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Why do someT cell receptor cytoplasmic domains
associate with the plasma membrane?

P Anton van der Merwe'*, Hao Zhang'? and Shaun-Paul Cordoba’

" Sir William Dunn School of Pathology, University of Oxford, Oxford, UK
2 Dana-Faber Cancer Institute, Harvard Medical School, Boston, MA, USA

Edited by:
Oreste Acuto, University of Oxford,
UK

Based on studies in model systems it has been proposed that the cytoplasmic domains
of T cell receptor signaling subunits that have polybasic motifs associate with the plasma

membrane, and that this regulates their phosphorylation. Recent experiments in more
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T cell triggering is initiated by the interaction of T cell receptor
(TCR) with a cognate peptide presented by a major histocom-
patibility complex (pMHC) protein. The TCR complex consists
of eight transmembrane proteins: TCRap, CD3ey, CD3ed het-
erodimers, and a TCRg homodimer (Call and Wucherpfennig,
2007). TCRap binds pMHC and the remaining subunits trans-
duce the signal, primarily through cytoplasmic immunoreceptor
tyrosine-based activation motifs (ITAMs). Signal transduction
requires phosphorylation of these ITAMs by the Src family tyrosine
kinases Lck and/or Fyn. The phosphorylated ITAMs then recruit
and activate the cytoplasmic zeta-chain-associated protein kinase
70 (Zap-70) through the association between doubly phospho-
rylated ITAMs and tandem SH2 domains on Zap-70 (Weiss and
Littman, 1994).

The mechanism by which TCR engagement of pMHC leads
to phosphorylation of TCR/CD3 ITAMs is still not well under-
stood, and a number of models have been proposed (van der
Merwe and Dushek, 2011). One hypothesis (Aivazian and Stern,
2000), recently termed the “safety” model (Kuhns and Davis, 2008),
proposes that the cytoplasmic domains are protected from phos-
phorylation by sequestration of tyrosine residues at the plasma
membrane. This model was first proposed when it was shown
that the TCRg cytoplasmic domain peptide binds to anionic phos-
pholipid vesicles, and this association inhibits phosphorylation
in vitro by Src (Housden et al., 2003). Similar results have been
reported more recently for cytoplasmic portion of CD3¢ (Xu et al.,
2008). In both cases this association in vitro was shown to be
dependent on basic residue rich sequence (BRS/polybasic) motifs
(Aivazian and Stern, 2000; Sigalov et al., 2006; Xu et al., 2008),
consistent with an electrostatic interaction between anionic phos-
pholipid headgroups and polybasic motifs. Analysis by circular
dichroism and nuclear magnetic resonance spectroscopy suggested
that membrane binding was accompanying by structural changes

physiological systems have confirmed membrane association but raised questions as to
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and/or burial of the tyrosines within the membranes (Aivazian and
Stern, 2000; Xu et al., 2008). Fluorescent resonance energy transfer
(FRET) was used to investigate plasma membrane association in
intact cells (Xu et al., 2008). This confirmed that the cytoplasmic
domain of CD3e associates with the plasma membrane, and that
this required polybasic motifs.

The “safety” model postulates that before TCR ligand engage-
ment TCR¢ and CD3e ITAMs are sequestered on the plasma
membrane to protect them from phosphorylation, and that TCR
engagement results in their dissociation from the membrane to
allow phosphorylation. Several recent studies have tested key pre-
dictions of the model. Two studies tested whether mutation of
polybasic motifs that inhibited membrane association enhanced
CD3e phosphorylation (DeFord-Watts et al., 2009; Fernandes
et al., 2010). They found instead that, rather than enhancing
phosphorylation, mutation of polybasic motifs reduced phospho-
rylation. Two subsequent studies focused on the TCRg cytoplasmic
domain (DeFord-Watts et al., 2011; Zhang et al., 2011). Zhang
et al. (2011) confirmed that the TCR¢ cytoplasmic domain asso-
ciates with the plasma membrane though polybasic motifs, and
went on to show that TCR/CD3 engagement is accompanied by
its dissociation. However, this dissociation required, and was thus
a consequence of, phosphorylation of TCR{ITAMs (Zhang et al.,
2011). Furthermore, mutation of polybasic motifs inhibited rather
than enhanced TCR¢ phosphorylation and downstream signaling
(DeFord-Watts et al., 2011; Zhang et al., 2011). Finally, inhibi-
tion of tyrosine phosphatase using pervanadate strongly induced
phosphorylation and membrane dissociation of CD3¢ and TCRg
cytoplasmic domains in the absence of TCR ligand engagement
(Fernandes et al., 2010; Zhang et al., 2011).

Thus, while these studies confirm that polybasic motifs medi-
ate association of TCRg and CD3e cytoplasmic domains with
the plasma membrane, they imply that this association does not
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FIGURE 1 | Dissociation of TCR/CD3 cytoplasmic domains from the
plasma membrane. The TCR¢ subunit cytoplasmic domains are shown
associated with the plasma membrane in the resting state (left) through
interactions of positively charged polybasic motifs and anionic phospholipids
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such as PIP,. Despite this membrane association TCR¢ ITAMS are accessible
to phosphorylation by Lck. Phosphorylation results in their dissociation from
the plasma membrane (right). This may enhance TCR clustering and/or release
sequestered phospholipids.

prevent or even inhibit ITAM phosphorylation, contradicting the
safety model. Indeed they suggest that this association may be
required for optimal phosphorylation. How can we reconcile these
findings with the evidence from previous in vitro studies (Aivazian
and Stern, 2000; Xu et al., 2008) that ITAM tyrosine are buried in
the membrane and protected from phosphorylation?

One explanation that has been proposed is that these in vitro
studies may have been misleading (Sigalov and Hendricks, 2009).
This is based on the observation that TCRg and CD3e cytoplasmic
domain peptides, like other polybasic peptides, can disrupt anionic
phospholipid vesicles, producing potential artifacts (Sigalov and
Hendricks, 2009).

Another possible explanation is that membrane association
is very dynamic, allowing phosphorylation in the periods when
ITAMs are not associated with the membrane. However, this does
not explain the failure of the mutation of CD3¢ and TCRg poly-
basic motifs, which decreases membrane association, to enhance
ITAM phosphorylation. One proposed explanation for the latter
result is that polybasic motif mutations, in addition to revers-
ing membrane association, also directly disrupt the ability of Lck
to bind to and/or phosphorylate ITAMs (Gagnon et al., 2010).
Control experiments suggest that this may be the case for CD3¢
(Gagnon et al., 2010), but not TCRg (Zhang et al., 2011).

Since recent experiments have failed to support the safety
model they raise the question as to the functional significance
of membrane association by TCR/CD3 cytoplasmic domains. We
speculate here on two possible roles: prevention of spontaneous
TCR/CD3 clustering and alteration of the lipid microenviron-
ment. One consequence of having these additional interactions
may be to decrease the mobility of the TCR/CD3 complex. In sup-
port of this, mutation of TCR/CD3 polybasic motifs does enhance
TCR/CD3 mobility (Zhang et al., 2011). A second consequence
could be to prevent homodimerization of TCR/CD3 cytoplasmic
domains, as previously proposed (Sigalov et al., 2004). Collectively
these two effects could help prevent spontaneous TCR/CD?3 clus-
tering in the absence of TCR triggering. It follows that TCR/CD3
ITAM phosphorylation following TCR triggering would facilitate
TCR/CD3 clustering by inducing dissociation of these cytoplasmic
domains from the membrane (Figure 1).

T cell receptor/CD3 polybasic motifs have been shown to
associate particularly well with inositol phospholipids (DeFord-
Watts et al., 2009, 2011), including phosphatidylinositol 4,5-
bisphosphate (PIP;), which have key roles in TCR/CD3 signal
transduction. Studies in other systems (McLaughlin and Mur-
ray, 2005) suggest that this would have the effect of sequestering
these phospholipids close to the TCR/CD3 complex and thus
changing the TCR/CD3 lipid environment. This is supported by
the observation that mutation of TCR¢ polybasic motifs alters
the distribution of TCR/CD3 with respect to Lck (Zhang et al,,
2011). One consequence of phosphorylation-induced membrane
dissociation would be to make sequestered inositol phospho-
lipids locally available for downstream signaling, for example as
substrates for phospholipase C. Any such mechanism needs to
account for the observation that mutation that eliminate bind-
ing of TCRg peptides to inositol phospholipids in vitro seem to
have little effect TCR signal transduction (DeFord-Watts et al.,
2011).

Investigation of the functional role of TCR/CD3 polybasic
motifs will need to take into account the fact that there are many
polybasic motifs in a single TCR/CD3 complex. Disruption of only
a subset of these motifs may have only subtle effects. This could
account for the modest effect of mutations of CD3e polybasic
motifs on T cell development and function in mice (DeFord-Watts
et al., 2009).

In conclusion, while the available evidence suggests that the
TCRg and CD3e cytoplasmic domains associate with the plasma
membrane through polybasic motifs, and dissociate when phos-
phorylated, the functional role of membrane association remains
unclear. The proposal, as in the “safety model” that it prevents
ITAM phosphorylation is not supported by recent studies. Alter-
native models have been suggested but these have yet to be tested
experimentally.
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