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Protein kinase C (PKC)-6 is a serine/threonine kinase belonging to the calcium-independent
novel PKC subfamily; its expression is restricted to certain tissues and cell types, includ-
ing T cells. The signals delivered from T cell receptor (TCR) and CD28 costimulatory
molecules trigger PKC-6 catalytic activation and membrane translocation to the immuno-
logical synapse, leading to activation of NFkB, AP-1, and NF-AT. These transcription factors
are important for T cell survival, activation, and differentiation. Phosphorylation of PKC-6 at
multiple Ser/Thr/Tyr residues is induced in T cells during TCR signaling. Some phosphoryla-
tion sites play critical roles in the regulation of PKC-8 function and downstream signaling.
The regulation mechanisms for PKC-6 phosphorylation sites are now being revealed. In
this review, we discuss the current understanding of the regulation of PKC-6 function by
phosphorylation during TCR signaling.
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INTRODUCTION

Protein kinase C (PKC)-6 was originally cloned in 1993 as a novel
member of the PKC gene family (Baier etal., 1993; Chang etal,,
1993). Because PKC-6 is highly expressed in T cells, immunologists
have examined the roles of PKC-6 in T cell activation and immune
regulation. Nearly 20 years after its discovery, numerous studies
using cell lines and genetic animal models demonstrate that PKC-6
plays essential roles in controlling peripheral T cell activation;
preventing T cell anergy; regulating the development of regula-
tory T cells, T helper (TH)2, and TH17 cells; and modulating
autoimmune pathogenesis (Marsland and Kopf, 2008; Zanin-
Zhorov etal,, 2011). The signals triggered by T cell receptor
(TCR) and CD28 costimulatory molecules induce membrane
translocation and kinase activation of PKC-6, leading to subse-
quent activation of NF-kB and AP-1 (Baier-Bitterlich etal., 1996;
Coudronniere etal., 2000; Sun et al., 2000; Bi etal., 2001). These
transcription factors induce IL-2 expression and regulate T cell
activation and functions. The regulatory mechanisms of the acti-
vation and functions of PKC-6 in T cells have been unraveled.
Post-translational regulation of PKC-6 by phosphorylation plays
important roles in regulating PKC-6 kinase activity and membrane
translocation, both of which are essential for PKC-6 function
in T cells. Here, we focus our discussion on the function and
regulation of critical phosphorylation sites of PKC-6 in T cell
activation. Identification of the important regulators of PKC-6
phosphorylation may provide novel therapeutic drug targets for
autoimmunity.

STRUCTURE BASIS FOR PKC-6 ACTIVATION

Human PKC-6 is composed of 706 amino acids. The basic struc-
ture of PKC-0 is shown in Figure 1. Like other PKC family
members, PKC-6 consists of an N-terminal regulatory region
(amino acids 1-378) and a C-terminal catalytic region (amino

acids 379-706; Baier etal., 1993; Chang etal., 1993). The reg-
ulatory region displays the domain structure typical of PKC
isoforms. The C2-like domain sequence is similar to the Ca®™-
binding C2 domain sequences of other PKCs; however, it does
not bind to Ca?*. The C2-like domain of PKC-6 contains a
phosphorylated Y90 residue, which may mediate the interac-
tion with an SH2 domain-containing protein, as seen in PKC-8§
(Benes etal., 2005). In addition, the C2-like domain of PKC-
0 may interact with a receptor for activated C kinase (RACK),
which may regulate membrane translocation of PKC-6 (Schecht-
man and Mochly-Rosen, 2001). The interaction of a specific RACK
with PKC-6 has not been reported; however, a PKC-8/6 selec-
tive peptide blocking an RACK-binding site on PKC-8/6 inhibits
PKC-6 function (Nagy etal., 2009). Two tandem cysteine-rich
C1 domains bind to diacylglycerol; the C1b domain has much
higher affinity for diacylglycerol than the Cla domain (Melowic
etal.,2007). A pseudosubstrate sequence (RRGAIKQA) within the
Cla domain of PKC-6 binds to the substrate-binding region in
the catalytic domain, inhibiting the PKC-6 kinase activity in the
absence of allosteric effectors. C1 domains are flanked by two
variable, or hinge, regions (V1 and V3). A recent study shows that
the V3 domain is involved in the indirect association of PKC-6
with CD28, leading to PKC-0 membrane translocation into the
immunological synapse; the interaction of lymphocyte-specific
protein tyrosine kinase (LCK) with a proline-rich motif-like
sequence in the V3 domain may be important for this action
(Kong etal., 2011).

The crystal structure of the PKC-6 catalytic domain has been
solved (Xu etal., 2004). The three-dimensional structure of PKC-
0 is shown in Figure 2. The conserved core of the structure
includes an N-terminal lobe and a C-terminal lobe, connected
by a hinge linker sequence (Xu etal., 2004). The interface of the
two lobes constitutes the active site cleft, which is responsible for
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FIGURE 1 | Structural domains and phosphorylation sites of PKC-0.
One-way arrow indicates the phosphorylation of the indicated site by a
kinase. Two-way arrow indicates an interaction. PS, pseudosubstrate
sequence; PR, proline-rich motif.
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FIGURE 2 | Three-dimensional structure of the kinase domain of PKC-6.
ATP binds at a cleft between the N-lobe (top) and C-lobe (bottom). Key
structural elements are highlighted: the glycine-rich loop (cyan), the aC helix
(purple), the activation loop (red), the turn motif (orange), and the
hydrophobic motif (yellow). Phosphorylation sites and ATP are shown as
sticks in blue and yellow-orange, respectively.

the substrate binding and phosphate delivery (Xu etal., 2004).
The key and conserved structural elements in the PKC-6 catalytic
domain include a glycine-rich loop (GXGXXG) (involved in ATP
binding and catalysis), an aC helix (participating in the substrate
binding and catalysis), the activation loop bearing the essential
phospho-threonine-538 (T538; critical for kinase activation), the
hydrophobic motif containing phospho-serine 695 (S695), and
the turn motif containing conserved phospho-serine 676 (S676)
and phospho-serine 685 (S685) (Xu etal., 2004).

Similar to other protein kinases, PKC-6 displays two main
conformational states: “open/active” and “closed/inactive” (Xu
etal., 2004; Seco etal., 2012). In the inactive state, the pseudo-
substrate sequence in the N-terminal regulatory region of PKC-
0 forms intramolecular interaction with the substrate-binding
region in the catalytic domain (House and Kemp, 1987). This
prevents the catalytic domain from being accessible to substrates

(House and Kemp, 1987). The allosteric change of PKC-6 from
“closed” to “open” state involves two important mechanisms:
diacylglycerol binding to the C1 domains and T538 phospho-
rylation at the activation loop (Seco etal., 2012). The signal
transduction initiated from TCR/CD28 costimulation induces the
generation of second messenger diacylglycerol, which binds to
C1 domains, resulting in the exposure of the activation loop of
PKC-6 (Melowic etal., 2007). The activation loop of PKC-6 is
then accessible to phosphorylation by germinal center kinase-like
kinase (GLK, also named MAP4K3) and subsequent catalytic acti-
vation (Chuang etal., 2011). Phorbol esters such as phorbol-12,
13-dibutyrate (PDBu) and phorbol myristate acetate (PMA) are
potent non-physiological PKC-6 agonists that mimic the action
of diacylglycerol and are widely used to induce PKC-6 activation
(Ron and Kazanietz, 1999). Six phosphorylation sites have been
identified on PKC-0: Y90, T219, T538, S676, S685, and S695.
These phosphorylation sites play distinct roles in the regulation of
PKC-6 kinase activity or membrane translocation, which will be
discussed below.

FUNCTION AND REGULATION OF PKC-6

PHOSPHORYLATION SITES

PKC-6 Y90 PHOSPHORYLATION

Identification and regulation of PKC-0 Y90 phosphorylation

PKC-0 is tyrosine phosphorylated in Jurkat T cells and primary
T cells upon anti-CD3 with or without anti-CD28 costimula-
tion (Liu etal., 2000; Bi etal., 2001). Coexpression with LCK,
but not other tyrosine kinases including FYN, ZAP-70, SYK, or
ITK, induces tyrosine phosphorylation of PKC-6 in COS-1 cells
(Liu etal., 2000). Furthermore, tyrosine phosphorylation of PKC-
0 is undetectable in LCK-deficient Jurkat T cells upon anti-CD3
stimulation (Liu etal., 2000). Additionally, LCK is constitutively
and directly associated with PKC- in the transfected HEK293T
cells and Jurkat T cells, and PKC-0 can be directly phosphory-
lated by LCK in vitro and in vivo (Liu etal., 2000). To identify
the LCK-induced tyrosine phosphorylation site of PKC-6, a series
of PKC-6-derived short peptides containing individual tyrosine
residues are used as substrates for LCK in in vitro kinase assays
(Liu etal., 2000). The peptide containing Y90, but not other tyro-
sine residues, is significantly phosphorylated by LCK in vitro (Liu
etal., 2000). Furthermore, substitution of Y90 with phenylalanine
abolishes LCK-induced PKC-6 tyrosine phosphorylation in trans-
fected COS-1 cells and anti-CD3-stimulated Jurkat T cells (Liu
etal., 2000). These data suggest that LCK directly phosphorylates
PKC-6 at Y90. However, in vivo Y90 phosphorylation of PKC-
0 during TCR signaling remains to be further demonstrated by
immunoblotting using a phospho-specific antibody or confirmed
by mass spectrometry.

Function of PKC-6 Y90 phosphorylation

Y90 phosphorylation of PKC-6 positively regulates NF-AT and
NF-kB activation in T cells. The catalytically active PKC-6 A148E
mutant induces NF-AT and NF-«B activation in Jurkat T cells,
whereas the YOOF mutation of PKC-6 A148E mutant greatly
reduces NF-AT and NF-kB activation (Liu etal., 2000; Bi etal.,
2001). This suggests that YO0 phosphorylation regulates PKC-6
function, leading to downstream NF-AT and NF-kB activation.
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The evidence of LCK-induced Y90 phosphorylation and mem-
brane translocation of PKC-6 suggests that Y90 phosphorylation
may regulate the membrane translocation of PKC-0 (Liu etal,
2000; Bi etal., 2001). However, other studies suggest that LCK
regulates membrane translocation via mediating the formation
of PKC-6/LCK/CD28 tri-partite interaction (Tavano etal., 2004;
Hofinger and Sticht, 2005; Kong etal., 2011). In these studies, the
SH3 domain of LCK interacts with the proline-rich motif in the V3
domain of PKC-6, whereas the SH2 domain of LCK is bound to the
phosphorylated Y207 of the CD28 cytoplasmic tail (Tavano etal.,
2004; Hofinger and Sticht, 2005; Kong etal., 2011). PKC-6 muta-
tions at the V3 proline-rich motif suppress membrane transloca-
tion of PKC-6 to the immunological synapse and also attenuate
T cell activation upon anti-CD3/CD28 costimulation (Kong et al.,
2011). It is unknown whether Y90 phosphorylation of PKC-6 is
involved in the regulation of PKC-6/LCK/CD28 tri-partite interac-
tion. The role of Y90 phosphorylation in the regulation of PKC-6
membrane translocation needs to be demonstrated by more direct
evidence, such as a study of membrane translocation of PKC-6
Y90F mutantin T cells during TCR signaling. In addition, whether
Y90 phosphorylation regulates PKC-0 catalytic activity remains
unknown.

PKC-6 T219 PHOSPHORYLATION

Identification and regulation of PKC-6 T219 phosphorylation

T219 was originally identified as a major phosphorylation site
of PKC-6 by phosphopeptide mapping (Thuille etal., 2005). The
PKC-6 protein used for the phosphopeptide mapping is from
purified baculovirus-expressed recombinant PKC-6 after in vitro
kinase assays in the absence of exogenous substrates, suggest-
ing that T219 is an autophosphorylation site of PKC-6 (Thuille
etal., 2005). T219 phosphorylation of recombinant PKC-6 is fur-
ther demonstrated by immunoblotting using a phospho-specific
antibody, which does not recognize PKC-6 mutants with the
T219 substitution with either alanine or glutamic acid (Thuille
etal.,, 2005). In Jurkat T cells or primary T cells, PKC-6 T219
phosphorylation is induced by the phorbol ester PDBu, anti-
CD3 alone, anti-CD3 plus anti-CD28, or vanadate (a tyrosine
phosphatase inhibitor) (Thuille etal., 2005). The mechanism
that induces T219 phosphorylation in TCR signaling remains
unknown. However, T219 phosphorylation of PKC-6 is unde-
tectable in the kinase-dead PKC-6 K409R mutant in Jurkat T cells
upon cellular stimulation, suggesting that T219 is an inducible
autophosphorylation site of PKC-6 during T cell activation
(Thuille etal., 2005).

Function of PKC-6 T219 phosphorylation

T219 phosphorylation of PKC-6 is important for PKC-6-mediated
T cell activation upon TCR stimulation (Thuille et al., 2005). PKC-
6 T219A mutant abrogates TCR-induced activation of NF-«kB
and NF-AT as well as subsequent IL-2 promoter transactivation
in Jurkat T cells (Thuille etal., 2005). Interestingly, although
loss of T219 phosphorylation impairs PKC-6-mediated cellular
function, PKC-6 T219A mutant is catalytically intact in vitro
(Thuille etal., 2005). Similarly, PKC-6 T219A mutant shows
slightly increased lipid-binding activity with PDBu (Thuille et al.,
2005). These data suggest that T219 phosphorylation regulates

PKC-6-mediated downstream signaling in T cells through a mech-
anism independent of PKC-0 kinase activity (Thuille etal., 2005).
In contrast, PKC-0 T219A mutant is unable to translocate into lipid
rafts or the immunological synapse in Jurkat T cells in response
to TCR stimulation or in the presence of antigen-presenting
cells; forced membrane translocation of PKC-0 T219A mutant
by adding a membrane-targeting sequence reconstitutes TCR-
induced NF-kB activation in Jurkat T cells (Thuille etal., 2005).
Taken together, these data suggest that T219 phosphorylation
is required for properly localizing PKC-6 to the cell mem-
brane, allowing PKC-6 to activate downstream effectors in TCR
signaling.

PHOSPHORYLATION OF PKC-6 AT T538 IN THE ACTIVATION MOTIF
Identification of PKC-0 autophosphorylation sites at the

catalytic domain

Multiple sequence alignment of the catalytic domains of PKC
isoforms shows the conserved serine/threonine phosphorylation
residues in the activation loop, turn motif, and hydropho-
bic motif (Liu etal., 2002; Xu etal., 2004). Phosphorylations
of T538 at the activation loop, S676 at the turn motif, and
S695 at the hydrophobic motif of PKC-6 have been demon-
strated using phospho-specific anti-sera and further confirmed
by mass spectrometry (Liu etal., 2002; Czerwinski etal., 2005).
Phosphorylation of S685 at the turn motif has been demon-
strated only by mass spectrometry (Czerwinski et al., 2005). T538,
S676, and S695 are constitutively phosphorylated on recombinant
PKC-6 isolated from baculovirus, E. coli, or HEK293T expres-
sion systems (Liu etal., 2002; Czerwinski etal., 2005; Thuille
etal., 2005). The PKC-6 kinase-dead mutant (K409W) abolishes
phosphorylation of these three sites in the recombinant PKC-
0, suggesting that they are regulated by autophosphorylation
(Liu etal, 2002; Czerwinski etal., 2005). Autophosphoryla-
tion can be induced in a cis or trans manner. An intrapep-
tide reaction in a mixed micelle system shows that PKC-6
autophosphorylation is regulated by intrapeptide phosphoryla-
tion (Newton and Koshland, 1987). Catalytic-competent PKC-6
is unable to phosphorylate PKC-6-derived peptides containing the
individual autophosphorylation sites, further supporting that an
intramolecular interaction is required for autophosphorylation
on these sites (Thuille etal., 2005). Crystal structure of PKC-6
shows that the activation loop, the turn motif, and hydropho-
bic motif lie close to the active cleft (Xu etal., 2004), supporting
that T538, S676, and S695 are autophosphorylated in cis. So far,
the function and regulation of T538 phosphorylation are the best
known and the most intensively studied, whereas the functions
and regulations of other three phosphorylation sites in T cells are
less clear.

Function of PKC-6 T538 phosphorylation

The activation loop is a short critical polypeptide that lies out-
side the active site cleft of the kinase domain (Nolen etal., 2004).
The activation loop contributes to binding surfaces for substrates
and co-factors (Nolen etal., 2004). The crystal structure of PKC-6
shows that the phosphate of T538 in the activation loop forms
hydrogen-bonding interaction with the aC helix, which helps to
stabilize the correct orientation of the aC helix and to maintain
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active conformation of this kinase (Xu etal., 2004). Loss of T538
phosphorylation in PKC-6 T538A mutant abolishes PKC-6 kinase
activity, indicating that T538 is a critical activation site regulating
PKC-6 kinase activity (Liu etal., 2002; Czerwinski etal., 2005).
Therefore, T538 phosphorylation is widely used as a surrogate
marker for PKC-6 kinase activation. T538 phosphorylation does
not seem to regulate PKC-6 membrane translocation, because
PKC-6 T538A mutant still translocates into lipid rafts in T cells
upon anti-CD3/CD28 stimulation (Thuille etal., 2005). Consis-
tent with loss of kinase activation of PKC-0 T538A mutant, the
downstream NF-kB and NF-AT activations are abrogated in PKC-6
T538A-transfected Jurkat T cells upon anti-CD3/CD28 costimu-
lation (Liu etal., 2002; Thuille etal., 2005), indicating that T538
is a critical phosphorylation site required for PKC-6 function and
T cell activation.

Inducible PKC-6 T538 phosphorylation in T cell signaling

While it is undoubtedly true that T538 is constitutively autophos-
phorylated in the recombinant PKC-0 proteins isolated from
different expression systems (Liu etal., 2002; Xu et al., 2004; Czer-
winski etal., 2005; Thuille etal., 2005), whether PKC-6 T538
phosphorylation is constitutive or inducible during T cell activa-
tion has been controversial. A constitutive T538 phosphorylation
of endogenous PKC- has been detected in Jurkat and primary T
cells using the phospho-specific antibodies from different sources,
and T538 phosphorylation is not further enhanced by TCR or
PMA stimulation (Freeley etal., 2005; Thuille etal., 2005; Gruber
etal., 2006). The observation of constitutive PKC-6 T538 phos-
phorylation in T cells reported in some studies maybe due to high
basal PKC-6 activity; for example, Jurkat T cells can be easily
stimulated with serum (Lee et al., 2006). Earlier studies of PKC-6
phosphorylation in T cells used an electrophoretic mobility shift
of PKC-6 in T cells upon anti-CD3/CD28 or PMA/ionomycin
stimulation; these studies show that PKC-6 migrates more slowly
in activated T cells than in unstimulated T cells (Thebault and
Ochoa-Garay, 2004; Puente etal., 2005). Although the phospho-
rylation of PKC-6 at T538 is not directly examined in these studies
due to the lack of use of anti-phospho-PKC-6 (T538) antibody,
PKC-6 T538A mutation abolishes the mobility shift of PKC-6
induced by PMA (Thebault and Ochoa-Garay, 2004; Puente et al.,
2005), suggesting that T538 phosphorylation is induced by T
cell signaling. Using the phospho-specific PKC-6 T538 antibodies
from different sources, several groups show that T538 phospho-
rylation is induced during T cell activation upon anti-CD3 or
interferon stimulation (Srivastava et al., 2004; Lee et al., 2005; Liu
and Lai, 2005; Park et al., 2009; Chuang et al., 2011). The inducible
T538 phosphorylation of PKC- is consistent with the inducible
PKC-6 kinase activation in T cells upon TCR stimulation (Monks
etal., 1997; Coudronniere etal., 2000; Puente etal., 2005). Fur-
thermore, our group has identified GLK as the direct upstream
kinase that phosphorylates PKC-6 T538 upon TCR stimulation
(Chuang etal., 2011). Therefore, PKC-08-dependent downstream
signaling such as IKK-NF-kB activation may need to be examined
as controls for the basal PKC-6 activity in unstimulated T cells
(Lee etal., 2005, 2006). Taken together, PKC-6 T538 phosphory-
lation and its kinase activation are induced in T cells upon TCR
stimulation.

Regulation of PKC-6 T538 phosphorylation and activation

by GLK in TCR signaling

The kinase that directly phosphorylates PKC-0 was a mystery
before the discovery of the role of GLK in TCR signaling. Initially,
3-phosphoinositide-dependent kinase-1 (PDK1) was proposed to
be the kinase directly phosphorylating PKC-6 based on the fol-
lowing evidence: (i) PKC-6 T538 phosphorylation is impaired
in PDK1-knockdown Jurkat T cells and PDK1-deficient primary
T cells upon anti-CD3/CD28 stimulation (Lee etal., 2005; Park
etal., 2009); (ii) PDK1 is associated with PKC-0 in the lipid rafts
of T cells during anti-CD3/CD28 stimulation (Lee etal., 2005);
(iii) PDK1 directly phosphorylates the conserved phosphorylation
site at the activation loop of the other PKC isoforms (Le Good et al.,
1998; Balendran et al., 2000). However, several observations indi-
cate that PDK1 may not be the direct upstream kinase for PKC-6:
(i) anti-CD3 stimulation alone without anti-CD28 costimulation
is sufficient to induce phosphorylation and activation of PKC-6
but not PDK1 (Liu and Lai, 2005; Park etal., 2009); (ii) PDK1-
deficient T cells still show residual PKC-6 T538 phosphorylation
(Park etal., 2009); and (iii) there is lack of in vitro phosphory-
lation of PKC-6 by PDK1 to demonstrate that PKC-6 is a direct
substrate of PDK1. A recent study suggests that AMP-activated
protein kinase (AMPK) may be involved in PKC-0 T538 phos-
phorylation in Jurkat T cells upon PMA/ionomycin stimulation
(Lee etal., 2012). In addition, APMK is also implicated in phos-
phorylation of PKC-¢ on its activation loop in the cells under the
hypoxia (Gusarova etal., 2009). However, there is no direct evi-
dence that AMPK directly phosphorylates PKC-6 at T538 in TCR
signaling (Lee etal., 2012).

GLK is a Ste20-like serine/threonine kinase that activates the
JNK pathway in response to stress stimulation (Diener etal.,
1997). Our recent study of the GLK function in T cells revealed
an important role of GLK in controlling TCR signaling, T cell
activation, immune responses, and autoimmunity via activating
PKC-0 (Chuangetal.,2011). GLK-deficient T cells show abolished
phosphorylation of PKC-6 T538 and IKK, as well as reduced activa-
tion of NF-kB, upon anti-CD3 stimulation; this effect is unlikely
mediated by PDK1 because PDKI1 is not activated by anti-CD3
stimulation alone (Park etal., 2009; Chuang etal., 2011). Fur-
thermore, PDK1 activation is unaffected in GLK-deficient T cell
upon anti-CD3/CD28 costimulation, even though phosphoryla-
tions of PKC-6 and IKK are abolished in these cells (Chuang et al.,
2011). These data indicate that GLK activates PKC-6 independent
or downstream of PDKI. GLK is inducibly and directly associ-
ated with PKC-0 in T cells upon anti-CD3 stimulation (Chuang
etal., 2011). GLK directly phosphorylates PKC-6 at T538 but not
at S695 or S676 residue in vitro (Chuang etal., 2011). These data
unequivocally demonstrate that GLK is the kinase that directly
phosphorylates and activates PKC-6 during TCR signaling. Our
unpublished data show that PKC-6 is unable to translocate to
cell membrane in GLK-deficient T cells upon anti-CD3 stim-
ulation. This effect is not likely mediated by a loss of PKC-6
T538 phosphorylation in GLK-deficient T cells, because T538A
mutation does not affect PKC-6 membrane translocation (Thuille
etal,, 2005). How GLK regulates PKC-6 membrane transloca-
tion remains unknown. One potential mechanism is that GLK
may directly or indirectly induce another phosphorylation site
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(e.g., T219 or anovel S/T residue) that regulates PKC-6 membrane
translocation. Further characterization of GLK-mediated PKC-
0 phosphorylation may reveal a novel mechanism that regulates
PKC-6 membrane translocation.

PHOSPHORYLATION OF PKC-6 AT S676 AND S685

IN THE TURN MOTIF

S676 is constitutively autophosphorylated in the turn motif of
recombinant PKC-6 isolated from HEK293T cells and E. coli
expression system (Liu etal., 2002; Czerwinski etal., 2005). Basal
S676 phosphorylation of PKC-6 has also been observed in Jurkat
T cells, CTL clone AB.1 cells, and primary CD4* T cells (Freeley
etal., 2005; Puente etal., 2005; Lee etal., 2010). The basal level
of PKC-6 S676 phosphorylation is moderately increased in mouse
primary CD4% T cells upon anti-CD3/CD28 costimulation (Lee
etal., 2010). However, some controversy remains about the effects
of S676 phosphorylation on the PKC-6 kinase activity and down-
stream NF-kB activation (Liu etal., 2002; Czerwinski etal., 2005;
Thuille etal., 2005). PKC-6 S676A mutant isolated from Jurkat
T cells or E. coli expression system retains only 30-40% in vitro
kinase activity compared to WT (Czerwinski etal., 2005; Thuille
etal., 2005); furthermore, PKC-0 S676 A mutant dramatically sup-
presses NF-kB activity in Jurkat T cells stimulated by phorbol
ester or anti-CD3 (Thuille et al., 2005). In contrast, PKC-0 S676A
mutant isolated from HEK293T cells displays intact kinase activ-
ity and does not affect TCR-induced NF-kB activity in Jurkat T
cells (Liu et al., 2002). These different results could be due to using
experimental systems or conditions. It has been observed in PKC-
PII that a single mutation of a conserved serine/threonine residue
in the turn motif does not affect PKC-BII function due to com-
pensatory phosphorylation at the neighboring residues (Edwards
etal., 1999). In a similar note, combinational mutations of S676
and other neighboring serine residues (S662 and S685) in the
turn motif of PKC-0 result in a greater loss of its kinase activity
(Liu etal., 2002).

Mass spectrometry studies using PKC-6 isolated from E. coli
expression system reveal that S685 is an autophosphorylation site
in the turn motif of PKC-0 (Czerwinski etal., 2005). Another
mass spectrometry study using PKC-6 isolated from Jurkat T
cells shows that S685 phosphorylation is induced in Jurkat T cells
upon anti-CD3 stimulation (Mayya etal., 2009). Although S685
phosphorylation of PKC-6 remains to be further verified using
phospho-specific antibody, PKC-6 S685A mutant shows signifi-
cantly reduced kinase activity (Czerwinski etal., 2005). The effect
of S685 phosphorylation on the downstream NF-kB activation
has not been reported; but it would be expected to positively
regulate PKC-6 function and T cell activation during TCR sig-
naling. How the phosphorylation at the turn motif affects PKC-6
catalytic activity is not clear. The electron density maps in crys-
tallization studies of PKC-6 do not define the turn motif (Xu
etal,, 2004); however, the crystallization studies of the kinase
domains of PKC-PII and PKC-t show that the phosphate on the
turn motif forms intramolecular ionic contacts to help stabilize the
active conformation of these enzymes (Messerschmidt et al., 2005;
Grodsky etal., 2006). Therefore, the phosphorylation at the turn
motif of PKC-6 may contribute to the regulation of its catalytic
activity.

PHOSPHORYLATION OF PKC-6 AT S695 IN THE HYDROPHOBIC MOTIF
S695 is a constitutive autophosphorylation site in the C-
terminal hydrophobic motif of PKC-0 when isolated from E.
coli/baculovirus/HEK293T expression systems (Liu etal., 2002;
Xu etal., 2004; Czerwinski etal., 2005; Thuille etal., 2005). In
Jurkat T cells, human primary T cells, and mouse primary T cells,
S695 phosphorylation of PKC-6 is induced upon anti-CD3 with
or without CD28 costimulation (Villalba et al., 2002; Freeley et al.,
2005; Lee et al., 2010). A deficiency of an essential mMTOR complex
2 (mTORC2) subunit RICTOR suppresses PKC-6 phosphoryla-
tion at $696 but not at S676 in mouse primary CD4" T cells
upon anti-CD3/CD28 stimulation. Thus, mTORC2 regulates S696
phosphorylation of PKC-6 during TCR signaling. S696 phospho-
rylation may contribute to catalytic activity of PKC-0, which is
important for mTORC2-mediated Th2 differentiation (Lee etal.,
2010). PKC-6 S695A mutant diminishes PKC-6 in vitro kinase
activity, supporting that S695 phosphorylation is required for
optimal PKC-6 kinase activation (Liu et al., 2002; Czerwinski et al.,
2005; Thuille et al., 2005). Crystallographic data of PKC-6 catalytic
domain further support that S695 phosphorylation contributes
to an active conformation of PKC-6 by tightening intramolecular
interaction between the hydrophobic motif and the N-lobe to align
the aC helix (Xu etal., 2004). Phosphorylation of PKC-BII at the
hydrophobic motif regulates subcellular localization in addition to
catalytic activity of this kinase (Edwards etal., 1999). Membrane-
associated PKC-0, but not cytosolic PKC-6, is phosphorylated
at S695, raising the possibility that S695 phosphorylation may
regulate membrane translocation of PKC-6 (Villalba etal., 2002;
Freeley etal., 2005). Two lines of evidence suggest that S695 phos-
phorylation may not be involved in membrane translocation of
PKC-6: (i) the conventional PKC inhibitor G66976 abrogates S695
phosphorylation without affecting membrane translocation of
PKC-6 in Jurkat T cells upon anti-CD3/CD28 stimulation (Freeley
etal., 2005); and (ii) the N-terminal regulatory region but not the
C-terminal kinase domain regulates membrane translocation of
PKC-6 during T cell activation (Bi et al., 2001; Thuille et al., 2005).
Future studies of PKC-6 membrane translocation in T cells using
S695A mutant will provide a conclusive answer. The effect of S695
phosphorylation of PKC-6 on T cell activation varies in different
studies. Catalytically active PKC-6 A148E mutant induces NF-kB
and NF-AT activation in Jurkat T cells upon anti-CD3/CD28 cos-
timulation, which is greatly inhibited by S695A mutation in PKC-6
A148E mutant (Thuille etal., 2005). In contrast, another study
shows that PKC-6 S695A mutant does not affect NF-kB activation
in the Jurkat T cells upon anti-CD3/CD28 costimulation; paradox-
ically, the kinase activity of PKC-6 S695A mutant is impaired in
the same study (Liu et al., 2002). However, the regulation of PKC-
0 kinase activation by S695 phosphorylation supports that S695
phosphorylation of PKC-0 positively regulates T cell activation
during TCR signaling.

Interdependency of different PKC-0 autophosphorylation sites

Previous studies suggest interdependency of different PKC-0
autophosphorylation sites. Loss of T538 phosphorylation in PKC-
6 T538A mutant leads to reduced or abolished S676 and S695
phosphorylation in HEK293 cells (Liu etal., 2002). This is likely
the consequence of low catalytic activity of T538A mutant, since
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S676 and S695 are autophosphorylated on the recombinant PKC-6
protein in vitro (Liu et al., 2002). In addition, treatment with a ser-
ine/threonine phosphatase inhibitor okadaic acid restores the S676
and S695 phosphorylation but not the catalytic activity of PKC-
6 T538A mutant (Liu etal., 2002), supporting an additional or
alternative explanation that mutation of one phosphorylation site
may affect the phosphorylation status at another site by increasing
the susceptibility of this mutant to dephosphorylation by phos-
phatases. On the other hand, PKC-6 S695A mutant results in a
great loss of T538 phosphorylation in HEK293 cells and reduced
invitrokinase activity (Liu et al., 2000; Czerwinski et al., 2005); this
effect may be attributed to a secondary effect of reduced catalytic
activity of S695A mutant. However, this does not seem to apply to
PKC-6 S676A mutant, which shows reduced catalytic activity but
appears to have intact T538 phosphorylation in HEK293 cells (Liu
etal., 2002; Czerwinski etal., 2005). The unphosphorylated turn
motif in PKC-BII is bound to HSP70, which stabilizes PKC-II,
allowing re-phosphorylation of this enzyme (Gao and Newton,
2002); this study suggests that PKC-0 S676A may be more sta-
ble and ready for autophosphorylation at T538 due to a loss of
phosphorylation in the turn motif of this mutant. Another possi-
bility is that PKC-6 T538 can be phosphorylated by other kinases.
The relationship of S676 and S695 phosphorylation has not been
reported. Phosphorylations of T219 and T538 in PKC-6 are inde-
pendent of each other, as mutation of either site does not affect
phosphorylation on the other site on baculovirus-expressed PKC-
6 proteins (Thuille etal., 2005). This finding supports that T219
phosphorylation does not regulate the catalytic activity of PKC-6
(Thuille etal., 2005); however, it is not clear why T219 autophos-
phorylation is not affected by T538A mutation. One possibility
is that T219 of PKC-6 could also be regulated by other kinases.
While multiple residues of PKC-6 are constitutively autophospho-
rylated in vitro, the relationship of these phosphorylation residues
during TCR signaling has not been studied. Is there sequential
phosphorylation of different sites on PKC-6 upon TCR stim-
ulation? Is there spatial regulation of PKC-6 phosphorylation
during T cell activation? Future studies of these questions may
reveal a novel regulation of PKC-6 activation and function by
phosphorylation.

CONCLUDING REMARKS

In conclusion, phosphorylations play critical roles in regulating
PKC-6 catalytic activity and membrane translocation, both of
which are required for the proper function of PKC-6 in T cell
activation. The regulation of PKC-6 phosphorylation is much
more complex than we initially thought. The individual PKC-6
phosphorylation sites can be induced by autophosphorylation or
upstream kinases depending on different cell types or cell stimuli.
In TCR signaling, T538 and Y90 are phosphorylated on PKC-0 by
GLK and LCK, respectively. Although phosphorylations of T219,
S676, 5685, and S695 are all induced during TCR signaling, the
direct kinases for the phosphorylation of these sites on PKC-6
remain unclear. T538 phosphorylation is most critical for PKC-0
catalytic activation, whereas 5676, S685, and S695 may be required
for optimal catalytic activation of PKC-0 during TCR signaling.
Phosphorylations of Y90 and T219 regulate PKC-6 membrane
translocation and T-cell activation. PKC-6 is recruited to different

locations in effector T cells and regulatory T cells and performs
opposite functions in these cells (Zanin-Zhorov etal., 2010). For
example, PKC-6 localizes to the immunological synapse and posi-
tively regulates cellular activation in effector T cells, while PKC-0 is
sequestered away from the immunological synapse in stimulated
regulatory T cells and negatively regulates cell function (Zanin-
Zhorov etal., 2010). On a similar note, a substantial amount of
PKC-6 is constitutively located in the nucleus of T cells, where it
regulates gene expression (Sutcliffe et al., 2011). It might therefore
be appropriate to speculate that different phosphorylation sites
(e.g., Y90, T219, or other sites) of PKC-6 may influence its distri-
bution to different subcellular locations. The model of regulation
of PKC-6 phosphorylation in TCR signaling is shown (Figure 3).

CD28

TCR

LCK

l S676 S685

Membrane translocation
& kinase activation

!

NF-<xB, NFAT & AP-1 activation

!

T cell activation & proliferation

FIGURE 3 | The model of regulation of PKC-6 phosphorylation during
TCR signaling. Ligation of TCR induces the activation of tyrosine kinase
LCK. LCK activates ZAP-70, which in turn induces tyrosine phosphorylation
of the adaptor SLP-76. SLP-76 directly interacts with and activates PLCy1
and GLK. PLCy1 cleaves a phospholipid, generating the second messenger
diacylglycerol. The binding of diacylglycerol with PKC-6 induces the
conformational change of PKC-6; T538 of PKC-0 is then phosphorylated by
GLK, leading to catalytic activation of PKC-6. The CD28 costimulatory
activates PDK-1, which facilitates PKC-6 T538 phosphorylation possibly via
activating GLK. AMPK is also implicated in PKC-6 T538 phosphorylation in
T cells. LCK directly interacts with and phosphorylates PKC-6 at Y90. The
phosphorylation of Y90 and another residue (T219) induces membrane
translocation of PKC-6. S676, S685, and S695 residues are also
phosphorylated on PKC-6 upon TCR stimulation. mTORC2 activity is
required for PKC-6 S695 phosphorylation in T cells. Catalytic activation and
membrane translocation of PKC-6 lead to the activation of transcription
factors NF«B, NF-AT, and AP-1, and to subsequent T cell activation.
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How such a complex regulation of PKC-8 phosphorylation is
integrated with TCR/CD28 signaling is the key for the future
understanding of PKC-0 function and T cell activation. Specifi-
cally, what kinases or phosphatases regulate the important PKC-6
phosphorylation sites in T-cell signaling? Does the phosphoryla-
tion of PKC-6 at different residues occur in a sequential and spatial
manner during T cell signaling? How does PKC-6 phosphoryla-
tion at a specific site regulate its catalytic activity and membrane
translocation? Future studies of the regulatory mechanisms of

REFERENCES

Baier-Bitterlich, G., Uberall, E, Bauer,
B., Fresser, F., Wachter, H., Grunicke,
H., Utermann, G., Altman, A., and
Baier, G. (1996). Protein kinase C-
theta isoenzyme selective stimulation
of the transcription factor complex
AP-1 in T lymphocytes. Mol. Cell.
Biol. 16, 1842-1850.

Baier, G., Telford, D., Giampa, L.,
Coggeshall, K. M., Baier-Bitterlich,
G., Isakov, N., and Altman, A. (1993).
Molecular cloning and characteriza-
tion of PKC theta, a novel member
of the protein kinase C (PKC) gene
family expressed predominantly in
hematopoietic cells. J. Biol. Chem.
268, 4997-5004.

Balendran, A., Biondi, R. M., Che-
ung, P. C, Casamayor, A., Deak,
M., and Alessi, D. R. (2000). A
3-phosphoinositide-dependent pro-
tein kinase-1 (PDK1) docking site is
required for the phosphorylation of
protein kinase Czeta (PKCzeta ) and
PKC-related kinase 2 by PDK1. J. Biol.
Chem. 275, 20806-20813.

Benes, C. H.,, Wu, N., Elia, A. E,,
Dharia, T., Cantley, L. C., and Soltoff,
S. P. (2005). The C2 domain of
PKCdelta is a phosphotyrosine bind-
ing domain. Cell 121, 271-280.

Bi, K., Tanaka, Y., Coudronniere, N.,
Sugie, K., Hong, S., Van Stipdonk, M.
J., and Altman, A. (2001). Antigen-
induced translocation of PKC-theta
to membrane rafts is required for
T cell activation. Nat. Immunol. 2,
556—563.

Chang, J. D., Xu, Y., Raychowdhury, M.
K., and Ware, J. A. (1993). Molecu-
lar cloning and expression of a cDNA
encoding a novel isoenzyme of pro-
tein kinase C (nPKC). A new mem-
ber of the nPKC family expressed
in skeletal muscle, megakaryoblastic
cells, and platelets. J. Biol. Chem. 268,
14208-14214.

Chuang, H. C, Lan, J. L., Chen, D. Y.,
Yang, C. Y., Chen, Y. M,, Li, J. P,
Huang, C. Y., Liu, P. E,, Wang, X,
and Tan, T. H. (2011). The kinase
GLK controls autoimmunity and NF-
kappaB signaling by activating the
kinase PKC-theta in T cells. Nat.
Immunol. 12,1113-1118.

Coudronniere, N., Villalba, M.,
Englund, N., and Altman, A. (2000).
NF-kappa B activation induced by T
cell receptor/CD28 costimulation is
mediated by protein kinase C-theta.
Proc. Natl. Acad. Sci. US.A. 97,
3394-3399.

Czerwinski, R., Aulabaugh, A., Greco,
R. M,, Olland, S., Malakian, K., Wol-
from, S., Lin, L., Kriz, R., Stahl, M.,
Huang, Y., Liu, L., and Chaudhary,
D. (2005). Characterization of pro-
tein kinase C theta activation loop
autophosphorylation and the kinase
domain catalytic mechanism. Bio-
chemistry 44, 9563-9573.

Diener, K., Wang, X. S., Chen, C., Meyer,
C. F, Keesler, G., Zukowski, M., Tan,
T. H., and Yao, Z. (1997). Activa-
tion of the c-Jun N-terminal kinase
pathway by a novel protein kinase
related to human germinal center
kinase. Proc. Natl. Acad. Sci. U.S.A.
94, 9687-9692.

Edwards, A. S., Faux, M. C,, Scott, J. D.,
and Newton, A. C. (1999). Carboxyl-
terminal phosphorylation regulates
the function and subcellular localiza-
tion of protein kinase C betall. J. Biol.
Chem. 274, 6461-6468.

Freeley, M., Volkov, Y., Kelleher, D., and
Long, A. (2005). Stimulus-induced
phosphorylation of PKC theta at
the C-terminal hydrophobic-motif in
human T lymphocytes. Biochem. Bio-
phys. Res. Commun. 334, 619-630.

Gao, T.,, and Newton, A. C. (2002).
The turn motif is a phosphorylation
switch that regulates the binding of
Hsp70 to protein kinase C. J. Biol.
Chem. 277, 31585-31592.

Grodsky, N., Li, Y., Bouzida, D., Love,
R., Jensen, J., Nodes, B., Nonomiya,
J., and Grant, S. (2006). Structure
of the catalytic domain of human
protein kinase C beta II complexed
with a bisindolylmaleimide inhibitor.
Biochemistry 45, 13970-13981.

Gruber, T., Freeley, M., Thuille, N., Heit,
1., Shaw, S., Long, A., and Baier, G.
(2006). Comment on “PDKI1 nucle-
ates T cell receptor-induced signaling
complex for NF-kappaB activation.”
Science 312, 55; author reply 55.

Gusarova, G. A., Dada, L. A., Kelly,
A. M., Brodie, C., Witters, L.

PKC-6 phosphorylation are important not only for the under-
standing of the underlying mechanism of PKC-6-mediated cell
activation, but also for the design of novel therapeutic targets for
PKC-6-mediated inflammatory diseases.

ACKNOWLEDGMENTS

We thank Drs Aideen Long and Michael Freeley (Trinity College
Dublin, Ireland) for their critical readings and helpful suggestions

for this review article.

A., Chandel, N. S., and Sznajder,
J. 1. (2009). Alphal-AMP-activated
protein kinase regulates hypoxia-
induced Na,K-ATPase endocytosis
via direct phosphorylation of protein
kinase C zeta. Mol. Cell. Biol. 29,
3455-3464.

Hofinger, E., and Sticht, H. (2005). Mul-
tiple modes of interaction between
Lck and CD28. J. Immunol. 174,
3839-3840; author reply 3840.

House, C., and Kemp, B. E. (1987).
Protein kinase C contains a pseudo-
substrate prototope in its regulatory
domain. Science 238, 1726—1728.

Kong, K. E, Yokosuka, T., Canonigo-
Balancio, A. J., Isakov, N., Saito,
T., and Altman, A. (2011). A motif
in the V3 domain of the kinase
PKC-theta determines its localiza-
tion in the immunological synapse
and functions in T cells via associa-
tion with CD28. Nat. Immunol. 12,
1105-1112.

Lee, K., Gudapati, P, Dragovic, S.,
Spencer, C., Joyce, S., Killeen, N.,
Magnuson, M. A, and Boothby,
M. (2010). Mammalian target of
rapamycin protein complex 2 reg-
ulates differentiation of Thl and
Th2 cell subsets via distinct signaling
pathways. Immunity 32, 743-753.

Lee, K. Y, D’acquisto, F, Hayden,
M. S., Shim, J. H.,, and Ghosh,
S. (2005). PDKI1 nucleates T cell
receptor-induced signaling complex
for NF-kappaB activation. Science
308, 114-118.

Lee, K.-Y., Shim, J.-H., Hayden, M.
S., Luehrmann, J.-S., and Ghosh,
S. (2006). Response to Comment
on “PDKI1 nucleates T cell receptor-
induced signaling complex for NF-kB
activation.” Science 312, 55; author
reply 55.

Lee, ]. Y., Choi, A.Y.,, Oh, Y. T., Choe, W.,
Yeo, E. J., Ha, ], and Kang, I. (2012).
AMP-activated protein kinase medi-
ates T cell activation-induced expres-
sion of FasL and COX-2 via protein
kinase C theta-dependent pathway in
human Jurkat T leukemia cells. Cell.
Signal. 24, 1195-1207.

Le Good, J. A., Ziegler, W. H., Parekh, D.
B., Alessi, D. R., Cohen, P., and Parker,
P.J. (1998). Protein kinase C isotypes

controlled by phosphoinositide 3-
kinase through the protein kinase
PDKI. Science 281, 2042—-2045.

Liu, W. H., and Lai, M. Z. (2005). Deltex
regulates T-cell activation by targeted
degradation of active MEKK1. Mol.
Cell. Biol. 25, 1367-1378.

Liu, Y., Graham, C., Li, A,, Fisher, R. J.,
and Shaw, S. (2002). Phosphorylation
of the protein kinase C-theta acti-
vation loop and hydrophobic motif
regulates its kinase activity, but only
activation loop phosphorylation is
critical to in vivo nuclear-factor-
kappaB induction. Biochem. J. 361,
255-265.

Liu, Y., Witte, S., Liu, Y. C., Doyle,
M., Elly, C. and Altman, A.
(2000). Regulation of protein kinase
Ctheta function during T cell activa-
tion by Lck-mediated tyrosine phos-
phorylation. J. Biol. Chem. 275,
3603-3609.

Marsland, B. J., and Kopf, M. (2008).
T-cell fate and function: PKC-theta
and beyond. Trends Immunol. 29,
179-185.

Mayya, V., Lundgren, D. H., Hwang,
S. I, Rezaul, K., Wu, L., Eng,
J. K., Rodionov, V., and Han, D.
K. (2009). Quantitative phosphopro-
teomic analysis of T cell receptor sig-
naling reveals system-wide modula-
tion of protein-protein interactions.
Sci. Signal. 2, ra46.

Melowic, H. R., Stahelin, R. V., Blatner,
N. R, Tian, W., Hayashi, K., Altman,
A., and Cho, W. (2007). Mechanism
of diacylglycerol-induced membrane
targeting and activation of protein
kinase Ctheta. J. Biol. Chem. 282,
21467-21476.

Messerschmidt, A., Macieira, S., Velarde,
M., Badeker, M., Benda, C., Jestel,
A., Brandstetter, H., Neuefeind, T.,
and Blaesse, M. (2005). Crystal struc-
ture of the catalytic domain of human
atypical protein kinase C-iota reveals
interaction mode of phosphorylation
site in turn motif. J. Mol. Biol. 352,
918-931.

Monks, C. R., Kupfer, H., Tamir, I, Bar-
low, A., and Kupfer, A. (1997). Selec-
tive modulation of protein kinase C-
theta during T-cell activation. Nature
385, 83-86.

www.frontiersin.org

July 2012 | Volume 3 | Article 197 | 7


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

Wang etal.

PKC-6 phosphorylation in TCR signaling

Nagy, B. Jr., Bhavaraju, K., Getz, T,
Bynagari, Y. S., Kim, S., and Kuna-
puli, S. P. (2009). Impaired activation
of platelets lacking protein kinase C-
theta isoform. Blood 113, 2557-2567.

Newton, A. C., and Koshland, D. E. Jr.
(1987). Protein kinase C autophos-
phorylates by an intrapeptide reac-
tion. J. Biol. Chem. 262, 10185—
10188.

Nolen, B., Taylor, S., and Ghosh, G.
(2004). Regulation of protein kinases;
controlling activity through activa-
tion segment conformation. Mol. Cell
15, 661-675.

Park, S. G., Schulze-Luehrman, J., Hay-
den, M. S., Hashimoto, N., Ogawa,
W., Kasuga, M., and Ghosh, S. (2009).
The kinase PDKI1 integrates T cell
antigen receptor and CD28 corecep-
tor signaling to induce NF-kappaB
and activate T cells. Nat. Immunol.
10, 158-166.

Puente, L. G., Mireau, L. R., Lysechko,
T. L., and Ostergaard, H. L. (2005).
Phosphatidylinositol-3-kinase regu-
lates PKCtheta activity in cytotoxic T
cells. Mol. Immunol. 42, 1177-1184.

Ron, D., and Kazanietz, M. G. (1999).
New insights into the regulation of
protein kinase C and novel phor-
bol ester receptors. FASEB ]. 13,
1658-1676.

Schechtman, D., and Mochly-Rosen, D.
(2001). Adaptor proteins in protein
kinase C-mediated signal transduc-
tion. Oncogene 20, 6339-6347.

Seco, J., Ferrer-Costa, C., Campan-
era, J. M., Soliva, R., and Barril,
X. (2012). Allosteric regulation of
PKCtheta: understanding multistep
phosphorylation and priming by lig-
ands in AGC kinases. Proteins 80,
269-280.

Srivastava, K. K., Batra, S., Sassano, A.,
Li, Y., Majchrzak, B., Kiyokawa, H.,
Altman, A,, Fish, E. N., and Platanias,
L. C. (2004). Engagement of protein
kinase C-theta in interferon signal-
ing in T-cells. J. Biol. Chem. 279,
29911-29920.

Sun, Z., Arendt, C. W,, Ellmeier, W.,
Schaeffer, E. M., Sunshine, M. J.,
Gandhi, L., Annes, J., Petrzilka,
D., Kupfer, A., Schwartzberg, P. L.,
and Littman, D. R. (2000). PKC-
theta is required for TCR-induced
NEF-kappaB activation in mature but
not immature T lymphocytes. Nature
404, 402-407.

Sutcliffe, E. L., Bunting, K. L., He, Y.
Q., Li, J., Phetsouphanh, C., Sed-
diki, N., Zafar, A., Hindmarsh, E.
J., Parish, C. R., Kelleher, A. D,
Mcinnes, R. L., Taya, T., Milburn, P.
J., and Rao, S. (2011). Chromatin-
associated protein kinase C-theta reg-
ulates an inducible gene expression
program and microRNAsin human T
lymphocytes. Mol. Cell 41, 704-719.

Tavano, R., Gri, G., Molon, B., Mari-
nari, B., Rudd, C. E., Tuosto, L.,
and Viola, A. (2004). CD28 and
lipid rafts coordinate recruitment of

Lck to the immunological synapse of
human T lymphocytes. J. Immunol.
173, 5392-5397.

Thebault, S., and Ochoa-Garay, J.
(2004). Characterization of TCR-
induced phosphorylation of PKC-
theta in primary murine lympho-
cytes. Mol. Immunol. 40, 931-942.

Thuille, N., Heit, L., Fresser, E,, Krum-
bock, N., Bauer, B., Leuthaeusser,
S., Dammeier, S., Graham, C,
Copeland, T. D., Shaw, S., and Baier,
G. (2005).
Thr-219 autophosphorylation for the
cellular function of PKCtheta in T
lymphocytes. EMBO ]. 24, 3869—
3880.

Villalba, M., Bi, K., Hu, J., Altman,
Y., Bushway, P, Reits, E., Neefjes,
J., Baier, G., Abraham, R. T., and
Altman, A. (2002). Translocation of
PKC[theta] in T cells is mediated
by a nonconventional, PI3-K- and
Vav-dependent pathway, but does not
absolutely require phospholipase C. J.
Cell Biol. 157, 253-263.

Xu, Z. B.,, Chaudhary, D., Olland,
S., Wolfrom, S., Czerwinski, R.,
Malakian, K., Lin, L., Stahl, M. L.,
Joseph-Mccarthy, D., Benander, C.,
Fitz, L., Greco, R., Somers, W. S., and
Mosyak, L. (2004). Catalytic domain
crystal structure of protein kinase C-
theta (PKCtheta). J. Biol. Chem. 279,
50401-50409.

Zanin-Zhorov, A., Ding, Y., Kumari,
S., Attur, M., Hippen, K. L., Brown,

Critical role of novel

M., Blazar, B. R., Abramson, S. B.,
Lafaille, J.].,and Dustin, M. L. (2010).
Protein kinase C-theta mediates neg-
ative feedback on regulatory T cell
function. Science 328, 372-376.

Zanin-Zhorov, A., Dustin, M. L., and
Blazar, B. R. (2011). PKC-theta func-
tion at the immunological synapse:
prospects for therapeutic targeting.
Trends Immunol. 32, 358-363.

Conflict of Interest Statement: The
authors declare that the research was
conducted in the absence of any com-
mercial or financial relationships that
could be construed as a potential con-
flict of interest.

Received: 05 April 2012; accepted: 11 June
2012; published online: 11 July 2012.
Citation: Wang X, Chuang H-C, Li J-P
and Tan T-H (2012) Regulation of PKC-
0 function by phosphorylation in T cell
receptor signaling. Front. Immun. 3:197.
doi: 10.3389/fimmu.2012.00197

This article was submitted to Frontiers in
T Cell Biology, a specialty of Frontiers in
Immunology.

Copyright © 2012 Wang, Chuang, Li and
Tan. This is an open-access article dis-
tributed under the terms of the Creative
Commons Attribution License, which
permits use, distribution and reproduc-
tion in other forums, provided the origi-
nal authors and source are credited and
subject to any copyright notices concern-
ing any third-party graphics etc.

Frontiers in Immunology | T Cell Biology

July 2012 | Volume 3 | Article 197 | 8


http://dx.doi.org/10.3389/fimmu.2012.00197
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
http://www.frontiersin.org/T_Cell_Biology/
http://www.frontiersin.org/T_Cell_Biology/archive

	Regulation of PKC-θ function by phosphorylation in T cell receptor signaling
	Introduction
	Structure basis for PKC-θ activation
	Function and regulation of PKC-θ phosphorylation sites
	PKC-θ Y90 phosphorylation
	Identification and regulation of PKC-θ Y90 phosphorylation
	Function of PKC-θ Y90 phosphorylation

	PKC-θ T219 phosphorylation
	Identification and regulation of PKC-θ T219 phosphorylation
	Function of PKC-θ T219 phosphorylation

	Phosphorylation of PKC-θ at T538 in the activation motif
	Identification of PKC-θ autophosphorylation sites at the catalytic domain
	Function of PKC-θ T538 phosphorylation
	Inducible PKC-θ T538 phosphorylation in T cell signaling
	Regulation of PKC-θ T538 phosphorylation and activation by GLK in TCR signaling

	Phosphorylation of PKC-θ at S676 and S685 in the turn motif
	Phosphorylation of PKC-θ at S695 in the hydrophobic motif
	Interdependency of different PKC-θ autophosphorylation sites


	Concluding remarks
	Acknowledgments
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 600
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 600
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


