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Introduction
T lymphocytes (T cells) play an important role in orchestrating
an adaptive immune response to foreign pathogens. A key event
for T cell activation is an appropriate interaction between the T
cell antigen receptor (TCR) and a limited number of foreign
major histocompatibility complex (MHC)-peptide (MHCp)
complexes displayed on the surface of the antigen-presenting
cell (APC) (1, 2). Other costimulatory and adhesion molecules
also bind in the cell-cell junction. Much attention has been devoted to these extracellular binding events (3, 4), as well as to
the intracellular steps involved in signal transduction pathways
(5) implicated in T cell activation. Most of these individual
events are fast compared to the time scale over which full T cell
commitment is achieved. An important recent discovery is that
T cell recognition of antigen is accompanied by the formation
of a specialized cell-cell junction that has been labeled the immunological synapse (6-9). The mature synapse is characterized
by a specific pattern of segregated cell surface molecules in the
T cell-APC junction (7, 8). Striking images obtained with video
microscopy (7, 8) demonstrate that the mature synapse is several microns in diameter, evolves over many minutes (~30 min),
and is sustained for well over an hour. Investigating these slow
processes may provide mechanistic insights that have not been
easily accessible by studying the fast events noted earlier.
Although data on synapse formation and the underlying
molecular events are emerging at a rapid rate, several questions
concerning the genesis of the synapse and its biological function remain unresolved. These questions are motivating a
plethora of experiments. The resulting wealth of data must be
understood in terms of a mechanistic framework if it is to be
useful for controlling the immune response. In this regard,
quantitative models can be a useful complement to experiments,
because they can help develop mechanistic hypotheses that are
experimentally testable.
Here, attention is focused on a proposed quantitative model for
immunological synapse formation (10). Results from this model
suggest that early signaling events provide a dynamic cellular environment that enables self-organization processes, which lead to the
large-scale redistribution of cell surface receptors observed during
synapse formation. I describe how comparing model predictions for
conditions amenable to robust synapse assembly with experimental
data leads to two intriguing and experimentally testable hypotheses.
One concerns the role that certain null peptides can play in synapse
formation. The other proposes different functions for the synapse in
immune responses that involve gene transcription in the nucleus
from those that do not.
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Large-Scale Self-Organization Follows Early Signaling Events to Form the Synapse
In vitro experiments cannot address many issues pertinent to in
vivo interactions between T cells migrating in chemokine gradients and APCs. However, in vitro experiments (7-9, 11) have
provided data on the redistribution of membrane proteins in the
junction between T cells and APCs or between T cells and supported bilayers that mimic an APC. For example, Grakoui et al.
(8) used a bilayer containing fluorescently labeled MHCp (a
TCR ligand) and intercellular adhesion molecule (ICAM) (a
ligand for the integrin LFA1 on the T cell) as an APC mimic.
Video microscopy was used to monitor membrane protein redistribution during the interaction of live T cells with the bilayer.
Shortly (less than a minute) after the T cell ceases to crawl, a
central region of integrins (LFA1 and ICAM) surrounded by a
peripheral ring of TCRs and MHCp’s is observed. The T cell
and the bilayer are in closest apposition at the periphery. Over
many minutes, this pattern inverts (Fig. 1, upper panels), and a
mature synapse with TCR-MHCp in the center [called the central supramolecular activation cluster (cSMAC)] and a peripheral ring of integrins [called the peripheral supramolecular activation cluster (pSMAC)] emerges. Now, the T cell and the bilayer
are in closest apposition at the center of the junction (Fig. 1,
panel A). Figure 2 is a schematic illustration of the basic phenomenology that is observed. Synapses with ICAM at the periphery and MHCp clustered in the middle have been observed
in experiments with living APCs as well (7, 9, 11).
What are the processes that underlie the large-scale assembly of synaptic patterns? A mathematical model has recently
been proposed for interactions between flexible membranes
containing complementary sets of receptors and ligands, which
will be referred to as the synapse assembly model (10). The
model aims to describe experiments such as those by Grakoui et
al. (8). The basic processes considered are receptor-ligand binding and dissociation kinetics, intramembrane receptor protein
mobility, shape changes of the cell membrane attached to a cytoskeleton, and TCR down-regulation (12). The synapse assembly model proposes specific ways in which these individual processes influence each other (10). For example, the binding and
distribution of receptors is strongly influenced by the free energy cost of bending the cell membrane to accommodate receptor-ligand pairs with different topographic sizes (the TCRMHCp pair is ~15 nm, and the LFA1-ICAM pair is ~42 nm).
Each individual phenomenon (such as binding or receptor
mobility) is determined by molecular and microscopic processes that occur on short length scales. The synapse assembly model does not resolve details of processes that occur on short
(molecular) length scales, nor do the imaging experiments (79). Rather, it describes how these processes are inextricably
coupled to each other and how cooperativity among these phenomena leads to receptor protein redistribution on large
(nanometers to micrometers) length scales.
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Fig. 1. (A and B) Results from experiments done by Grakoui et al.
(8), in which a T cell is interacting with a supported bilayer mimic
of the APC. These images were taken looking down from above
the T cell. (A) Time evolution of the shape of the T cell during
synapse formation. The darker the color, the closer the apposition
between the T cell membrane and the supported bilayer. (B)
Overlay of MHCp (green) and ICAM (red) concentrations in the
intercellular junction. Movies that make these observations of the
spatiotemporal evolution of protein patterns and cell shape vivid
can be seen at (http://www.sciencemag.org/feature/
data/1040037.shl). (C through E) Results of calculations done by
Qi et al. (10) using the synapse assembly model. (C) The evolution of cell shape. Again, the darker the color, the closer the apposition between the two membranes. (D) The evolution of MHCp
concentration (green). (E) The evolution of ICAM concentration
(red). The different shades of color in (D) and (E) reflect different
levels of concentration, with darker colors corresponding to higher
concentrations. The similarity between the results of the synapse
assembly model (10) and experimental observations shown in (A)
and (B) is striking.

Processes that occur on molecular length scales determine specific measurable quantities. For example, ligand binding and dissociation kinetics and the size of the receptor-ligand complexes are
determined by the specific molecular identity of the receptors. The
rates at which receptors move laterally in the membrane and mechanical characteristics of the cell membrane are determined by cytoskeletal processes (for example, those involving the molecules talin, myosin, and moesin) that control the microscopic environment

of the cell membrane. The value of the magnitude of forces due to
each specific short-length-scale process that occurs in the cellular
environment is manifest in the synapse assembly model as a parameter whose value must be supplied in order to solve the partial differential equations.
Early signaling events most likely determine the specific
values of these measured parameters. TCR-associated phosphorylation and intracellular calcium concentrations peak within a
minute of cell-cell contact (13-20). The associated signaling
events may regulate the magnitudes of the forces arising from
the short-length-scale processes. Given that such cellular events
set the values of parameters describing short-length-scale processes in the proposed synapse assembly model (10), one can
ask the following question: Can the large-scale redistribution of
proteins that characterizes synapse formation result from selforganization processes determined by the way in which shortlength-scale processes influence each other in the proposed
model? Using values of parameters that correspond to the experiments done by Grakoui et al. (8), the model (10) predicts
spontaneously emergent large-scale patterns that closely resemble the spatiotemporal evolution of protein patterns and cell
shape observed in the experiments (Fig. 1, lower panels).
There have been debates about whether synapse formation is
an “active” or “passive” process (7, 21, 22). The synapse assembly model suggests an alternative way to think about synapse
formation. Rather than classifying processes as active or passive, it is instructive to think in terms of processes that occur on
short and large length scales. Many cellular processes that occur during T cell recognition of antigen, some of which are regulated by early signaling events, occur on short length scales.
These short-length-scale processes influence each other because
they involve receptors and ligands embedded in a common cell
membrane linked to a cytoskeletal complex. Based on physical
concepts, the synapse assembly model proposes specific ways
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in which these processes are coupled. Results from the model
from a vast pool of others? Is robust synapse assembly correlated
show that the individual short-length-scale processes act in conwith T cell effector functions? The juxtaposition of experimental dacert to enable large-scale redistribution of membrane proteins
ta with model predictions for how robust synapse assembly depends
leading to synapse formation.
on TCR-MHCp binding kinetics has suggested two intriguing, exThe integrins LFA1 and ICAM bind first in the middle of the
perimentally testable hypotheses pertinent to these questions (23).
cell-cell junction, simply because they are longer than the TCRThe genesis of these hypotheses is now described.
MHCp complex. This discourages binding of TCR-MHCp in the
central region, because accommodating two pairs of receptor-ligand
Co-Agonist Peptides Promote Synapse Formation
complexes with disparate sizes in the same region necessitates
Values of the association constant (kon) and dissociation constant
(koff) characterizing TCR-MHCp binding kinetics depend on the
bending the cell membrane into highly curved shapes. The finite
specific TCR expressed and the MHCp complex that binds across
bending energy of the cell membrane makes the free energy of such
the cell-cell junction (3, 24-30). Lee et al. (23) used the synapse ascurved shapes high and thus unfavorable. The topographical size
sembly model (10) to compute the range of values of kon and koff
differences of the two types of receptor-ligand pairs, and the fact
that result in a mature synapse with the classic pattern of ICAM
that they are embedded in a cell membrane that is connected to the
outside and MHCp inside. In performing these calculations, they asrelatively stiff cytoskeleton, also drives segregation of MHCp and
sume that all other processes that occur on short length scales reICAM1 in the mature synapse. Two segregated receptor protein patmain unchanged from those in earlier experiments. More explicitly,
terns are possible: MHCp inside and ICAM outside, and the reverse. The former is favored, because whereas the energy gained because of receptor-ligand binding can
10
- Activated
be the same in both instances, the
- Not activated
free energy of bending the memSynapse
brane is higher when the shorter
molecules are at the periphery.
1
Mathematical analyses make the
preceding arguments quantitative.
They also make clear that formation
of large-scale synaptic patterns requires a mechanism for receptor
koff 0.1
protein mobility [either diffusion or
convection due to cytoskeletal flow
(22)].
The synapse assembly model can
help in the study of how changes in
Cytokine production and
0.01
key molecular and microscopic fearobust synapse assembly
tures can disrupt synapse formation
are highly correlated.
Synapse
by changing the values of the parameters and predicting the effect on
synapse formation. As noted earlier,
0.001
these parameters reflect processes
0.01
0.1
1
0.0001
0.001
that occur on short length scales in
kon
the cellular environment and are determined by early signaling events.
Can quantitative models for the Fig. 3. Predictions of the synapse assembly model (23) for the dependence of robust synapse assemlarge-scale redistribution of cell bly on TCR-MHCp binding kinetics compared to measurements of cytokine production by specific
membrane proteins during synapse TCR-MHCp pairs. The two regions enclosed by curves are predicted to lead to the formation of a maformation shed light on the role of ture synapse. The green data points correspond to TCR-MHCp pairs that lead to efficient cytokine prothe synapse in facilitating antigen duction, and the red data points correspond to TCR-MHCp pairs that do not activate cytokine producthe conditions studied. The experimental data are taken from (8, 27, 40-42). The units of koff
recognition and T cell effector func- tion under
are s−1 and those of kon are µm2 mol−1 s−1. The two-dimensional units used for kon can be converted to
tions? Clearly, any definitive predicthree-dimensional units according to methods described in (8).
tions require incorporating a downstream signaling model into a
synapse assembly model. However,
they assume that early signaling events that set the magnitudes of
comparisons of experimental data with the current form of the
parameters describing processes, such as receptor mobility and
synapse assembly model can be useful. T cell effector functions demembrane mechanics, remain unchanged when analyzing different
pend on the identity of the peptide bound to the MHC. The kinetics
TCR-MHCp pairs. The veracity of this assumption cannot be detercharacterizing the binding of a specific TCR with MHCp depend on
mined at the present time.
the identity of the peptide. Do differences in TCR-MHCp binding
A mature synapse with a classic cSMAC and pSMAC patkinetics affect synapse formation? Are fast-binding self or null peptern formed only over a narrow range of values for kon and koff
tides spectators or participants during synapse formation? If they
(23) (Fig. 3). An interesting prediction of the model was that
are spectators, how do T cells recognize a few antigenic peptides
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certain peptides with fast binding kinetics characteristic of null
or self peptides (peptides that, by themselves, do not activate T
cells) can form a synapse. However, this was predicted to be
true only if early signaling effects maintained the values of parameters characterizing other processes to be those corresponding to experiments with the agonist peptide MCC88-103 (the
initial parameters were determined from studies with this peptide). Binding of this MHCp complex to TCR derived from the
2B4 T cell line enables synapse formation and T cell activation.
Experimental data are consistent with the predicted outcome
of the model described above. Video imaging experiments have
been performed with T cells interacting with supported bilayers
and B lymphoma APC-containing mixtures of a null peptide
mutant (MCC K99A) and the agonist peptide MCC88-103 (8,
31). Experiments with 100-fold or 10-fold excess of the MCC
K99A mutant showed that a classic synapse pattern forms, with
accumulation of null peptides in the cSMAC (8, 31). The binding kinetics of MCC K99A are estimated (23, 32) to correspond
to the upper lobe of the two regions in Fig. 3 that are predicted
to lead to robust synapse assembly. Thus, the synapse assembly
model predicts that this fast-binding peptide mutant can form a
synapse. Based on this prediction and the imaging experiments
(8, 31), the following testable hypothesis can be proposed: Early
signaling events due to the binding of a few agonist MHCp with
the TCR set the magnitudes of the various forces involved in
large-scale redistribution of receptor proteins to values that are
the same as when higher concentrations of agonist peptide are
available. Then, large-scale self-organization processes described by the synapse assembly model (10) enable the accumulation of certain fast-binding peptides (as MHCp-TCR complexes) in the cSMAC. Fast-binding peptides with binding kinetics corresponding to the upper curve-enclosed lobe in Fig. 3
have been labeled co-agonists by Lee et al. (23) and may contribute to how T cells can be activated by a few antigenic peptides in the midst of a vast pool of nonactivating self peptides.
Cytokine Production Versus Cytotoxic T Lymphocyte
(CTL)-Mediated Killing
Comparisons of how T cell effector functions and the robustness of synapse assembly depend on TCR-MHCp binding kinetics can be useful (23). Using the synapse assembly model, a
quantitative comparison between robust synapse assembly and
cytokine production by T helper (CD4+) cells was performed
(Fig. 3). Qualitative comparisons (23) with other sets of experimental data (25, 26) have also been performed and support the
correlation that TCR-MHCp pairs that result in efficient cytokine production also lead to robust synapse assembly, and
vice versa (Fig. 3). However, a similar quantitative comparison
between data on CTL-mediated killing by CD8+ cells and robust synapse assembly showed that there was no correlation between CTL-mediated killing and synapse assembly (23).
These comparisons suggest a different role for the synapse
in CD4+ and CD8+ T cell effector functions. Cytokine production by CD4+ cells requires gene transcription and is thus a
postnuclear immune response. Cytokine production occurs over
a long period and requires sustained cell-cell engagement (33).
The TCR-MHCp interaction is insufficiently strong on its own
to promote the sustained cell-cell engagement required for cytokine production. The synapse facilitates sustained engagement by confining the TCR and MHCp molecules in a small region with the two membranes in close apposition. This leads to

many TCR-MHCp rebinding events that would not occur in a
less confined topography (34), allowing sustained cell-cell engagement despite the intrinsically transitory nature of TCRMHCp interactions. Sustained engagement produced by the
synapse may facilitate binding of costimulatory molecules, such
as CD28 and CD80, necessary for sustained signaling leading
to gene transcription and cytokine production (35). Sustained
engagement may also be necessary for other regulatory processes, such as TCR endocytosis (13).
CTL-mediated killing results from the secretion of preformed molecules in the cell and occurs within a few minutes
after cell-cell engagement (36). CTL-mediated killing is a
prenuclear response, which does not require activation of gene
transcription and may not require a robust synapse to form
through the mechanisms employed by CD4+ cells. This may be
why CTL-mediated killing does not correlate with robust
synapse assembly when analyzed by the synapse assembly model. Recent experiments imaging CD8+ T cells interacting with a
supported bilayer containing no MHCp molecules showed that
synapses form that are visually similar to those formed through
TCR-MHCp interactions (37). In contrast, previous work
demonstrated that T helper cells do not form a synapse in the
absence of TCR-MHCp binding (8). This supports the viewpoint that CD8+ engagement does not result in the formation of
synapses through the mechanisms used by T helper cells. What
is the role of the synapse in CTL-mediated killing? One speculation is that it may play a role in directing the secretion of preformed toxic molecules to the target cell (38, 39).
Taken together, model calculations and experiments suggest
that early signaling events determine the cellular environment
necessary for the formation of a self-organized mature synapse.
Synapse formation facilitates sustained cell-cell engagement
necessary for signal transduction pathways involved in postnuclear immune responses. This hypothesis, and many other unanswered questions regarding how and why synapses form, are
currently subjects of intense experimental study. Synergy between these studies and modeling efforts should lead to fundamental new insights into the role of the synapse in T cell function. The results of the experimentation and model prediction
tests will lead to correction and improvement of the synapse assembly model (10) and hopefully allow it to be applied to other
signal transduction paradigms. Such a marriage of physical
chemistry and cell biology promises to be exciting.
References
1. D. A. Peterson, R. J. DiPaolo, O. Kanagawa, E. R. Unanue, Negative selection of immature thymocytes by a few peptide-MHC complexes: differential
sensitivity of immature and mature T cells. J. Immunol. 162, 3117-3120
(1994).
2. R. N. Germain, MHC-dependent antigen processing and peptide presentation: providing ligands for T lymphocyte activation. Cell 76, 287-299 (1994).
3. M. M. Davis, J. J. Boniface, Z. Reich, D. Lyons, J. Hampl, B. Arden, Y. Chien,
Ligand recognition by ab T-cell receptors. Annu. Rev. Immunol. 16, 523-544
(1998).
4. P. A. van der Merwe, S. J. Davis, A. S. Shaw, M. L. Dustin, Cytoskeletal polarization and redistribution of cell-surface molecules during T-cell antigen
recognition. Semin. Immunol. 12, 5-21(2000).
5. A. Weiss, D. R. Littman, Signal tranduction by lymphocyte antigen receptors. Cell 76, 263-274 (1994).
6. W. E. Paul, P. A. Seder, Lymphocyte responses and cytokines. Cell 76,
241-251 (1994).
7. C. R. F. Monks, B. A. Freiberg, H. Kupfer, N. Sciaky, A. Kupfer, Three-dimensional segregation of supramolecular activation clusters in T-cells. Nature
395, 82-86 (1998).
8. A. Grakoui, S. K. Bromley, C. Sumen, M. M. Davis, A. S. Shaw, P .M. Allen,
M. L. Dustin, The immunological synapse: a molecular machine controlling

www.stke.org/cgi/content/full/OC_sigtrans;2002/122/pe10

Page 4

PERSPECTIVE
T-cell activation. Science 285, 221-227 (1999).
9. J. Delon, N. Berkovici, G. Raposo, R. Liblau, A. Trautmann, Antigen-dependent and independent Ca2+ responses triggered in T cells by dendritic cells
compared with B cells. J. Exp. Med. 188, 1473-1484 (1998).
10. S. Qi, J. T. Groves, A. K. Chakraborty, Synaptic pattern formation during
cellular recognition. Proc. Natl. Acad. Sci. U.S.A. 98, 6548-6553 (2001).
11. J. Delon, K. Kaibuchi, R. N. Germain, Exclusion of CD43 from the immunological synapse is mediated by phosphorylation-regulated relocation of the
cytoskeletal adaptor Moesin. Immunity 15, 691-701 (2001).
12. S. Valitutti, A. Lanzavecchia, Serial triggering of TCRs: a basis for the sensitivity and specificity of antigen recognition. Immunol. Today 18, 299-304
(1997).
13. K. H. Lee, A. D. Holdorf, M. L. Dustin, A. C. Chan, P. M. Allen, A. S. Shaw, T
cell receptor signaling precedes immunological synapse formation.
Science 295, 1539-1542 (2002).
14. J. Sloan-Lancaster, A. S. Shaw, J. B. Rothbard, P. M. Allen, Partial T cell
signaling: altered phospho-ζ and lack of zap 70 recruitment in APL induced
T cell anergy. Cell 79, 913-922 (1994).
15. J. Madrenas, R. L. Wange, J. L. Wang, N. Isakov, L. E. Samelson, R. N.
Germain, ζ phosphorylation without zap 70 activation induced by TCR antagonists or partial agonists. Science 267, 515-518 (1995).
16. D. M. La Face, C. Couture, K. Anderson, G. Shih, J. Alexander, A. Sette, T.
Mustelin, A. Altman, H. M. Grey, Differential T cell signaling induced by antagonist peptide-MHC complexes and the associated phenotypic responses. J. Immunol. 158, 2057-2064 (1997).
17. B. N. Dittel, I. Stefanova, R. N. Germain, C. A. Janeway Jr., Cross antagonism of a T cell clone expressing two distinct T cell receptors. Immunity 11,
289-298 (1999).
18. B. Lucas, I. Stefanova, K. Yasutomo, N. Dautigny, R. N. Germain, Divergent
changes in the sensitivity of maturing T cells to structurally related ligands underlies formation of a useful T cell repertoire. Immunity 10, 367-376 (1999).
19. J. S. Rotnes, B. Bogen, Ca2+ mobilization in physiologically stimulated single T cells gradually increases with peptide concentration (analog signaling). Eur. J. Immunol. 24, 851-858 (1994).
20. J. Delon, N. Berkovici, R. Liblau, A. Trautmann, Imaging antigen recognition
by naïve CD4+ T cells: compulsory cytoskeletal alterations for the triggering of an intracellular calcium response. Eur. J. Immunol. 28, 716-729
(1998).
21. M. L. Dustin, J. A. Cooper, The immunological synapse and the actin cytoskeleton: molecular hardware for T-cell signaling. Nature Immunol. 1, 2329 (2001).
22. C. Wulfing, M. M. Davis, A receptor/cytoskeletal movement triggered by
costimulation during T-cell activation. Science 282, 2266-2269 (1998).
23. S. J. Lee, Y. Hori, J. T. Groves, M. L. Dustin, A. K. Chakraborty, TCRMHC/peptide binding kinetics and immunological synapse assembly. Submitted to Immunity, December (2001).
24. K. A. Hogquist, S. C. Jameson, M. J. Bevan, Strong agonist ligands for the
T cell receptor do not mediate positive selection of functional CD8+ T cells.
Immunity 3, 79-86 (1995).
25. A. M. Kalergis, N. Boucheron, M. Doucey, E. Palmieri, E. C. Goyarts, Z.
Vegh, I. F. Luescher, S. G. Nathenson, Efficient T-cell activation requires an
optimal dwell-time of interaction between the TCR and the pMHC complex.

Nature Immunol. 2, 229-234 (2001).
26. D. Hudrisier, B. Kessler, S. Valitutti, C. Horvath, J. Cerottini, F. Luescher, The efficiency of antigen recognition by CD8+ CTL clones is determined by the frequency of serial TCR engagement. J. Immunol. 161, 553-562 (1998).
27. G. J. Kersh, E. N. Kersh, D. H. Fremont, P. M. Allen, High- and low-potency
ligands with similar affinities for the TCR: the importance of kinetics in TCR
signaling. Immunity 9, 817-826 (1998).
28. G. J. Kersh, P. M. Allen, Essential flexibility in the T-cell recognition of antigen. Nature 380, 495-498 (1996).
29. Y. Sykulev, Y. Vugmeyster, A. Brunmark, H. L. Ploegh, H. N. Eisen, Peptide
antagonism and T-cell receptor interactions with peptide-MHC complexes.
Immunity 9, 475-483 (1998).
30. J. Madrenas, R. N. Germain, Variant TCR ligands: new insights into the
molecular basis of antigen-dependent signal transduction and T-cell activation. Semin. Immunol. 8, 83-101 (1996).
31. C. Wulfing, C. Sumen, C. Sjaastad, L. C. Wu, M. L. Dustin, M. M. Davis,
Costimulation and endogeneous MHC ligands contribute to T-cell recognition. Nature Immunol. 3, 42-47 (2002).
32. T. C. Manning, C. J. Schlueter, T. C. Brodnicki, E. A. Parke, J. A. Speir, K. C.
Garcia, L. Teyton, I. A. Wilson, D. M. Kranz, Alanine scanning mutagenesis
of an alphabeta T-cell receptor: mapping the energy of antigen recognition.
Immunity 8, 413-425 (1998).
33. A. R. Weiss, M. Shields, B. Newton, B. Manger, J. Imboden, Ligand-receptor interactions required for commitment to the activation of the interleukin
2 gene. J. Immunol. 138, 2169-2176 (1987).
34. R. N. Germain, T-cell signaling: the importance of receptor clustering. Curr.
Biol. 7, R640-R644 (1997).
35. S. K. Bromley, A. Laboni, S. J. Davis, A. Whitty, J. M. Green, A. S. Shaw, A.
Weiss, M. L. Dustin, The immunological synapse and CD28-CD80 interactions. Nature Immunol. 2, 1159-1166 (2001).
36. E. Martz, W. L. Parker, M. K. Gately, C. D. Tsoukas, The role of calcium in
the lethal hit of T lymphocyte-mediated cytolyisis. Adv. Exp. Med. Biol. 146,
121-147 (1982).
37. M. L. Dustin, personal communication.
38. J. Delon, R. N. Germain, Information transfer at the immunological
synapse. Curr. Biol. 10, R923-R933 (2000).
39. R. E. Schmidt, J. P. Caulfield, J. Michon, A. Hein, M. M. Kamada, R. P. MacDermott, R. L. Stevens, J. Ritz, T11/CD2 activation of cloned human natural killer cells results in increased conjugate formation and exocytosis of
cytolytic granules. J. Immunol. 140, 991-1002 (1988).
40. D. S. Lyons, S. A. Liebarman, J. Hampl, J. Boniface, Y. Chien, L. Berg, M. M.
Davis, A TCR binds to antagonist ligands with lower affinities and faster
dissociation rates than to agonists. Immunity 5, 53-61 (1996).
41. K. Matsui, J. J. Boniface, P. Steffner, P. A. Reay, M. M. Davis, Kinetics of Tcell receptor binding to peptide/I-Ek complexes: correlation of the dissociation rate with T-cell responsiveness. Proc. Natl. Acad. Sci. U.S.A. 91,
12862-12866 (1996).
42. P. A. Reay, R. A. Kantor, M. M. Davis, Use of global amino acid replacements to define the requirements for MHC binding and T cell recognition of
moth cytochrome c (93-103). J. Immunol. 152, 3946-3957 (1994).
43. I thank M. L. Dustin, R. N. Germain, J. T. Groves, Y. Hori, S. J. Lee, and S.Y.
Qi for discussions and collaborations.

www.stke.org/cgi/content/full/OC_sigtrans;2002/122/pe10

Page 5

