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The Study of High-Affinity TCRs Reveals Duality in T Cell
Recognition of Antigen: Specificity and Degeneracy1
David L. Donermeyer,2* K. Scott Weber,2*† David M. Kranz,† and Paul M. Allen3*
TCRs exhibit a high degree of Ag specificity, even though their affinity for the peptide/MHC ligand is in the micromolar range.
To explore how Ag specificity is achieved, we studied murine T cells expressing high-affinity TCRs engineered by in vitro evolution
for binding to hemoglobin peptide/class II complex (Hb/I-Ek). These TCRs were shown previously to maintain Ag specificity,
despite having up to 800-fold higher affinity. We compared the response of the high-affinity TCRs and the low-affinity 3.L2 TCR
toward a comprehensive set of peptides containing single substitutions at each TCR contact residue. This specificity analysis
revealed that the increase in affinity resulted in a dramatic increase in the number of stimulatory peptides. The apparent discrepancy between observed degeneracy in the recognition of single amino acid-substituted Hb peptides and overall Ag specificity
of the high-affinity TCRs was examined by generating chimeric peptides between the stimulatory Hb and nonstimulatory moth
cytochrome c peptides. These experiments showed that MHC anchor residues significantly affected TCR recognition of peptide.
The high-affinity TCRs allowed us to estimate the affinity, in the millimolar range, of immunologically relevant interactions of the
TCR with peptide/MHC ligands that were previously unmeasurable because of their weak nature. Thus, through the study of
high-affinity TCRs, we demonstrated that a TCR is more tolerant of single TCR contact residue substitutions than other peptide
changes, revealing that recognition of Ag by T cells can exhibit both specificity and degeneracy. The Journal of Immunology,
2006, 177: 6911– 6919.

T

he recognition of peptide/MHC (pMHC)4 complexes by
the TCR is a central event in the adaptive immune response. The TCR is an intricate and enigmatic receptor in
that it exhibits a high degree of specificity, despite having a micromolar affinity for agonist pMHC ligands expressed on the surface of APCs (1, 2). It has not been established how the TCR is
able to maintain the observed specificity with these low-affinity
interactions. Several theories have been proposed that focus on
multistep signal transduction pathways initiated by the TCR recognition of pMHC. These complex signaling pathways are proposed to permit kinetic proofreading that allows for a T cell to
recognize Ag with a high degree of specificity, yet with a relatively
low-affinity TCR (3, 4).
The high degree of Ag specificity in T cell recognition of Ag is
a sine qua non of the immune system. The early studies characterizing the specificity of CD4⫹ T cells used model Ags, such as
pigeon cytochrome c or hen egg-white lysozyme (5, 6). Purified
proteins from different animal species of cytochrome or lysozyme
with known sequences were then tested for their ability to crossstimulate T cells. CD8⫹ T cell responses to different influenza viral
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subtypes were examined in a similar manner (7, 8). The discovery
that T cell Ags could be represented by peptides and the ability to
generate peptides synthetically greatly facilitated the exploration
of the specificity of T cell recognition of Ag. Single amino acid
substitutions in epitopes were produced and tested for their ability
to bind to MHC molecules and stimulate T cells (9 –14). From
these studies, exquisite side-chain specificity at TCR contact residues was shown, in that one or very few other side chains could
be recognized at key positions. An outgrowth of these studies was
the discovery of altered peptide ligands (APLs). APLs represent a
class of TCR ligands, which, unlike full agonists, stimulate some,
but not all T cell functions (reviewed in Ref. 15). In general, they
are produced by making a single amino acid substitution at a TCR
contact residue. The study of APLs revealed that there is an essential flexibility in the T cell recognition of Ag. For T cells to
develop in the thymus, their TCR needs to interact with endogenous self peptide APLs. APLs have also been shown to be able to
be generated by changes in the peptide’s MHC anchor residues.
The interactions between a TCR and APL/MHC are much weaker
than with agonist/MHC ligands, making it difficult to study the
binding affinity and kinetics of APLs. However, there is still a high
degree of specificity in the recognition of APLs by TCRs.
T cell specificity has also been studied extensively in the exploration of the concept of molecular mimicry and the initiation of
autoimmune responses (16). There are now multiple examples of
two distinct peptides stimulating the same T cell. In many of these
cases, there are some conserved structural features (17–24), but
there are other pairs of stimulatory peptides in which there is no
obvious sequence homology (25–29). The screening of combinatorial peptide libraries has also shown that there can be multiple
stimulatory peptides for the same T cell (30 –32). Thus, there are
different molecular solutions to generate stimulatory ligands for
the same TCR. Clearly, the phenomenon of two apparently distinct
peptides stimulating the same T cell has been established, showing
there is degeneracy in the recognition of Ag by T cells. Despite this
0022-1767/06/$02.00
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recognized degeneracy in Ag recognition, there is still little evidence supporting the concept that molecular mimicry is a major
contributing mechanism in the initiation of autoimmunity (33).
Also, hampering the study of T cell recognition of Ag is that there
is no consensus definition in the field for degeneracy or specificity.
Therefore, the TCR appears to have different degrees of specificity,
depending upon how the specificity is analyzed and defined. Given
our current level of understanding, it is conceptually difficult to
propose how a TCR can exhibit these apparently contradictory
degrees of specificity. It is this question that is the focus of this
study. Our examination of the concept of degeneracy refers exclusively to the case in which there are structurally similar peptide
Ags (as would be the case in molecular mimicry), and it does not
address the question of Ags that are structurally very different.
The 3.L2 model Ag system, specific for hemoglobin (Hb) (3)
peptide presented by I-Ek, has been used to define APLs, describe
and characterize the immunological synapse, and explore the nature of pMHC ligands involved in T cell development and function
(34 –38). Previously, we identified and analyzed the affinity and
binding kinetics of a series of APLs recognized by 3.L2, which
represent a continuum of activities ranging from agonists to antagonists to null ligands (35). Transgenic mice expressing each of
these ligands were generated and crossed to 3.L2 TCR transgenic
mice, revealing a correlation of the TCR-binding activity with the
biological activity of the ligands (36, 37). However, binding affinities could not be determined for all of the biologically active
APLs because the interactions were too weak for detection by
surface plasmon resonance (SPR). Similar problems with measurements of binding affinities by SPR have been observed recently for an autoimmune TCR:myelin basic protein/HLA-DR2
interaction (39).
We have developed a strategy for probing the specificity of the
TCR:pMHC interaction using high-affinity TCRs. Our rationale
was that the normal low affinity of the TCR:pMHC interaction
significantly limits our ability to probe the pMHC recognition of
the TCR. Thus, for most T cells, there may only be at best a 10to 30-fold affinity window in which to study a TCR interaction(s)
with pMHC; ligands that fall below the threshold for SPR measurements would all be categorized as negative even though they
may interact with different affinities. By significantly increasing
the TCR affinity window, we would greatly improve our ability to
assess TCR recognition of different ligands. This would provide a
much more accurate picture of the specificity of a TCR for related
and unrelated ligands. Because high-affinity TCRs are eliminated
during negative selection in the thymus, and thus do not exist in the
mature T cell repertoire, we used yeast surface display and in vitro
evolution (40 – 42) to generate a series of high-affinity 3.L2 TCRs
evolved for up to an 800-fold increase in affinity for Hb/I-Ek (43).
These TCRs contain mutations in the CDR loops of the TCR␣ and
TCR␤ chains, which comprise the pMHC-binding interface. T
cells transfected with the high-affinity TCRs maintained their Ag
specificity, being stimulated only by Hb and not by the control
peptide, moth cytochrome c (MCC), or APCs alone. Surprisingly,
they did not have any increased sensitivity to the wild-type Hb Ag,
revealing an affinity activation threshold above which affinity increases do not yield enhanced activation (43). Thus, T cells transfected with high-affinity TCRs were functional and remained Ag
specific.
In this study, we used these high-affinity TCRs to probe the
specificity of Ag recognition by T cells. The large increase in
affinity greatly expanded the affinity window with which we could
interrogate Ag specificity. These studies revealed that a TCR can
exhibit two distinct patterns of recognition: degeneracy when single amino acid substitutions of solvent-exposed residues are made

and specificity when changes are made in both the MHC and TCR
contact residues of the peptide.

Materials and Methods
T cell hybridoma generation
T cell hybridomas were generated by the following: 1) cotransfecting fulllength M4 TCR␣ (CDR3 mutations: S98␣P, N101␣S, Y102␣R, and
K103␣N) and wild-type 3.L2␤ chain to generate the M4 T cell; 2) cotransfecting M4 TCR␣ (CDR mutations S98␣P, N101␣S, Y102␣R, and
K103␣N) and the TCR␤ chain containing the CDR3 mutation Q105␤R to
generate the M14 T cell; and 3) cotransfecting M15 TCR␣ (CDR mutations
K25␣E, T28␣S, S98␣P, N101␣S, Y102␣R, and K103␣N) and M15 TCR␤
(CDR3 mutation Q105␤R) chains to generate the M15 T cell. These ␣- and
␤-chains were cloned in pcDNAzeo and pcDNAneo, respectively, and
transfected into a T cell hybridoma that does not express TCR␣ or TCR␤,
which had been transfected with CD4 (58␣⫺␤⫺CD4⫹) (44). Cells were
selected in zeocin and G418 and subcloned, and individual clones were
functionally tested for response to Hb. Several strongly reactive clones
were obtained and were further selected for TCR expression levels (V␤8.3)
similar to that of the previously generated 3.L2 hybridoma that expresses
full-length 3.L2 TCR␣ and TCR␤ chains in the same cell line (44). Several
clones were obtained and tested, and identical results were observed.

T cell hybridoma assays
Stimulation of the T cell hybridomas was determined by IL-2 production
using a standard T cell hybridoma assay. A total of 5 ⫻ 105 T cell hybridoma cells was cocultured with 3 ⫻ 105 CH27 cells and various doses
of Hb peptide for 24 h. Supernatants were removed, and the level of IL-2
produced was quantified by a bioassay using the IL-2-reactive cell, CTLL.
A total of 5 ⫻ 103 CTLL cells was added to 100 l of supernatant; 18 –24
h later, each well was pulsed with 0.4 Ci of [3H]TdR, and the level of
incorporation was ascertained 24 h later. EC50 values were calculated from
the concentration of Hb that stimulated 50% of the maximal response.
Relative activities of the individually substituted peptides were calculated
by determining the EC50 for each peptide, rounding them to the nearest
decade value, and comparing them with the EC50 value for 3.L2. Each cell
line was tested three to four separate times, and a representative assay is
shown.

Peptide synthesis
Peptides were synthesized using standard Fmoc chemistry on a Rainin
Symphony/Multiplex multiple peptide synthesizer (Protein Technologies).
All peptides were ⬎95% pure by analytical reverse-phase HPLC on a C18
column (Vydac), and molecular mass and purity were confirmed by
MALDI mass spectrometry (Washington University Mass Spectrometry
Facility). Representative peptides were purified and tested against their
crude counterparts, and no difference was seen in the T cell hybridoma
responses.

Peptide structural comparisons
The coordinates of the crystal structures of Hb/I-Ek (1FNG) and MCC/I-Ek
(1KT2) were used to compare the conformations of the peptides, as previously described (43). The pMHC molecules were aligned by their I-E␣
chains using the Insight II suite of programs (Molecular Simulations). Representations of the peptides were generated showing the P1 to P9 residues
of the peptides using Insight II.

Results
M4 and M15 have broadened recognition of the P5 of Hb
To examine the effects of high affinity of the TCR recognition of
Hb (Fig. 1A), we examined T cells expressing either the wild-type
3.L2 TCR (KD value ⫽ 12 M), the high-affinity M4 TCR (580
nM), or the highest affinity M15 TCR (25 nM). The M4 TCR
contains four mutations in the CDR3␣ chain, and the M15 TCR
contains three additional mutations, two in the CDR1␣ and one in
the CDR3␤. The increased affinities of the M4 and M15 for Hb/
I-Ek are due to both faster kon rates and slower koff (Fig. 1B). We
have shown previously that the centrally located Asn P5 side chain
(residue 72) of Hb is a dominant TCR contact residue (Fig. 1A) and
that the 3.L2 TCR can interact productively with a continuum of
P5 APLs. These include the weak agonist T72, the antagonists I72
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FIGURE 1. Hb peptide residues and location of CDR
mutations in high-affinity 3.L2 TCR mutants. A, Structure
of Hb peptide (ITAFNEGLK) showing in blue the location
of the four surface-exposed residues P2(T), P3(A), P5(N),
and P8(L). B, 3.L2 M1 (unmutated CDRs) and three higher
affinity mutants (M4, M14, and M15) with the location of
their CDR mutations and respective KD, t1/2, kon, and koff
values (43). The CDR␤1,2,3 and CDR␣1,2,3 are designated from left to right by circles: E, indicate that the CDR
is not mutated; F, indicate mutations in the CDR␤ or
CDR␣, respectively. The amino acid mutations in these
regions are the same as previously published (43).

and A72, and a positively selecting ligand Q72. (i.e., T72 refers to
a substituted Hb peptide in which a Thr has been substituted at the
72 (P5) and other peptides are similarly designated). No activity
has been identified for the null ligand E72 (35).
To explore what changes the higher affinity of M4 and M15 had
on the recognition of Hb, we generated a complete set of Hb variant peptides, each containing 1 of the 20 naturally occurring amino
acids at P5, including the wild-type Asn. Comprehensive substitution of TCR contact residues, P2, P3, P5, and P8, in Hb and
MCC has been previously examined and shown not to affect binding of the peptides to I-Ek (45, 46). The crystal structure of Hb/I-Ek
and MCC/I-Ek supported the binding results, in that these side
chains are completely solvent accessible and do not make any
contacts with the I-Ek molecule (47, 48). Thus, in this type of
analysis, the effects of the single amino acid substitutions can be
ascribed to alterations in the interactions with the TCR, and not to
interactions with I-Ek, and thus the number of pMHC complexes.
Each of these peptides was then tested for their agonist activity by
their ability to stimulate 3.L2, M4, and M15 T cells and grouped
according to the chemical nature of the side chains (polar, aliphatic, or charged). Cys residues were replaced by Aib (amino
isobutyric acid) to avoid dimerization issues, and were classified as
aliphatic.
As we had observed previously (49), there was remarkable specificity at P5 for 3.L2 with only the wild-type Asn residue being
fully stimulatory and Val, Thr, and Cys (Aib) being stimulatory,
but each being 10- to 100-fold weaker (Fig. 2). With M4 T cells,
there was a dramatic increase in the number of stimulatory peptides. A total of 11 of 20 peptides stimulated the M4 cells, with
Ala, Asn, Ile, Cys (Aib), Leu, Met, Ser, Thr, and Val being full
agonists or 10-fold weaker stimulators than wild type, and Gly and
Asp being 100- to 1000-fold weaker stimulators. These changes in
agonist activity appeared to follow the previous defined activity
patterns for 3.L2 with the weaker agonist becoming stronger (i.e.,
Thr), and APLs becoming agonists (i.e., Ala, Ile). For the highest
affinity T cell, M15, the activity pattern of the peptides further
changed with all of the M4 agonists becoming as strong as wildtype Asn (Fig. 2). The merging of the activity profiles is reflective
of our previous demonstration of an activity threshold above which
there was not an increase in T cell activation. The only residue that
had no activity for M4, but was a partial agonist for M15, was Gln.

The eight residues that were not stimulatory for M15 had some
biochemical features in common, being the large, hydrophobic, or
charged residues (Pro, Phe, Trp, Tyr, Glu, His, Lys, and Arg).
Given that the binding affinity of the 3.L2:Hb/I-Ek interaction has
a KD of 20 M (as measured for M1, the corresponding singlechain TCR for 3.L2) (43) and yields full agonist activity, we can
conclude that the affinity of M15 for these large hydrophobic or
charged residues must be at least 800-fold lower than the M15:
Hb/I-Ek interaction (KD ⫽ 25 nM). Thus, despite the increase in
reactivity with P5 variants, there remains a considerable impact of
the P5 side chain on TCR binding.
Of particular interest are the changes in the activities of the six
ligands for which we have defined a continuum of activities (36,
37). Four of these ligands (Thr, Ile, Ala, Gln) increased their activities, but kept their activities relative to each other. Thus, the
strongest APLs all became agonists with M4, with Gln remaining
negative. With M15 these ligands all became agonists, including
Gln. Importantly, our null ligand, Glu, remained negative in all of
these studies. Overall, these studies involving the recognition of
the P5 residue show that the higher affinity TCRs have a significant
broadening of the number of side chains that yield biological activity and that the changes in activities of the peptides correlate to
their previously identified function.
M15 has broadened recognition of Hb at all TCR
contact positions
Based on the findings with the characterization of P5, we wanted
to perform a comprehensive analysis of the recognition of Hb by
the three T cells. We individually tested all 20 aa at each of the
four TCR contact residues, P2, P3, P5, and P8 (Fig. 1A). Each of
the peptides was tested over a large concentration range for the
ability to stimulate the M4, M15, and 3.L2 T cell hybridomas, and
the results are summarized in Fig. 3. The results clearly show that
M4 and M15 are stimulated by many more peptides than 3.L2
cells. Recognition of P2 ⫻ 3.L2 is the most degenerate of the four
TCR contact residues, in that eight different residues can stimulate.
M4 and M15 showed maximal degeneracy at the P2 position with
19 and all 20 side chains being recognized, respectively. At P2
there was the same trend as observed at P5, that the activity of the
allowable side chains increased between M4 and M15. The recognition of the P3 position was similar to P2, in that five different
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FIGURE 2. Broadened local specificity at the main TCR contact residue (P5) of affinity clones M4 and M15 compared with wild-type 3.L2. CD4⫹ T
cell hybridomas expressing wild-type 3.L2, M4, and M15 TCRs were stimulated with the indicated peptide concentrations of Hb(Hb(64-76)) or APLs
(single amino acid substitutions) using CH27 cells as APCs. APLs shown are all at the main TCR contact residue (P5) and are divided into rows (polar,
aliphatic, or charged) dependent upon the nature of the residue at position P5. They are designated using the one-letter amino acid code for the residue.
The Hb wild-type residue at position P5 is Asn. Aminobutyric acid residues were substituted for cysteine residues, to avoid the dimerization concerns, and
are listed as C. The level of T cell stimulation was determined using a bioassay for IL-2. The cpm values of [3H]TdR incorporation into CTLL-2 cells
represent the mean of triplicate values of a representative experiment.

amino acids were recognized by 3.L2, and that increased to 18 for
M4 and M15. Thus, at the P2 and P3 positions, little side chain
specificity was observable. There was some trend in that the
charged residues (Lys, Arg, Glu, and Asp) were the least active.
In contrast, there was a much higher degree of specificity observed in the recognition at the P8 position. For 3.L2, only the
wild-type residue Leu was recognized. For M4, three additional
side chains were allowable, all of which were aliphatic (Val, Ile,
and Cys (Aib)), demonstrating a high degree of recognition. With
M15 there was a significant increase in the number of allowable
residues at P8 to 13. There were some, but not complete, chemical
correlates in the recognizable side chains, with all but the largest
aliphatic (Phe, Trp) side chains causing stimulation. Two small
polar (Ser, Thr) and 2 positively charged (Lys, Arg) amino acids
also simulated M15. Collectively, these data show a remarkable
broadening of the recognition of Hb with the higher affinity TCRs
M4 and M15. For 3.L2, 14 single amino acid substitutions of the

Hb peptide are recognized, which increased to 47 for M4 and 59
for M15. Furthermore, the relative order of specificity (P8 ⬎ P5 ⬎
P2 ⬎ P3) was maintained for 3.L2, M4, and M15. This result is
consistent with the notion that the high-affinity TCRs have maintained the same general docking pattern as the wild-type TCR.
Thus, within the context of the Hb peptide and analysis by peptides
containing single amino acid substitutions in solvent-exposed residues, the result of the increased affinity of the TCR is increased
degeneracy in the recognition of Hb as determined by T cell
activity.
Increased degeneracy of Hb recognition directly correlates with
increasing affinity
The findings above with M4 and M15 revealed a correlation between increased affinity of the TCR:pMHC interaction and the
increased degeneracy. To test this correlation further, we performed a peptide specificity analysis of the P8 position with T cells
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FIGURE 3. Activity of Hb peptides with
substitutions at the four surface-exposed residues. Local specificity of 3.L2, M4, and M15
was determined by testing each cell line with Hb
peptides containing a single amino acid substitution at each of the four exposed peptide positions. All other 19 naturally occurring amino
acid residues were tested for a total of 76 peptides. The peptides are indicated by the substituted position using one-letter amino acid codes
and group according to polar, aliphatic, and
charged residues. Each peptide was tested as in
Fig. 2 over a wide concentration range and repeated two to five times with each T cell hybridoma. EC50 values were calculated in relation to
the response to Hb wild-type peptide. The values were rounded to the nearest decade and
color coded. Unfilled boxes indicate that a peptide did not stimulate at concentrations up to 100
M. For example, the G at P2 is the peptide
Hb(64-76)G69, which had an EC50 value 10fold weaker for 3.L2 and M4 cells compared
with the M15 Hb response.

substitution that is an agonist for M15, but does not stimulate M4
or 3.L2, has at least an 800-fold energetic effect upon the binding
interaction. The 3.L2:Hb/I-Ek interaction has a KD of 20 M (as
measured for M1, the corresponding single-chain TCR for 3.L2)
(43). Therefore, if we assume that the differences in affinity (of
3.L2 for Gln72/I-Ek and M15 for Gln72/I-Ek) are proportional, we
can estimate that the affinity of the 3.L2:Gln72/I-Ek interaction
would be in the range of 12 m⌴. Glu72 demonstrates that these
weak interactions still have a degree of specificity. Glu72 has no
activity in vivo (36) and was not stimulatory for 3.L2, M4, or M15
(Fig. 2). We cannot assign an exact energetic impact for it, but it
would be at least 800- to 1000-fold weaker than the 3.L2:Hb/I-Ek
interaction. These findings indicate that TCR:pMHC interactions
that are involved in positive selection, which have a significant
degree of specificity, occur in the millimolar affinity range (again
assuming a direct correlation between reduction in binding energies for the M15 interactions and the 3.L2 interactions). Similarly,
the affinity of the interactions between a TCR and antagonist/MHC
has been examined; however, they are close to the limits of reliable
SPR detection. For example, Ile72 is an antagonist for 3.L2 and can
provide enough binding energy to replace CD4 (36). It is an agonist for M4 and M15 (Fig. 2), giving it an energetic contribution of

expressing the M14 TCR, whose affinity (81 nM) is between M4
(580 nM) and M15 (25 nM) (Fig. 1). The direct relationship between the affinity of the TCR:pMHC interaction and the number of
ligands recognized could be clearly illustrated by the response to
three substitutions of the wild-type (Leu) residue at P8 (Fig. 4).
The 3.L2 T cells did not recognize Ile, Ala, or Lys at P8. The next
higher affinity T cell, M4, responded to Ile, but not the other two.
The increased affinity of M14 resulted in Ala now stimulating at
higher concentrations, but Lys still being nonstimulatory. For the
highest affinity, M15, all three peptides stimulated as well as Hb.
Thus, by analyzing a third high-affinity TCR, we were able to more
thoroughly demonstrate directly the relationship between increased affinity and a greater number of side chains recognized.
Energetic effects of the recognition of APLs by
high-affinity TCRs
The demonstration of increased degeneracy by the higher affinity
TCRs (supra vide) provides a unique opportunity to explore the
energetics of the recognition of biologically active Hb APLs, the
nature of which for 3.L2 were too weak to analyze previously.
Gln72, when expressed in vivo, resulted in enhanced positive selection of 3.L2 T cells (36). Gln72 did not stimulate 3.L2 or M4 T
cells, but was a weak agonist for M15 (Fig. 2). A peptide residue
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⬃100-fold. These values are in the range of the estimations that
antagonist interactions occur at affinities that are 100- to 1000-fold
weaker than agonists. Taken together, these findings are quite
remarkable, in that through the use of high-affinity TCRs, we
are able to provide reasonable estimates for biologically relevant, but weak interactions to be occurring at millimolar affinities, a level for which there is little, if any, precedence with
Ag-specific receptors.
Specificity of Ag recognition by high-affinity TCRs
Our demonstration of the increased degeneracy of Hb peptide recognition would seem on face value to contradict our previous observation that 3.L2, M4, and M15 T cells did not respond to any of
the self peptides presented constitutively on APCs or the control
MCC peptide (Fig. 2) (43). Accordingly, we investigated further
how a T cell could have both degenerate recognition of Hb and
specific recognition of other peptides. MCC and Hb bind equally
well to I-Ek, and both have the same anchor residues at P1 and P9,
but different P4 and P6 anchor residues. An overlay of the two
peptides from the peptide-I-Ek crystal structures shows an overall
similarity in the conformation of the peptide main chains of Hb
and MCC; however, there are small, but significant shifts in the
main chains and orientation of some side chains (P3 and P5) due
to the different P4 and P6 anchor residues (Fig. 5A). A comparison

of the amino acid sequences of the two peptides revealed prominent differences at the side chains of the exposed residues at P3
(Ala in Hb; Tyr in MCC), P5 (Asn in Hb; Lys in MCC), and P8
(Leu in Hb; Thr in MCC). Examination of our single amino acid
substitutional analysis of Hb revealed that three of the MCC TCR
contact residues were singly allowable, P2 (Ala), P3 (Tyr), and P8
(Thr), whereas one was not, P5 (Lys) (Fig. 3). To ascertain
whether the lack of MCC response was simply due to this nonallowable P5 residue, we tested MCC single amino acid variants
with either of two allowable P5 residues: the Hb residue Asn, or an
Ile. Neither of these variants stimulated 3.L2, M4, or M15 (Fig.
5B) at concentrations up to 100 M, demonstrating that the failure
of MCC to stimulate M15 T cells was not simply the lack of
allowable TCR contact residues.
To examine the effect of the other residues that differ between
Hb and MCC, we generated chimeric MCC/Hb peptides in which
we substituted the MHC contact residues (Fig. 6A). The Hb peptide with MCC residues at P4, P6, and P7 did not stimulate 3.L2,
M4, or M15, revealing the influence of non-TCR contact residues
on recognition by the TCR (Fig. 6B). Position P7 of Hb is a Gly,
whereas P7 of MCC is an Ala. A single Ala substitution at P7 in
Hb yielded a peptide variant that had no activity with 3.L2, weak
activity with M4, and full activity with M15. Hence, position P7
had a major impact on the recognition of MCC and Hb for the
high-affinity TCRs. The P7 residue has the dual potential of being
involved in binding to I-Ek, and also it could be contacted by a
TCR. For Hb, with a Gly at P7, the TCR could only be contacting
main chain atoms, whereas in MCC or chimeric peptides containing other residues at P7, both main chain and side chain contacts
would be possible. The Hb chimeric peptide having the conservative substitutions of the MCC anchor residues at P4 and P6 was
also tested. This doubly substituted peptide had increased activity
compared with the P7 single substitution, now being able to stimulate M4 cells weakly, and M15 cells stronger than Hb or MCC at
P7 (Fig. 6B). (The enhanced activity relative to Hb may be the
consequence of improved binding to I-Ek.) Thus, changing multiple MHC anchor residues can have dynamic effects, and not always additive. Substitution of the P7 residue alone generates a
peptide that can stimulate the highest affinity TCR M15. The chimeric peptide containing MCC residues at P4 and P6 is more stimulatory than the P7 single; however, combining all three substitutions into one peptide (MCC at P4, P6, and P7) resulted in a
completely nonstimulatory peptide. These observations are supported by our previous studies that showed that changes in the P6
anchor residue of Hb have minor structural effects, but significant
immunological consequences (50). Thus, we suggest that the main
explanation for the lack of recognition of MCC or any of the self
peptides presented on APCs by the high-affinity M4 and M15
TCRs is due to small, but significant conformational changes in the
peptide created by different MHC anchor residues.

Discussion
FIGURE 5. Overlay of Hb and MCC peptides and activity of MCC
peptide with Hb amino acid substitution at main TCR contact residue P5.
A, Overlay of Hb (blue) and MCC (green) peptides bound to I-Ek, showing
the residues at each pocket and the overall similarity of the peptides. B,
CD4⫹ M15 T cell hybridomas were assayed with MCC APLs (Hb residue
N or similar residue I at P5) using CH27 cells as APCs. The level of T cell
stimulation was determined using a bioassay for IL-2. The cpm values of
[3H]TdR incorporation into CTLL-2 cells represent the mean ⫾ SD of
triplicate values. Representative results of three individual experiments are
shown.

In this study, we have used in vitro engineered high-affinity TCRs
to examine TCR specificity and have made two significant findings. First, the TCR has a duality in its recognition of pMHC in
that it is both degenerate and specific. Within the context of peptides that are structurally similar to the Hb peptide (i.e., single
amino acid changes in solvent-accessible residues), there is significant degeneracy in the recognition. In contrast, within the context of all peptides (i.e., when the peptide MHC anchor residues
and/or multiple TCR contact residues are changed), there is a high
degree of specificity. The differing MHC anchor residues must
produce significant movements in atoms of the peptide. These
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FIGURE 6. Hb, chimeric Hb/MCC, and MCC peptide alignments and activity of peptides with substitutions at nonexposed residues. A, Amino acid
alignment of Hb, chimeric Hb/MCC, and MCC peptides (P1-P9) with the MCC amino acids highlighted in gray. B, T cell stimulation of 3.L2, M4, and
M15 hybridomas with chimeric Hb/MCC peptides. IL-2 release is measured in a biological indicator assay (mean ⫾ SD of triplicate values) at increasing
concentrations of peptides presented by CH27 APCs. Representative results of three individual experiments are shown.

movements of some peptide atoms most likely are directly affecting contacts with the TCR, but other explanations are also possible, such as solvent or entropic effects. This provides an explanation as to why M15 TCR with its 25 nM affinity is not stimulated
by any of the estimated 2000 different self pMHC complexes on an
APC, which have different constellations of MHC anchor residues
(51). Second, the high-affinity TCRs gave us a unique opportunity
to estimate affinity values for weak, but biologically significant,
TCR:pMHC interactions. Thus, like other receptors, a TCR can
interact with pMHC ligands over a 1000-fold affinity range, but in
the 10⫺3–10⫺6 M range, not 10⫺6–10⫺9 M. Clearly, interactions
within the low-affinity end of the former range are impossible to
measure by current methods.
For T cells to be selected in the thymus, they have to interact
with endogenous positively selecting ligands. The precise nature of
these ligands has not been established, but these ligands are not
often going to be single amino acid variants of the agonist ligands.
With the anticipatory nature of the immune system, the agonist
ligands are only relevant postthymic development, and most T
cells rarely, if ever, encounter an agonist ligand. Our studies with
the Hb/MCC chimeric molecules revealed that changing MHC anchor residues can have both positive and negative effects on peptide recognition. Therefore, the endogenous positively selecting
ligands comprise peptides that are most likely to have very different sequences from the agonist ligand, but through the combination
of MHC and TCR contact residues, changes can interact productively with the TCR. Using the increased affinity window afforded
by the high-affinity TCRs, we are able to estimate that these interactions can be in the 10⫺3 M range. This same phenomenon of
many different chemical solutions to generate a stimulatory peptide
is most likely what limits the usefulness of screening peptide libraries to identify actual agonist ligands. Peptide Ag mimics have
been found and are useful as reagents, but they may or may not
have any sequence similarities to the real agonist ligand (19, 30).

Our findings also highlight how difficult it will be to categorize T
cell recognition simply as specific or degenerate, as we and others
have tried to do. If one were to use single amino acid substitutional
analysis and identify many allowable side chains, the recognition
may be degenerate, but it could still be highly specific when assayed with most other peptides. The sequence space represented by
all possible MHC-binding peptides is more difficult to approach
experimentally due to the large number of potential peptides when
multiple positions are being modified.
We believe that these high-affinity TCRs are valid probes for
recognition of pMHC ligands as accomplished by TCRs such as
wild-type 3.L2, for several reasons. First, the high-affinity TCRs
showed exquisite overall peptide specificity, as does the wild-type
3.L2. This specificity, coupled with the high affinity of the engineered TCRs, also provides valuable reagents for the tracking of
specific pMHC, as has been done with several mAbs (52). Second,
the fine specificity analyses indicated that although the high-affinity TCRs are more degenerate in their recognition, they have a
similar hierarchy as the wild-type 3.L2 (e.g., the relative contribution of exposed residues to specificity remains the same,
P8 ⬎ P5 ⬎ P3 ⫽ P2). Third, the affinity maturation pathway used
to generate these TCRs yielded sequential increases in affinity
that were additive and not cooperative, suggesting that there
was not a reshaping of the entire TCR surface (43). Fourth, the
dominant role of on-rate in the increased affinities is analogous
to studies of Ab maturation pathways. Studies have documented
that the bound states of the primary and matured Ab:Ag complexes are very similar, but the unbound affinity-matured Ab
adopted an induced fit configuration (53, 54). Thus, it is reasonable to predict that the 3.L2 affinity-matured TCRs retained
a similar bound state as 3.L2. Obviously, the structures of the
wild-type 3.L2 and affinity-matured TCRs will be required to
examine these issues in detail.
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The results described in this study are completely consistent
with the concepts of T cell activity thresholds, peptide cross-reactivity, and peptide specificity, as discussed by Garcia and colleagues (55). In their study, they propose that the observed degeneracy of a T cell occurs most often when a structurally similar
peptide, with exposed residues that are identical or similar to the
cognate peptide, is recognized by the TCR. Hence, the low affinity
of a TCR required to elicit T cell activity (i.e., the threshold) is
interpreted as degeneracy or cross-reactivity. Examination of the
Hb APLs that yielded the highest degree of reactivity shows that in
most cases these were conservative substitutions. The consequence
is apparent degeneracy, as measured by functional activity assays,
yet the T cells exhibited a high degree of overall Ag specificity to
other peptides (supporting the prediction of Garcia and colleagues
(55) that it is possible to retain a high degree of Ag specificity even
with high-affinity TCRs).
Some aspects of the present findings are similar to our previous
study, with a 2C TCR (m33␣) engineered to have 1000-fold higher
affinity for a foreign pMHC called SIYR/Kb, but with two notable
differences (56). T cells transfected with the m33␣ TCR had a
modest gain in Ag sensitivity (⬃5- to 10-fold) for SIRY/Kb, and
CD8⫹ m33␣ T cell hybridomas became autoreactive with self peptide/Kb complexes. The increase in Ag sensitivity could be due to
the observation that the affinity of the wild-type 2C TCR for SIYR
is relatively low (KD value 30 M). Furthermore, the autoreactivity was most likely due to stimulation by the self peptide dEV8 that
is structurally related to SIYR (57). With the T cells transfected
with the 3.L2 high-affinity TCRs, we did not observe such autoreactivity, perhaps because different T cells may have different
propensities to become autoreactive depending on the self peptide(s). Alternatively, CD4 and CD8 cells may behave somewhat
differently with an increase in affinity. Overall, through the large
affinity window afforded by the high-affinity TCRs, we were able
to estimate binding energies of low-affinity, biologically relevant
interactions and show that T cell recognition of Ag can be both
degenerate and specific.
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