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ABSTRACT 2C is a typical alloreactive cytotoxic T lym-
phocyte clone that recognizes two different ligands. These
ligands are adducts of the allo-major histocompatibility com-
plex (MHC) molecule H-2Ld and an endogenous octapeptide,
and of the self-MHC molecule H-2Kb and another peptide.
MHC-binding and T-cell assays with synthetic peptides in
combination with molecular modeling studies were employed
to analyze the structural basis for this crossreactivity. The
molecular surfaces of the two complexes differ greatly in
densities and distributions of positive and negative charges.
However, modifications of the peptides that increase similar-
ity decrease the capacities of the resulting MHC peptide
complexes to induce T-cell responses. Moreover, the roles of
the peptides in ligand recognition are different for self- and
allo-MHC-restricted T-cell responses. The self-MHC-
restricted T-cell responses were finely tuned to recognition of
the peptide. The allo-MHC-restricted responses, on the other
hand, largely ignore modifications of the peptide. The results
strongly suggest that adaptation of the T-cell receptor to the
different ligand structures, rather than molecular mimicry by
the ligands, is the basis for the crossreactivity of 2C. This
conclusion has important implications for T-cell immunology
and for the understanding of immunological disorders.

The existence of allo-major histocompatibility complex
(MHC)-specific T cells in immunocompetent animals that
have never encountered the allo antigen before is one of the
old unresolved mysteries of immunology (1, 2). If the forma-
tion of the T-cell receptor (TCR) repertoire, i.e., the sum of all
T-cell specificities of an individual, is controlled by that
individual’s own MHC type (3–6), how then can the strong
allo-MHC-specific reactivity found regularly in all individuals
be rationalized? The most popular explanation for this phe-
nomenon is that the complex of the allo-MHC molecule with
one peptide resembles a complex of a self-MHCmolecule plus
another peptide (2). This model implies that the two complexes
share structural features that make them look alike. Hence,
alloreactivity would be a case of molecular mimicry by the
different MHC peptide complexes.
2C (7) is a murine cytotoxic T lymphocyte clone, which was

isolated from a BALB.B mouse (MHC haplotype: H-2b) that
had been injected with cells from a DBAy2 mouse (MHC
haplotype: H-2d). It recognizes the MHC class I molecule
H-2Ld together with the naturally occurring endogenous pep-
tide LSPFPFDL (8). H-2Kb was suspected to be the self-MHC
counterpart because it controls positive selection of the 2C
TCR specificity in the thymus (4). In fact, we were able to
determine an epitope, SIYRYYGL, that is recognized to-
gether with H-2Kb by the 2C TCR (9). Both peptides are very

different at the sequence level and so are the two MHC
molecules (10, 11). To determine the molecular basis for the
observed cross-recognition of the two ligands by one single
receptor, MHC binding and T-cell response experiments with
synthetic analogues of the two cognate peptides were com-
bined with molecular modeling studies. Because the peptide
constitutes an integral part of the protein structure (12, 13) this
approach is equivalent to mutagenesis studies of the MHC in
the vicinity of the peptide-binding groove but allows a much
larger set of analogues to be tested. Models for the two MHC
peptide complexes were generated, whose peptide conforma-
tions were in agreement with the binding experiments. In
addition, the effects of conformational changes of the peptide
main chains and side chains on the characteristics of the
molecular surfaces were investigated and additional structures
were generated for each complex that partially violated the
experimental constraints to explore the conformational space
available to exposed residues. The combination of the exper-
imental and the modeling results allowed for the determina-
tion of the particular requirements for self- versus allo-
restricted antigen recognition.

MATERIALS AND METHODS

Cell Culture. The transporter-deficient thymoma cell line
RMA-S and its parental RMA cell line (14) were used for
stabilization and cytotoxicity assays. RLd-E2.1 is a subline of
RLd-E2, which is a derivative of RMA-S transfected with the
H-2Ld-gene (8). The cell line B2 was obtained from the mouse
myeloma cell line Sp2y0 by transfection with the H-2Ld gene
(8). The cells were maintained at 378C in a humidified
atmosphere with 8% CO2 in DMEM supplemented with heat
inactivated fetal calf serum (5%), 100 unitsyml penicillin, 100
mgyml streptomycin, 2 mM glutamine, 5 mM Hepes, and 30
mM mercaptoethanol. In addition, the medium for RLd-E2
and B2 contained Geneticin (200 mgyml). The cytotoxic T
lymphocyte clone 2C (7) was a generous gift from H. N. Eisen
(Massachusetts Institute of Technology). 2C cells were main-
tained by biweekly stimulations with irradiated P815 cells
(H-2d) in supplementedDMEMmedium, containing 2–4% rat
ConA supernatant.
Stabilization Assay. Stabilization assays (15, 16) for H-2Kb

were carried out with RMA-S cells, those for H-2Ld with the
cell line RLd-E2.1. The protocol was as described elsewhere
(16). Themonoclonal antibodies B8.24.3 (17) and 30-5-7S (18),
which recognize the native conformation of the MHC mole-
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cules, were used for H-2Kb and H-2Ld, respectively. The levels
of cell surface expression of the MHC molecules were mea-
sured with a FACScan (Becton Dickinson). After transforma-
tion of the raw data to linear mean fluorescence intensities
(MFI) using the MFI software (E. Martz, University of
Massachusetts, Amherst), the peptide concentrations required
for half-maximal stabilization were calculated by employing
formalisms of the occupancy concepts (16) and linear regres-
sions over plots with logit(p)5 ln[p/(12 p)] versus log[peptide
concentration] with p 5 (MFIexp 2 MFImin)y(MFImax 2
MFImin). Results are expressed as the negative logarithm of
the concentration required for half-maximal stabilization [M].
All peptides were tested in duplicates and in two to three
independent experiments.
Cytotoxicity Assay. The 51Cr release assay was employed to

measure cytolysis of targets cells by the T-cell clone 2C. The
target cell line RMA was used for the H-2Kb-dependent
reaction and B2 for the H-2Ld-dependent lysis. Cytotoxicity
assays were conducted 4–6 days after stimulation. Target cells
were labeled with 51Cr, washed, and incubated in DMEM
containing BSA (0.5%) with serial dilutions of peptides for 30
min at 378C inU-bottommicrotiter plates. After addition of 2C
cells to an effector-to-target ratio of 5:1 and further incubation
at 378C for 5 hr the 51Cr released from the cells was measured
with a g counter. Percent specific lysis was calculated as
(experimental release 2 spontaneous release)y(total re-
lease 2 spontaneous release) 3 100.
Molecular Modeling: General Procedures. Except for the

calculation and visualization of electrostatic potentials, the
Biosym Molecular Modeling package (Insight II, Biopolymer,
Discover, Homology, Analysis, Decipher) was used for mo-
lecular modeling (Biosym Technologies, San Diego). The
former was done with GRASP (19). Central processing unit
time-intensive protocols were carried out on a Cray C90
supercomputer at the Computer Centre, University of Stutt-
gart; all other calculations and visualizations on a Silicon
Graphics Iris Indigo Workstation (Silicon Graphics, Moun-
tainview, CA). The consistent-valence forcefield (20) was
applied for all simulations. Harmonic potentials and no-cross
terms were chosen, if not indicated otherwise. For calculations
in vacuo, a distance-dependent dielectric function was in-
cluded. The time step was 1 fs. To avoid discontinuities in the
calculation of electrostatic interactions the cut-off distance was
set to 12 Å and the cut distance to 10 Å. Hydrogen atoms were
added according to a pH of 7. Glutamic acids, aspartic acids,
lysines, and arginines were modeled with charged side chains;
histidine was neutral with the hydrogen at N«. The termini
were charged. Molecular surfaces were generated with a probe
of 1.4-Å radius. The structures that corresponded best with the
experimental results from the stabilization assays were relaxed
by molecular dynamic simulations in an 8-Å water shell over 40
ps, preceded by a 10 ps molecular dynamic simulation on the
water shell alone (yellowybrown structures in Figs. 3 and 4).
The simulations took about 20 hr of Cray central processing
unit time each. In contrast to earlier protocols (21), the a3- and
b2-microglobulin domains were not removed. However, only
the a1- and a2-domains were solvated and free to move. To
generate a smooth transition to the fixed rest of the protein,
side chains of the a3- and b2-microglobulin domains forming
the interface to a1 and a2 were flexible as well.
Generation of a Starting Structure from the Crystallo-

graphic Coordinates of H-2Kb. The structure of the MHC
H-2Kb in complex with the octapeptide RGYVYQGL from
the vesicular stomatitis virus was obtained from the
Brookhaven Protein Databank (22, 23). The structure with all
water molecules was intensively relaxed to the consistent
valence forcefield over 3300 steps to a final root-mean-square
(rms) derivative of 0.065. During the last 2000 steps cross-
terms and Morse potentials were used. The rms deviation of
the MHC and b2-microglobulin to the starting structure was

1.13 Å for backbone atoms only, and 1.35 Å for heavy atoms.
This structure served as the starting geometry for the gener-
ation of the H-2KbySIYRYYGL and the H-2LdyLSPFPFDL
complexes. All minimizations started with a minimization of
the peptide alone, followed by a minimization of the residues
of the peptide binding pocket [all residues with an atom within
4 Å from the peptide (residues 5, 7, 9, 22, 24, 33, 45, 59, 63, 66,
70, 73, 74, 77, 80, 81, 84, 95, 97, 99, 114, 116, 123, 124, 143, 146,
150, 152, 155, 156, 159, 163, 167, and 171)]. Only then was the
whole MHC free to move. During simulated annealing (24)
only these residues, water molecules within the binding pocket,
and the peptide were allowed to move.
Generation of Three Alternative Structures for H-2Kb in

Complex with SIYRYYGL. The peptide of the relaxed model
for the crystal structure of RGYVYQGLyH-2Kb was mutated
to SIYRYYGL. Except for isoleucine-2 and tyrosine-6, the
side-chain geometries were retained. Two of the seven water
molecules that were buried in the peptide binding cleft of the
crystal structure were removed to avoid steric interference
with isoleucine-2. This assumption was later confirmed by the
crystal structure of SIINFEKLyH-2Kb (25). All other water
molecules that were within 7 Å from the peptide were removed
as well. One structure (see Fig. 3, structure a) was generated
by minimization, followed by a molecular dynamic simulation
in water. Two more structures were obtained by using simu-
lated annealing protocols with heating to 1000 K (26). Because
of the integrity of the MHC molecule (a3- and b2-
microglobulins were left in place) no structural artefacts at the
a2ya3-transition were observed (data not shown).
Generation of Three Alternative Structures for H-2Ld in

Complex with LSPFPFDL. The peptide and all water mole-
cules were removed from the minimized crystal structure of
the RGYVYQGLyH-2Kb complex (11). The amino acids of
theMHC heavy chain were replaced according to the sequence
of H-2Ld published by Moore et al. (11) with the following
exceptions: threonylalanine was taken instead of threonine at
positions 10 and 11, proline instead of arginine at position 15,
glutamine instead of arginine at position 48, alanine instead of
phenylalanine at position 135, and alanylalanine instead of
serylserine at positions 158 and 159 (numbering according to
H-2Kb). The geometry of the side chains was first corrected
manually to remove severe steric conflicts, followed by simu-
lated annealing for replaced residues only. For Fig. 3 (structure
a), the peptide was fit into the binding pocket by a multi-step
procedure employing simulated annealing protocols with con-
straints, which were deduced from the peptide binding exper-
iments until optimal accordance with the experimental results
was achieved. To minimize the divergence of the MHC and
b2-microglobulin from the starting backbone geometry the
backbone was kept fixed except for the very last minimizations
of the multi-step protocols. The rms deviation from the
starting structure was 1.24 Å (backbone atoms). Two more
structures (Fig. 3, structures b and c) were generated without
experimental constraints to explore different regions of the
conformational space.

RESULTS

The cytotoxic T-cell clone 2C recognizes the syngeneic MHC
allomorph H-2Kb in complex with the peptide SIYRYYGL
und the allogeneic MHC allomorph H-2Ld in complex with the
peptide LSPFPFDL. The two peptides differ greatly in se-
quence, particularly in type and positions of charged residues.
A comparison of the distribution of exposed charged residues
on the surfaces of the MHC molecules based on the H-2Kb
crystal structure (11) revealed five prominent differences in
the vicinity of the peptide binding pocket: lysine to isoleucine
at position 66, aspartic acid to asparagine at position 77,
glutamic acid to alanine at position 152, arginine to tyrosine at
position 155, and threonine to glutamic acid at position 163
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(residues in H-2Kb are given first). These differences add up to
an excess in positive charge on the surface of the H-2Kb, which
is further enhanced by arginine at position 4 of the H-2Kb
bound peptide and aspartic acid at position 7 of the H-2Ld
bound peptide. These comparisons were concentrated on
exposed charged amino acid side chains, because mismatches
of charges or unsaturated salt bridges in receptor ligand
combinations provoke the highest energetic penalties and
therefore have the strongest effects on ligand receptor inter-
actions (26, 27).
The question arose as to whether the differences in charges

on the primary sequence level of the peptides and the MHC
allomorphs could compensate each other locally in the qua-
ternary structure, thus generating similar molecular surfaces
with respect to charge distribution. To address this question
one set of peptides for each of the two MHC allomorphs were
tested for their potential to elicit cytolytic activity of 2C (Figs.
1 and 2). Visualization of the electrostatic potentials at the
surfaces of the resulting MHC peptide complexes was done by
molecular modeling (see below). Each of the peptides differed
only in one amino acid from the starting sequences
SIYRYYGL or LSPFPFDL. Previous studies had shown that
the effects of amino acids in different positions of the peptide
on peptide binding to the MHC molecules and cytolytic
activity are not independent (15). Each peptide side chain
potentially influences the conformations of neighboring side
chains, and thereby its contribution to binding or to cytolytic
activity. Replacing one residue at a time gave the highest
certainty that changes in the capacity of the peptide to bind to
the MHCmolecules or to induce cytotoxic responses were due
to the local effect and not to global modifications of the
peptide or of the MHC molecule structure.

To assess whether low activity in the cytolysis assay was due
to poor presentation of the peptide, binding of these peptides
to empty MHC molecules on the surface of the transporter-
deficient cell lines RMA-S and RLd-E2 was measured. In the
case of H-2Kb (Fig. 1), a positive correlation of binding to the
MHC and induction of the T-cell response was seen for
positions 1, 2, 3, and 8. Position 5 was not tested because its side
chain is completely buried inside the peptide binding groove
and inflexible. The amino acids at positions 4, 6, and 7 had little
or no influence on peptide binding to the MHC molecule.
T-cell responses, however, were strongly affected. In positions
6 and 7 most mutations led to complete abrogation of the
cytolytic responses.
For H-2Ld (Fig. 2) no correlation between peptide binding

and T-cell responses was detected. For positions 1, 2, 4, 6, and
7 the peptides with very different capacities to bind to H-2Ld
had about the same potency in T-cell assays. Compared with
the results for the H-2Kb-dependent cytolysis, far more mu-
tations were tolerated by 2C.
The results of the peptide binding and cytolytic assays for

H-2Kb were in good agreement with the classification peptide
side chains at positions 1, 2, 3, and 8 as MHC contact residues
and those in positions 4, 6, and 7 as residues that are exposed
and potentially contact the TCR (12, 28). For mutations at
peptide positions 1, 2, 3, and 8 the efficiency of the cytolytic
response was positively correlated with binding to the MHC
molecule. The slopes derived from regression analysis of the
values in the double logarithmic representation (Fig. 3) were
between 2 and 2.5, thus indicating highly cooperative corre-
lations of binding of peptides byMHCmolecules and induction
of cytolysis.
Previous studies had shown that a positive charge at position

4 of the peptide SIYRYYGL is vital for the cytotoxic activity
of the T-cell clone 2C (8). The density of positively charged
side chains at the surface of H-2Kb was already higher than at

FIG. 1. Dependence of 2C cytotoxic activity on the efficiency of
peptide representation by H-2Kb. The negative logarithms of the
concentrations required for half-maximal cytolytic activity of 2C were
plotted against the respective values for the MHC stabilizing power of
the peptides. Peptide transporter-deficient RMA-S cells were used for
the stabilization assays. RMA cells were the targets for the cytotoxicity
assays. Mutations of position 5 were not tested. P1–P8 are the positions
in the peptide sequence.

FIG. 2. Dependence of 2C cytotoxic activity on the efficiency of
peptide presentation by H-2Ld. Peptide transporter-deficient RLd-
E2.1 cells were used for the stabilization assays. B2 cells were the
targets for the cytotoxicity assays. Mutations at position 8 were not
explored (see legend of Fig. 1 for further details).

13110 Immunology: Brock et al. Proc. Natl. Acad. Sci. USA 93 (1996)
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the H-2Ld surface (Figs. 3 and 4). Therefore, a conformation
in which the guanidino group of arginine-4 buried in the
peptide binding groove of H-2Kb had to be considered. The
data from the stabilization assays did not support this hypoth-
esis (Fig. 1). A buried arginine would already cause a strained
situation in the peptide binding groove. The larger homoargi-
nine side chain would not fit into the groove and should lead
to drastic reduction of cytolytic activity. This was not the case.
Thus, the results are in favor of a peptide conformation with
exposed side chains similar to RGYVYQGL and SIINFEKL
in their complexes with H-2Kb (11, 25).
Attempts to reduce the charge differences at the surfaces of

the two MHC peptide complexes by increasing the positive
potential at the surface of H-2Ld did not result in improved
stimulating power. Arginine at position 4 of LSPFPFDL was as
active as phenylalanine, whereas arginine in position 5 or lysine
at position 6 reduced the cytolytic activities of the peptides
(Fig. 2). These results could not be attributed to poor binding

of the peptides to the MHC molecule. The peptide with
arginine instead of proline at position 5 bound better by one
order of magnitude. At position 6, it also seems unlikely that
the negative effect of lysine on cytolytic activity is due to poor
presentation. Tryptophan in this position resulted in compa-
rable binding efficiency. Its potency to stimulate the cytolytic
activity, however, was about one order of magnitude higher
than that of lysine.
Similarly, increasing the negative potential at the surface of

the H-2KbySIYRYYGL complex resulted in a loss of activity
in cytotoxic T lymphocyte assays. In H-2Ld threonine-163 of
H-2Kb is replaced by glutamic acid. This side chain is situated
in the vicinity of positions 3 and 4 of the peptide. However,
increasing the negative potential in the central part of the
H-2Kb peptide complex was detrimental to biological activity
(Fig. 1). Glutamic acid in position 3 decreased the binding
efficiency by three orders of magnitude and reduced the
activity in the T-cell assay by about four orders of magnitude.
Even though recognition was better than that of the lysine
containing analogue, a more pronounced positive effect on
recognition should have occurred. Replacing arginine with
glutamic acid at position 4 had no effect on binding but caused
complete loss of activity in T-cell assays.
Molecular Modeling. Molecular modeling of the two MHC

peptide complexes H-2KbySIYRYYGL and H-2LdyLSPF-
PFDL served two purposes. First, the models were used to
visualize the electrostatic charge distribution at the surfaces of
both MHC peptide complexes and provided the basis for the
design of single amino acid peptide variants. Second, the
analyses of the alternative conformations for each MHC
peptide complex allowed for the exploration of the conforma-
tional space available to exposed side chains and, thus, to
identify possibilities to match the two surface structures.
The model of the SIYRYYGLyH-2Kb complex (Fig. 1) was

derived from the crystal structure of the RGYVYQGLyH-2Kb
complex published by Fremont and colleagues (12). The
potential conformational space for the peptide SIYRYYGL
was significantly reduced by information from the crystal
structure. The predominant roles of the terminal charges and
of the primary motif residues (29) tyrosine 5 and leucine 8 for
anchoring the octapeptides in the groove of H-2Kb made it
likely that the main and side chains of SIYRYYGL and
RGYVYQGL would assume similar conformations.
The experimental data from the stabilization assays were

used to introduce additional constraints during the modeling
process. For positions 1, 2, and 3 at least partially buried side
chains were deduced from the binding assays; for positions 4,
6, and 7 the side chains are apparently pointing out of the
peptide binding pocket. The conformation of the peptide
SIYRYYGL would therefore be largely identical to the con-
formations of RGYVYQGL and SIINFEKL inH-2Kb (11, 25).
The rms deviation between structure a in Fig. 3 and the
minimized crystal structure was 1.27 Å for the heavy atoms.
The molecular model of H-2Ld in complex with the peptide

LSPFPFDL was generated from the crystal structure of
H-2KbyRGYVYQGL by homology modeling. The positions of
the N and C termini were taken from the H-2Kb crystal
structure. Comparison of crystal structures of different MHC
allomorphs in complex with various peptides revealed very
similar N- and C-terminal peptide binding pockets (12, 25, 30,
31). The orientations of the central six peptide side chains were
deduced from the results of the stabilization assays. A multi-
step molecular modeling procedure was employed to generate
the structures shown in Fig. 4, structure a. The side chain of the
amino acid at position 2 was exposed. The side chains of the
amino acids at positions 1, 2, 6, and 7 were partially exposed
but had a strong tendency to contact one of the flanking
a-helices of theMHCmolecule. Extended aliphatic side chains
instead of prolines at positions 3 and 5 would point into the
groove. It was difficult to reconcile all experimental data with

FIG. 3. Electrostatic potential at the surface of three alternative
models for SIYRYYGLyH-2Kb (a–c, Left). The large picture on the
right is a superposition of the backbone geometries. Positions of
charged groups and conformations of the peptides of the three
structures are displayed. The orientation is identical to the represen-
tation of the electrostatic potential, with the N terminus of the peptide
pointing down. The backbones of the peptide conformations are
displayed in bright colors, the backbones of the MHC conformations
in dull colors (yellowybrown, pinkydark blue, cyanygreen are used for
the peptide MHC backbone corresponding to the representations a, b,
and c, respectively). Charged groups of lysine and arginine are
represented by blue, those of glutamic acid and aspartic acid by red
spheres. Positive and negative electrostatic potentials are displayed in
blue and red, respectively.

FIG. 4. Electrostatic potential at the surface of three alternative
models for LSPFPFDLyH-2Ld (for details see Fig. 3).

Immunology: Brock et al. Proc. Natl. Acad. Sci. USA 93 (1996) 13111
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one self-consistent model. For instance, how could it be
explained that the proline to tryptophan mutation at position
3 resulted in the same increase in stabilization potential as the
proline to glycine mutation? However, these problems turned
out to be irrelevant for the distribution of the electrostatic
surface potential (see below).
In contrast to the H-2Kb peptide complex, in which the

central portion of the peptide was fixed by the primary anchor
residue tyrosine at position 5, H-2Ld-bound peptides had more
conformational freedom. As shown in Fig. 2, this led to
considerable variations of the backbone geometries. The rms
deviation for structure a to the minimized crystal structure was
1.61 Å (heavy atoms).
Electrostatic Surface Potentials of the MHC Peptide Com-

plexes. To validate the molecular modeling approach we
analyzed how changes in main and side chain conformations of
the peptides affected the distribution of the electrostatic
potentials at the surfaces of the complexes. Three conforma-
tions for each MHC peptide complex were generated with
different molecular modeling protocols. Structures were in-
cluded into molecular modeling protocols that deliberately
violated constraints from the cell biological experiments. The
two alternative structures (b and c) varied from the first one
(a) by an alternative conformation of the backbone at position
6 (b) and by a turn of the N terminus toward the a2-helix (c).
The rms deviations from the starting structure for heavy atoms
were 1.27 (0.97) Å, 0.66 (2.54) Å, 0.61 (2.17) Å for structures
a, b, and c, respectively (values in parentheses refer to the
peptide, backbone atoms only). In spite of these differences,
the distribution of the electrostatic potentials at the surfaces of
the three alternative structures were very much the same (Figs.
3 and 4, left).
The uncertainties inherent in the molecular modeling ap-

proach turned out not to influence the final result and the
conclusions.
Comparison of the Electrostatic Surfaces of the Two MHC

Peptide Complexes. The comparison of the T-cell accessible
surface areas of the SIYRYYGLyH-2Kb (Fig. 3) and of the
LSPFPFDLyH-2Ld (Fig. 4) complexes revealed strong differ-
ences in density and distribution of positive and negative
charges in the central part of the molecular surfaces of the two
complexes. The most distinguished feature of the
SIYRYYGLyH-2Kb complex (Fig. 1) is the high density of
positive charges in the middle, which is mainly attributed to
arginine-155 of the MHC molecule and arginine-4 of the
peptide. The LSPFPFDLyH-2Ld complex (Fig. 2), on the other
hand, is in its middle part dominated by a widespread negative
potential, which results from glutamic acid instead of threo-
nine at position 163 of the MHC molecule and the absence of
the aforementioned positively charged residues. The negative
charge of aspartic acid at position 7 of LSPFPFDL might
replace aspartic acid-77 of H-2Kb in interactions with the TCR.
However, a high excess of negative charges in the H-2Ld
peptide complex remains.
The alternative molecular models for the two complexes show

that even the most radical conformational change will have only
limited impact on the electrostatic potential distribution.

DISCUSSION

The results presented in this paper illustrate a clear case of
recognition of two different ligand structures by one TCR.
Thus, crossreactivity in this case is not based on molecular
mimicry by the MHC peptide complexes. The described func-
tional mimicry does not require topological identity or se-
quence similarity of the recognized ligands. Instead, adapta-
tion of the TCR to the different MHC peptide complexes has
to be assumed. It cannot be decided whether this adaptation
involves conformational changes. However, molecular model-
ing of the 2C TCR (data not shown) revealed a potentially high

variability of the distribution of surface charges due to the
conformational freedom of the hypervariable loops. Compa-
rable cases of functional mimicry by structurally dissimilar
ligands were reported for antibody antigen interactions (32,
33) and hormone receptors (34). The failure to enhance
biological activity by increasing the similarity of the cross-
recognized structures reflect the complex nature of interde-
pendent interactions at protein–protein interfaces.
Besides the striking differences in the central part of the two

MHC peptide complexes, there are also shared features. A ring
of 10 regularly distributed, positively charged amino acids
marks the perimeter of the potential TCR contact area (Figs.
3 and 4). These amino acids are arginines 6, 35, 62, 75, 79, 155,
169, and 170 and lysines 68 and 144. The negative charges of
glutamic acids 55, 71, 148, and 166 are arranged in a section
close to the C terminus of the peptide. Some of these charged
residues are conserved in MHC genes (9). Partly conserved
complementary charges could be shown in tentative molecular
modeling studies at the potential contact surface of the TCR
(R.B. and K. Sparbier, unpublished observations). The exis-
tence of such conserved complementary charged amino acids
suggests that ab TCR are biased toward recognition of MHC
molecules. Ignatowicz and coworkers recently came to the
same conclusion when they observed high frequencies of
allo-MHC-specific T cells positively selected by a single MHC
peptide ligand (35). Interaction of these charged groups could
provide a minimal binding energy and thereby support the
flexible arrangement of the hypervariable loops for adaptation
to the different peptides. In addition, they might serve as
navigation signals that guide docking of the TCR and theMHC
peptide complexes.
The peptides play very different roles in the self- and

allo-MHC-restricted T-cell responses shown in this communi-
cation. The self-MHC-restricted reaction of the clone 2C was
finely tuned on the peptide and, thus, relatively intolerant to
sequence variations. In the context of the allo-MHC, on the
other hand, 2C largely ignored changes in the peptide se-
quence. These differences in the mode of peptide recognition
could be a reflection of the selection processes that shape the
TCR repertoire. There is negative selection by self-MHC plus
peptide, but not by allo-MHC. As a consequence, allo-MHC
molecules could provide an elevated baseline contribution to
the binding energy reducing the share of the peptide on the
threshold required for T-cell activation. This conclusion is in
agreement with Sykulev and colleagues (36) who suggested
that TCR affinities for peptide plus allo-MHC molecules tend
to be higher than for peptide plus self-MHC molecules.
The results suggest that the current concepts of crossreac-

tivity in immunology need to be revised. This would have
consequences also for the etiology of auto-immune diseases.
Major research efforts are based on the assumption that
molecular mimicry by infectious agents might cause immune
responses that subsequently become auto-aggressive. This
assumption might be too limited, since completely dissimilar
antigens and MHC peptide complexes can trigger crossreac-
tivities. Degeneracy of peptide recognition by T-cells has been
reported (37–39). Here we extend these observations and
demonstrate that the differences between the cross-recognized
peptides need not be compensated for by the presenting MHC
molecule to elicit T-cell responses.
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