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INTRODUCTION
The T-cell receptor (TCR) is responsible
first of all for recognizing small peptides
embedded in major histocompatibility
complex molecules (pMHC). The infor-
mation that a complex has thus formed is
then transduced across the membrane via
“triggering” of the TCR. This results in a net
increase in the number and/or half-life of
phosphorylated immunoreceptor tyrosine-
based activation motifs (ITAMs) present in
the CD3 subunits of the TCR (Smith-Garvin
etal.,2009). Signaling via tyrosine-contain-
ing motifs phosphorylated by Src tyrosine
kinases is not unique to the TCR complex;
in fact, a large number of receptors present
in lymphocytes likely signal in the same
manner (Davis and van der Merwe, 2006).
Almost 30 years after the TCR was discov-
ered, however, the regulation of its phos-
phorylation remains poorly understood.
An important recent development is that
relatively high levels of active forms of the
Src kinase Lck are present in resting T-cells
(Nika et al., 2010), prompting the question:
why are T cells not constitutively activated?
Drawing on recently published and
unpublished work on the TCR and, in
particular, the extensive literature on the
regulation of Src kinases, in this Opinion
article we discuss how TCR phosphoryla-
tion might be controlled in T cells. We con-
sider how, at a global level, the homeostatic
balancing of tyrosine kinase and phos-
phatase expression levels might keep TCR
phosphorylation under tonic control, and
how a previously overlooked mechanism of
Src kinase activation might contribute to
ultra-sensitive signaling in T cells, helping
to locally counteract these global homeo-
static effects. Rather than emphasizing its
unconventionality, we highlight ways in
which TCR behavior likely resonates with
known molecular and cellular processes.
As discussed previously (James et al., 2007,
2011), we assume that the “resting” TCR is
monovalent. TCR triggering per se is also
considered elsewhere (Davis and van der
Merwe, 1996, 2006).

GLOBAL CONTROL OF TCR
PHOSPHORYLATION IN RESTING CELLS
TCR-based signaling occurs in seconds
(<10 s) and is sensitive enough to detect
single agonist pMHC among large numbers
of non-agonist pMHC (Irvine et al., 2002;
Huse et al., 2007). It was long assumed that
the TCR would activate Src kinases, leading
to receptor phosphorylation (Smith-Garvin
etal.,2009).Indeed, the levels of TCR phos-
phorylation in resting cells are low (see e.g.,
Patel et al., 1987), consistent with most if
not all of the tyrosine kinase being inac-
tive. However, recent analyses suggest that
a significant pool of Lck is constitutively
active (Nika et al., 2010), raising an inter-
esting question: how is the TCR kept largely
unphosphorylated in a resting T-cell in the
presence of active kinase?

The possibility that positively charged
residues present in the CD3e and CD3{
cytoplasmic domains interact with the
cell membrane offered a novel explana-
tion: that membrane association prevents
kinase access to the TCR (Xu et al., 2008).
However, mutation of these positively
charged residues does not lead to receptor
phosphorylation and has little or no effect
on T-cell development (Deford-Watts et al.,
2009; Fernandes et al.,2010). Instead, muta-
tions that “free” the cytoplasmic domains of
CD3¢ or CD3{ slow ITAM phosphorylation
and reduce T-cell activation (Fernandes
et al., 2010; Gagnon et al., 2010; Zhang
et al., 2011). One possible explanation for
this is that, if they occur at all, transient
interactions of the relatively long and flex-
ible CD3 cytoplasmic domains with the cell
membrane could increase the frequency of
productive encounters between ITAMs and
the active sites of tyrosine kinases, whose
positions are largely fixed by N-terminal
membrane attachment.

Another proposed mechanism protect-
ing the TCR from random phosphoryla-
tion is based on the physical segregation
of the complex from Src kinases, predi-
cated on the existence of “lipid rafts” (He
and Marguet, 2008). Recently, in situ ultra

high-resolution approaches, i.e., stimulated
emission depletion far-field fluorescence
microscopy and fluctuation correlation
spectroscopy, were used to study the “nano-
scale” organization of membrane lipids in
situ (Eggeling et al., 2009). This showed
that domains containing sphingolipids and
glycosylphosphatidylinositol-anchored
proteins, i.e., lipid rafts, might be as small
as <20 nm diameter and very short-lived
(~10-20 ms; Eggeling et al., 2009). Whether
such structures nevertheless prevent the
interaction in resting cells of, e.g., recep-
tors and Src kinases, could be probed using
Forster resonance energy transfer (RET;
Figure 1A), which is highly sensitive to
random and non-random interactions of
proteins within membranes, at roughly
this length-scale (<10 nm; James et al,,
2006). For now, whether or not receptors
and kinases are pre-segregated within the
membrane prior to triggering remains an
open question.

A striking outcome of the few RET
experiments done on leukocyte surface
proteins, however, is the extent to which
non-oligomeric proteins interact ran-
domly within the membrane (James et al.,
2006). The RET efficiency for non-associ-
ated proteins interacting via random col-
lisions is only four- to fivefold lower than
that for covalent dimers (Figure 1B; James
et al., 2006, 2011). The scale of the effect
of membrane association is illustrated by
the observation that the efficiency of energy
transfer between membrane and cytoplas-
mic proteins is virtually zero (James et al.,
2011), and explained by both the density
at which proteins are packed in the mem-
brane (Grasberger et al., 1986), and the
rates of their diffusion (James et al., 2007;
Figure 1C). This suggests that random con-
tacts of the TCR with receptor-type protein
tyrosine phosphatases (PTPs) might explain
the low levels of TCR phosphorylation in
resting T-cells. Further supporting this idea,
receptor-type PTPs such as CD45 account
for ~10% of the cell surface protein content
ina T-cell (Williams and Barclay, 1986),and
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FIGURE 1 | Analysis of protein interactions using bioluminescence resonance energy transfer
(BRET). (A) Schematic showing a monomeric protein expressed at the cell surface as chimeras with
luciferase (Luc) and a green fluorescent protein (GFP) acting as donors and acceptors, respectively. The
blue circle represents the 100 A sphere within which random or stable co-association of Luc and GFP
allows energy transfer. (B) Graphical representation of the relationship of energy transfer efficiency
(BRET,,) to the acceptor/donor ratio for dimeric (green) and monomeric (blue) protein pairs expressed at the
membrane, versus that measured for a pair of proteins one of which is expressed at the membrane (mem)
and the other in the cytoplasm (cyt; James et al., 2006, 2011). In practice, the transfer efficiency is
normalized against that measured for a soluble GFP/Luc fusion protein (sGFP-Luc) expressed in the
cytoplasm. (C) The efficiency of energy transfer arising via random interactions is explained by the high
density of membrane surface proteins and by their high mobility. Protein density is illustrated to scale,
assuming that there are 20,000 molecules/um?, and that each protein is 4 nm in diameter (Grasberger
etal., 1986). It takes 0.2-0.3 s for a protein to move from position A to position B, based on measurements
of the TCR diffusion rate (James et al., 2007). Since many of the proteins are likely diffusing at comparable
rates, numerous random interactions seem unavoidable. Some estimates for the expression levels of cell
surface proteins are substantially higher (Quinn et al., 1984).
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have broad specificity (Barr etal.,2009) and
very high catalytic activity (Fischer et al.,
1992).

Such effects might not be restricted to
antigen receptors, or lymphocytes. CD45
directly dephosphorylates and inactivates
JAK-family kinases, and inhibits JAK/STAT
dependent signaling by interleukin receptors
in response to IL-3,1L-4, erythropoietin, and
IFNo (Irie-Sasaki et al., 2001; Yamada et al.,
2002). Like the interleukin receptors, the
epidermal growth factor receptor (EGFR)
was also assumed to rely only on dimeriza-
tion-induced kinase activation (Ullrich and
Schlessinger, 1990). Recent work, however,
suggests that unliganded EGFR monomers
and dimers exist in equilibrium with the
receptor cycling between phosphorylated
and unphosphorylated states (Chung et al.,
2010; Kleiman etal.,2011). EGFR phospho-
rylation thus seems to be under tonic con-
trol by membrane PTPs, with ligand binding
perturbing the steady state via the induc-
tion of kinase activity and/or phosphatase

inhibition (Reynolds et al., 2003). This mir-
rors the control of information transfer by
phosphorylation—dephosphorylation cycles
established for cytosolic proteins, such as
ERK, Akt, Jnk, p38, and cyclins (Domingo-
Sananes et al., 2011).

To preserve responsiveness in such a set-
ting, the relative levels of kinase and phos-
phatase activity in resting cells would need to
be tightly controlled. We examined whether
TCR phosphorylation is controlled as part
of a global homeostatic system involving the
TCR, Lck, and CD45. Such a system would
be highly sensitive to changes in the levels
of expression of each individual compo-
nent, and should respond with compensa-
tory changes that return the status quo. We
found that shRNAs that acutely down-reg-
ulate CD45 in Jurkat T-cells rapidly induce
strong, Src kinase-dependent TCR phospho-
rylation and T-cell activation. Soon after,
however, the cells establish a new steady state
in which a “resting” phenotype is restored
(R. A. Fernandes et al., unpublished obser-

vations). Importantly, in the new state, the
cells express less TCR and Lck, directing the
resting equilibrium “back” toward low levels
of TCR phosphorylation. Interestingly, the
new “ground state” was reached over several
days, suggesting that a form of feedback con-
trol is operating that might be transcription
dependent. We speculate that such effects
may have contributed to some of the phe-
notypes observed in CD45 knockdown cells,
and masked the role of CD45 in TCR trig-
gering (Hermiston et al., 2009).

LOCAL REGULATION OF LCK ACTIVITY
The key Src kinase involved in TCR trigger-
ing is Lck (Smith-Garvin et al., 2009). The
present view of Lck regulation is based on
biochemical analysis and crystal structures
of several Src family kinases, including Lck
(Boggon and Eck,2004). Phosphorylation of
the C-terminal Tyr*” residue of Lck by Csk is
believed to inhibit the kinase whereas trans
auto-phosphorylation of activation-loop
Tyr** promotes its activity (Figure 2A).
CD45 dephosphorylates both Tyr sites,
complicating the interpretation of its role
in receptor signaling. Crystal structures of
Src and Hck have revealed how Tyr®® phos-
phorylation promotes binding of the SH2
domain to the C-terminal tail, stabilizing
an association of the SH3 domain with a
PxxP motif present in the linker segment
connecting the SH2 and kinase domain and
“closing” the kinase (Boggon and Eck, 2004).
The dynamics of the inter-conversion of
the closed/inactive and open/active states of
Lck are poorly understood but likely to be
important given that SH2/Tyr*” and SH3/
PxxP interactions are of modest affinity and
that increasing the SH2/Tyr® affinity sub-
stantially reduces Lck activity (Nika et al.,
2007). Small-angle X-ray solution scattering
and molecular dynamic simulations have
revealed that unphosphorylated forms of
Src kinases mainly adopt two distinct states
in solution, with around 84% of Src or Hck
assuming a closed/inactive conformation
and 16% an open/active state; phospho-
rylated Tyr®® Src forms a single, closed
conformation (Bernad¢ et al., 2008; Yang
et al., 2010). Nika et al. (2010) have used
the levels of phosphorylation of Tyr** and
Tyr*** to make inferences about the distri-
bution of Lck states in vivo, and concluded
that up to 40% of Lck is constitutively active.
An additional, striking outcome was that
upon T-cell activation there was no appar-
ent increase in the levels of activated, i.e.,
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FIGURE 2 | Proposal for regulation of Lck by phosphorylation and substrate
binding. (A) The distinct states of phosphorylated Lck, and their proposed levels
of activity. Yellow and green stars correspond to phosphorylated Tyr®®* and Tyr®,
respectively, whereas the red star marks Lck allosterically and/or stably activated
by substrate binding. (B) Local, switch-like activation of Lck. (i) Immediately
following incipient receptor triggering, the TCR is weakly phosphorylated. Via
random collisions with other kinases or phosphatases in the membrane (see
Figure 1), Lck transits between inactive (Lck1) and partially active (Lck2) states.
(ii) The phosphorylated receptor competes with phosphorylated Lck1 Tyr®® for
binding to the SH2 domain of Lck1, which activates the kinase allosterically and/

or by stabilizing an open, activated state for the enzyme. The fully activated state
also requires phosphorylation of Lck1 by Lek2. (ifi) As the result of more random
collisions, receptorbound, fully activated Lck1 phosphorylates adjacent locally
engaged (and non-engaged?) receptors, including inhibitory ones such as
CTLA-4, which each then recruit and activate more Lck (iv). Differences in the
degree of initial phosphorylation of the TCR in step (i), and, consequently, the
amount of Lck activation in step (ii) allows signal discrimination. For the present
purposes we do not draw distinctions between free and co-receptor associated
Lck, although in step (i) Lck/co-receptor recruitment to the TCR would be
expected to be favored over free Lck recruitment.

394

Tyr***-phosphorylated Lck. However, an
important caveat is that local changes in
Lck phosphorylation might have gone
undetected in their global analyses. But
what local processes might occur?

Among several possibilities (Davis and
van der Merwe, 2011), the binding of kinase
SH2 domains to their substrates, which is
itself phosphorylation dependent, would
stabilize the kinase in an active state, favor-
ing multi-site phosphorylation of receptors
with more than one tyrosine. Classical “feed-
forward” regulation of this type is observed
for c-Src, Hck, and the closely related Fes
and Abl kinases (see e.g., Alexandropoulos
and Baltimore, 1996), but does it apply to
Lck? We have found that phosphorylated
CD3 ITAM-derived peptides strongly acti-
vate Lck measured with enolase as substrate
(R. A. Fernandes et al., unpublished data).
This suggests that receptor phosphoryla-
tion could, in principle, be regulated in a
local, ultra-sensitive, switch-like manner
via Lck/substrate encounters (Figure 2B).
The extent to which this occurs in vivo
would likely depend on: (1) the effective
relative affinities of the SH2 domain of Lck
for phosphorylated Tyr* versus tyrosine-
phosphorylated substrates; (2) the com-
peting activities of Csk and other kinases
for Tyr*® and Tyr** on Lck; (3) the degree
to which re-binding is favored following
encounter complex formation (Dushek
et al., 2011); and (4) the time TCR and

Lck spend in regions lacking phosphatase
activity (Davis and van der Merwe, 2006,
2011).

If Lck is only fully active after it binds
phosphorylated substrates, and receptor
phosphorylation levels are low, then the
levels of active Lck in resting cells may in
fact be low, irrespective of the phosphoryla-
tion status of Tyr***. Moreover, Lck activa-
tion per sewill not be observable as changes
in Tyr* phosphorylation, which might
remain unchanged during T-cell activation,
as observed (Nika et al., 2007). Subtle, local
regulation of this type would also explain
why the allosteric regulation of Lck is so
complex (Davis and van der Merwe, 2011).
A final point is that Src kinase SH2 domains
seem unique among the SH2 domains
expressed by T-cells insofar as the purified
SH2 domains bind the tyrosine-phosphoryl-
ated motifs of most receptors we have tested
in surface plasmon resonance-based assays
(J. Huo et al,, unpublished data). This sug-
gests the possibility that, should the dynam-
ics allow it, many phosphorylated receptors
might activate Lck, including inhibitory
ones (e.g., CTLA-4; Figure 2B).

CONCLUDING REMARKS

The solution to the TCR “triggering prob-
lem” continues to elude us, but there is also
much still to be learned about the regula-
tion of the “resting” state of the TCR. An
important challenge is to identify feedback

control mechanisms underpinning the
homeostatic control of TCR phosphoryla-
tion in resting cells, if this occurs. A much
better understanding of the intrinsic and
extrinsic factors driving the inter-conver-
sion of the active and inactive states of the
Src kinases is also required, in resting cells
and under conditions of receptor trigger-
ing. It will also be helpful to know the effec-
tive affinities of the SH2 domain of Lck for
phosphorylated substrate and Tyr’* resi-
dues, so that the extent to which, if at all,
local substrate interactions impose “switch-
like” behavior on Lck can be established.
The coupling of SH2 and kinase domains
appeared early in evolution, soon after the
appearance of tyrosine phosphorylation
(Pawson, 1995; Filippakopoulos et al., 2009).
This may have provided a basis for targeting
kinases to their substrates and, later, an allos-
teric mechanism for controlling their local
activity, increasing signaling complexity
in multicellular organisms (Pawson, 2004;
Kuriyan and FEisenberg, 2007). We have
found that the expression of Src kinases is
biased toward leukocytes, which also express
the largest number of receptors with tyros-
ine phosphorylation motifs (Y. Lui et al.,
unpublished data). During metazoan evolu-
tion, the expansion of this family of kinases
might have “solved” a specialized triggering
problem, perhaps one involving the tran-
sient interactions of functionally interactive
cells, such as leukocytes. This may in turn
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have allowed rich and varied signaling by
an expanded set of receptors structurally
related to a precursor of the TCR (Yu et al.,
2011). When the receptor triggering “dom-
ino” eventually falls for the TCR, the trigger-
ing mechanisms for these other receptors are
expected to quickly follow.
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