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Protein Kinase CO C2 Domain Is a Phosphotyrosine Binding
Module That Plays a Key Role in Its Activation™
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Background: PKC6 plays a key role in T lymphocyte activation, but its regulatory mechanism is not understood.
Results: Phosphotyrosine binds the PKC6 C2 domain and activates PKC6.

Conclusion: The PKC6 C2 domain-phosphotyrosine binding is important for PKC8 activation in T cells.
Significance: This study provides new mechanistic insight into the regulation of PKC6in T cells.

Protein kinase C0 (PKC#) is a novel PKC that plays a key role
in T lymphocyte activation. To understand how PKC@0 is regu-
lated in T cells, we investigated the properties of its N-terminal
C2 domain that functions as an autoinhibitory domain. Our
measurements show that a Tyr(P)-containing peptide derived
from CDCP1 binds the C2 domain of PKC0 with high affinity
and activates the enzyme activity of the intact protein. The
Tyr(P) peptide also binds the C2 domain of PKCé tightly, but no
enzyme activation was observed with PKCé. Mutations of
PKCO-C2 residues involved in Tyr(P) binding abrogated the
enzyme activation and association of PKCO with Tyr-phosphor-
ylated full-length CDCP1 and severely inhibited the T cell
receptor/CD28-mediated activation of a PKCO-dependent
reporter gene in T cells. Collectively, these studies establish the
C2 domain of PKC# as a Tyr(P)-binding domain and suggest
that the domain may play a major role in PKC@ activation via its
Tyr(P) binding.

Protein kinases C (PKCs) comprise a family of serine/threo-
nine kinases that mediate a wide variety of cellular processes
(1-3). Al PKCs contain an N-terminal regulatory domain and a
C-terminal catalytic domain. PKCs are typically subdivided
into three classes: conventional PKC («, BI, BIL, and vy sub-
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types), novel PKC (5, €, m, and 0 subtypes), and atypical PKC ({
and A/usubtypes), based upon structural differences in the reg-
ulatory domain. Conventional and novel PKCs have two types
of membrane-targeting domains, a tandem repeat of Cl
domains (C1A and C1B) and a C2 domain, in the regulatory
domain. The C1 domain (~50 residues) is a cysteine-rich com-
pact structure that was identified as the interaction site for
sn-1,2-diacylglycerol (DAG)* and phorbol ester (4, 5). Cl
domains display different affinities for DAG and phorbol esters
(6-9), the basis of which has not been fully elucidated, and also
bind alcohols (10-14). The C2 domain (~130 residues) is an
eight-stranded B sandwich protein involved in Ca®"-depen-
dent membrane binding for conventional isoforms (15-17). All
novel PKCs contain a Ca>* -independent C2 domain, which has
been reported to interact with other proteins (18, 19) or anionic
phospholipids in the case of PKCe (20-22).

PKC6 is a novel PKC expressed exclusively in T lymphocytes
and muscle cells (23, 24). T cell activation requires sustained
interaction of the T cell receptor (TCR) with MHC-bound pep-
tide antigen presented by antigen-presenting cells. The T-anti-
gen-presenting cell contact region, where this interaction
occurs, referred to as the immunological synapse, serves as a
signaling platform where activated TCR molecules, accessory/
costimulatory receptors, and intracellular adaptors and
enzymes are clustered (25). Generation of DAG by phospho-
lipase Cvy1 in the plasma membrane in response to TCR trig-
gering is a key signal in the initiation of T cell activation, which
culminates in cell proliferation and the execution of T cell effec-
tor functions (26). Although T cells express many PKC isoforms
(v, By, 6, €,m, 0,and ) (23, 24), PKCH plays a non-redundant and
obligatory function in mature T cell activation (but notin T cell
development), as indicated by findings that PKC0-deficient T

“The abbreviations used are: DAG, sn-1,2-diacylglycerol; DiC,q, 1-2-dio-
leoyl-sn-glycerol; POPC, 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocho-
line; POPS, 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphoserine; PS, phos-
phatidylserine; PKC6-C2 and PKC8-C2, C2 domain of protein kinase CH and
C3§, respectively; SPR, surface plasmon resonance; TCR, T cell receptor.
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cells display a grossly defective proliferation and interleukin-2
production in response to TCR/CD28 costimulation, resulting
from impaired activation of the transcription factors nuclear
factor (NF)-«B, AP-1, and, to a lesser extent, NFAT (27, 28).

We recently performed rigorous analysis of the mechanism
of DAG-dependent membrane targeting and activation of
PKC6 (29). This study revealed that PKC6 followed a unique
mode of DAG-dependent activation among PKC isoforms (6, 8,
9, 30), where the C1B domain is predominantly involved in the
membrane binding and activation. Additionally, we found that
the C2 domain of PKC6 (PKCH-C2) plays a unique autoinhibi-
tory role in the resting state of PKC#, suppressing its membrane
binding and activation until phosphorylation of Tyr”®, which
was reported to be induced by TCR stimulation (31), unlocks an
inhibitory intramolecular tether. The C2 domain of PKCS, the
closest relative of PKC6 in the PKC family, was found to be a
novel Tyr(P)-binding domain, which could specifically bind a
Tyr(P)-containing peptide derived from CDCP1, a protein
known to be phosphorylated on tyrosine by activated Src kinase
(18). However, the physiological significance of this interaction
has not been demonstrated. High structural similarity between
PKC3-C2 and PKCH-C2 and the unique autoinhibitory role of
PKC6-C2 raise an interesting possibility that PKC0-C2 may
also bind Tyr(P) and that this interaction may play an important
role in the activation of PKC6in T cells. To test this hypothesis,
we measured the binding of PKC6-C2 to a Tyr(P) peptide and
the effect of this interaction on PKC activation in vitro and in T
cells. Our results show that PKCH-C2 is a genuine Tyr(P)-bind-
ing module and that this interaction modulates the in vitro
enzyme activity of PKC and its function in T cells.

EXPERIMENTAL PROCEDURES

Materials—1-Palmitoyl-2-oleoyl-sn-glycero-3-phosphocho-
line (POPC), 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphoethanol-
amine, 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphoserine (POPS),
and sn-1,2-dioleoylglycerol (DiC,;) were purchased from
Avanti Polar Lipids, Inc. (Alabaster, AL) and used without fur-
ther purification. Triton X-100 and ATP were from Sigma.
Phospholipids concentrations were determined by a modified
Bartlett analysis (32). [y->*PJATP (3 Ci/wmol) and L1 sensor
chip were from GE Healthcare. Two peptides (GGALYSIY-
QPYVFAKKK and GGALYSIpYQPYVGAKKK) were synthe-
sized using an Applied Biosystems (ABI) 433A peptide
synthesizer.

Expression Vector Construction and Mutagenesis—For bac-
terial expression of the C2 domain, the expression vector was
created by subcloning the cDNA sequence encoding the C2
domain (amino acids 1-123) of human PKC# into the pET28a
vector (Novagen, Madison, WI) between the restriction sites
Ncol and Xhol by overlap extension PCR using Pfu polymerase
(Stratagene, La Jolla, CA). This vector is designed to introduce
an N-terminal His tag for affinity purification of the expressed
proteins. Mutants of the C2 domain were generated using four
primers via the overlap extension method (33). For mammalian
expression, wild-type (WT) PKC6 and C2-mutated cDNAs
were cloned into the pEGFP-N1 vector (Clontech) between the
restriction sites Xhol and BamHI. Mutants of the C2 domain
were generated using four primers via the overlap extension
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method (33, 35). For insect cell expression of WT or mutated
PKC#, baculovirus transfer vectors encoding the cDNA of
PKC#O were generated by PCR using the pVL1392 PKC6 plas-
mid as a template (36). The mutation was verified by DNA
sequencing.

Protein Expression and Purification—Escherichia coli strain
BL21(DE3) (Novagen) was used as a host for C2 domain expres-
sion. Two liters of Luria broth was inoculated with a 50-ml
overnight culture of cells. Cells were grown at 37 °C with shak-
ing (250 rpm) to an optical density of 0.8 at 600 nm, at which
time the protein production was induced by adding 1 mwm iso-
propyl B-p-1-thiogalactopyranoside. Cells were then incubated
with shaking (250 rpm) at 25 °C for 4 h. For harvesting, cells
were centrifuged at 5000 X g for 10 min, and the pellet was
washed once with sodium phosphate buffer (pH 8.0) and resus-
pended in 25 ml of extraction buffer containing 50 mm sodium
phosphate, pH 8.0, 300 mm NaCl, 10 mm imidazole, 1% Triton
X-100, and 0.2 mm phenylmethylsulfonyl fluoride. The suspen-
sion was homogenized in a hand-held homogenizer chilled on
ice. The extract was centrifuged at 50,000 X g for 45 min at4 °C.
One ml of nickel-nitrilotriacetic acid-agarose (Qiagen, Valen-
cia, CA) was added to the supernatant, and the mixture was
incubated on ice while shaking at 80 rpm for 1 h. The mixture
was poured onto a 10-ml column, and the column was washed
first with 20 ml of 50 mm sodium phosphate, pH 8.0, containing
300 mm NaCl and 10 mum imidazole and subsequently with 15
ml of 50 mM sodium phosphate, pH 8.0, containing 300 mm
NaCl and 15 mm imidazole. The column was washed with an
additional 10 ml of the same buffer containing 20 mm imidaz-
ole. The protein was then eluted in seven fractions of 0.5 ml in
50 mM sodium phosphate buffer containing 300 mm imidazole.
Eluted fractions were then analyzed on a 14% SDS-polyacryl-
amide gel. Fractions containing the PKC60 C2 domain were con-
centrated and desalted in an Ultrafree-15 centrifugal filter
device (Millipore, Bedford, MA).

Full-length PKC6 and mutants were expressed in baculovi-
rus-infected Sf9 cells. The pVL1392-PKC6O DNA was prepared
for transfection by using an EndoFree Plasmid Midi kit (Qia-
gen) to avoid endotoxin contamination and transfected into Sf9
cells with the Baculogold™ transfection kit (BD Pharmingen).
Cells were incubated for 4 days at 27 °C, and the supernatant
was collected and used for more cells for amplification of virus.
After three cycles of amplification, high titer virus stock was
obtained. Sf9 cells were maintained as monolayer cultures in
TMN-FH medium (Invitrogen) containing 10% fetal bovine
serum (Invitrogen). For expression of the proteins, cells were
grown to 2 X 10° cells/ml in 300-ml suspension cultures and
infected with a multiplicity of infection of 10. The cells were
then incubated for 60 h at 27 °C. For protein purification, cells
were harvested at 1000 X g for 10 min, the pellet was then
washed once with sodium phosphate buffer, pH 8.0, and resus-
pended in 22 ml of extraction buffer containing 50 mm sodium
phosphate, pH 8.0, 300 mm NaCl, 10 mMm imidazole, 1% Triton
X-100, 0.2 mm phenylmethylsulfonyl fluoride, and a protease
inhibitor mixture tablet EDTA-free (Roche Applied Science).
The suspension was homogenized in a handheld homogenizer
chilled on ice. The extract was centrifuged at 50,000 X g for 45
min at 4 °C. One ml of nickel-nitrilotriacetic acid-agarose (Qia-
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gen) was added and incubated on ice while shaking at 80 rpm
for 1 h. The mixture was poured into a 10-ml column and
washed first with 10 ml of 50 mm sodium phosphate, pH 8.0,
containing 300 mm NaCl and 10 mm imidazole and subse-
quently with 10 ml of 50 mm sodium phosphate, pH 8.0, con-
taining 300 mm NaCl and 15 mM imidazole. The column was
then washed with 6 ml of the same buffer containing 20 mm
imidazole and next with 3 ml of the same buffer containing 25
mM imidazole. The protein was then eluted from the column
with six 0.75-ml fractions of 50 mm sodium phosphate, pH 8.0,
containing 300 mm NaCl and 300 mMm imidazole. The eluted
fractions were then analyzed on an 8% SDS-polyacrylamide gel.
Fractions containing PKC6 were concentrated and desalted in
an Ultrafree-15 centrifugal filter device (Millipore). Protein
concentration was determined by the bicinchoninic acid
method (Pierce).

Determination of PKC Activity— Activity of PKC8 and PKC#6
was assayed by measuring the initial rate of [**P]phosphate
incorporation from [y-*’P]JATP (50 mm, 0.6 mCi/tube) into
myelin basic protein (200 mg/ml) (9). The reaction mixture
contained large unilamellar vesicles (0.2 mm total lipid concen-
tration), 0.16 m KCl, and 5 mm MgCl, in 20 mm HEPES, pH 7.4.
The reaction was started by adding 50 mm MgCl, to the mixture
and left for 10 min at room temperature. The reaction was then
quenched with 5% phosphoric acid. Next, 75 ul of the quenched
reaction mixture was transferred to P-81 ion exchange paper
and washed three times with 5% phosphoric acid followed by
one wash with 95% ethanol. The papers were dried in an oven at
60 °C for 10 min. The papers were then transferred into scintil-
lation vials containing 4 ml of scintillation fluid (Fisher), and
radioactivity was determined by liquid scintillation counting.
To rule out the possibility that the control or the Tyr(P) peptide
is phosphorylated during our assay, the phosphorylation of
these peptides was assessed under the same conditions without
myelin basic protein (i.e. with and without POPC/POPS/DiC, 4
(59:40:1) vesicles). Under these conditions, phosphorylation of
the peptides was not detectable, demonstrating that phosphor-
ylation of the control or the Tyr(P) peptide does not contribute
to the [**P]phosphate signal in our PKC activity assays.

Surface Plasmon Resonance (SPR) Analysis—PKC-peptide
binding was measured by the SPR analysis using a BIAcore X
biosensor system and the L1 chip as described previously (37—
39). The Tyr(P) peptide was amine-coupled to a CM5 chip
(BIAcore) to a density of 200 resonance units according the
manufacturer’s protocol. Likewise, the control peptide was
coupled to a second sensor surface and served as a control. The
equilibrium dissociation constant (K,) was determined from
steady-state binding measurements as described previously
(40, 41). Briefly, varying concentrations of PKC8, PKC#, and
their respective C2 domains (typically within a 10-fold range
above or below the K ;) were injected at 5 ul/min at 23 °C, and
data were analyzed using BIAevaluation 3.0 software (Biacore)
as described previously (37, 38). In separate experiments, both
PKC0and PKCé were amine-coupled to the sensor surface, and
Tyr(P) peptide or non-Tyr(P) peptide was injected at varying
concentrations. K, values obtained under these conditions
were the same as those determined with the peptide coupled to
the sensor surface.
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Molecular Modeling—The homology model of human
PKCH-C2 was built with the Nest (42) and Modeler (43) pro-
grams as described previously (44). The sequence alignment
was performed with BLAST, and the crystal structure of the
PKC8-C2 (Protein Data Bank entry 1YRK) was used as the tem-
plate for homology model building. The quality of the model
was tested using Verify3D (45). The electrostatic property of
PKC8-C2 was calculated with a modified version of the pro-
gram DelPhi and visualized in the program GRASP (46).

Co-immunoprecipitation—Jurkat-TAg T cells were cotrans-
fected with a FLAG-tagged CDCP1 plasmid (18) plus green
fluorescence protein (GFP)-tagged wild-type or mutated PKC6
vectors and cultured for 72 h. The efficiency of transfection was
determined by flow cytometry analysis of GFP-positive cells.
Transfected cells were stimulated with 1 mMm of sodium
orthovanadate (Na;VO,), a phosphatase inhibitor, for 10 min at
37 °C in order to induce global cellular tyrosine phosphoryla-
tion. Cells were then lysed in a buffer containing 50 mm Tris, 50
mM NaCl, 5 mm EDTA, 1% Nonidet P-40, and protease inhibi-
tors. Immunoprecipitation was performed using an anti-GFP
antibody (Santa Cruz Biotechnology, Inc., Santa Cruz, CA), and
precipitated proteins were resolved by SDS-PAGE and trans-
ferred to nitrocellulose membranes. The membranes were
immunoblotted with an anti-FLAG antibody (Sigma-Aldrich).

Reporter Gene Activation—Jurkat-TAg T cells (REF) were
cotransfected with GFP-tagged wild-type or mutated PKC6
vectors and RE/AP-Luc, a luciferase reporter plasmid, based on
the CD28 response element (RE/AP) in the i/2 gene promoter
(47), and a B-galactosidase ($3-gal) reporter plasmid. Cells were
left unstimulated or stimulated with anti-CD3 (OKT3) plus
anti-CD28 (CD28.2) monoclonal antibodies for 6 h. Luciferase
activity normalized to B-Gal activity was determined in tripli-
cates. Transfection efficiency was determined by GFP fluores-
cence using flow cytometry.

RESULTS

PKC0-C2 Binding to Tyr(P)—The recent x-ray structure of
PKC8-C2 in complex with a Tyr(P) peptide elucidated how this
domain achieved the stereospecific recognition of a CDCP1-
derived Tyr(P)-containing peptide (18). Alignment of the C2
domain sequences from PKCé and PKC6O demonstrates a
high degree of similarity (i.e. 52% sequence identity by T-coffee
(48); see Fig. 1A). Most importantly, PKCH-C2 harbors the same
residues in PKC8-C2 that interact with the Tyr(P) peptide (see
Fig. 1, C and E). These residues are not found in other novel
PKCs, PKCe and PKCn. To determine if PKC6-C2 could also
bind a Tyr(P)-containing peptide, we monitored the binding of
PKCH-C2 to the CDCP1-derived Tyr(P) peptide by SPR analysis
(see Fig. 2 and Table 1). As a positive control, we first monitored
the binding of PKC3-C2, and it bound the peptide with K, =
240 nM (see Fig. 2, A and B, and Table 1), which agrees with the
reported value determined using isothermal titration calorim-
etry (18). PKC6-C2 also exhibited robust binding to the peptide
and bound with 2-fold higher affinity (K, = 120 nm) than
PKC&-C2 (see Fig. 2, Cand D, and Table 1). Neither C2 domain
showed significant binding to the control peptide containing
Tyr in place of Tyr(P) (data not shown). We also monitored
binding of full-length PKC& and PKC# to the peptide. In both
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FIGURE 1. Sequence alignment and structures of the PKCO and PKC5 C2
domains. A, Sequence alignment of the C2 domains of rat PKC8 and human
PKC6 C2 domains performed in T-Coffee (48) shows 52% sequence identity.
Identical residues are shown in red, highly similar residues in blue, similar
residues in green, and nonconserved residues in black. Residues deemed
important for Tyr(P) peptide binding are marked with blue arrows, and Tyr®®
that is phosphorylated in PKC6 is marked with an asterisk. B, crystal structure
of the PKC-C2-CDCP1 peptide complex (PDB entry 1YRK) (18). The protein is
shown in a surface representation using PyMOL, with blue and red qualitatively
indicating positive and negative surface electrostatic potential. The bound
Tyr(P) peptide is shown in a stick representation. Notice that the cationic
groove interacts with the Tyr(P) moiety shown in red. C, a ribbon diagram of
the PKCS8-C2 model in the same molecular orientation as Fig. 1B. The side
chains of residues that are involved in Tyr(P) binding of PKC8-C2 are high-
lighted in a space-filling representation and labeled. D, homology model of the
PKC6 C2 domain built using the PKC8 C2 domain as a template. The surface
representation shows the presence of a cationic groove that is comparable
with the Tyr(P)-binding pocket of PKC8-C2. E, ribbon diagram of the PKC6-C2
model in the same molecular orientation as Fig. 1D. The side chains of resi-
dues that are involved in Tyr(P) binding of PKC6-C2 are highlighted in a space-
filling representation and labeled.

instances, the affinity of the full-length proteins for the peptide
was within the experimental error ranges of that of their respec-
tive C2 domains (Table 1). This suggests that the Tyr(P)-bind-
ing site is not cryptic in either protein, at least in PKCs
expressed in Sf9 cells.

Origin of Tyr(P) Specificity of PKCH-C2—To account for the
Tyr(P)-binding properties of PKCH-C2, we built a model struc-
ture (Fig. 1, D and E) based upon its homology to PKC8-C2 (Fig.
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1B). The model structure suggests that the Tyr(P)-binding
pocket of PKC8-C2 is well conserved in PKC6H-C2. On the basis
of this structure, we prepared a panel of mutants of PKC6-C2
and measured their binding to the Tyr(P) peptide to identify
Tyr(P)-binding residues. Specifically, we mutated Arg®®, Lys*,
Met®?, Thr®%, and His®?, whose counterparts in PKC8-C2 are
involved in Tyr(P) binding. Results summarized in Table 1
show that Lys*®, His®®, and Arg®® are critical for Tyr(P) binding
because the mutations of these residues abolished the peptide
binding. Also, Met>® and Thr>® seem to contribute to the Tyr(P)
binding. Interestingly, YOOE and Y90F mutations had no effect
on Tyr(P) binding of both full-length PKC6 and PKCH-C2. This
indicates that although the phosphorylation of Tyr”® is impor-
tant for the DAG-dependent translocation and activation of
PKC§, it is not a prerequisite for the Tyr(P) binding.

In order to assess the importance of the critical Tyr(P)-bind-
ing residues in PKC6-C2 in intact T cells, we cotransfected Jur-
kat T cells with FLAG-tagged CDCP1 (18) and GFP-tagged WT
or C2-mutated PKC6 vectors (H63A and R68A as Tyr(P) bind-
ing-deficient mutants and M52A as a mutant with reduced
Tyr(P) binding). We then stimulated the cells with Na;VO,, a
Tyr(P) phosphatase inhibitor that causes a global increase in
cellular tyrosine phosphorylation, in order to induce phosphor-
ylation of CDCP1 on tyrosine. Proteins were immunoprecipi-
tated with anti-GFP and then analyzed for the presence of
CDCP1. No PKC# association of CDCP1 was observed in
unstimulated T cells (data not shown). However, Na;VO, stim-
ulation caused CDCP1 to associate with WT PKC6. Under the
same conditions, all three mutants showed dramatically
reduced interaction with CDCP1 (Fig. 3). These results indicate
that the same C2 residues that are involved in in vitro associa-
tion between PKC0 and the CDCP1 Tyr(P) peptide are also
required for the interaction between PKC# and intact CDCP1
in stimulated T cells.

Effect of Tyr(P) Binding on PKCO Enzyme Activity— Although
PKCd-C2 was shown to specifically bind the CDCP1-derived
Tyr(P) peptide, biochemical and physiological effects of this
interaction were not reported (18). To establish the physiolog-
ical significance of the PKCH-C2-Tyr(P) binding, we first mon-
itored the activity of both PKC6 and PKC5 in the presence of
the Tyr(P) peptide using myelin basic protein as a substrate. As
shown in Fig. 4, the Tyr(P) peptide greatly increased PKC6H
activity even in the absence of lipid activators while showing a
statistically insignificant effect on PKC8d activity. Because PKC5
has higher activity than PKC6 in the presence of 200 um POPC/
POPS/DiC, ¢ (59:40:1) vesicles under our assay conditions (see
Fig. 5, A and B), this difference is not due to low intrinsic
enzyme activity of PKCS8.

We also measured the effect of the Tyr(P) peptide on PKC
activity in the presence of different concentration of lipid acti-
vators. Specifically, we measured the enzyme activity with and
without the Tyr(P) peptide while varying phosphatidylserine
(PS) composition in POPC/POPS/DiC, 4 ((89 — x):x:1) vesicles.
PS has been shown to activate PKCs by specifically releasing
their interdomain tethering as well as enhancing their mem-
brane affinity (6, 8, 9, 30, 37, 49). As shown in Fig. 54, PKC&
activity was increased with the increase in PS; however, 5 um
Tyr(P) peptide had little effect on PKC8 activity regardless the
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FIGURE 2. Determination of PKC0-C2-peptide binding by equilibrium SPR analysis. A, SPR binding sensorgrams are shown for PKC8-C2 at 35, 75, 150, 400,
and 1000 nm. To test for nonspecific binding the control surface utilized the non-phosphorylated peptide, which was subtracted from the Tyr(P) peptide
binding response to correct for refractive index changes and yield the displayed sensorgrams. B, saturation response (R,,) from PKC3-C2 binding at each
respective protein concentration (P,) in A was plotted versus [PKC3-C2] to fit with a nonlinear least squares analysis of the binding isotherm (R, = R;,,.,/(1 +
K./P,) to determine the K, (see Table 1). C, SPR binding sensorgrams are shown for PKC6-C2 at 25, 45, 110, 275, and 650 nm to a Tyr(P)-coated surface with the
nonphosphorylated peptide control surface subtracted out for refractive index correction. D, as in B, the saturation response (R.,) from PKC6-C2 binding at
each respective protein concentration (P,) in C was plotted to determine the K. For both PKC8-C2 and PKC6-C2, binding signals from the non-phosphorylated
peptide were typically less than 5% of those from the Tyr(P) peptide at a given PKC concentration.

TABLE 1
Phosphotyrosine peptide (GGALYSIpYQPYVFAKKK) binding of PKC6,
PKC6H-C2, and mutants

All binding measurements were performed in 10 mm HEPES, pH 7.4, containing
0.16 m KCL.

Increase in

Protein K, K/
nM -fold

PKCO-C2 WT 120 = 30 1.0
PKCs-C2 WT 240 * 50 0.5
PKCH-C2 K49A ND?
PKC6-C2 M52A 780 + 100 6.5
PKCH-C2 T59A 1200 = 100 10
PKCH-C2 H63A ND
PKCH-C2 R68A ND
PKCH-C2 YOOE 91 *+4 0.76
PKC full-length 73 £20 0.63
PKCH full-length Y9OE 75+ 4 0.63
PKC® full-length YOOF 82+3 0.68
PKC5 full-length 150 = 30 6.7

“ -Fold increase in K, relative to the binding of PKC6-C2 to Tyr(P) peptide.
“ND, not detectable.

PS concentration. In contrast, 5 um Tyr(P) peptide greatly
enhanced the PKC# activity at different PS concentrations (i.e.
4-fold at 10—20 mol % and 2.5-fold at 40 mol % PS). The fact
that the degree of PKC6 activation by Tyr(P) decreases as the PS
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FIGURE 3. Association of PKCOwith CDCP1. Jurkat-TAg T cells were cotrans-
fected with a FLAG-tagged CDCP1 expression vector plus vectors encoding
GFP-tagged wild-type or C2-mutated PKC6 vectors (or empty vector), as indi-
cated. The cells were stimulated with NasVO, (1 mm) for 10 min and lysed.
Anti-GFP immunoprecipitates (/P) or whole lysates were resolved by SDS-
PAGE, transferred to nitrocellulose, and immunoblotted (/B) with the indi-
cated antibodies.

concentration rises suggests that PKC6 activation by PS and by
Tyr(P) complement each other. This notion was supported by
the finding that when PKC6 was activated by 250 um Tyr(P)
peptide instead of 5 um, the addition of 40 mol % PS (i.e. 200 um
of POPC/POPS/DIiC,g (59:40:1) vesicles) only modestly
increased the activity (i.e. from 0.07 to 0.08 wmol/min/mg).
Last, a non-phosphorylated peptide activated neither PKC
under any condition (data not shown), demonstrating the spe-
cific nature of PKC# activation by the Tyr(P) peptide.
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FIGURE 4. Enzymatic activity of PKCO and PKC4 in the presence of Tyr(P)
peptide. The kinase activity of 30 nm PKC was measured in the presence of
varying concentrations of Tyr(P) peptide in 20 mm HEPES, pH 7.4, containing
0.16 m KCl, 5 mm MgCl,, and myelin basic protein (200 ug/ml) but in the
absence of lipid cofactors. Each data point represents an average of triplicate
measurements. Relative activity was calculated in comparison with the max-
imal activity of WT PKC6 achieved with 250 um peptide (0.02 wmol/min/mg).
Notice that PKC8 shows a much lower degree of activation by the peptide
than PKC6. Because PKC8 has higher activity than PKC6in the presence of 200
um POPC/POPS/DIC, 4 (59:40:1) vesicles under our assay conditions (see Fig. 5,
A and B), this difference is not due to low intrinsic enzyme activity of PKCS.
Also, p < 0.0001 for PKCO and p < 0.33 for PKC between 0 and 100 um Tyr(P)
(pTyr), indicating that the degree of activation of PKC8 by 100 um Tyr(P) is not
statistically meaningful. Error bars, S.D.

We then measured the effects of mutating Tyr(P)-binding
residues in the C2 domain of PKC6 on enzyme activation. As
described above, PKCO WT was activated 4-fold by 5 um Tyr(P)
peptide with 10 mol % PS in the vesicles. Under the same con-
ditions, H63A and R68A showed no activation by 5 um Tyr(P)
peptide, whereas M52A exhibited modest activation (Fig. 5C).
This shows that binding of Tyr(P) to the C2 domain is directly
responsible for Tyr(P)-dependent PKC# activation. Interest-
ingly, all three mutants and WT showed the same higher activ-
ity at 40 mol % PS as at 10 mol % PS in the absence of Tyr(P),
demonstrating that the three mutated residues are not involved
inlipid (i.e. PS and DAG)-dependent PKC6 activation (Fig. 5D).
Unlike WT, however, H63A and R68A were not activated by
the addition of 5 um Tyr(P) peptide under these conditions.

Collectively, these results clearly show that binding of Tyr(P)
to PKCH-C2 directly and greatly enhances the enzymatic activ-
ity of PKC#, which may complement lipid-dependent PKC6H
under physiological conditions. The disparate effect of Tyr(P)
binding on the enzyme activity of PKC6 and PKC3 is also con-
sistent with our recent studies showing that their C2 domains
have distinct roles in enzyme activation; i.e. PKC6-C2 plays an
autoinhibitory role (29), whereas PKC3-C2 is non-inhibitory
(9).

Requirement of Tyr(P) Binding for PKC6 Function in Intact T
Cells—In order to establish the functional relevance of Tyr(P)
binding by the PKC6 C2 domain in the context of T cell activa-
tion, we analyzed the ability of the C2-mutated PKC6 (i.e.
M52A, H63A, and R68A) to activate known PKC6O downstream
targets. Because the transcription factors NF-«B and AP-1 are
known targets of activated PKC6 (27, 28, 50-52), we used a
reporter gene based on the CD28 response element (RE/AP) in
the i[2 gene promoter, which contains a combined binding site
for NF-«kB and AP-1 (43). Hence, wild-type or C2-mutated
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PKC# vectors were tested for their ability to stimulate this
reporter gene in cotransfected Jurkat T cells costimulated with
anti-CD3 and -CD28 antibodies.

By comparison with empty vector-transfected cells, WT
PKC0 greatly stimulated the reporter gene activity in anti-CD3/
CD28-stimulated T cells; in contrast, the His®® and Arg®®
mutants and, to a somewhat lesser extent, the Met®? mutant
were incapable of activating the reporter gene (Fig. 6A4). The
results shown in Fig. 6B demonstrate that all of the transfected
PKCB0 proteins were expressed at similar levels, as determined
by the expression of GFP fluorescence. Thus, the Tyr(P)-bind-
ing residues in PKC6-C2 are required for the downstream func-
tions of PKC6, suggesting that binding of a putative Tyr(P)-
containing protein, whose phosphorylation is induced by TCR/
CD28 costimulation, to the PKCO C2 domain positively
regulates its activation.

DISCUSSION

It has long been known that the subcellular targeting pattern
of PKCs varies in an isoform-, cell type-, and activator-specific
manner (3). Extensive studies have been performed to under-
stand the mechanisms by which PKC isoforms achieve unique
modes of cellular localization and activation because decipher-
ing these mechanisms will lead to better means of controlling
specific PKC isoforms and cellular processes associated with
their activity. The unique role of PKCOin T cell activation (23,
24) makes it an attractive model for mechanistic studies. Cur-
rently, structural information on intact PKC6 is unavailable,
and the mechanism underlying its unique localization and
action in T cells remains poorly understood. The present study
reveals that the C2 domain of PKC# interacts with a CDCP1-
derived Tyr(P) peptide with high affinity and specificity and
that this binding directly and specifically enhances the in vitro
enzyme activity of PKC6. Mutations of the Tyr(P)-binding res-
idues in the PKCOH C2 domain abrogate Tyr(P)-dependent
PKC6 activation. The same peptide also tightly binds the highly
homologous PKCé C2 domain but shows little effect on the
activity of PKC8. The biological relevance of the interaction
between the C2 domain of PKC6 and Tyr(P)-containing pep-
tide ligands is evidenced by our finding that PKC6 associates
with Tyr(P)-CDCP1 in stimulated intact T cells. Also, muta-
tions of the Tyr(P)-binding residues essentially abolished the
ability of PKC# to activate a RE/AP reporter gene in anti-CD3/
CD28-stimulated T cells, this reporter being a well character-
ized target of TCR/CD28-induced, PKC6-dependent activation
(46).

The regulation of cellular localization and activation of PKC6
is complex (24) and may involve multiple mechanisms in addi-
tion to canonical C1 domain-mediated binding to DAG-con-
taining membranes. This notion is supported by at least two
findings. First, inhibition of DAG-generating PLCy1 only par-
tially inhibited CD3/CD28-stimulated PKC6 membrane trans-
location but fully blocked PKCa from translocating to the
membrane (53). Second, despite having highly similar catalytic
domains, PKC6 shows only about half of the activity of PKC8 in
the presence of POPC/POPS/DiC, ¢4 (59:40:1), but the former is
40% more active than the latter in the presence of POPC/POPS/
DiC,; (59:40:1) and 5 um CDCP1-derived Tyr(P) peptide (see
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FIGURE 5. PS- and Tyr(P)-dependent activity of PKC5, PKC6, and PKCO mutants. The kinase activity of 30 nm PKC8 (A) or PKC6 (B) was measured in 20 mm
HEPES buffer, pH 7.4, containing 0.16 m KCl, 5 mm MgCl,, myelin basic protein (200 wg/ml), and 200 um POPC/POPS/DIC, 4 ((89 — x):x:1) vesicles, in the presence
or absence of 5 um peptide. For PKCH mutants, the enzyme assay was performed under the same conditions except that a fixed concentration of PS (i.e.
POPC/POPS/DIiC, 5 = 89:10:1 (C) or POPC/POPS/DiC, 5 = 59:40:1 (D)) was used in the vesicles. Each bar represents an average of triplicate measurements.
Relative activity was calculated in comparison with the maximal activity of WT PKC6 (0.08 pmol/min/mg) achieved with POPC/POPS/DiC, g (59:40:1) vesicles
and 250 um peptide. White bars, kinase activity measured in the absence of the Tyr(P); shaded bars, kinase activity measured with 5 um Tyr(P) peptide. When
PKCO was activated by 250 um peptide alone (0.07 wmol/min/mg), the addition of 200 um POPC/POPS/DiC, 4 (59:40:1) vesicles modestly increased the activity
(0.08 umol/min/mg). Note that PKC4 had higher intrinsic activity (0.067 umol/min/mg) than PKC6 (0.039 wmol/min/mg) in the presence of POPC/POPS/
DiC,5 (59:40:1) but without the Tyr(P) peptide. Specific activity (in terms of umol/min/mg) of PKCO mutants in the presence of POPC/POPS/DiC, g
(59:40:1) vesicles alone was 0.038 for M52A, 0.037 for H63A, and 0.037 for R68A, showing that lipid-dependent activity was not altered for these
mutations. Error bars, S.D.
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FIGURE 6. Effect of Tyr(P) binding site mutations of PKCO on its T cell regulatory activity. A, Jurkat-TAg T cells were cotransfected with vectors encoding
GFP-tagged wild-type or C2-mutated PKC6 vectors (or empty vector) together with an RE/AP-Luc and 3-gal reporter genes. Cells were left unstimulated or
stimulated with anti-CD3 plus anti-CD28 monoclonal antibodies for 6 h. Luciferase activity normalized to B-gal activity was determined in triplicates. RLU,
relative luciferase units. B, expression of the transfected GFP-PKC6 proteins was analyzed by flow cytometry, demonstrating similar expression levels of all
proteins. Error bars, S.D.

30524 JOURNAL OF BIOLOGICAL CHEMISTRY YASEMB\  VOLUME 287-NUMBER 36-AUGUST 31,2012



A (Y90 o pTyr pocket
B 3.
@ * C1A CciB
Pseudosubstrate
B pTyr-containing protein

Active site

Geze PS and DAG
Active binding Active
Membrane recruitment
by pTyr binding
PH
/‘ Y90 C1B
C2 1A

PKCO-C2-Tyr(P) Binding

MAML
MANL
MAN
MW
MAML
MM
MM
MW
MY
MANAY
MW
MW
MW
MY
MW
MW
MW
MW
M
MV
o
o
U/ MNWNMA
o
M
W/
W/
W/
W/
W/
o
ww/
W/
m%
e
MW
M
MM
MY
AW MV
AW M
MWL MV

Active site

Y90 phosphorylation

A

Catalytic Inactive

DAG binding Catalytic .
Active Inactive
Membrane recruitment
by lipid binding
Qe -
C2
7~ 1A
Inactive Catalytic

FIGURE 7. Schematic domain structure of PKC6 (A) and a proposed mechanism of membrane binding and activation of PKCO (B). A, domain organization
of PKC6 is shown schematically with the location of the Tyr(P) (pTyr) binding pocket in the C2 domain indicated by a red arrow. B, in the resting state of PKC6,
Tyr®® is unphosphorylated, and neither the C2 nor C1B domain is fully exposed for optimal membrane interactions. In the canonical activation mechanism,
phosphorylation of Tyr®® induces conformational changes that promote the membrane recruitment of PKC6 by lipid binding. Binding of the C2 domain to PS
(vellow) and subsequent membrane penetration and DAG (red) binding of the C1B domain pull the pseudosubstrate region from the active site, resulting in
enzyme activation. Regardless of Tyr”® phosphorylation, the C2 domain can bind Tyr(P) of a membrane-bound protein, which causes the activation of PKC6
through conformational changes that also lead to the removal of pseudosubstrate from the active site. PS and DAG binding may further activate the protein

or prolong its membrane residence and/or activation.

Fig. 5, A and B). This finding, coupled with the observation that
localization of PKC6 to the immunological synapse is positively
correlated with kinase activity (54), raises the tempting possi-
bility that, in addition to a high local DAG concentration doc-
umented at the immunological synapse (55), some Tyr(P)-con-
taining protein(s) at the immunological synapse recruits PKCO
via its C2 domain and promotes its activation even under con-
ditions of low DAG production. Our preliminary results show
that a glutathione S-transferase-PKC6-C2 fusion protein can
pull down several Tyr(P)-containing proteins from stimulated
T cell lysates.” Undoubtedly, further studies are needed to iden-
tify all interaction partners for the PKC6 C2 domain, which is
beyond the scope of this investigation. However, it is evident
from our study using PKC6 and its Tyr(P) binding-deficient
mutants that binding of a Tyr(P)-containing protein to the
PKC0C2 domain is important for the signaling activity of PKC#
in T cells under physiological conditions.

This study also shows that although PKCs are generally con-
sidered to have a high degree of homology, intact PKCs and
their individual lipid binding domains, including the C2
domain, have distinctly different mechanisms of membrane
and protein interactions. PKC8# is similar to PKC8 (18) in one

® K. Hayashi and A. Altman, unpublished observation.
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aspect; ie. they both bind a Tyr(P)-containing peptide from
CDCP1 with nanomolar affinity. However, the functional con-
sequences of this binding are completely different. Although
Tyr(P) binding by PKC6leads to increased enzymatic activity in
the presence or absence of DAG-containing vesicles, Tyr(P)
binding by PKC& has a statistically insignificant effect under the
same conditions. This difference may derive from the different
mechanisms by which their C2 domains mediate membrane
binding and activation. For example, the C2 domain of PKC3 is
not involved in membrane binding and activation of PKC$ (9),
whereas the C2 domain of PKC# is involved in both processes
(29). Also, the PKC6 C2 domain is involved in autoinhibition to
suppress the membrane binding of the rest of the molecule (29),
whereas the PKC8 C2 domain is not (9). Indeed, the PKC6 C2
domain shows the most pronounced autoinhibitory effect
among PKC C2 domains implicated in autoinhibition (56 —58).
Thus, Tyr(P) binding may simply function in recruiting PKC8
to a binding partner protein, whereas it may play a more direct
role in enzyme activation for PKC6.

In this case, how does Tyr(P) binding induce PKC# activa-
tion? Because displacement of the pseudosubstrate from the
active site is a prerequisite of PKC activation, it is likely that
Tyr(P) binding to the C2 domain of PKC# also displaces the
pseudosubstrate. The pseudosubstrate of novel PKCs, includ-
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ing PKC¥, is located between the C2 domain and the C1A
domain (Fig. 7A), and thus any major conformational change of
the flanking C2 or C1A domain would induce the movement of
the neighboring pseudosubstrate, triggering its displacement
from the active site of the enzyme. Binding of a Tyr(P)-contain-
ing protein to the C2 domain would probably cause a confor-
mational change of the C2 domain that could lead to the dis-
placement of the pseudosubstrate, either directly or through
conformational changes of other domains. PKC6 is unique
among PKCs because its C1B domain has much higher DAG
affinity than its C1A domain (29). In all other PKC isoforms
studied, the C1A domain has intrinsic DAG affinity that is
higher than (or at least comparable with) that of the C1B
domain (6, 8, 9, 30). Thus, the C1A domain usually plays a role
more dominant than (or at least comparable with) that of the
C1B domain in PKC activation (6, 8, 9, 30), and the conforma-
tional change of the C1A domain associated with its DAG-de-
pendent membrane binding induces the displacement of the
neighboring pseudosubstrate. For PKC6, membrane binding of
the remote C1B domain should have a less direct conforma-
tional effect on the pseudosubstrate, as evidenced by a smaller
degree of lipid-dependent activation for PKC# than for PKC5
(see Fig. 5, A and B). For this reason, the Tyr(P)-C2 interaction
may serve as a key complementary regulatory mechanism that
can even override the lipid-dependent activation of PKC#H
under certain conditions. This notion is supported by the find-
ings that the Tyr(P) peptide can induce PKC# activity with
and without lipid activators, PS and DAG, and that mutations of
residues involved in Tyr(P) binding (H63A and R68A) ab-
rogate Tyr(P)-dependent activation but not lipid-dependent
activation.

Although our model of PKC6 activation by Tyr(P) binding is
consistent with our data, it is possible that a more complex
interplay of C1A, C1B, and C2 domains is involved in mem-
brane binding and activation of PKC#. For example, recent
studies have implicated the C1B domain in activation of PKCs
(58-60). In particular, a recent crystal structure of PKCBII
indicates that its C1B domain keeps the protein in an inactive
state by interacting with a C-terminal region of the protein and
that this intramolecular tethering is relieved upon DAG bind-
ing to the C1B domain (60). Although it remains to be seen how
the intramolecular tethering by the C1B domain would be
relieved for most PKCs whose C1B domain has low DAG affin-
ity, at least for PKC6 whose C1B domain has high DAG affinity,
DAG-dependent untethering of the C1B domain would cer-
tainly cause the global conformational changes, presumably
including the C2 domain. It is also possible that the Tyr(P)-C2
domain interaction can take place intramolecularly or between
two PKC molecules as an autoinhibitory mechanism, which is
then relieved by competitive binding of a Tyr(P)-containing
protein to the C2 domain. PKC#6 has been shown to be phos-
phorylated only on Tyr”® in the C2 domain (31), which pre-
cludes the possibility of intramolecular Tyr(P)-C2 domain
interaction; however, the Tyr(P)-C2 domain interaction
between two PKC6 molecules is still possible. In the case of
PKCS that has been shown to be phosphorylated on Tyr*?,
Tyr'®®, Tyr'®, Tyr®"!, Tyr®®?, and Tyr®®® (34), autoinhibitory
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Tyr(P)-C2 domain interaction can take place both intramo-
lecularly and between two PKC8 molecules.

On the basis of our previous (29) and current results, we
propose a new hypothetical model of PKC6 activation that
involves two different modes of enzyme activation (see Fig. 7).
A canonical mode of PKC# activation is triggered by Tyr™®
phosphorylation (31) that causes conformational changes,
which in turn promotes the membrane recruitment of PKC via
its lipid binding domains. PS binding by the C2 domain and
subsequent membrane penetration and DAG binding of the
C1B domain relieve the intramolecular tethering and pull the
pseudosubstrate region from the active site, resulting in
enzyme activation. This lipid-mediated pathway may not lead
to full enzyme activation, especially when the local DAG con-
centration is not high. Whether Tyr®® is phosphorylated or not,
the C2 domain can bind Tyr(P) of a membrane-bound protein,
which causes the activation of PKC6 through as yet undefined
conformational changes that also lead to the removal of pseu-
dosubstrate from the active site. We speculate that Tyr(P) bind-
ing of PKC6 could increase the membrane binding as well
because Tyr(P)-containing proteins, such as CDCP1, are mem-
brane-embedded proteins. In other words, Tyr(P) binding
increases the effective concentration of PKC6 at the membrane,
hence enhancing membrane affinity. In this non-canonical
activation mode, PS and DAG binding by C2 and C1B domain,
respectively, may further activate PKC6 and/or prolong its acti-
vation. Our mutational study indicates that the Tyr(P) binding
site and membrane binding site of the PKC6 C2 domain are
topologically separate and functionally independent of each
other. However, the study also shows that the activation by
Tyr(P) complements lipid-dependent activation (and vice
versa) of PKC6 under certain in vitro conditions. It is unclear at
present whether or not lipid binding is still required for full
activation of PKC# that is recruited to the membrane via Tyr(P)
binding under physiological conditions. This hypothetical
model should serve as a framework with which to investigate
the complex mechanism of cellular membrane recruitment and
activation of this important signaling enzyme.
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