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T lymphocytes (T cells) orchestrate adaptive immune responses
that clear pathogens from infected hosts. T cells recognize short
peptides (p) derived from antigenic proteins bound to protein
products of the MHC genes. Recognition occurs when T cell recep-
tor (TCR) proteins expressed on T cells bind sufficiently strongly to
antigen-derived pMHC complexes on the surface of antigen-
presenting cells. A diverse repertoire of self-pMHC-tolerant TCR
sequences is shaped during development of T cells in the thymus
by processes called positive and negative selection. Combining
computational models and analysis of experimental data, we parsed
the contributions of positive and negative selection to the design
of TCR sequences that recognize antigenic peptides with specific-
ity, yet also exhibit cross-reactivity. A dominant role for negative
selection in mediating antigen specificity of mature T cells and a
molecular mechanism for TCR recognition of antigen are described.

statistical mechanics | T cell antigen specificity | thymic selection

B ecause T cell receptor (TCR) genes undergo stochastic somatic
rearrangement, most T cells express a distinct TCR, thereby
enabling the T cell population to recognize many different antigenic
short peptide (p)MHC complexes. TCR recognition of pMHC is
both specific and degenerate. It is specific, because if a TCR
recognizes a particular pMHC complex, most mutations to the
peptide amino acids abrogate recognition (1, 2). It is degenerate
because a given TCR can interact productively with several anti-
genic peptides (3). pMHC complexes where the peptide is derived
from the cell’s own proteins are also displayed on antigen-
presenting cell (APC) surfaces. TCRs are self-tolerant because they
bind weakly to these “self”-pMHC complexes, thereby avoiding
frequent autoimmune responses.

The diverse, specific/degenerate, and self-tolerant T cell reper-
toire is designed during T cell development in the thymus (4-8).
Immature T cells (thymocytes) interact with a variety of self-pMHC
molecules expressed on the surface of thymic epithelial cells as well
as hematopoietically derived macrophages and dendritic cells.
Thymocytes expressing a TCR that binds with high affinity to any
self-pMHC molecule are deleted in the thymus (a process called
negative selection). However, a thymocyte’s TCR must also bind
sufficiently strongly to at least one type of self pMHC complex to
receive survival signals and emigrate from the thymus (a process
called positive selection).

Signaling events, gene transcription programs, and cell migration
during T cell development in the thymus have been studied
extensively (4-14). Despite important advances, how interactions
with self-pMHC complexes in the thymus shape the peptide-
binding properties of selected TCR amino acid sequences such that
mature T cells exhibit their special properties is poorly understood.

Recent experiments carried out by Huseby et al. (1, 2) provided
important clues in this regard. These experiments determined
differences in how T cells interact with foreign (antigenic) pMHC
depending on whether they developed in conventional mice that
display a diverse array of self-pMHC complexes in the thymus or if
they develop in mice that were engineered to express only one type
of peptide in the thymus. For T cells that develop in conventional
mice, T cell recognition of antigenic pMHC was found to be

www.pnas.org/cgi/doi/10.1073/pnas.0808081105

sensitive to most mutations of the antigenic peptide’s amino acids.
In contrast, T cells selected in mice with only one type of peptide
in the thymus were much more peptide-degenerate, with some T
cells being tolerant to most mutations of antigenic peptide amino
acids.

We reasoned that a detailed understanding of the origin of these
experimental results may shed light on the broader question of how
the thymus designs diverse self-tolerant TCR sequences that me-
diate specific/degenerate antigen recognition. Toward this end, we
studied a computational model of thymic selection. Our main
conclusions can be summarized as follows. Avoiding negative
selection against diverse peptides in the thymus imposes strong
constraints on the amino acid composition of the peptide contact
residues of selected TCRs. Specifically, TCR peptide contact
residues are greatly enriched in amino acids that bind weakly to all
other amino acids, a result consistent with our analysis of available
crystal structures of TCR-pMHC complexes. We show that such
TCRs recognize antigenic peptides via multiple modest interac-
tions, each of which contributes a significant fraction of the binding
affinity required for recognition. Therefore, mutations to most
peptide amino acids abrogate recognition, thus conferring speci-
ficity. Positive selection is important for many properties, such as
MHC restriction, but not antigen specificity. Our results, and a
model for TCR recognition of antigen that emerges from it,
illuminate how thymic selection meets the apparently conflicting
demands of antigen specificity, cross-reactivity, and self-tolerance.

Model Development

To describe the interactions between TCRs and pMHC complexes,
we represent them as strings of sites (Fig. 14). Each site on a TCR
can interact with the corresponding site on a pMHC molecule. Such
“string models” for studying TCR-pMHC interactions have been
used to study various issues, including thymic selection (12, 14, 15),
and employed simplified representations of amino acids (e.g., a
string of numbers, bits, etc.). From the standpoint of our work, the
most pertinent result revealed by these past studies are calculations
showing that negative selection reduces TCR cross-reactivity. The
mechanistic reasons underlying this numerical result or how it
relates to amino acid sequences of selected TCRs were not de-
scribed. Our goal was to elucidate how the diversity of endogenous
peptides bound to host MHC proteins encountered in the thymus
determines the amino acid sequences of peptide contact residues on
selected TCRs and how such TCRs are antigen specific while also
being cross-reactive and self-tolerant.

The specific features of our model were chosen to address these
issues and to relate our results closely to known experimental data
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Fig. 1. Asimple model recapitulates differences in specificities of T cells selected in mice with one or many types of peptides in the thymus (1, 2). (A). Schematic
description of the model. The interactions between CDR1 and CDR2 regions of the TCR and conserved residues on the MHC are described by a TCR-dependent
energy equal to E.. Amino acids on the peptide (and variant MHC residues) as well as the corresponding contact residues on the CDR3 loops of the TCR are treated
explicitly, and their interactions are described in Model Development (Eq. 1). (B) Cartoon representation of the three regimes of values of TCR-MHC interactions
(Eo). In these regimes the TCR-MHC interactions are (i) weak, (ii) strong, and (iii)) moderate compared with the threshold for negative selection, Ey. (C) Selection
against many peptides in the thymus results in a larger number of hot spots characterizing antigen recognition. The frequencies of occurrence of one, two, three,
etc., hot spots (defined in Results) on MHC-bound antigenic peptide moieties recognized by selected TCRs. For TCRs that develop in a thymus with many types
of self-peptides (blue curve, M = 10,000 peptides) many sites on the antigenic peptide moiety are hot spots. For TCRs that develop in a thymus with only one
type of self-pMHC complex (black curve, M = 1 peptide) there are far fewer hot spots, indicating less specific (more degenerate or cross-reactive) recognition.

such as that of Huseby et al. (1, 2). Because Huseby et al. used
transgenic mice that expressed a single type of MHC, we divided the
string of sites on the pMHC molecule into a conserved part
representing the MHC and a variable part representing the pep-
tides. One could also view the variable sites more generally as
representative of the peptides and the variable residues of the
MHC. The CDR1 and CDR2 loops of the TCR mostly contact
MHC residues, whereas the CDR3 loop primarily contacts the
peptide residues. We partitioned the TCR interaction sites in to two
parts: a region representing the CDR1 and CDR2 loops and a part
that mimics the CDR3 loop. Because the CDR3 loops are hyper-
variable, the amino acids of the peptide contact residues of the
CDR3 region are explicitly considered, whereas those of the less
variable CDR1 and CDR?2 regions are not (Fig. 14). For ease of
reference, the CDR3 sites are called, “variable.” These variable sites
represent only those CDR3 amino acids that contact peptide amino
acids (or variable MHC residues). Thus, we do not explicitly treat
the conformation of the CDR3 loop, which would be necessary if
the entire sequence of CDR3 amino acids was considered. Simi-
larly, because peptides bound to MHC are short, peptide confor-
mation is not an important variable. Although we vary the peptide
length (data not shown), most results we present are for peptides
that are 10 aa long.

We generate panels of TCR and self pMHC molecules on the
computer by picking amino acids for the peptides and peptide
contact residues on the CDR3 loops of the TCR according to the
probabilities with which amino acids appear in the human (or
mouse) proteome (16) (Table S1). Antigenic peptides are gener-
ated using the frequency of occurrence of amino acids in Listeria
monocytogenes, a common bacterial pathogen (17). To assess the
effects of thymic selection as well as antigen recognition, we
evaluate the energy of interaction between TCR-pMHC pairs. The
interaction energy between the CDR1 and CDR2 regions of TCRs
and the MHC is given a value equal to E (and it is varied to describe
different TCRs). The total interaction energy equals the sum of E.
and the value obtained by aligning the TCR and pMHC amino acids
that are treated explicitly and adding the pairwise interactions
between corresponding amino acids. For a given TCR-pMHC pair,
the total interaction energy is

N
E=E.+ 2, J(, ), [1]

i=1
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where E. is defined above, and J (I;, j;) is the interaction energy
between the ith amino acids on the variable part of the TCR (/;)
and the peptide (j;), respectively, and N is the length of the
variable regions. The matrix J encodes the values of interaction
energies between specific types of amino acids. For most results
presented, J was taken to be the parameterized potential due to
Miyazawa and Jernigan (MJ matrix) which has been used
fruitfully to study proteins (18, 19). However, we also used other
potentials (vide infra), including ones where the interaction
between a pair of juxtaposed amino acids depends on the
neighboring residues, to show that our qualitative results and
mechanistic insights are independent of this choice [supporting
information (SI) Fig. S1]. We express energy values in units of
the thermal energy, kg7, where kg is Boltzmann’s constant, and
T is absolute temperature. At 37°C, the thermal energy equals
0.6 Kcal/mole. We emphasize that the purpose of our study is not
to compute specific values of energies but to use them to obtain
qualitative mechanistic insights.

Recent experiments show that negative selection occurs when the
TCR-pMHC interaction affinity exceeds a sharply defined thresh-
old (9). Because affinity correlates directly with the free energy (or
energy) gained upon binding, in our model, if the interaction energy
between a TCR and self-pMHC is more attractive than (exceeds)
a threshold value, E, this TCR is negatively selected. It is possible
that the off-rate characterizing TCR-pMHC binding, rather than
affinity, determines ligand potency, and, indeed, ligands that induce
positive and negative selection are separated by a sharp boundary
in off-rate as well. Off-rate correlates with the free-energy barrier
associated with dissociation of the TCR-pMHC complex. For a
related set of reactions, this barrier and the binding energy scale
similarly (20) (Linear Free-Energy Relationships in SI Text) and so
use of the interaction energy should correlate with trends in off-rate
as well. The ability of a pMHC ligand to stimulate positive selection
does not go to zero abruptly (9). In our model, if the interaction
energy between a particular TCR-pMHC pair exceeds a threshold
value, Ep, the TCR is positively selected. Replacing the soft
threshold associated with positive selection with a sharp boundary
does not affect qualitative results (Fig. S2) because we find that the
characteristics of peptide binding residues on selected T cells are
largely shaped by negative selection. The effects of varying E,, and
Ex over wide ranges are described in the context of our results.
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Results

Selection Against Many Endogenous pMHC Molecules Is Required for
Antigen-Specific TCR Sequences. We first tested whether our com-
putational model could recapitulate the experimental observation
(1, 2) that T cell recognition of an antigenic peptide is sensitive to
mutations at many peptide sites for T cells selected against many
endogenous thymic peptides, whereas very few sites on the anti-
genic peptide are important for recognition for T cells selected in
mice that express one type of peptide in the thymus.

For a specific choice of the interaction energy between the
CDR1/CDR2 region of the TCR and the MHC (E,), a panel of one
million sequences of TCR peptide contact residues was generated
by choosing different amino acids for the variable region according
to the frequency with which they appear in the human proteome
(results for mouse are in Fig. S3). In the case where there was only
one type of self pMHC complex in the thymus, the interaction
energy between each TCR and a MHC-bound peptide moiety
representative of the human proteome was computed by using the
MJ interaction energy matrix and Eq. 1. Only those TCRs that have
interaction energies lying between the positive- and negative-
selection thresholds (E;, and Ex) were selected. The selected T cells
were then challenged with many antigenic peptides characteristic of
L. monocytogenes (17). A TCR was considered to recognize an
antigenic pMHC if the interaction energy exceeded the negative-
selection threshold, En. In this way, panels of selected T cells that
recognize different antigens were generated. Each amino acid on
the antigenic peptides was then mutated to the 19 other possibilities,
and recognition by the reactive TCRs was again assessed. If more
than half the mutations at a particular amino acid site led to
abrogation of recognition for an originally reactive T cell, the site
was labeled a “hot spot.” This procedure was repeated 1,000 times
with a different panel of preselection TCRs, and choices for the
peptide in the thymus and antigenic peptides to obtain statistics on
the number of hot spots characterizing interactions between a
typical antigenic peptide and selected TCRs.

For many types of peptides in the thymus, we generated a panel
of 10,000 self-peptides using amino acid frequencies characteristic
of the human proteome (16). The results we obtain are qualitatively
robust if at least 100 types of pMHC complexes are in the thymus
(Fig. S4). Pathologically large numbers of peptides in the thymus
result in deletion of all thymocytes. Interaction energies of the panel
of TCRs with self-pMHCs were calculated. A TCR was positively
selected if it interacted with at least one such pMHC with an energy
that exceeded the positive-selection threshold (E;,). To avoid neg-
ative selection, a TCR must not interact with any self-pMHC with
an energy that exceeds the negative selection threshold (Ex). Hot
spots characterizing antigen recognition were determined in the
manner described above.

Although the interaction energy between the CDR1 and CDR2
regions of the TCR and MHC (E.) varies continuously as residues
on the CDR1 and CDR2 regions change, TCRs can be grouped into
three classes based on the relative values of E. and the negative-
selection threshold, Ex (Fig. 1B): (f) TCR-MHC interactions are
very weak (E. and Ey are separated by a large value); (i1) TCR-
MHC interactions are very strong (E. and Ey are separated by a
small value); (iif) TCR-MHC interactions are moderate in scale (E.
and Ey are separated by a moderate value). Based on recent
experimental data (9), for results reported, the difference between
E, and Ey is taken to be relatively small (5 kgT). For completeness,
we consider cases where this gap is large, and the qualitative results
are unchanged (see Results for Cases Where the Gap Between the
Positive and Negative Selection Thresholds Is Large, and TCR-MHC
Interactions Are Weak in SI Text).

Very few preselection TCRs with CDR1 and CDR2 loops that
interact very weakly with conserved MHC (case i) are positively
selected if £, and Ey are relatively close (Table S2). In effect, they
are not MHC restricted. These TCRs are irrelevant for our studies
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of how thymic selection shapes antigen-specific peripheral T cells.
TCRs with CDR1 and CDR?2 loops that interact very strongly with
MHC (E. close to or greater than Ex;, case ii) are negatively selected
with very high probability (Table S2) and so are not relevant for our
studies of understanding the origin of how thymic selection results
in antigen specificity in the periphery. Not surprisingly then, our
studies focus on TCRs with values of E. that correspond to
moderate interactions between the CDR1/CDR2 loops and MHC
(case iii). These TCRs are positively selected with high probability
and must avoid negative selection to emerge into the periphery
(Table S2).

Fig. 1C shows the frequency of hot spots resulting from our
calculations when the conserved TCR-MHC interactions are mod-
erate in scale (En — E. taken to be 40 kgT for the results). For TCR
selected against many types of peptides, a large fraction of the
antigenic peptide’s amino acids are hot spots. In contrast, when
TCR are selected against one type of peptide in the thymus, very
few antigenic peptide amino acids are hot spots. This mirrors
previous experimental observations (2). We also find that for
moderate TCR-MHC interactions, the ability of T cells to mature
when only one type of peptide is present in the thymus is limited by
positive selection, whereas T cell survival is limited by negative
selection when there are many types of peptides in the thymus (Fig.
S5). Because our computational model recapitulates known exper-
imental data (Fig. 2 and refs. 1 and 2), we used the model to obtain
insights into the mechanistic origins of antigen specificity.

Frustration During Negative Selection Strongly Constraints Selected
TCR Sequences. For a TCR to emerge from the thymus when only
one type of pMHC complex is present therein, the binding energy
of the TCR for this pMHC must lie in the interval between Ex and
E,. Because the interaction energy between the TCR’s peptide
contact residues and the peptide’s amino acids is a sum over
individual contact energies (Eq. 1), many sequences of peptide
contact residues on the TCR can satisfy this criterion. A type of
selected sequence that occurs with high probability is one where a
small number of TCR residues make strong contacts with the
corresponding peptide amino acids, and all of the others make
irrelevant (i.e., weak) contacts (Fig. 24). A TCR with such a
sequence of peptide contact residues on the TCR would almost
certainly be negatively selected when many types of peptides are
present in the thymus. This is because it will likely encounter
another peptide in the thymus that can differ by only a single amino
acid, leading to an additional significant interaction and a total
energy that exceeds En.

Thus, surviving negative selection presents a frustrating situation
because a TCR that avoids negative selection with one peptide in
the thymus could be negatively selected by another peptide. Positive
selection does not present this problem because, once a TCR
receives survival signals by binding a single peptide more strongly
than E,, interactions with other peptides are only relevant for
negative selection. The frustration associated with subsequently
avoiding negative selection by all these diverse pMHCs is the
dominant constraint determining peripheral TCR sequences.

To explore how this frustration influences the character of the
peptide contact residues of selected TCRs, we developed an
analytical approximation (Methods) that suggested that the peptide
contact residues on selected TCRs are greatly enriched in amino
acids that bind weakly to other amino acids.

Negative Selection Against Many Peptides Results in TCR Sequences
with Peptide Contact Residues Enriched in Weakly Interacting Amino
Acids. To test this suggestion, we first examined the amino acid
compositions of the peptide contact residues of the selected TCRs
obtained from our computer simulations. When there are many
types of peptides in the thymus, peptide contact residues of selected
TCRs are enriched in amino acids that interact weakly with other
amino acids, whereas strongly interacting amino acids are attenu-
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Fig. 2. Consequences of avoiding negative selection on the composition of peptide contact residues of selected TCRs. (A) Schematic description of frustration
due to negative selection. The thickness of the bars (or color of peptide amino acids: strong, red; moderate, yellow; weak, blue; very weak, green) is proportional
to the interaction energy between TCR and pMHC residues. When developing in a thymus with only one type of endogenous peptide, a TCR that results in a
few strong interactions and several weak or moderate interactions with this peptide can survive selection. This is because the total interaction energy falls
between the positive- and negative-selection thresholds. The sequence of TCR peptide contact residues shown, that survives selection against one type of peptide
in the thymus, would likely be negatively selected when there are many types of peptides in the thymus. For example, a peptide that differs by one amino acid
from the first one (shown as a change from E to C) may lead to an additional moderate interaction energy that is sufficient to increase the total interaction energy
past the negative selection threshold. (B and C) Selection against many types of peptides in the thymus results in selected TCRs with peptide contact residues
with an enhanced frequency of amino acids that interact weakly with all other amino acids. The ordinate is the ratio of the frequencies of occurrence of an amino
acid in the peptide contact residues of selected TCRs to preselection TCRs. (B) For the computational results, the abscissa is a list of amino acids ordered according
to the maximum energy (as per the MJ interaction potential) with which it interacts with all other amino acids. The qualitative results are robust to changes in
potential (Fig. S1 B, D, and F). (C) The ordinate was obtained by analyzing the 18 available crystal structures of TCR-pMHC (I) complexes as described in the text.

Amino acids were classified as strongly interacting (IVYWREL) or weakly interacting (QSNTAG) following ref. 23.

ated (Fig. 2B). The opposite is true when T cell selection is
mediated by a single peptide species in the thymus, with preferential
selection of TCR that contain strongly interacting amino acids. In
Fig. 2B, amino acids were ordered according to the maximum value
of the strength with which each amino acid interacts with all others.
The nature of the MJ interaction potential is such that this order
also reflects the ordering obtained by considering the average value
of the interaction energy of an amino acid with all others. The
qualitative results shown in Fig. 2B are robust to changes in the
interaction potential (Fig. S1). Using different potentials only
changes the identities of the amino acids that interact weakly or
strongly or the criterion used to define interaction strength. For
example, if a potential is such that the order of amino acids obtained
by using the average interaction energies with other amino acids is
quite different from that obtained by considering the largest
interaction energies, the qualitative results in Fig. 2B are obtained
if we use the latter quantities to order amino acids.

Do experimental data support our conclusion that frustration
due to negative selection skews the mature T cell repertoire to
TCRs composed of peptide contact residues enriched in amino
acids that bind weakly to other amino acids? We analyzed the 18
available crystal structures of TCR bound to class I pMHC com-
plexes to obtain the frequency with which different amino acids are
represented at residues of the TCR that contact the peptide (21).
All TCR moieties that contact peptide amino acids were consid-
ered, and two methods were used to identify these contact residues.
One was to define a contact as a position where a water molecule
does not fit in the gap between a TCR residue and a peptide amino
acid. In the other method, residues in contact have their C, atoms
within 6.5 A of each other. The qualitative results are the same for
both methods (Fig. S6), and in Fig. 2C, we show results using the
second criterion.

Whereas the qualitative computational results (Fig. 2B) are
independent of interaction potential, to compare the experimental
data with this prediction, we need to know whether a particular
amino acid is “weak” or “strong” in reality. We have used two
different prescriptions to order the amino acids according to the
strength of their interactions with other amino acids. One is to use
the MJ matrix, but the order thus obtained has been criticized
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because it overemphasizes hydrophobic interactions and considers
interactions between charged amino acids to be weak (22). Data
obtained by examining the stability of thermophiles are proposed
to be better suited for analyzing the strength of interactions between
amino acids (23), and posit that the strongly interacting amino
acids are IVYWREL, and the weakly interacting ones are
QNSTAG (23).

Fig. 2C shows results where amino acids are divided into two
classes (weak and strong) according to this prescription. The data
obtained from crystal structures are in qualitative agreement with
the theoretical prediction in that weakly interacting amino acids are
enriched on peptide contact residues of the TCR, and strongly
interacting amino acids are attenuated. Using the MJ matrix leads
to similar results (Fig. S6), except that charged amino acids (R, E,
K), which are “weak” according to the MJ matrix, are additional
outliers. Tyrosine is considered to be a strongly interacting amino
acid by either approach, but is well represented in the TCR—peptide
contact residues. This may be because a germ-line-encoded ty-
rosine interacts with a conserved MHC residue that is close to the
peptide amino acids (24, 25), and so it may interact ubiquitously
with peptide amino acids.

Our results suggest that negative selection against many types of
thymic peptides results in mature TCRs with peptide contact
residues that interact weakly with other amino acids. How does this
influence their antigen specificity?

Antigen Specificity Is the Result of TCR Residues Binding Peptides via
Multiple Moderate Interactions. In our model, the interaction energy
between an antigenic peptide and residues of a TCR that recognizes
it is the sum of 10 numbers, with each number being the interaction
energy between an amino acid on the peptide and the correspond-
ing TCR contact site (Fig. 14). We computed the values of these
site—site interaction energies using all our TCR-antigenic peptide
pairs. In Fig. 3, we compare the frequency with which each value
of these interaction energies occurs for three cases: preselection
TCRs, TCRs that developed in a thymus with many types of pMHC,
and TCRs that developed in a thymus with one type of pMHC.
Our results indicate that, compared with the preselection TCRs,
antigen recognition by TCRs selected against many types of pMHC

Kosmrlj et al.
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peptide (black curve) compared with preselection TCRs.

complexes is mediated by fewer strong and weak amino acid—amino
acid interactions, resulting in a pronounced enhancement of mod-
erate interactions. This result is consistent with experimental ob-
servations of Savage and Davis (26). This focusing on moderate
interactions is because negative selection constrains mature TCR
peptide contact residues to be composed of weakly interacting
amino acids (Fig. 2). The weakly interacting amino acids on the
TCR bind to strongly interacting amino acids on antigenic peptides
(Fig. S7) resulting in multiple moderate scale interactions that add
up to a total binding energy that is large enough for recognition.
Because antigen recognition is mediated by multiple interactions of
moderate value, each contact makes a significant contribution to
the total interaction energy necessary for recognition. Therefore,
disrupting most interactions by mutating peptide amino acids
results in abrogation of recognition. This is the origin of antigen
specificity. This prediction is consistent with measurements re-
ported for the B3K 506 TCR, which was selected against many types
of pMHC complexes in the thymus and recognizes the 3K-TAP
pMHC (1). Many mutations of the antigenic peptide correspond
to moderate AAG values, and each contributes significantly to
recognition.

When there is one type of pMHC complex in the thymus, the
peptide-binding residues of selected TCRs are not subject to the
important constraints of avoiding negative selection against many
types of peptides, and moderate amino acid—amino acid interac-
tions do not dominate (Fig. 3). Strongly interacting amino acids are
represented more than in the preselection repertoire (Fig. 2B),
resulting in a small enhancement of strong interactions between
amino acids (Fig. 3). These strong interactions make dominant
contributions to the total interaction energy required for antigen
recognition (see also Fig. 24). Thus, mutating the antigenic peptide
amino acids that contact strongly interacting amino acid residues on
the TCR should abrogate recognition, but mutations at most other
sites should have little impact. This is reflected in the experimental
data reported by Huseby ez al. (1). For one example, consider the
YAe62.8 TCR, which is selected against a single type of peptide in
the thymus and recognizes variants of the 3K-IAP antigenic peptide.
Most mutations to the antigenic peptide result in small changes in
AAG, but one mutation results in a large change. This one major
peptide contact dominates the interaction energy with the others
being irrelevant, and this is the origin of enhanced cross-reactivity.

TCRs that survive negative selection against many types of
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Fig. 4. A bar code scanning model for specificity of TCR recognition of
antigenic peptides. The thickness of the lines in the cartoon is proportional to
the strength of TCR-peptide interactions.

peptides are quite diverse because many sequences are consistent
with the constraint that peptide contact residues are predominantly
composed of amino acids that interact weakly with all others.

Discussion

Although important clues were provided by the experimental data
reported by Huseby et al. (1,2), a mechanistic understanding of how
thymic selection designs TCR sequences that are simultaneously
antigen specific, cross-reactive, diverse, and self-tolerant remained
unclear. Our computational studies shed light on these issues.

If a TCR receives survival signals from a self-pMHC complex, it
is positively selected. Interactions with the other peptides expressed
in the thymus are then only relevant for negative selection. Positive
selection ensures MHC restriction, enables weak binding of TCRs
to self pMHC, and influences the fraction of T cells that survive
thymic selection. Thus, it mediates important properties. However,
antigen specificity appears to be determined by the requirement
that positively selected T cells must survive negative selection.

TCR sequences must simultaneously avoid being negatively
selected by many endogenous MHC-bound peptides, and this
imposes strong constraints on the nature of the peptide contact
residues of selected TCRs. We find that this is why, in mature T
cells, these residues are enriched in amino acids that interact weakly
with other amino acids (referred to as “weak” amino acids). For a
selected TCR to recognize an antigenic peptide in the periphery, it
must bind to it with an affinity that exceeds a threshold. This can
occur only if the peptide is composed of amino acids that are among
the strongest binders of the corresponding weak amino acids of the
TCR’s peptide contact residues (Fig. S7), resulting in a number of
moderate scale interactions that sum up to exceed the threshold
affinity required for recognition. Because each moderate interac-
tion contributes a substantial fraction of the overall affinity, dis-
rupting most of them (via mutations) abrogates recognition. Thus,
antigen specificity emerges because TCR residues that contact the
peptide are enriched in amino acids that interact weakly with other
amino acids. It is worth remarking that weakly binding amino acids
are not always the mediators of recognition; TCR selected against
one type of peptide do not exhibit this behavior (1, 2), and the
EGFR receptors-binding sites are cysteine rich (27).

Because the amino acids treated explicitly in our model include
variable MHC residues, our results are also consistent with data
showing that TCR selected against many peptides are also MHC
specific. We note in passing that we have also studied the alloreac-
tivity of selected TCRs (data not shown). Our findings suggest that
the relative importance of the peptide (compared with the MHC)
in mediating alloreactive responses depends on how different the
allo- and endogenous MHCs are vis-a-vis their interaction energies
with the CDR1 and CDR?2 loops of a particular TCR (E. in our
model); the greater this difference, the less important the peptide.

Our results suggest a model for specificity of TCR-antigenic
pMHC recognition that is different from Fisher’s “lock and key”
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metaphor for the specificity with which an enzyme binds its
substrate. It also appears to be different from that applicable to
specificity of antibody—antigen interactions where shape comple-
mentarity and multiple weak interactions are inextricably coupled
(28). Shape complementarity is important for TCR recognition of
antigen in two ways (Fig. 4). First, it plays a key role in peptide
binding to the MHC groove, and hence influences antigen presen-
tation. Secondly, shape complementarity is possibly important in
mediating interactions of the TCR with MHC moieties, which
results in orienting the TCR in a way that juxtaposes its peptide
contact residues with the peptide. Indeed, it has been suggested that
if the peptide has a conformation that is not relatively flat, it
disrupts TCR-MHC interactions, thereby preventing positive se-
lection (29). But, these TCR-MHC interactions required for pos-
itive selection and binding of peripheral TCRs to MHC in the
proper orientation do not confer peptide specificity.

Once properly oriented, a TCR scans the relatively flat confor-
mation of the short peptide, and recognizes the epitope if a number
of peptide amino acids correspond to strong binders for the weak
peptide contact residues of this TCR. For reasons described above,
recognition is specific because each resulting interaction is moder-
ate. Shape complementarity seems to be decoupled from the origin
of specificity. TCR recognition of antigen is analogous to scanning
a flat “bar code” for the appropriate number of moderately thick
lines. In this metaphor, the moderately thick lines represent mod-
erate interactions mediated by peptide amino acids that are strong
binders for the weak amino acids that comprise the TCR’s peptide
contact residues. This bar-code model also makes vivid why spec-
ificity and cross-reactivity can coexist. For example, consider a
situation where any three of four contacts with the peptide amino
acids need to be of moderate scale for recognition; i.e., three of the
four lines need to be moderately thick. If a particular peptide
satisfies this criterion (say, lines 1, 3, and 4 are moderately thick),
mutations at any one of these sites will abrogate recognition
(specificity). But another peptide that leads to lines 1, 2, and 3 being
moderately thick will also be recognized by this TCR (cross-
reactivity). One might say that TCRs scan a bar code and recognize
statistical patterns—ones that have a sufficient number of moder-
ately thick lines.

We hope that the results we have reported will motivate exper-
imental and computational studies that will ultimately elucidate
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how one of nature’s intriguing designers (the thymus) works and
how its aberrant regulation can contribute to autoimmune disease.
An important question unresolved by our studies is how variability
in expression levels of different types of endogenous peptides in the
thymus influences the T cell repertoire.

Methods

How Negative Selection Against Many Peptides Constrains Selected TCR Se-
quences. The probability (P) that a TCR characterized by a sequence of peptide
contact residues, 1= {1, b, 3,...}, is not negatively selected can be written as:

M

Py =101 - 6EAT) — Ex1p(), [2]

j=1

where M is the number of peptides in the thymus, E(I,}) is the absolute value of
the interaction energy between the TCR and a peptide composed of a sequence
of amino acids,7 = {1, j2 j3, ---}, which occurs with probability p(/). The step
function, 6, represents the negative selection threshold. Approximations (de-
scribed in Probability that a TCR Will Escape Negative Selection in SI Text) allowed
us to rewrite Eq. 2 as:

10 20
P(l) = exp| M [ X ha | = expl — M{(hyy + hyy + hys +..)

i=1k=1

“(hoy +hp + ... (g t hioa + .o+ g0}, [3]

Ey
hye = exp[b(.](li, k) — E) }P(k),

where b is a positive constant.

Eq. 3 suggests that if any of the quantities, hj,, becomes large, the probability
of survival of that TCR becomes small, and that hj becomes large if the TCR’s
peptide contact residues interact strongly with its corresponding peptide amino
acid. Thus, TCR with a high probability of survival must be composed of peptide
contact residues that bind weakly to other amino acids.
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