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Abstract
Through T cell receptors (TCRs), T cells can detect and respond to very small numbers of foreign
peptides among a huge number of self-peptides presented by major histocompatibility complexes
(pMHCs) on the surface of antigen-presenting cells (APCs). How T cells achieve such remarkable
sensitivity and specificity through pMHC-TCR binding is an intensively pursued issue in
immunology today; the key question is how pMHC-TCR binding initiates, or triggers, a signal from
TCRs. Multiple competing models have been proposed, none of which fully explains the sensitivity
and specificity of TCR triggering. What has been omitted from existing theories is that the pMHC-
TCR interaction at the T cell/APC interface must be under constant mechanical stress, due to the
dynamic nature of cell-cell interaction. Taking this condition into consideration, we propose the
receptor deformation model of TCR triggering. In this model, TCR signaling is initiated by
conformational changes of the TCR/CD3 complex, induced by a pulling force originating from the
cytoskeleton and transmitted through pMHC-TCR binding interactions with enough strength to resist
rupture. By introducing mechanical force into a model of T cell signal initiation, the receptor
deformation model provides potential mechanistic solutions to the sensitivity and specificity of TCR
triggering.—Ma, Z., Janmey, P. A., Finkel, T. H. The receptor deformation model of TCR triggering.
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Using T cell receptors (TCRs) as sensors, T cells patrol mammalian lymphoid organs and scan
the surface of antigen-presenting cells (APCs) for the presence of specific agonist peptides
presented by major histocompatibility complexes (pMHCs). Encounter with agonist peptides
triggers a TCR signal that eventually leads to the activation of T cells and the execution of
defensive measures, such as cytokine production and direct target cell killing. Despite its
critical importance, the mechanism of TCR triggering, i.e., how engagement of TCRs by
agonist pMHCs initiates TCR signaling, is still unclear.

The TCR triggering puzzle involves more than the question of how binding of agonist pMHC
to the TCR induces structural changes of the TCR/CD3 complex to facilitate the first steps of
T cell signaling, e.g., tyrosine phosphorylation of CD3 components. APCs process many
different self- and foreign proteins indiscriminately and, hence, present a huge variety of
peptides on the surface. Therefore, for a given T cell with a unique type of TCR, agonist
peptides are usually presented by only a small proportion of MHCs, if by any at all. Effective
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defense against pathogens demands that T cells detect low numbers of agonist peptides, which
are usually derived from pathogen proteins. Indeed, increasing evidence shows that T cells can
detect as few as 1–10 agonist pMHCs among a huge number of self-pMHCs (1-3). This
remarkable capability dictates that a solution to the TCR triggering puzzle must answer three
related questions. 1) Mechanism: how does pMHC-TCR interaction change the TCR/CD3 to
a structure more favorable for signal initiation? 2) Sensitivity: How do T cells achieve such a
high sensitivity to agonist pMHCs? 3) Specificity: How do TCRs discriminate agonist pMHCs
from self-pMHCs, which are structurally very similar?

Here, we investigate an aspect of the pMHC-TCR interaction that has thus far been overlooked,
i.e., the mechanical stress exerted on a pMHC-TCR binding pair by cytoskeletal forces at the
dynamic T cell/APC interface. Taking this factor into consideration, we propose the receptor
deformation model of TCR triggering. In this model, TCR is triggered by conformational
changes induced by a mechanical force originating from the cytoskeleton, transferred through
pMHC-TCR interactions with enough strength to resist rupture under force. We believe this
new model provides a unique perspective in addressing all three aspects—mechanism,
sensitivity, and specificity—of the TCR triggering puzzle.

THE TWO-DIMENSIONAL (2D) pMHC-TCR INTERACTION
In a sharp contrast to the T cell's remarkable sensitivity to agonist pMHCs on APCs, it has
been well documented that soluble monomeric pMHCs do not trigger the TCR, even at very
high concentrations (4-7). This finding strongly suggests that TCR triggering depends on the
physical environment of the pMHC-TCR interaction.

Both TCRs and pMHCs are membrane anchored, and their interaction takes place at the T cell/
APC interface in a 2D fashion. For membrane-anchored pMHCs and TCRs to interact, the two
plasma membranes must be aligned at a distance similar to the combined length of pMHC and
TCR (∼15 nm) (8). The alignment is achieved through adhesion molecules, probably in a
stepwise fashion. First, large adhesion molecules, such as ICAM-1 and LFA-1, bring two
membranes close to each other. This, in turn, facilitates the binding between smaller adhesion
molecules, such as CD2 and CD48, which are similar in size to pMHC and TCR (9).
Consequently, compared to three-dimensional (3D) interactions between receptors and soluble
ligands, 2D interactions have different kinetic features (10). In terms of the on-rate (kon), while
surface anchoring improves kon by orienting the binding interfaces of the ligands and receptors,
ligand-receptor encounter relies on the motion of cells or cell membranes. In 3D interactions,
the off-rate (koff) is controlled only by thermal agitation. In 2D interactions, however, the
koff may be heavily influenced by mechanical forces exerted on the binding pair when
membrane alignment is altered. Although the importance of the 2D kon has been taken into
account by van der Merwe in his kinetic-segregation model (discussed below), the effect of
mechanical force on koff has been omitted in models of TCR triggering proposed so far.

THE DYNAMIC T CELL/APC INTERACTION
T cells are highly mobile by nature. In tissue culture, T cells are constantly polarized and move
at high speed by an amoeboid walk on artificial lipid bilayers or plastic surfaces (11-13). Their
locomotion is spontaneous and random in direction, although it can be influenced by chemokine
cues (14). On a 2D surface, the rapid migration comes to a halt when the T cell encounters an
APC presenting agonist peptides (11,12,15), and a stable interaction, for hours, with the same
APC was shown to be necessary for T cell activation (11). This stable interaction does not
mean, however, that the T cell/APC interaction is completely static. In fact, the cognate
interaction between a T cell and an APC is dynamic, with active T cell morphological changes
and T cell movement involved in interacting with different areas of the same APC (11,13,
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16). In fact, in a more physiological environmental setting, T cell activation was shown to be
a much more dynamic process. Using T cells and dendritic cells (DCs) cultured in a 3D collagen
matrix, Gunzer et al. (17) observed that T cells migrate vigorously and interact with DCs
presenting agonist peptides in a transient and serial manner, with a median interaction time of
7 to 12 min. The dynamic nature of T cell/APC interaction was recently confirmed in vivo by
using two-photon microscopy (18,19). In the cortical region of lymph nodes, T cells were
observed to move randomly at high speeds (11 μm/min on average), in an apparently
autonomous fashion. In the presence of specific antigen, during the first 2 h of encounter, T
cells make a series of brief interactions (11 to 12 min), engaging and disengaging DCs at an
average speed of 5.4 μm/min. Even after 2 h, T cells move with a velocity of 2.6 μm/min within
a dynamic cluster formed with APCs. Therefore, T cell activation appears to be the result of a
series of dynamic interactions with APCs, accompanied by very active T cell motility.

The importance of the physical dynamics of T cell/APC interaction in TCR triggering is
highlighted by the indispensable role of functional actin cytoskeleton in this process. Actin
filaments control cell morphology and plasticity and provide the mechanical force necessary
for motility (20). Treatment of T cells with the actin depolymerizing agent cytochalasin D
inhibits T cell locomotion and blocks T cell calcium flux stimulated by APCs (11). Myosin II,
a type of myosin motor that moves along actin filaments while consuming ATP, has also been
shown to be necessary for T cell polarization and motility (21).

THE DYNAMIC T CELL/APC INTERFACE AND THE STABILITY OF pMHC-TCR
INTERACTION

The dynamic interaction between T cells and APCs observed in vivo (18,19) strongly suggests
that the membrane alignment at the interface is highly unstable. Indeed, under the electron
microscope, close alignment permitting pMHC-TCR interaction exists as small patches of
varying sizes (87–300 nm in dimension on average), randomly scattered across the interface
(8). It is difficult to conceive that during the dynamic T cell/APC interaction, the alignment in
these small areas can be stably maintained with the nanometer-scale precision required for
interactions between pMHCs and TCRs. Rather, it is more likely that membrane alignment
undergoes constant remodeling, driven by the alternating dominance of adhesion and detaching
forces necessary for T cell motility and active scanning of the APC surface.

Unstable membrane alignment should have a significant impact on the stability of pMHC-TCR
interaction. By anchoring receptors on a surface and monitoring soluble ligand binding, the
average half-life (t1/2) of pMHC-TCR binding measured by surface plasmon resonance is ∼10
s (22). Half-life measured in this 3D setting reflects intrinsic pMHC-TCR binding stability. At
the 2D interface between T cells and APCs, however, the stability is likely to be heavily
influenced, if not dominated, by membrane movements and the forces behind these
movements. In the total absence of membrane movements, i.e., when the close membrane
alignment suitable for pMHC-TCR interaction is precisely and stably maintained, the
spontaneous dissociation should be slower than in a 3D setting, due to the inability of the
receptors and ligands to freely diffuse in the third dimension. As discussed above, however,
such a scenario is highly improbable at the dynamic T cell/APC interface. Instead, it is much
more likely that membrane detachment pulls apart the pMHC-TCR binding at a rate determined
by the speed of locomotion. Moreover, because the koff (t1/2=ln2/koff) of ligand-receptor
binding increases exponentially with a disengaging force (23), the stability of pMHC-TCR
binding should be significantly reduced by a detaching force, even if the membranes are not
completely separated.

The speed of membrane detachment supports our hypothesis that force-induced unbinding of
pMHC-TCR interaction is likely to be the dominant means of dissociation. T cells move at a
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speed of 2.6–5.4 μm/min, or 43–90 nm/s in vivo (18,19), suggesting that the speed of membrane
detachment, which can be considered as steps of cell locomotion, should be at least as fast. At
this speed, two membranes would double the 15 nm close alignment distance in less than 1 s,
before pMHC-TCR spontaneously dissociates. In addition, the detaching force is generated by
the movement of myosins along actin filaments (24), which can achieve a velocity as high as
3.6 μm/s (25).

Therefore, pMHC-TCR binding at the dynamic T cell/APC interface may be highly unstable.
If this is the case, in the absence of stable ligand-receptor interaction, what is it that triggers
TCR? In the receptor deformation model described below (Fig. 1), we argue that it is the
cytoskeletal force inherent in T cell motility that drives TCR triggering.

HOW THE RECEPTOR DEFORMATION MODEL WORKS
In this model, at the dynamic T cell/APC interface, TCR interacts with pMHC when and where
a sufficiently close membrane-membrane contact is formed. pMHC-TCR binding per se,
however, does not trigger TCR. Instead, a signal is initiated when the binding pair is pulled by
a detaching force originating from the T cell actin cytoskeleton, a force originally intended to
detach the membrane-membrane contact for T cell movement. The pulling force may induce
structural changes that favor TCR signal initiation in the following ways. First, the pulling
force may induce a conformational change, or deformation, of the αβ TCR, which is then
transferred to the intracellular domains of the CD3 complex through interactions between their
extracellular and transmembrane domains (26,27). Alternatively, if the αβ TCR is rigid, the
pulling force may deform the local lipid bilayer and cause changes in the relative positioning
and orientation of the components of the TCR/CD3 complex. Third, the pulling force may
induce conformational changes of the core-ceptor (CD4 or CD8) binding domains of the MHC
molecule and lead to better recruitment or conformational change of the coreceptor. Fourth,
the pulling force may directly deform the coreceptor. The deformation may be transmitted to
the associated Lck kinase and alter its function or its orientation relative to the CD3 complex.
These changes initiate TCR signaling by increased access to and phosphorylation of
immunoreceptor tyrosine-based activation motifs (ITAMs) of the CD3 complex by the
coreceptor-associated tyrosine kinase, Lck. Minor receptor deformation may be induced by
endogenous pMHCs to generate a survival signal. To initiate an activating signal, however, a
deformation threshold may have to be exceeded through forces that can only be delivered
via stronger agonist pMHC-TCR binding. An alternative type of force is a pushing force on
TCR, which could also induce conformational changes. Although we think this is less likely,
due to its lack of specificity, we cannot rule out a role in TCR triggering.

HOW THE RECEPTOR DEFORMATION MODEL EXPLAINS THE HIGH
SENSITIVITY AND SPECIFICITY OF TCR TRIGGERING

T cell activation by agonist pMHC is dose-dependent. Microscopy studies show that a single
agonist pMHC induces only a very weak and transient increase of intracellular calcium (3).
This finding suggests that, although a single agonist pMHC can induce TCR signaling,
accumulation of signaling from multiple pMHC-TCR interactions is necessary to reach the
threshold for T cell activation. How do T cells accumulate signals from as few as one agonist
pMHC on an APC? Valitutti et al. (28) proposed that a single agonist pMHC may serially
trigger multiple TCRs. If this is the case, in order to accumulate signals from multiple TCRs
within a given period of time, rapid disengagement of already-triggered TCRs should be
favored. Moreover, since a triggered signal may be short-lived, efficient temporal accumulation
of signals would benefit from fast serial triggering. Without external forces, however, TCR
binds agonist pMHC with a t1/2 of 10 to 50 s (29). Although the half-life seems relatively short
compared with other high-affinity bindings, it may still be too long for T cell activation via
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serial triggering, since downstream signaling events such as high-level calcium flux (11,30)
and ERK activation (2) are seen within seconds to a few minutes after T cell/APC contact. By
introducing an external mechanical force, the receptor deformation model fits well with the
serial triggering mechanism, incorporating a disengaging force that would significantly shorten
the pMHC-TCR binding time. This, together with T cell motility, would lead to rapid serial
triggering of multiple neighboring TCRs by a single agonist pMHC, resulting in highly efficient
temporal and spatial accumulation of TCR signaling.

In addition to a very low number of agonist pMHCs, T cells are also faced with the challenge
of distinguishing these from a huge number of structurally very similar self-pMHCs. What are
the binding characteristics that determine specificity? Data show that, in general, the potency
of pMHC to trigger TCR is inversely correlated with the koff of the pMHC-TCR binding
measured by surface plasmon resonance (29,31). Because t1/2 = ln2/koff, it has been argued
that stable binding favors TCR triggering. However, as discussed earlier, the stability of the
pMHC-TCR interaction taking place in a 2D setting between two closely ap-posed membranes
is likely to be determined by dynamic membrane alignments rather than by koff measured in a
3D setting under zero force. Also, as described above, stable pMHC-TCR binding works
against efficient TCR serial triggering.

In the receptor deformation model, we postulate that the outcome of a particular pMHC-TCR
binding is determined by how much force this binding can deliver to the TCR/CD3 complex
before it is broken. In other words, TCR binding strength under force determines whether a
pMHC is an agonist and how potent it is. The parameter that describes TCR binding strength
under force is the “rupture force”, i.e., the amount of force required to break the binding. The
question then becomes whether this direct correlation between pMHC potency and rupture
force can be reconciled with the observed inverse correlation between pMHC potency and zero
force koff. To reconcile them, an inverse correlation between rupture force and zero force
koff needs to be established. Interestingly, such a correlation has been found when antigen-
antibody bindings with varying zero force koff were subjected to pulling and their rupture forces
were recorded by atomic force microscope (32). Therefore, the proposition that pMHC
specificity is defined by pMHC-TCR binding strength under force is consistent with existing
experimental data on pMHC-TCR binding kinetics and pMHC potency.

THE IMMUNOLOGICAL SYNAPSE: A DYNAMIC MACHINE DRIVING
SUSTAINED SIGNALING?

The concept of the immunological synapse is not very clear. We define it as the interface
between a T cell and an APC where pMHC-TCR interaction and information transfer take
place. In vitro, especially when a lipid bilayer-based artificial APC is used, segregation of TCR
and the adhesion molecule LFA-1 lead to the formation of a bull's-eye pattern, with TCR at
the center, surrounded by LFA-1 (33,34). The formation of this particular pattern has not been
confirmed in vivo, and its role is still unclear (35). What is very clear, however, is that the
immunological synapse is a highly dynamic structure (34,36). In terms of morphology, on
encountering an APC with agonist peptides, the T cell stops migration and spreads its leading
edge to maximize the contact area with the APC. At the molecular level, TCR/CD3 complexes
actively translocate from the periphery to the center of the contact area (34,36). What is
interesting is that, after reaching maximum contact, TCR signaling occurs mainly at the
periphery of the contact area, where membrane appears to ruffle the most actively (36). Based
on the receptor deformation model, we postulate that the initial encounter of the first, or the
first few, agonist pMHCs by a T cell while scanning an APC triggers a weak signal that is not
sufficient to activate the T cell but enough to induce a stop signal to allow this APC to be
probed further. This weak signal also induces active actin cytoskeleton rearrangements (37,
38), not only to maximize the contact area but also to drive active membrane movement and
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ruffling. These actions help probe more pMHCs on the APC surface and facilitate TCR serial
triggering. The persistent membrane movement at the periphery of the synapse sustains
signaling. TCRs that have been triggered are transported to the center of the synapse, probably
for internalization and recycling, as proposed previously (35,36,39). Therefore, in the receptor
deformation model, forces from the actin cytoskeleton drive all stages of the TCR triggering
process. Forces for T cell locomotion drive the initial triggering, which signals actin
cytoskeleton to rearrange in a way that purposefully facilitates serial triggering and sustains
the triggering of TCR.

COMPARISON WITH EXISTING MODELS
TCR crosslinking by agonist-agonist pMHCs was among the first models proposed for TCR
triggering. This theory, however, suffers from the lack of clear evidence for the presence of
MHC dimers on the APC surface. The chance of agonist-agonist dimer formation is particularly
small when agonist peptides occupy only a small proportion of surface MHCs. Based on
experimental data showing that some endogenous pMHCs enhance TCR triggering by agonist
pMHCs, it was recently proposed that TCRs are triggered by a “pseudodimer” of an agonist
pMHC and an endogenous pMHC (40,41). This model, however, is contradicted by other
studies showing that endogenous pMHCs do not contribute to TCR triggering (2,42). Neither
crosslinking model explains the high sensitivity and specificity of TCR triggering. In particular,
the pseudodimer model suggests that endogenous pMHCs work synergistically with agonist
pMHCs to achieve high sensitivity to agonist pMHC, an argument that seems irreconcilable
with how TCRs distinguish endogenous and agonist pMHCs.

Monomeric agonist pMHCs may trigger TCRs through either TCR conformational change or
heterodimerization of the TCR and the CD4 or CD8 coreceptor via simultaneous pMHC
binding. In the conventional conformation change model, conformational change is induced
by pMHC binding itself, without assistance from external forces. Due to technical challenges,
crystallographic observation of structural changes of the intact TCR/CD3 complex as a whole
has not been achieved. Nevertheless, the failure of multiple crystallography studies (43) to
show global large-scale conformational changes in the TCR extra-cellular domains following
engagement of agonistic pMHCs does not support the classical conformational change model.
In the absence of external forces, it is also difficult to conceive how a consistent signal-initiating
TCR conformational change could be induced by the binding of a huge variety of pMHCs and
TCRs. As to the heterodimerization model, although coreceptors have been shown to enhance
T cell activation by pMHCs (5), it is uncertain how critical a role coreceptors play in TCR
triggering since TCR triggering in vitro and in vivo can occur in the complete absence of CD4
or CD8 (44,45). Both models favor stable pMHC-TCR interaction, hence, do not offer a good
explanation for the sensitivity through TCR serial triggering.

Putting the pMHC-TCR interaction in a 2D context, van der Merwe proposed the kinetic-
segregation model (9,46,47). This model states that TCR signaling is initiated by the
segregation of small and large membrane molecules, and, hence, their respectively associated
tyrosine kinases and phosphatases, at small close membrane-membrane contact zones between
a T cell and an APC. The resultant net increase of kinase activity within these zones initiates
signaling. The spec-ificity of triggering is determined by how long these zones can be
maintained, which is, in turn, determined by the t1/2 of pMHC-TCR binding. Disruption of
local kinase and phosphatase balance offers a reasonable mechanism for TCR signal initiation.
However, although maintaining close contact zones through specific pMHC-TCR binding is
possible in the absence of disturbance caused by an external force, it is difficult to conceive
how it can be achieved at a dynamic T cell/APC interface, especially when each zone contains
only one agonist pMHC, as originally proposed. Because this model relies on stable pMHC-
TCR interaction, serial triggering cannot be used to explain the high sensitivity of TCR
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triggering. If considered in a dynamic setting, this model also has difficulty addressing the
specificity of TCR triggering. Recently, agonist pMHCs with elongated extracellular stems
were shown to have decreased TCR triggering potency (46). This finding was cited as evidence
for the kinetic-segregation model, since elongated pMHCs should result in less segregation of
the pMHC-TCR binding pair from large tyrosine phosphatases, such as CD45. Interestingly,
these data would also support the TCR deformation model, since elongated pMHCs would
require the two opposing membranes to travel a longer distance to exert force on pMHC-TCR
binding.

By introducing external mechanical forces, the receptor deformation model provides receptor
deformation as the signal initiation mechanism, explains the high sensitivity of TCR triggering
with rapid TCR serial engagement, and offers binding strength under force, or rupture force,
as the pMHC-TCR binding character that defines pMHC specificity and potency. In terms of
what defines a specific pMHC-TCR binding, this new model may represent a new step in the
evolution of our understanding of this question, from affinity to 3D kinetics, to 2D kinetics, to
dynamic 2D kinetics. Notwithstanding these strengths, the receptor deformation model has its
weaknesses. First, it does not explain TCR triggering by soluble multimeric agonist pMHCs
(5,48). In our opinion, it is not surprising that T cells can be activated via a receptor crosslinking
mechanism that is used by B cells, given their similarity in evolution, development, antigen
receptor structure, and intracellular signaling pathways. We cannot, in fact, exclude the
possibility that when agonist pMHCs are present at extremely high levels on APCs, TCR
crosslinking is a working mechanism of TCR triggering. In this situation, the chance of two
nearby MHC molecules, both presenting agonist peptides, may be reasonably high. This, and
the fact that a large proportion of MHC molecules on the APC surface is immobile (49,50),
make it plausible that two monomeric agonist pMHCs could be stably localized in close enough
proximity to act as functional dimers that can crosslink TCRs. Given the rarity of agonist
pMHCs on APCs under physiological conditions, however, a mechanism that does not rely on
TCR crosslinking, such as receptor deformation, is likely to be the main working mechanism.
Second, and more importantly, critical elements of the receptor deformation model, such as
force-induced structural change of the TCR/CD3 complex and the correlation between pMHC
potency and pMHC-TCR binding strength under force, have yet to be directly supported by
experimental data.

CONCLUSIONS
We examine the TCR triggering mechanism from the perspective of dynamic T cell/APC
interaction and present the receptor deformation model of TCR triggering. In addition to
offering alternative explanations to the mechanism, sensitivity, and specificity of TCR
triggering, this model is consistent with the dynamics of T cell/APC interaction, the correlation
between zero force koff and TCR triggering potency, and the negative impact of elongated
pMHCs on TCR triggering. Conformational change in the CD3 complex induced by pMHC-
TCR binding has also been documented (51,52). Given its theoretical merits and testability by
currently available technologies, such as atomic force microscopy, we believe this model
warrants further investigation.
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Figure 1.
The schematics of the receptor deformation model of TCR triggering. A) Interaction of pMHCs
and TCRs at the close membrane-membrane contact site of the T cell/APC interface. Large
adhesion molecules such as LFA-1 and ICAM-1 bring together the cell membranes, which are
further aligned by small adhesion molecules such as CD2 and CD48, to a distance permitting
pMHC-TCR interaction. The interaction between agonist pMHC and TCR per se does not
initiate TCR signaling. B) Forces generated from the cytoskeleton, which drive active T cell
movement relative to APC and T cell morphological changes, detach the T cell plasma
membrane from the APC. Part of the force is delivered to the TCR/CD3 complex through
pMHC-TCR binding. Binding between agonist pMHC and TCR is strong enough to deliver a
force that deforms the TCR/CD3 complex to a conformation or configuration that can initiate
an activation signal. Weak binding between self-pMHC and TCR breaks before such a force
can be delivered. Such a binding could, however, deliver a weak force that causes minor
receptor deformation, leading to a survival signal. The detaching force could also deform the
MHC molecule to a conformation that binds coreceptors with higher affinity, or directly deform
the coreceptors to alter the activity of associated tyrosine kinase Lck.

Ma et al. Page 11

FASEB J. Author manuscript; available in PMC 2009 May 8.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript


