R mutant
formed mostly unstable complexes.

A decrease in peptide-binding ability did not always lead to a
decrease in complex stability. Many I-A¥ , such as 63G, 64L, 671,
68A, and 77L, bind reduced amounts of HEL peptide (18, 10, 8,
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13, and 8% as much as the wild-type A* molecule, respectively).
Yet these mutants formed complexes with the HEL peptide that
were nearly as stable as the wild type (92, 90, 85, 86, and 81%).
In parallel experiments, these same mutants bound only 33, 19, 8,
13, and 18% as much hsp70 peptide as the wild-type I-A* molecule
yet formed complexes that were 67, 64, 68, 65, and 71% stable
with the hsp70 peptide (Table I).

The arginine side chain at position 56R is required for stable
complex formation with endogenous peptides

Because alanine substitution at position 56R caused a dramatic
loss in the ability of this I-A* molecule to bind the radiolabeled
peptides, the ability of this mutant to form stable complexes with
constitutively presented endogenous peptides was examined. I-A*
molecules carrying an alanine substitution at position 56 were in-
troduced into M12.C3 cells by DNA-mediated transfection. The
resulting cell line M12.C3.56A (56A) expressed mutant I-A* at the
cell surface by flow cytometry (data not shown). This altered mol-
ecule appears to be correctly folded, as shown by the ability of the
56A cell line to present the HEL peptide to the I-A*-restricted T
cell hybridoma 3A9, although at a low efficiency (data not shown).
Next the 56A cell line was metabolically labeled with [**S]methi-
onine/cysteine, and the mutant I-A* molecules were isolated by
immunoprecipitation for analysis on SDS-PAGE. Although >45%
of the wild-type I-A* molecules purified from the control cell line
M12.C3.F6 ran as stable under these conditions (Fig. 4, lane 1),
only 12% of the altered I-A* molecules purified from the 56A cell
line ran as stable (Fig. 4, lane 2). The addition of 2 mg/ml of
lysozyme during the label and chase period increased the ratio of
stable molecules (from 45 to 55%) on the wild-type I-A*-express-
ing cell line, but this source of peptides could not increase the ratio
of stable molecules on the 56A mutant cell line.

Other peptides

Three other peptides were tested. Peptide 51-61 (T-52-61) of
HEL binds to wild-type I-A* but is not effective in inducing a
stable dimer; only 40 to 70% are bound stable (13). Our previous
studies showed that changing Thr, the natural residue, at 51 to Glu

HEL Peptide Hsp70 Peptide

WT
56A
WT
56A

% Stable 45 12 55 11

FIGURE 4. The arginine at position 56 is required for stable complex
formation with endogenous peptides. Complexes in lanes WT were
recovered from the wild-type I-A* expressing cell line M12.C3.F6.
Complexes in lanes 56A were recovered from the mutant I-A¥ express-
ing cell line M12.C3.56A. The 56A complexes differ from the wild-
type complexes by a single alanine substitution to the I-A¥ a-chain at
position 56R. Both cell lines were pulse-labeled with [*°S]-methio-
nine/cysteine either with (+) or without (=) HEL for 1 h and then
chased for an additional 4 h in the continued presence or absence of
2 mg/ml HEL. The labeled I-Aa* and I-AB* proteins were immunopre-
cipitated from the lysates of these cells with an anti-I-AB* Ab 40F. After
elution for 1 h at room temperature, the complexes were analyzed on
SDS-PAGE (see Materials and Methods). The wild-type complexes
were 45% stable on cells cultured without HEL and 55% stable on
cells cultured with HEL. The 56A-mutant complexes were 12% stable
on cells cultured without HEL and 11% stable on cells cultured with
HEL.

(E-52-61) resulted in a peptide with a higher propensity to form a
stable dimer, while changing it to Lys resulted in a more unstable
complex (13). The results with the E-52-61 and T-52-61 peptides
were similar to those depicted in Figures 2 and 3 with the HEL and
hsp70 peptides. Substitution at the 51E position of the A* molecule
reduced the percentage stable to 49% of wild type (n = 3) while
not affecting the percentage bound (i.e., 26% increase). The
K-52-61 peptide, on the other hand, caused a consistent reduction
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FIGURE 5. Three residues involved in the formation of stable com-
plexes all cluster in a single region of the I-A* a-chain. Predicted lo-
cations of the side chains from residues 52F, 56R, and 58F, on a hy-
pothetical model of the I-A* peptide binding site. These residues are
shown from above in A, with the a-chain across the top and the
B-chain across the bottom, and from the side in B. This short extended
strand at the N terminus of the a-helix of the a1 domain may be critical
for the formation of stable peptide-MHC complexes.

with the class II mutant 51E and 52F but resulted in an increase on
the class II mutant 57R.

Discussion

This study, together with earlier studies from the laboratories of
Mathis, Benoist, and Allen, identify amino acid residues in the
I-Ac® chain involved in peptide binding, SDS-complex stability,
and T cell recognition (Table I). One purpose of this study was to
determine to what extent these three functions are related to each
other. To help in interpreting our results, we have constructed a
model for the structure of the I-A¥ molecule based on the pub-
lished HLA-DR1 crystal structure coordinates (Fig. 5).

Alanine substitution of at least nine residues affected the level of
peptide binding (Fig. 2 and Table I). It is possible that the low level
of peptide binding with substitutions at positions 63G, 671 and 74L
could be due to the low level of I-A* expression by these lines.
Five of the other residues that showed decreased peptide binding—
52F, 58F, 64L, 68A, and 77L—are conserved among class II I-A
a-chain sequences (I-A%, I-AP, I-A", I-A9, I-AY, I-A%, I-A", [-AY,
I-A®, and I-A®) (20). These five residues may form contacts di-
rectly required for peptide binding, or they may form part of the
I-A* molecule framework and disrupt peptide binding by disturb-
ing the orientations of other residues.

One striking finding of this study was the loss of peptide binding
caused by the alanine substitution at position 56R. As shown in
Figure 5, our molecular modeling suggests that the S6R side chain
points to the bottom of the binding cleft. Because the aspartic acid
residue in the fifth position of the HEL peptide is known to be
required for I-A* binding (23), it has been proposed that the as-
partic acid side chain at position 52D of the HEL peptide forms a
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salt bridge with the arginine side chain at residue 56 of [-A* (24).
The loss of HEL peptide binding upon removal of the 56R side
chain supports the proposal of a salt bridge between the peptide
and the class I molecule. Perhaps the 56R side chain contributes
to the formation of a deep pocket at this end of the groove, as seen
in HLA-DR1 (2). Further, the hsp70 peptide, which also contains
an aspartic acid as its fifth residue, does not bind the S6R mutant.
In studies to be reported, we have concluded that the aspartic acid
residues, at position 52 of the HEL (48—-62) peptide and at position
32 of the hsp70 (28-41) peptide, are essential for high affinity
binding to I-A* and for the induction of stable I-A* a8 dimers. -

Using as a guide the structure of an influenza peptide (HA 306—
318) bound to the human class II molecule HLA-DR1 determined
by x-ray crystallography (2), we would predict that five residues
make hydrogen bonds with main chain atoms of the bound peptide,
residues 55L, 57R, 66N, 73N, and 80R. Residues 55L and 57R lie
in the short extended strand at the N terminus of the al-helical
region. These residues are expected to hydrogen bond through
their main chain atoms to main chain atoms of the bound peptide
(using the same pattern of hydrogen bonding observed in parallel
B-strands). Substitution of these residues with alanine, which
changes only the side chain atoms, should not have altered peptide
binding. On the other hand, removal of the bulky arginine side
chain from position 57R might allow better access by the peptide
backbone to the main chain atoms of 57R which would help pep-
tide binding, a possible explanation for the increase in peptide
binding observed after this alanine substitution. Unfortunately, L
cell lines with alanine substitutions at positions 73N and 80R were
not available for this study, but the mutation at position 66N was
tested. Position 66N is important because this conserved aspara-
gine is believed to make bidentate hydrogen bond through its car-
bonyl oxygen and amide hydrogen atoms to similar atoms in the
peptide backbone. Removal of this side chain by alanine substitu-
tion did not cause a decrease in peptide binding. This is surprising
because removal of this side chain has been shown to abolish pre-
sentation of the HEL peptide to T cell hybridomas (9). To bind the
13-amino acid-long influenza virus peptide, HLA-DR1 forms 15
hydrogen bonds with the peptide main chain. It is possible that the
loss of only two hydrogen bonds (caused by removal of the 66N
side chain) was undetectable in this binding assay.

Also striking was the behavior of the mutant class 11 MHC mol-
ecules on SDS-PAGE, where stable and unstable conformations
could be distinguished. Stable complex formation depends on both
the length and the amino acid composition of the bound peptide. In
this study, four class II mutations lowered the stability of peptide-
MHC complexes formed with our labeled peptides, 52F, 56R, 58F,
and 74L. In each case, the decrease in stability was accompanied
by a decrease in peptide binding, although this was not necessarily
the case with all residues. As mentioned, this loss of peptide bind-
ing ability was particularly noticeable with 56R. In addition, re-
moval of the 56R side chain from the class II molecule reduced the
ability of the I-A* molecule to form stable complexes with en-
dogenous peptides. It is still unclear whether removal of the 56R
side chain altered the intrinsic stability of the class IT molecule or
resulted in the binding of a distinct set of endogenous peptides that
do not favor stable complex formation. This I-A* mutant could
fold in a conformation that is less favored to peptide binding. How-
ever, because it is still recognized by mAbs, we do not favor this
interpretation. Three of the four [-A* « chain residues required for
complex stability in this study (52F, 56R, and 58F) cluster in a
single region on the I-A* molecule (see Fig. 5). This suggests that
the short extended strand at the N terminus of the a-helix of the ol
domain may be critical for the formation of stable peptide-MHC
complexes.
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In previous studies (8, 9), six residues on the I-Aa* chain (56R,
62G, 65Q, 66N, 68A, and 69T) were shown to consistently reduce
T cell responses to both HEL (46—~61) and RNase (41-61) pep-
tides. It was apparent from competition experiments that some of
these positions did not influence peptide binding. Indeed, several
points can now be made by comparing the present binding studies
with the reported T cell responses. First, of the six substitutions
shown to lower T cell recognition, only two reduced peptide bind-
ing (56R and 68A, of which only 56R affected stability). However,
a decrease in peptide binding did not always lead to a decrease in
recognition. For example, 63G, although it bound only 18% as
much HEL peptide as wild-type I-A*, was seen 2.5-fold better by
the T cell hybridoma kLy4.10. Because the remaining four resi-
dues (62G, 65Q, 66N, and 69T) had no negative effect on the
amount of peptide bound or on the formation of a stable complex,
we must conclude that the loss of any of these side chains alters the
determinant recognized by the HEL-specific T cell receptors used
in their study (i.e., from hybridomas 3A9, 2A11, kLy11.10, and
kLy4.10). 62G in fact led to an increase in peptide binding, al-
though this cell line expressed 50% more A* molecules. In general,
an increase in peptide binding rarely led to an increase in recog-
nition. Consider the three L cell lines that bound more HEL pep-
tide than wild type; two (57R and 76I) showed a slight decrease in
the ability to stimulate all four T cell hybridomas tested (down less
than 10-fold), while the third, 62G, was not recognized by three of
the hybridomas (although it was seen 2.5-fold better by a fourth).
These data again underscore that the relative amount of peptide
bound, in complexes formed with selectively altered class II mol-
ecules, is difficult to determine by comparing the relative size of
the T cell responses to those complexes.

The biologic significance of stable and unstable peptide-MHC
complexes is still to be determined. The four substitutions that
reduced the formation of a stable complex had diverse effects on T
cell presentation. We have argued that APCs discriminate between
such conformations and retain the stable complexes for longer pe-
riods of time (12). Although important in vivo, such decreases in
the persistence of peptide-I-A* complexes may not be revealed by
T cell assays performed with peptide continuously present in the
culture (as reported by Peccoud et al. (9)).

In summary, for the first time we have been able to quantitate
peptide binding and stability with the T cell response using a panel
of I-Aa® mutants. Clearly, there are profound effects of some res-
idues on global T cell responses that cannot be explained either by
an impairment of binding or by impairment of MHC-peptide com-
plex stability. Finally, we have been struck by the similarities in
the behavior of the two peptides used in this study. This similarity
raises the interesting question of whether or not peptides that sta-
bilize I-A* bind in a particular way and therefore share a common
binding motif, a point that we are currently exploring.
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