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In spite of a comprehensive understanding of the schematics of T cell receptor (TCR)
signaling, the mechanisms regulating compartmentalization of signaling molecules, their
transient interactions, and rearrangement of membrane structures initiated upon TCR
engagement remain an outstanding problem. These gaps in our knowledge are exemplified
by recent data demonstrating that TCR triggering is largely dependent on a preactivated
pool of Lck concentrated in T cells in a specific type of membrane microdomains. Our
current model posits that in resting T cells all critical components of TCR triggering machin-
ery including TCR/CD3, Lck, Fyn, CD45, PAG, and LAT are associated with distinct types
of lipid-based microdomains which represent the smallest structural and functional units
of membrane confinement able to negatively control enzymatic activities and substrate
availability that is required for the initiation of TCR signaling. In addition, the microdomains
based segregation spatially limits the interaction of components of TCR triggering machin-
ery prior to the onset of TCR signaling and allows their rapid communication and signal
amplification after TCR engagement, via the process of their coalescence. Microdomains
mediated compartmentalization thus represents an essential membrane organizing princi-
ple in resting T cells. The integration of these structural and functional aspects of signaling
into a unified model of TCR triggering will require a deeper understanding of membrane biol-
ogy, novel interdisciplinary approaches and the generation of specific reagents. We believe
that the fully integrated model of TCR signaling must be based on membrane structural
network which provides a proper environment for regulatory processes controlling TCR

triggering.
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INTRODUCTION

T cells are prototypical examples of highly sophisticated and metic-
ulously regulated signaling cells. Signaling through the T cell
receptor (TCR) has the potential to trigger a broad range of cellu-
lar responses. The utility of this potential, on the molecular level,
is controlled by the existence of multiple signaling pathways that
can be triggered individually or in parallel, in additive or syner-
gistic fashions (Friedl et al., 2005; Acuto et al., 2008; Davis, 2009).
However, despite having a comprehensive list of TCR signaling
elements and their pathways, there is still a paucity of information
concerning very proximal events that initiate T cell activation. This
especially relates to the following questions: (i) how is the engage-
ment of TCR by a peptide ligand presented in the context of MHC
(pMHC) transduced across the plasma membrane (PM) to the
interior of T cell and (ii) how is this signal spatially and temporarily
coupled to the initiation of receptor’s immunoreceptor tyrosine-
based activation motif (ITAM) tyrosine phosphorylation itself. In
this review, we will give a short account of the past and current
literature concerning the mechanism controlling the initiation of
enzymatic reactions by two Src-family tyrosine kinases (SFKs),
Lck and Fyn, that drive the process of activation in mature periph-
eral CD4™1 T cells. We will argue that the tight control of TCR
signaling is achieved via a highly regulated process of membrane

microdomain-based segregation of various signaling molecules
and that this compartmentalization represents the basic organi-
zational principal underpinning the integrity, coordination, and
spatio-temporal correlates of TCR proximal signaling.

TCR SIGNALING MODULES
The functional roadmap of TCR activation is usually presented
as a two-dimensional cartoon densely populated by numerous
proteins positioned sequentially along the multitude of signaling
cascades spanning from the PM to the nucleus. While this sim-
plification is of practical use, recent data suggest the existence
of spatially restricted multiprotein modules designed to regulate
and perform specific T cell signaling-related functions. The spatial
integration of these modules is usually achieved either by a direct
interaction of these proteins or by a common spatial confinement
imparting their proximity. Based on their functional and spatio-
temporal relationships, Acuto et al. (2008) conveniently grouped
the signaling elements in T cells into three main signaling modules:
(i) TCR triggering module (TCR module); (ii) Lck/Fyn regula-
tion module (SFK module); and (iii) signal diversification and
regulation module (D/R module).

TCR module is one of the most complex biological signal-
transducing systems that contains a highly diversified receptor and
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ligand components (Wucherpfennig et al., 2010). TCR consists of
aligand recognizing variable TCRaf heterodimer electrostatically
assembled with its signal-transducing chains CD3y, CD33, CD3g,
and CD3g that in their cytoplasmic portion contain 10 ITAMs
(Call et al., 2002). This structural complexity of TCR is dictated
by the functional requirement for the generation of a biologically
relevant signal which is able to translate the affinity of TCR-pMHC
interaction, gauged by the duration of their engagement, to quan-
titatively distinct ITAM phosphorylation patterns (Kersh et al,,
1998; Acuto etal.,2008). A critical step in this process is the ordered
phosphorylation of ITAMs (Kersh et al., 1998), controlled by SFK
module and executed mainly by Lck (van Oers et al., 1996; Hege-
dus et al., 1999). Phosphorylated ITAM:s serve as docking sites for
tyrosine kinase ZAP-70 which after being activated by Lck pro-
ceeds to phosphorylate the adaptor protein LAT on multiple sites.
This in turn, leads to the engagement and assembly of the D/R
module initiating downstream signaling. Notably, the recruitment
of phospholipase Cy;, as well as the adaptor proteins Grb2 and
GADS to these sites allows the activation of MAPK signaling path-
ways, Ca2+ flux, and formation of multimeric signaling complexes
which lead to cytoskeletal reorganization and integrin activation
(Nel, 20025 Smith-Garvin et al., 2009). These pathways then con-
verge on both the activation and translocation to the nucleus of
critical transcription factors NF-AT, NF-kB, and AP1, which con-
trol the expression of the cytokine IL-2, required for activation
and proliferation of T cells in addition to the expression of other
activation-inducible genes. Due to the complexity of TCR medi-
ated signaling, a tight regulation of this process is, at least partly,
provided by a membrane-based compartmentalization.

LIPID RAFTS, CYTOSKELETON, AND TRANSLOCATIONS
To achieve unencumbered coordination, specificity, and efficiency
in signaling, much of the biochemistry in cell signaling is spatially
restricted and timely regulated by the physical segregation of sig-
naling elements into an appropriate confinement. This process of
compartmentalization is highly complex and dynamic. It involves
not only the engagement of immune receptors, translocation of
critical signaling elements to cell-cell contact zones and nucle-
ation of active signaling complexes, but also a cellular architecture
that supports it. This includes the lateral segregation of PM into
distinct microdomains, called lipid rafts (LR; Horejsi, 2003), and
a cytoskeletal network that regulates its structural and dynamic
changes (Billadeau et al., 2007; Viola and Gupta, 2007; Burkhardt
et al., 2008).

Lipid rafts, also called membrane rafts, are defined as small (5—
50 nm in diameter), heterogeneous, highly dynamic, cholesterol,
and sphingolipid-enriched microdomains that compartmentalize
cellular processes (Simons and Ikonen, 1997; Simons and Toomre,
2000; Marmor and Julius, 2001; Sharma et al., 2004; Rodgers et al.,
2005; Manes and Viola, 2006; Goswami et al., 2008; Lindner and
Knorr, 2009; Lingwood and Simons, 2010; Simons and Sampaio,
2011). Due to their stable and highly ordered structure, LR tend
to be resistant to solubilization by mild non-ionic detergents and
can be isolated as a detergent-resistant membrane (DRM) fraction
by discontinued sucrose density gradient centrifugation (SDGC;
Edidin, 2003; Lingwood and Simons, 2007). However, this opera-
tional definition of LR, originally based solely on their resistance

to solubilization and coupled with inconclusive early microscopic
investigations into LR organization in living cells, cast serious
doubts not only about the content-related fidelity between DRMs
and bona-fide native LR, but also challenged the existence of LR
in vivo (Munro, 2003; Shaw, 2006; Leslie, 2011). Nowadays, how-
ever, using the state-of-art imaging techniques on live cells, the
evidence demonstrating lipid and protein-dependent functional
subcompartmentalization of cell membrane is being increasingly
accepted (reviewed in Lingwood and Simons, 2010; Simons and
Sampaio, 2011).

Nevertheless, the question if and to what extent can DRMs be
equated to native LR is the subject of ongoing debates. As this
review often cites work related to the utility of cell solubiliza-
tion methods used to obtain various DRMs and the credibility
of which is frequently discounted, we feel obliged to provide sev-
eral remarks justifying the implementation of this experimental
approach. While there is a general consensus that DRMs are indeed
of an altered composition, it has been demonstrated that a critical
factor affecting the degree of their content-related difference is in
the type of detergent used (Schuck et al., 2003; Garner et al., 2008).
In this context, the widely used Triton X-100 detergent (TX) seems
to be a suboptimal choice as it has been shown to induce consider-
able rearrangement of the original membrane (Koumanov et al,,
2005), facilitates the merging of membrane patches of distinct
cellular origin (Madore et al., 1999) and scrambles membrane
symmetry (Radeva and Sharom, 2004). It has been also docu-
mented that TX-derived DRMs represent extraction intermediates
in the solubilization of which is a function of time (Lindner and
Naim, 2009). In contrast, these adverse effects were not observed
for Brij-type detergents such as Brij-96 and 98 (Schuck et al., 2003;
Chen et al., 2007). Moreover, the latter type of detergent generates
stable (up to several months), content-wise reproducible, small
diameter DRMs that selectively retain proteins (Drevot et al., 2002;
Chen et al., 2009; Knorr et al., 2009; Otahal et al., 2010; Ballek
et al., 2012). As discussed below, another important fact is that
Brij solubilization extracts distinct types of DRMs that can be
further separated by immunoprecipitation (Drevot et al., 2002;
Brugger et al., 2004; Chen et al., 2009; Ballek et al., 2012). While
not equating DRMs with native LR, these data suggest that Brij-
type DRMs display properties that are compatible with those of
native LR, at least to the extent that allows us to use them as a
biochemical means to probe the heterogeneity of membrane raft
environments (Chen et al., 2007, 2009; Lindner and Naim, 2009;
Horejsi et al., 2010). It should be noted that DRM partitioning is
not only the most frequently used method to assess raft-related
transmembrane signaling, but often is instrumental in provid-
ing insight into the nature of its components and the underlying
mechanism(s) (Lingwood and Simons, 2007).

Given that the solubilization-dependent cofractionation
method is the only available biochemical approach to evaluate
the protein distribution to DRM, and thus its raft potential, the
choice of an appropriate detergent is of critical importance (Licht-
enberg et al., 2005; Brown, 2006, 2007; Lingwood and Simons,
2007). In this respect, Brij-type detergents are becoming the tools
of choice in characterizing the potential for raftophilicity of sig-
naling molecules before and after initiation of signaling (Horejsi
et al., 2010; Quinn, 2010). Thus, the primary importance of the
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solubilization approach is that it can provide the initial insight into
the activation-induced changes in DRM association and lay the
conceptual network for assessment of the role of lipid-based nan-
odomains in membrane signaling. However, due to the unavoid-
able degree of artificiality inherent to this approach, these findings
require verification by means of other types of methods. As an
example, the correlation between Brij-type DRM cofractionation
of CD4 and CD45 molecules and their membrane confinement
assessed by using advanced microscopic technologies lent the cred-
ibility to the Brij-based solubilization approach (James et al., 2011;
Ballek et al., 2012).

Another important aspect of Brij-based membrane solubiliza-
tion is that at least two distinct fractions of DRMs can be isolated.
The first type represents the light DRMs that are easily obtained
by SDGC as low density fractions that float to the top of the gradi-
ent (Edidin, 2003; Lingwood and Simons, 2007). Recently, a new
type of microdomains called high density or heavy DRMs has
been documented in immune cell signaling (Rollet-Labelle et al.,
2004; Otahal et al., 2010, 2011; Ballek et al., 2012). The light and
heavy DRMs share both their resistance and sensitivity to solu-
bilization by a polyoxyethylene type of detergent (such as Brij58
and Brij98) and lauryl maltoside (LM), respectively. On the con-
trary, due to their different protein-to-lipid ratios, light, and heavy
DRMs can be separated from each other by SDGC (Otahal et al,,
2010; Ballek et al., 2012). It is of note that Brij58 and Brijo8 display
a relatively high degree of specificity for a distinct type of LR, thus
preserving distinct subpopulations of DRMs (Drevot et al., 20025
Knorr et al., 2009; Lindner and Knorr, 2009). As critical signal-
ing molecules such as pY394Lck, CD3t, H-ras, CD5, CD28, CD45,
LAX associate with heavy DRMs, this non-conventional and so far
largely overlooked type of microdomains could represent impor-
tant membrane structures that are able to support T cell signaling
(Otahal et al., 2010, 2011; Ballek et al., 2012).

Several complementary approaches lend credibility to the
notion that LR indeed have a role in the initiation of T cell
signaling. These include but are not limited to (i) functional
assays targeting critical signaling molecules to distinct membrane
subcompartments (Kabouridis et al., 1997; Zhang et al., 1999;
Otahal et al., 2010, 2011); (ii) state of the art electron, fluores-
cent microscopy, and nanoscopy (reviewed in Lindner and Naim,
2009); (iii) biochemical data suggesting the existence of several dis-
tinct types of DRMs extracted from the same cellular membranes
(Drevot et al., 2002; Knorr et al., 2009; Ballek et al., 2012); and
(iv) requirement for a distinct ganglioside composition of func-
tional LR in CD4™" versus CD8™ T cells (Nagafuku et al., 2012).
The latter study is of significant importance as it shows that acti-
vation of CD4™ T cells, but not their CD8* counterparts, isolated
from knock-out animals deficient in GM3-derived ganglioside, is
severely compromised and animals fail to develop experimental
asthma. As GM3 is the main component of LR, these data provide
strong in vivo evidence for the functional involvement of LR in T
cell signaling (Nagafuku et al., 2012).

TCR/CD3 proximal signaling appears to depend on the
integrity of LR (Dykstra et al., 2003). A demonstration that TCR
ligation by pMHC complex on antigen-presenting cells (APC)
results in both (i) the clustering of LR at the interphase between
T cell and APC, referred to as the immunological synapse (Davis

and Dustin, 2004; Chichili et al., 2010), and (ii) the recruitment
of CD3t, ZAP-70 kinase, adaptor SLP76, PKC6, PLCy;, Itk, and
Carmal kinase to LR, provide strong evidence for the function
of LR in T cell signaling (Horejsi, 2003; Filipp and Julius, 2004;
Palacios and Weiss, 2004; Kabouridis, 2006; Ballek et al., 2012).

Available data strongly suggest that raft dynamics depends on
F-actin rearrangements. According to this model, interactions
between actin and actin-binding transmembrane proteins and
lipids in the inner leaflet of the PM form a membrane skeletal
mesh (MSM) functioning as a structural regulator of LR dynamics
(Kusumi et al., 2005). In this respect, several signaling mole-
cules, such as CD3¢, CD2, PAG, and CD45, have been shown to
be directly or indirectly linked to actin cytoskeleton (Zeyda and
Stulnig, 2006). The MSM structure is further supported by its
interaction with filamin A (FLNA) which crosslinks actin proteins
to generate and sustain the sub-cortical actin cytoskeleton (Tavano
et al., 2006). As FLNA also interacts with the co-stimulatory mol-
ecule CD28, it has been suggested that TCR-CD28 coaggregation
is the principal regulatory mechanism for LR-based compartmen-
talization of signaling elements at an immunological synapse (Lee
etal.,2002; Tavano etal., 2006). Very recent key studies also suggest
that actin cytoskeleton plays an indispensible role in the nanoscale
organization at the PM of critical T and B cell signaling molecules
(Harwood and Batista, 2011; Sherman et al., 2011).

Another important consideration is the time frame of T cell
activation. It has been demonstrated that in resting T cells the for-
mation of a mature immunological synapse with TCR receptors
localized in its central zone called c-SMAC is observed 15-30 min
after the initiation of T cell-APC interaction (Lee et al., 2002).
Importantly, this event is preceded by the early recruitment of
kinase active Lck to the forming immunological synapse, with
maximum activity between 2 and 5 min after the initiation of T
cell-APC conjugation. This pattern was closely followed by the
presence of kinase active ZAP-70. Thus, the peak of Lck- and ZAP-
70-mediated tyrosine kinase signaling initiated upon the TCR
engagement occurs well before a mature synapse is fully formed.
These data suggest that the initiation of compartmentalization of
signaling elements linked to the translocations of critical kinases
occurs rapidly after the T cell-APC contact has been established.

SFK MODULE: NON-REDUNDANT ROLE OF Lck AND Fyn IN
PROXIMAL TCR SIGNALING

Whereas all three signaling modules — SFK, TCR, and D/R- con-
tribute to the regulation of threshold, magnitude, and duration of
T cell activation signals, the full understanding of how SFK and
TCR modules are integrated is central to the understanding of
the initiation of T cell activation. Lck and Fyn provide the critical
functions predicating the generation of the most proximal sig-
nals emanating from the TCR (Latour and Veillette, 2001). While
they share common structural features (Boggon and Eck, 2004;
Salmond et al., 2009), mode of regulation (Mayer, 1997), mem-
brane localization (Kabouridis et al., 1997; Resh, 2006), the ability
to phosphorylate CD3¢ in vitro (Hegedus et al., 1999; Mustelin
and Tasken, 2003) and display a partial capacity to compensate for
each other’s deficiency (Groves et al., 1996), biochemical, genetic,
and topographical evidence suggest that their roles in the cellular
activation process, while interdependent, are functionally distinct
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(Filipp et al., 2003; Filipp and Julius, 2004). This is in agreement
with the fact that Fyn, but not Lck, has been shown to associate
with the CD3 complex via the interaction of its unique domain
with e-chain, although at low stoichiometry (Samelson et al., 1990;
Salmond et al., 2011). On the other hand, the delivery of Lck
function in TCR proximal signaling is modeled through its stoi-
chiometric interaction with CD4 which, due to its interaction with
the non-variable region of peptide presenting MHCII, relocate Lck
to ITAMs of the TCR/CD3 complex (Meuer et al., 1982; Abraham
et al., 1991; Maroun and Julius, 1994; Bonnard et al., 1997). While
the co-binding of CD4 to the MHCII ectodomain is not essential
for the stability of TCR-pMHC complex (Artyomov et al., 2010), it
significantly augments T cell sensitivity under circumstances when
low numbers (<30) of specific peptides are presented (Irvine et al.,
2002).

The differential “wiring” mechanism of Lck and Fyn to the
TCR/CD3 complex is extended to their capacity to interact with
distinct downstream targets and signaling pathways (Zamoyska
et al., 2003). Specifically, anti-CD3 stimulation induced tyrosine
phosphorylation of the Fyn substrate Cbl but, not the ZAP-70 sub-
strate LAT (Tang et al., 2002). Several studies also demonstrated
that Fyn can activate the Ras/Erk pathway in an Lck-independent
fashion via the recruitment of Grb2-SOS to hypophosphorylated
CD3¢ chains (Chau et al., 1998; Chau and Madrenas, 1999; Denny
et al., 2000; Methi et al., 2007). In addition, Fyn, via its stim-
ulation through CD3, has been implicated in the induction of
T cell anergy. This mechanism involves the Fyn-mediated phos-
phorylation of the LR-associated adaptor protein PAG and the
sequestration of active Ras to LR (Davidson et al., 2007; Smida
etal.,2007). Consistent with these data, Zamoyska and colleagues,
in a series of elegant experiments with inducible expression of Lck
or Fyn on their relevant genetically deficient background, demon-
strated different effects of Lck and Fyn on T cell development and
TCR signaling (Zamoyska et al., 2003; Salmond et al., 2009). The
argument for the functional distinction of Lck and Fyn is fur-
ther supported by the topographical studies demonstrating that
LR separates these two kinases. In primary resting T cells, 75-95%
of Lck resides outside LR while more than 98% of Fyn is associ-
ated with LR (Filipp et al., 2003). Collectively, these data suggest
that Fyn plays an important role in the generation of Lck- and
ZAP-70- independent signals directly through the CD3 complex.
This functional uncoupling of Lck and Fyn signaling is important
when building the model of proximal T cell signaling (see below).

REGULATORY CIRCUITS OPERATING IN SFK MODULE

Lck displays prototypical structural features of SFKs. It consists of
a short N-terminal region post-translationally modified by lipid
acylation which is required for its association with the PM. It is
followed by unique, SH3 and SH2 domains, a short linker region,
a catalytic domain and a C-terminal segment (Boggon and Eck,
2004). Its kinase activity is regulated via the reversible phospho-
rylation of two critical tyrosine residues: (i) positive regulatory
Y394 located in the kinase domain and (ii) negative regulatory
Y505 in the C-terminal segment (Figure 1). The phosphorylation
of Y394, achieved through trans/autophosphorylation, predicates
the full kinase activity of Lck and exhibits a dominant effect over
the inhibitory Y505 if both tyrosine residues are phosphorylated

in tandem (Hardwick and Sefton, 1997; Ashwell and D’Oro, 1999).
As Lck provides enzymatic activity which drives the T cell activa-
tion process, the full understanding of mechanisms regulating this
activity is essential to build the realistic model of T cell proximal
signaling. Taking advantage of the fact that T cells are one of the
most intensively studied cellular models in respect of the role of
membrane subcompartmentalization in signaling, in the context
of this review we will highlight those features of SFK regulatory
circuits which are connected to raft structures.

The post-translational biochemistry of Y505 is relatively well
understood. When phosphorylated (pY505) by C-terminal src
kinase (Csk), the C-tail clamps on its own SH2 domain, lock-
ing the kinase domain in an inactive, closed conformation (Mayer,
1997). However, since *®>pYQPQP is not an optimal sequence for
the interaction with the SH2 domain, it is assumed that the Lck
tail would dynamically swing on and off its binding pocket in
SH2, making this interaction weak and unstable (Mayer, 1997;
Nika et al., 2007). This structural instability is counteracted by the
ability of a linker region to interact with its own SH3 domain and
thus maintain the repressed conformation of Lck (Yamaguchi and
Hendrickson, 1996; Sicheri et al., 1997; Xu et al., 1997; Rudd et al.,
2006; Figure 1). As a consequence, the interaction of SH2 and/or
SH3 with their high affinity intracellular ligand can release this
inhibitory conformation and positively regulate its kinase activity
(Figure 1; Moarefi et al., 1997; Marti et al., 2006).

Csk is a cytosolic protein and its proximity to the PM is a pre-
requisite for SFK’s C-tail tyrosine phosphorylation (Palacios and
Weiss, 2004). The recent demonstration that an acute inhibition
of Csk activates TCR signaling independently of ligand binding
strongly supports the idea that Csk is one of the most critical ele-
ments of basal signaling machinery negatively regulating Lck and
Fyn activities in resting T cells (Schoenborn et al., 2011). In mouse
thymocytes, approximately 20% of cytosolic Csk is recruited to the
PM via its interaction with PAG (Davidson et al., 2003). PAG is
a DRM-associated constitutively tyrosine phosphorylated adaptor
which serves as docking sites for various SH2 domain-containing
proteins such as Lck, Fyn, She, Vav, GAP, PI3K, ZAP-70, and Syk
(Brdicka et al., 2000; Kawabuchi et al., 2000). In resting T cells,
the SH2 domain of Csk binds to pY317 of PAG. Because the phos-
phorylation of this site is attributed to DRM-associated Fyn that,
in turn, is negatively regulated by Csk, PAG-Csk complex repre-
sents the critical component of a negative homeostatic regulatory
feedback mechanism keeping Fyn activity restrained. Importantly,
upon TCR engagement, pY371 dephosphorylation releases Csk to
the cytosol resulting in a membrane environment conducive to Fyn
activation (Brdicka et al., 2000). Interestingly, while one study sug-
gested that CD45 phosphatase can act on pY371 of PAG (Davidson
et al., 2003) another failed to confirm this finding (Brdicka et al.,
2000).

In the context of membrane compartmentalization, it is not
clear how Csk is positioned in the vicinity of most membrane Lck
which is not DRM-associated (Filipp et al., 2003). The fact that
approximately 50% of Lck in resting cells is phosphorylated on
Y505 (Luo and Sefton, 1990) suggests an alternative way for Csk
recruitment to non-DRM fractions. The same notion relates to the
recruitment of Csk to DRMs since PAG deficiency has no tangible
effect on thymocyte development and proximal T cell signaling
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FIGURE 1 | A traditional model postulates that Lck kinase activity is
regulated by reversible phosphorylation of two tyrosines residues:
positive regulatory tyrosine Y394 in kinase domain (K.D.) and the
negative regulatory tyrosine Y505 in the C-terminal end. \When Y505 is
phosphorylated (depicted here as P in red circle) by C-terminal src kinase
(Csk), it forms an intramolecular bond with its own SH2 domain, locking the
kinase domain in a substrate inaccessible, closed inactive conformation (top
left structure). CD45 can dephosphorylate pY505, leaving the Lck structure in
an open, primed conformation displaying a relatively low kinase activity (top
middle structure). To achieve full kinase activity, the phosphorylation of Y394
(depicted here as P in green circle) must be achieved through
trans/autophosphorylation (top right structure); its dephosphorylation is
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performed by CD45 or SHIP-1 or alternatively by PTPa in case of Fyn. It has
been recently demonstrated that Lck can also persist in a double
phosphorylated state (DPho), when both regulatory tyrosines (Y505 and Y394)
are phosphorylated concurrently and the kinase retains its activity (bottom
structure). DPho state is likely achieved in a two-step process. The first step
involves the interaction of high affinity ligand(s) with Lck SH2 and/or SH3
domain which disrupts the closed conformation and is followed by CD4-Lck
aggregation-mediated trans/auto phosphorylation of pY394. Alternatively, it is
generated by the action of Csk on pY394 Lck. Whether CD45 converts these
isoforms to a dephosphorylated, primed conformation or to an active pY394
state in vivo, is unclear (dashed arrows). Red arrows denote negative
regulation; green arrows denote positive regulation.

S

(Veillette et al., 2002; Davidson et al., 2003; Dobenecker et al.,
2005). The alternative interaction partners could include DRM-
resident adapter protein LIME and soluble fraction-associated SIT,
paxillin, focal adhesion kinases, and Dok-related adaptors (Veil-
lette etal.,2002; Tedoldi et al., 2006; Yasuda et al., 2007; Schoenborn
et al., 2011). Thus, while there is a general consensus that Csk is a
critical enzymatic effector of TCR signaling inhibitory mechanism
acting on Lck and Fyn, we are still far from a full understanding
of the molecular infrastructure supporting its function. From the
point of view of TCR triggering, this notion chiefly concerns the
process of compartmentalization of those adapter proteins that
recruit Csk to the PM as well as the characterization of kinases
and phosphatases that regulate this process via acting on tyrosine
residues through which Csk is recruited to unidentified adaptors
such as Y371 of PAG.

The action of Csk is opposed by a transmembrane phosphatase
CD45 which is able to dephosphorylate pY505, leaving the Lck
structure in an open, primed conformation with a basal level
of kinase activity (D’Oro and Ashwell, 1999; Hermiston et al.,
2003; Figure 1). Phosphatase activity is critical for Lck physiol-
ogy, as CD45 deficiency results in the hyperphosphorylation of

pY505, leading to a dysfunctional Lck and a severely impacted
ability to trigger TCR signaling (Stone et al., 1997). This signaling-
incompetent Lck phenotype can be reverted by the expression of a
constitutively active mutant Y505F Lck allele (Seavitt et al., 1999).
The positive regulatory role of CD45 contrasts with its enzymatic
activities negatively affecting TCR responses. Those include the
dephosphorylation of a positive regulatory pY394 residue on Lck
and pY-ITAMs on CD3 chains (Trowbridge and Thomas, 1994).
Mechanistically, it is unclear how this functional dichotomy of
CD45 is coordinated on the molecular level. Attempts to explain
it by the mutual interaction of CD45 with a specific extracel-
lular ligand failed to obtain supportive experimental data. It
has been reported that within the context of animals, positively
(dephosphorylation of pY505) and negatively (dephosphoryla-
tion of pY394) directed CD45 activities are predicated by a low
to medium and high level of its expression, respectively. Thus, an
abundant expression of CD45 can be regarded as a physiologically
relevant mechanism to suppress the hyperactivation of T cells via
dephosphorylating pY394 Lck (Mustelin et al., 1989; McNeill et al.,
2007). However, the question remains of how opposing activi-
ties of CD45 are delivered on a single cellular level, where the
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existence of several pools of Lck with a combinatorial pattern of
Y505 and Y394 phosphorylations have been recently demonstrated
(Figure 1; Nika et al., 2010).

Available data suggest that membrane compartmentalization
plays a critical role in controlling CD45 involvement in regulating
Lck activities and TCR signaling. The first evidence for non-
homogenous membrane distribution of CD45 in T cells comes
from the observation that the effect of CD45 deficiency on the
phosphorylation status of Lck, especially on its negative regula-
tory tyrosine, is much more pronounced than that on Fyn (Hurley
et al., 1993; Stone et al., 1997). That correlates with the signifi-
cantly reduced kinase activity of membrane associated Lck, but
not Fyn in these cells (Biffen et al., 1994). While a possible expla-
nation could relate to sequence differences in the C-terminal tail
of Lck and Fyn (Xu et al., 1997) and their ability to interact with
CD45 (Nam et al., 2005), it seems that in in vitro conditions CD45
dephosphorylates Lck and Fyn with similar efficiencies (Oster-
gaard et al., 1989; Mustelin et al., 1992). Thus, the most likely
explanation is that the proximity of CD45 with Lck and Fyn is
affected by their membrane compartmentalization. Indeed, sev-
eral groups have reported that only 0-5% of CD45 was found to
be associated with DRMs, while the rest of CD45 pool colocalizes
with Lck in a soluble fraction (Edmonds and Ostergaard, 2002;
Maksumova et al., 2005; Ballek et al., 2012). It is thus possible that
another DRM-associated phosphatase, PTPa, which can dephos-
phorylate both pY528 and pY417 residues of Fyn, substitutes for
CD45 activity (Maksumova et al., 2005; Vacaresse et al., 2008). In
addition, the capacity of SHIP-1 phosphatase to target pY394 Lck
residue may likely account for the deactivation of kinase active
Lck associated with DRMs (Chiang and Sefton, 2001; Kosugi et al.,
2001).

Thus, an enzymatic control of the formation and breakage of
intramolecular interactions that impact the conformation of Lck
and Fyn can be adjusted by a variety of regulatory inputs that har-
ness or activate their kinase activity. TCR-independent regulation
of Lck and Fyn through constitutively driven action of Csk and
CD45 establishes the net phosphorylation balance at critical tyro-
sine residues dictating the basal level of their kinase activities. Since
in primary resting CD4™" T cells LR segregate a majority of Lck and
Fyn, their regulatory circuits must be coordinated within the limits
of redistribution and recruitment of CD45 and Csk, respectively,
to these distinct membrane compartments. While our knowledge
of these processes is still incomplete, consideration of these para-
meters should provide a deeper understanding of the constraints
on the mechanism controlling TCR triggering.

MODELING THE INVOLVEMENT OF Lck AND Fyn IN TCR
TRIGGERING MECHANISM

Conventionally, Lck in resting non-stimulated T cells is considered
to be inactive due to its pY505 status. The binding of the pMHC
complex leads to the coaggregation of TCR with CD4, clustering-
mediated trans/autophosphorylation of CD4-associated Lck and
its juxtaposition to and subsequent phosphorylation of ITAMs of
CD3 chains (Mendieta and Gago, 2004; Smith-Garvin et al., 2009).
This type of aggregation model of Lck activation relies on regula-
tory proteins CD45 and Csk that can swiftly and reversibly turn Lck
on and off, respectively. A caveat to this model is that during the

aggregation period, CD45 would have to dephosphorylate those
CD4-associated Lck molecules that accumulated in the vicinity of
the TCR-pMHC complex. While the low stoichiometry of inter-
action between CD45 and CD4-Lck complex has been reported
(Bonnard et al., 1997; Irles et al., 2003), the mechanism coupling
TCR triggering with CD45-mediated dephosphorylation of pY505
Lck remains elusive.

The main argument discounting this version of the aggregation
model is that under some circumstances the CD4 coreceptor is dis-
pensable for TCR signaling (Haughn et al., 1992; Straus and Weiss,
1992; Van Laethem et al., 2007; Acuto et al., 2008). Consistent
with this notion, CD4~ but not CD4™" T cells responded to mAb-
mediated anti-TCRCP stimulation, arguing that the sequestration
of Lck by CD4 makes the kinase unavailable for TCR signaling
(Haughn et al., 1992). The expression of the mutated form of Lck
which was unable to bind to CD4 recapitulated the anti-TCRCP
responsive phenotype and correlated with the enrichment of Lck
in DRMs, concomitant activation of DRM-colocalized Fyn and
the presence of hypophosphorylated ZAP-70-pp21¢ complexes
(Haughn et al., 1992, 1998; Filipp et al., 2004). Thus, targeting
active Lck locally to the site of TCR engagement via CD4 can pro-
vide the much needed sensitivity when signaling a low number
of pMHCII (<30), while a less sensitive signaling supported by a
“diluted,” membrane bound CD4-“free” Lck is driven by a distinct
mechanism, likely involving Fyn (Haughn et al., 1992, 1998; Irvine
et al., 2002; Filipp et al., 2004).

Lck and Fyn provide critical enzymatic activities that drive
TCR triggering (Filipp and Julius, 2004). We, and others, have
previously demonstrated that membrane microdomains play an
essential role in temporal and spatial coordination of these two
kinases (Filipp et al., 2003, 2004; Maksumova et al., 2005). Accord-
ingly, the coaggregation of TCR and CD4 results in the activation
of Lck within seconds in soluble fractions followed by its translo-
cation into DRMs and activation of colocalized Fyn. We further
showed that only DRM-associated, kinase active Y505F Lck recip-
rocally co-immunoprecipitates with and activates Fyn. Mutational
analyses revealed a profound reduction in the formation of Lck-
Fyn complexes and Fyn activation using kinase domain mutants
K273R and Y394F of Y505F Lck, both of which have severely com-
promised kinase activity. Thus, these results suggested a model
where Lck-dependent Fyn activation is predicated by proximity-
mediated transphosphorylation of the Fyn kinase domain in LR
(Filipp et al., 2008). It is of note that while the above described
studies are consistent with the notion that function of Lck is prox-
imal to that of Fyn when TCR and CD4 are coaggregated, the
reciprocal role of Fyn in Lck activation when stimulated via CD3
has also been reported (Sugie et al., 2004).

An unexpected outcome of our study was the characterization
of the C-terminal YQPQP sequence acting as a novel cis-acting
component essential for the partitioning of Lck to LR (Filipp et al.,
2008). Notably, the sequential truncation of YQPQP resulted in an
increased reduction of kinase active Lck partitioning to LR, in both
fibroblasts and T cells. This, in turn, correlates with ablation of the
capacity of these truncates to enhance TCR mediated IL-2 produc-
tion (Filipp et al., 2008). This is in agreement with our previously
published data reporting a requirement for an enrichment of Lck
in DRMs for the initiation of proximal TCRaf signaling (Filipp
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etal.,2004). Our preliminary data pointed to the existence of mul-
tiprotein translocation molecular machinery that is responsible for
the targeting of Lck to DRMs via the tethering of its C-terminal
sequence directly to microtubular cytoskeletal elements. Indeed,
we have already demonstrated that, nocodazole, but not latrun-
culin B, pharmacological agents inhibiting the polymerization of
tubulin and actin, respectively, blocked the TCR/CD4 activation-
induced enrichment of Lck in light DRMs (Ballek et al., 2012).
These data suggests that the C-terminal sequence of Lck, on the
top of its negative regulatory function, targets Lck to microtubu-
lar network resulting in the reorganization of cytoskeleton and
redistribution of Lck to LR.

A POOL OF PREACTIVATED Lck IN T CELL PROXIMAL
SIGNALING

The exact mechanism regulating the level of kinase activity of Lck
prior to stimulation remains obscure. However, precisely quanti-
fying the phosphorylation pattern of Lck in resting T cells may
provide a context from which to base correlations with its main
regulators such as CD45 and Csk.

In doing so, recently published data has provided new insight
into the source of pY394Lck used for the initiation of TCR signal-
ing (Nika et al., 2010). The authors demonstrated the existence,
in primary naive CD4™ T cells, of a substantial pool of preacti-
vated pY394Lck (~40%) and showed that this amount remained
unchanged on the global cellular level after anti-CD3 as well as
antigen mediated TCR stimulation. These findings are consis-
tent with a previous study that was unable to provide evidence
of any measurable increase of the structurally open conformation
of Lck upon anti-CD3 activation (Paster et al., 2009). Results of
these studies invite a discussion concerning the origin, mainte-
nance, and function of the preactivated Lck in spatio-temporal
coupling of TCR engagement to the generation of the most prox-
imal biochemical signals (Berry, 2011; Davis and van der Merwe,
2011).

Therefore, with good justification, the search for the mecha-
nism triggering T cell activation has centered on the organization
of membrane structures that support membrane segregation and
redistribution of preactivated Lck to the proximity of its physio-
logical substrates. We have recently shown that in resting CD4™
T cells the pool of pY394 Lck is associated with heavy DRM
fractions and that T cell activation led to its redistribution from
heavy to light DRMs in a microtubular network-dependent fash-
ion (Ballek et al., 2012). We also found that the kinase active,
heavy DRM-associated pool of Lck is membrane confined with
CD45 phosphatase. Moreover, most of CD3¢ was also associated
with heavy DRMs.

Importantly, TCR/CD4 aggregation resulted in up to a 50-
fold increase in the total level of pY394 Lck, whereby the heavy
DRM-associated fraction of Lck contributed by ~70%. If we the-
oretically assume that TCR/CD4 coaggregation activates the entire
pool of cellular Lck (this approximation is obviously incorrect as
about 10-30% of Lck is not membrane associated), we estimate
that the pool of preactivated pY394 Lck in resting CD4™ T cells
represents only about ~2% of total kinase (Ballek et al., 2012).
However, as the cytosolic pool of Lck which is not involved in
TCR signaling is found to be constitutively active (Haughn et al.,

1998), this estimate can be even lower. The reason for this dis-
crepancy with a previously published report is unclear but, likely
stems from using various types of T cells, different mode of acti-
vation, solubilization protocols, and detection methods (discussed
in Ballek et al., 2012). However, in this context, the key observation
here is that the lowest levels of pY394 Lck in resting freshly iso-
lated but otherwise unmanipulated primary CD4™" T cells were
observed when their solubilization was performed instantly in
boiled Laemmli buffer. A lysate buffer-mediated cell solubiliza-
tion reproducibly showed elevated basal levels of pY394. This, in
turn, caused a significant diminution of differences in pY394 levels
between TCR/CD4 aggregated and non-aggregated samples when
Lck was immunoprecipitated (manuscript in preparation).

INCORPORATING MEMBRANE COMPARTMENTALIZATION
INTO THE MODEL OF TCR TRIGGERING

The above described data support Davis and van der Merwe’s
(2006) kinetic-segregation (KS) model of T cell activation. The
model posits that mutual random interactions between Lck, Fyn,
tyrosine phosphatases CD45/CD148, and Csk as well as Lck and
Fyn themselves, in a resting state, establishes the net balance of Lck
and Fyn phosphorylation predicating their kinase activity. Accord-
ing to this model, spontaneous kinase activation is prevented by
CD45 phosphatase which is able to dephosphorylate critical reg-
ulatory residues pY505 and pY394 on Lck as well as pY-ITAMs
on CD3 chains (Trowbridge and Thomas, 1994; Hermiston et al.,
2003). Its abundance (two to three molecules of CD45 per TCR
complex), high enzymatic activity (100-1000 times faster rate of
dephosphorylation compared to the rate of phosphorylation by
SFKs), and broad specificity (Trowbridge and Thomas, 1994; Davis
and van der Merwe, 2006), make CD45 by far the most efficient
suppressor of tyrosine phosphorylation-driven T cell activation
processes (Davis and van der Merwe, 2006; Choudhuri and van
der Merwe, 2007).

The presence in T cells of a preactivated pool of Lck has been a
welcome addition to the schematics of KS model, as it allows one to
ignore the requirement for a specific mechanism which would cou-
ple Lck activation to TCR triggering (Chakraborty and Das, 2010;
Davis and van der Merwe, 2011). However, our estimation that in
resting T cells less than 2% of total Lck is kinase active, raises the
question of whether this pool is sufficient to provide support for
TCR signaling without its prior enlargement (Ballek et al.,2012). A
rather low amount of this pool can also significantly impact quan-
titative aspects of biochemical reactions initiating T cell activation
(Chakraborty and Das, 2010). Moreover, both pY394Lck and a
sizeable pool of CD45 were found in heavy DRMs suggesting that
kinase activity of pY394Lck is spatially restricted and controlled by
its membrane colocalization with this phosphatase (Krotov et al.,
2007; Ballek et al., 2012). This observation found its support in a
recent demonstration that a fraction of CD45 and CD4 are colo-
calized by a virtue of membrane confinement accounting for their
enormously enhanced association rate (Haugh and Lauffenburger,
1997; James et al., 2011). The significance of this finding is highly
relevant to the methodology used for the solubilization of cells as
it indicates that Brij58 heavy DRMs selectively concentrate mole-
cules that colocalize to a certain type of membrane environment
in vivo.
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The critical TCR signal-generating molecules distribute pref-
erentially to a distinct type of lipid microdomains (Figure 2).
Notably, most of CD3¢ (and likely the entire TCR/CD3 complex)
fractionate to heavy DRMs and display a kinetically synchronized
redistribution with active Lck to light DRMs. Whether DRMs with
which CD3¢ and pY394 Lck are preferentially associated represent
a common or slightly distinct type of microdomains is unknown
at the present time. Either way, heavy DRMs can support two
independent mechanisms inhibiting TCR triggering. First, the
membrane colocalization of CD45 with pY394 Lck and/or CD3¢
can keep their net tyrosine phosphorylation on a minimal level.
Second, as posited by the Safety TCR triggering model, due to its
negatively charged lipid composition, these microdomains could
provide a suitable environment for the sequestration of intracel-
lular chains of CD3¢ and CD3g via the interaction of its basic
residue-rich sequences with the inner leaflet of the PM, thus pre-
venting them from being targeted by active Lck (Kuhns and Davis,
2008; Xu et al., 2008). Despite the fact that the mechanism lib-
erating these CD3 chains from the PM (Fernandes et al., 2010;
Gagnon et al., 2010) as well as the lipid composition of heavy
DRM:s have not been elucidated, coupling the presence of CD45
with the “Safety TCR Trigger” mechanism endows these domains
with a powerful anti-pY mechanism to maintain a non-signaling
phenotype in resting T cells. Moreover, it is quite likely that adap-
tor proteins PAG and LAT reside in a slightly distinct type of
membrane microdomains, as their profile of Brij58 solubilization
pattern is only partially overlapping (Brdicka et al., 2000). LAT in
resting T cells is not tyrosine phosphorylated, suggesting that its
resident microdomains are either devoid of tyrosine kinases, or
heavily enriched in tyrosine phosphatases. Using two-color pho-
toactivated localization microscopy it has been recently shown
that LAT-containing membrane nanoclusters are juxtaposed to
and partially overlap with the pool of preassembled complexes
of hypophosphorylated CD3g and ZAP-70 (Haughn et al., 1998;
Sherman et al., 2011). Thus, the membrane pool of LAT resides
in nanodomains functionally positioned to the vicinity of and
efficiently phosphorylated by activated ZAP-70 (Sherman et al.,
2011). Alternatively, the activation-dependent recruitment and
phosphorylation of LAT from subsynaptic vesicles delivered to
these activation zone nanodomains could establish the LAT sig-
naling networks (Williamson et al., 2011). By the same token, light
DRM:s, preferentially concentrate Fyn with its inhibitory machin-
ery consisting of PAG-Csk complex, PTPa, and likely a small
fraction of CD45 (Filipp and Julius, 2004; Ballek et al., 2012). This
suggests that while membrane microdomains serve to segregate
functionally distinct signaling molecules in resting cells, their jux-
taposition allows brisk interaction of their signaling components
leading to amplification of the signal upon activation.

An interesting question that arises is how many functionally
distinct lipid microdomains are there in the PM of T cells and how
do they relate to the generation of the most proximal activation sig-
nals? According to the recent study of Horejsi and colleagues who
studied the effect of Csk attachment to various types of raft and
non-raft membranes it seems that this number is limited (Ota-
hal et al., 2011). Csk targeting to light DRMs using membrane
attachment motifs derived from either Lck, Fyn, PAG, or LAT
inhibited TCR signaling with a comparable efficiency. Targeting

Csk to heavy DRMs was in this context inefficient. While the mech-
anism is unclear, what seems to be critical is the enrichment of
ITAM-phosphorylated TCR/CD3 complex with kinase active Lck
in DRMs. This notion is consistent with the importance of target-
ing activated Lck to DRMs as it has been demonstrated in previous
studies (Filipp et al., 2003, 2004, 2008; Pizzo et al., 2004). This
points not only to the structural but possibly also functional dis-
tinction between light and heavy DRMs in the context of their roles
in the T cell activation process (Figure 2). Heavy DRMs accommo-
dating the signal-inducing Lckand TCR/CD3/ZAP-70 complex are
equipped with mechanisms preventing spontaneous activation of
TCR signaling. Upon TCR-pMHC interaction and the initiation
of signaling, activated Lck and phosphorylated TCR/CD3/ZAP-
70 complexes coalesce with light DRMs whereby Lck and ZAP-70
engage and activate their prime targets Fyn and LAT, which can fur-
ther amplify or dampen the signal. Thus, according to this model,
light DRMs likely function as a spatially restricted checkpoint reg-
ulating the strength and quality of TCR proximal signals. The very
recent data with LAT mutants which are unable to target to their
natural LR environment provide a strong support for such role of
lipid nanodomains in the mechanism of T cell proximal signaling
(Otahal et al., 2010; Sherman et al., 2011).

TOWARD THE INTEGRATED MODEL OF TCR SIGNALING:
NEW RULES OF ENGAGEMENT
The models of TCR signaling that detail triggering mechanisms
have been described in several previously published papers and
reviews. These mechanisms revolves around three basic molec-
ular processes explaining how extracellular TCR engagement is
transduced across the PM and translated to a relevant biochem-
ical signal: segregation, conformational change, and aggregation
(Werlen and Palmer, 2002; Choudhuri and van der Merwe, 2007;
Minguet et al., 2007; Smith-Garvin et al., 2009; Sigalov, 2010).
There is compelling evidence that all three processes contribute to
TCR triggering, but the mode of their integration is still matter
of debate (Choudhuri and van der Merwe, 2007). An integrated
model of TCR triggering should accommodate the contribution
and spatio-temporal relationships between all participating sig-
naling molecules and membrane structures that guide, coordinate,
and support the complex process of T cell activation. An incor-
poration of LR to this model has been hampered by insufficient
knowledge and controversies related to the quantitative and quali-
tative parameters of these membrane structures. A major challenge
is to provide a mechanism of how TCR engagement invokes its
association with LR (Choudhuri and van der Merwe, 2007). Recent
data suggest that the TCR receptor in resting cells resides in a
special type of microdomains where it colocalizes with a small
fraction of pY394 Lck and where upon pMHC-TCR interaction,
TCR signaling is initiated (Figure 2; Ballek et al., 2012).

We suggest that the following features of membrane compart-
mentalization should be considered when building an integrated
model of TCR proximal signaling:

— All critical components of TCR signaling triggering machin-
ery including the TCR/CD3 complex, Lck, CD45, Fyn, PAG,
and LAT are membrane associated. Sizeable fractions of ZAP-70
and Csk are also recruited to the membrane via their interaction

Frontiers in Immunology | T Cell Biology

June 2012 | Volume 3 | Article 155 | 8


http://www.frontiersin.org/Immunology
http://www.frontiersin.org/T_Cell_Biology
http://www.frontiersin.org/T_Cell_Biology/archive

Lck, microdomains and TCR triggering

Filipp et al.
A
CD45 CD45
@ CcD4 @ CD4
—1— —
?77?
Al =
“Light” DRMs ‘
‘ 70 =l s y
L~ &6 )
—v371 ,
Y
@ SHZ
@ b 2 = p
7 UPTPq Lek
Y417
; v (o) w \®
5| > <@ I
cytoskeleton
B CD45 CD45

l microtubular I/
cytoskeleton
Fyn targets NFAT
NF«xB

FIGURE 2 | Continued

Ras-Raf

CD4

N

cytoskeleton
rearrangement

www.frontiersin.org

June 2012 | Volume 3 | Article 155 | 9


http://www.frontiersin.org
http://www.frontiersin.org/T_Cell_Biology/archive

Filipp et al.

Lck, microdomains and TCR triggering

FIGURE 2 | Continued

The proposed model of TCR triggering mechanism. (A) Several types of
membrane microdomains segregate distinct pools of functionally related
molecules. Two SFK kinases Lck and Fyn reside in different types of
microdomains where their kinase activities in resting T cells are controlled via
distinct homeostatic mechanisms. The spatial confinement of Fyn within the
light DRMs which are conducive to self-phosphorylation is subjected to a
negative feedback loop mechanism controlled by PAG-recruited Csk. Kinase
active Fyn phosphorylates PAG on Y371 that allows the membrane
recruitment of Csk which in turn phosphorylates the negative regulatory Y528
of Fyn, thus dampening its activity. The dephosphorylation of pY528 as well
as pY417 Fyn is mediated by either PTPa or by CD45. The pool of pY394 Lck
associated with CD4 resides in heavy DRMs, where it colocalizes with
TCR/CD3 and CD45. In resting T cells, CD3t is hypophosphorylated and
precomplexed with the inactive ZAP-70 kinase. A distinct pool of heavy
DRM-associated kinase inactive CD4-Lck complexes that are largely depleted
of CD45 has been also detected. The identity of adaptor proteins able to
recruit Csk to Lck is unknown. The adaptor protein LAT likely occupies another
type of light DRMs. The activation of T cells is accompanied by a cascade of
events depicted in the figure by numbers 1-6 in orange circles. pMHC-TCR
engagement (1) promotes the clustering of CD4-Lck resulting in the activation
of Lck (2). In the situation where only a few pMHC complexes are engaged,

the preactivated pool of pY394Lck should be sufficient to initiate the signaling
cascade; (3) activated Lck proceeds to phosphorylate ITAMs of CD3 chains
which are concomitantly released from sequestration by the inner leaflet of
PM upon TCR engagement, by a mechanism that has not been elucidated;
ZAP-70 kinase recruited to pY-ITAMs is activated by Lck (4); CD45 and other
phosphatases that possess a bulky ectodomain are moved laterally from
contact zones by a size-exclusion mechanism and likely by virtue of their
association with the cytoskeleton which coordinate their membrane
redistribution (not depicted; 5); the free C-terminal end of activated Lck is able
to interact with elements of the microtubular cytoskeletal network which aid
its enrichment in light DRMs likely via the coalescence of heavy and light
DRMs (6). (B) The amplification of the TCR signal in light DRMs seems to be
critical for the engagement of downstream signaling components. A fraction
of TCR/CD3/ZAP-70*"* and kinase active pY394 Lck translocates to light DRM
and amplifies the signals in two independent ways: (i) colocalization with Fyn
disrupts its negative regulatory homeostatic mechanism allowing the
proximity-mediated transphosphorylation of the Fyn kinase domain, its
activation and subsequent phosphorylation of Fyn targets

Pyk2 and ADAP; and (i) activated ZAP-70 phosphorylates its main

targets LAT and SLP76 adaptors, thus allowing the engagement of
downstream targets such as NF-AT, Ras-Raf signaling, and cytoskeleton
rearrangement.

with pY-ITAMs of CD3 and PAG, respectively. Importantly, all
of these signaling molecules are preferentially associated with
certain types of lipid-based membrane microdomains.
Membrane microdomains represent the smallest structural and
functional units of membrane confinement of signaling ele-
ments that are able to control enzymatic activities support-
ing the initiation of TCR signaling. This control is imposed
by microdomain-localized negative regulatory feedback loops
and by biophysical constraints imposed by the properties of
lipid-forming membrane structures that control the activities
of Lck and Fyn kinases and the phosphorylation of CD3 chains,
respectively. Thus, to keep the TCR triggering apparatus on a
low signaling potential, TCR/CD3, Lck, and Fyn are regulated
separately by inhibitory mechanisms tailored to each of these
components via their association with microdomains where
these components reside.

Protein-lipid interactions support the functional infrastructure
of microdomains in resting T cells. Their importance is accen-
tuated by a recent finding that the TCR triggering apparatus and
notably the TCR/CD3 complex, CD4-Lck, CD45, and LAT, are
composed of monovalent or monomeric proteins. This finding
emphasizes the functional contribution of membrane confine-
ment for enhancement of their association rates (James et al.,
2011). Once the signaling is triggered and the protein tyro-
sine phosphorylation drives the formation of the signalosome,
protein—protein interactions become predominant (Zeyda and
Stulnig, 2006).

Critical for the generation of Lck-dependent signals is the effect
of CD45 on the maintenance of a small pool of pY394 Lck
colocalized in a specific type of microdomains. A soluble anti-
body mediated TCR/CD4 coaggregation resulted in the rapid
exclusion of most CD45 from these microdomains suggest-
ing that the membrane apposition formed at the contact zone
between APC and T cell is not the sole mechanism accounting
for the removal of phosphatases from the vicinity of juxtaposed
TCR/CD3-CD4/Lck complexes (Burroughs et al., 2011). The
attachment of most if not all microdomain-associated elements

of the TCR triggering apparatus to components of microtubular
and F-actin-based cytoskeletal network also contributes to the
activation-induced redistribution of CD45 and other signaling
molecules (Louie et al., 1988; Rozdzial et al., 1998; Ha-Lee et al.,
2000; Brdickova et al., 2001; Kwik et al., 2003; Tavano et al., 2004;
Cairo et al., 2010).

— The microdomains based spatial segregation of the compo-
nents of TCR triggering machinery serves in resting T cells to
prevent them from interacting with each other and thus fur-
ther diminish the probability of spontaneous activation. On the
other hand, the juxtaposition of various types of microdomains,
as seen for those harboring TCR/CD3 and LAT, allows rapid
communication and the signal transfer to downstream compo-
nents (Sherman et al., 2011). The distribution of Lck and Fyn
to distinct types of membrane microdomains provides also the
structural resolution for substantiation of Lck-independent Fyn
signaling via anti-CD3 stimulation.

CONCLUSION

Thus, rather than freely diffusing in the membrane, the segrega-
tion of the components of TCR triggering machinery into several
types of microdomains represent an essential membrane organiz-
ing principle in resting T cells (Figure 2A). These trans-acting
structural membrane components spatially limit the availabil-
ity of signaling molecules prior to the onset of TCR signal-
ing and mediate their communication after engagement, via a
process of mutual coalescence. This model is consistent with
the suggestion that TCR activation leads to an increased affin-
ity of heavy DRMs to coalesce with light DRMs juxtaposing
the pY394Lck/pYCD3g/ZAP-70/complex to the vicinity of the
LAT adaptor protein (Otahal et al., 2010; Kennedy et al., 2011;
Sherman et al.,, 2011), allowing thus the amplification of the
activation signal. A complementary model of membrane com-
partmentalization called “fences and pickets,” that is based on
the presence of physical barriers formed by transmembrane pro-
teins attached to the submembrane cytoskeletal network has been
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recently described (Kusumi et al., 2005). While this model can
explain the significantly retarded coefficient of membrane dif-
fusion of signaling molecules and lipids in resting T cells as
well as their rapid immobilization upon initiation of TCR sig-
naling, the microdomain model provides the resolution for the
physiological regulation of the “ground state” of the TCR sig-
naling apparatus. The integration of structural and functional
aspects of microdomain and “fences and pickets” models with
various aspects of distinct mechanisms underpinning TCR trig-
gering will require a deeper understanding of membrane biology,
novel interdisciplinary approaches and the generation of specific
reagents. We believe that major advances in this exciting and
rapidly progressing field of T cell biology can be achieved only
when regulatory processes controlling TCR triggering will be con-
sidered in the context of the membrane structures that support
them.

It has been 20years since the publication of the seminal
paper by Brown and Rose (1992) which opened up a world

of studies on the role of lipids rafts in membrane bioac-
tivities and significantly enhanced our knowledge of mem-
brane signaling. Hence, we would like to convey our convic-
tion that the biochemical approach still provides a valuable tool
to assess the validity of protein potential for membrane rafts.
The careful interpretation of experimental data allows the con-
struction of a hypothetical model that can be further scruti-
nized by the state-of-art imaging and biophysical techniques.
These techniques in combination with the solubilization method
would produce many new exciting discoveries in the years to
come.
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