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M
ulticellular organisms face
a large variety of different
pathogens that can infect
them. To identify and com-

bat these potential invaders efficiently,
the adaptive immune system has
evolved. Its main components are T and
B lymphocytes that constantly screen
the body in search of unknown, and
hence foreign, structures, an extremely
challenging task because these structures
(antigens) are unknown to the immune
system and can be of diverse shape and
chemical nature. Antigen recognition is
accomplished by the T and B cell anti-
gen receptors (TCRs and BCRs) that
contain variable regions designed for
antigen binding. The variability is gener-
ated by somatic assembly and mutations
of the corresponding genes, so that each
lymphocyte expresses a different recep-
tor of random specificity. Autoreactive
cells are eliminated by a selection pro-
cess during the development of lympho-
cytes. Once the receptor on mature T or
B cells has recognized (i.e., bound) an
antigen with sufficient affinity, the cell
is activated and can trigger an immune
response against this antigen. Each sin-
gle receptor has to recognize a large
number of different antigens because
the number of T and B cells is not suffi-
cient to cover each potential antigen
[e.g., the TCRs have to cope with �1013

possible antigens (1)]. Thus, extensive
cross-reactivity is an essential character-
istic of these receptors (1). Still, the
TCRs exhibit a remarkable degree of
specificity, capable of distinguishing mi-
nor structural differences among their
ligands. These features have attracted
the attention of immunologists and
biophysicists.

The TCR recognizes, in most cases,
small peptides that are presented by
MHC molecules residing on the surface
of cells of its own body. MHC molecules
possess a cleft in which the peptide is
bound (pMHC). More than two dozen
3D structures of different TCRs and
pMHCs, either individually or as TCR–
pMHC complexes, have been solved (2).
These structures have shown that the
TCR’s variable loops, which connect the
�-strands of the Ig fold, undergo sig-
nificant conformational changes upon
binding their pMHC ligands (3, 4). In
contrast, pMHC only shows very minor
structural changes upon TCR binding
(Fig. 1).

In this issue of PNAS, a team of sci-
entists (5), led by Israel Pecht, describe

the energetics and kinetics of a TCR–
pMHC interaction. They used a human
TCR (TCRCMV) specific for a peptide
derived from the human CMV pre-
sented by class I MHC. To obtain the
required amounts of these proteins, sol-
uble versions comprising only the ecto-
domains were expressed in bacteria and
refolded under standard conditions. Sur-
face plasmon resonance (SPR) yielded
a low-affinity constant of Kd �8 �M,
which is in the range of other TCR–
pMHC interactions (6). Measurements
of the temperature dependence of the
TCRCMV–pMHC interaction yielded a
binding enthalpy of �H of �3 kcal/mol
and a decrease in entropy (ordered
state) of T�S of �4 kcal/mol. Thus, the
TCRCMV–pMHC interaction is favored
by enthalpic and entropic forces. The
enthalpic contribution suggests an in-
crease in the number of noncovalent
bonds upon binding, which is consistent
with the generally large contact area
(�200 Å2) between TCRs and pMHCs
(2, 3). The decrease in entropy is proba-
bly caused by expulsion of bound water
molecules upon complex formation that
overcompensates the reduction in the
conformational f lexibility of the variable
loops upon pMHC binding. Surprisingly,
the same �H and T�S values were ob-
tained by studying a different TCR–
pMHC pair (7). In contrast, in two
other TCR–pMHC interactions analyzed
in detail, the binding enthalpy was sur-
prisingly high (�H � �23 kcal/mol) and
counterbalanced by a reduction in the
entropy (T�S � �16 kcal/mol) (8, 9).
The increase of the ordered state sug-
gested that the variable loops possess
conformational f lexibility in the free
TCR that is lost upon pMHC binding.

Thus, different TCR–pMHC interac-
tions use different enthalpic and en-
tropic contributions to reach a similar
affinity that might be necessary for acti-
vation of the TCR and, hence, the T
cell.

SPR measurements have suggested
that the observed low affinity was
caused by a slow association rate and
a fast dissociation rate. However, this
method’s limited time resolution did not
enable the resolving of the reaction’s
elementary steps. Indeed, the associa-
tion rates were slower than the expected
diffusion-controlled reactions, already
indicating that the individual steps of
the association were more complicated
than shown by SPR, suggesting that
structural changes are also involved.
Thus, the dynamics of the binding pro-
cess have not been directly measured
so far.

In contrast, fast kinetic measurements
of antibody–antigen interactions (anti-
bodies are the soluble form of the BCR)
had been extensively performed in semi-
nal studies by Israel Pecht’s group (10,
11). These studies provided consistent
kinetic evidence that conformational
changes are taking place in the variable
loops of the antibodies induced by anti-
gen binding.

In this context, it is not surprising that
the first report on fast kinetic measure-
ments of TCR–pMHC interactions is
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Fig. 1. At least two kinetically distinct steps constitute TCR–pMHC interactions. The first step is fast, close
to a diffusion-controlled association of two soluble proteins in solution. The second step is slower (kon �3
s�1) and reflects conformational transitions in the TCR. This induced-fit reaction determines the stability
of the TCR–pMHC complex and, therefore, the outcome of the TCR stimulation signal.
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published by Gakamsky et al. (5). To
measure the TCR–ligand interaction by
FRET, two different fluorophores were
covalently attached at defined positions
on the TCRCMV and MHC molecules,
respectively. The reaction’s time course
was monitored by using the stopped-
flow technique, which provides a time
resolution in the milliseconds range (as
opposed to SPR, which operates in the
many seconds range). Interestingly, a
biphasic association time course was ob-
served in the millisecond time domain.
Fitting of the binding data unequivocally
supported a dynamic reaction mecha-
nism with at least two distinct reaction
phases (Fig. 1).

The first step had a calculated fast
rate constant (kon �106 mol�1�s�1) that
is close to the diffusion-controlled limit
for the binding of two macromolecules
in solution. The rate constant for the
second step was slow (kon �3 s�1),
clearly indicating the operation of an
assumed conformational change (Fig. 1).
Although this study did not distinguish
between changes at the TCR or pMHC,
the many cases of reported crystallo-
graphic structures strongly support that
it is the TCR that undergoes an induced
fit transition in its variable loops to opti-
mally accommodate the antigen. Impor-
tantly, the induced fit type of interaction

might explain the known promiscuity of
TCR–ligand interactions because the
variable loops could adapt differently to
distinct antigens. Because these changes
at the TCR’s variable regions are not
transmitted to the constant regions of

the TCR (2), they most likely do not
cause the rearrangements of the TCR’s
quartery structure that lead to trans-
membrane signaling (12, 13). Neverthe-
less, the second kinetic step determines
the final complex stability and thus the
outcome of TCR–ligand binding and T
cell activation.

This landmark study by Gakamsky et
al. (5) should be a basis for future work
to unravel in further detail the interac-
tions between TCRs and their ligands.
TCRs always bind pMHC in a similar,
relative diagonal orientation (2). One
open and interesting controversy is
whether it is a germ-line-encoded struc-
ture of all TCRs that predisposes the
diagonal MHC binding or whether it is

a result of positive and negative selec-
tion (14). Very recently, structural evi-
dence has suggested that TCRs possess
germ-line-encoded structures in their
variable regions that recognize MHC
molecules independent of the bound
peptide (15). These germ-line-encoded
TCR–MHC interactions would allow a
fast screening of many different pMHCs
presented on the target cell by a TCR
(16) and might be reflected by the first
fast association of the TCRCMV with
MHC, as observed by Gakamsky et al.
Systematic mutations of the TCR and
pMHC combined with structural and
kinetic measurements could resolve this
issue. One implication is that the TCR
and MHC coevolved to recognize each
other. In contrast, the BCR, which can
potentially recognize any molecular en-
tity, and its ligand could not be di-
rectly fitted to each other during
evolution (17).

Even more intriguing and important,
the study by Gakamsky et al. (5) could
provide a quantitative understanding of
the difference between agonistic and
antagonistic peptides presented by the
same MHC. Another challenge for the
future would be to measure the TCR–
pMHC interactions on the surface of
living cells because that is where they
are expressed and act in physiological
situations.
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