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ABSTRACT: A previous report [Abeyweera, T. P., and Rotenberg, S. A. (2007) Biochemistry 46, 2364— PKC a,3,¢
2370] described the application of the traceable kinase method in identifying substrates of protein kinase / ATP\
Ca (PKC-a) in nontransformed human breast MCE-10A cells. Here, a nonradioactive variation of this gy, e

method compared the phosphoprotein profiles of three traceable PKC isoforms (a, &, and {) for the
purpose of identifying novel, isoform-selective substrates. Each FLAG-tagged traceable kinase was
expressed and co-immunoprecipitated along with high-affinity substrates. The isolated kinase and its associated substrates were
subjected to an in vitro phosphorylation reaction with traceable kinase-specific N°-phenyl-ATP, and the resulting
phosphoproteins were analyzed by Western blotting with an antibody that recognizes the phosphorylated PKC consensus
site. Phosphoprotein profiles generated by PKC-a and -6 were similar and differed markedly from that of PKC-{. Mass
spectrometry of selected bands revealed known PKC substrates and several potential substrates that included the small GTPase-
associated Cdc42 effector protein-4 (CEP4). Of those potential substrates tested, only CEP4 was phosphorylated by pure PKC-
a, -6, and -{ isoforms in vitro, and by endogenous PKC isoforms in MCF-10A cells treated with DAG-lactone, a membrane
permeable PKC activator. Under these conditions, the stoichiometry of CEP4 phosphorylation was 3.2 + 0.5 (moles of phospho-
CEP4 per mole of CEP4). Following knockdown with isoform-specific sShRNA-encoding plasmids, the level of phosphorylation
of CEP4 was substantially decreased in response to silencing of each of the three isoforms (PKC-@, -8, and -{), whereas testing of
kinase-dead mutants supported a role for only PKC-a and -6 in CEP4 phosphorylation. These findings identify CEP4 as a novel

intracellular PKC substrate that is phosphorylated by multiple PKC isoforms.

he pleiotropic effects of protein kinase C (PKC) have

been documented over the past 30 years, but only a few
protein substrates that convey the PKC signal for individual
pathways have been identified. Previous studies from this
laboratory showed that engineered overexpression of PKC-«a in
nontransformed human breast cells (MCF-10A cells) sup-
pressed cell proliferation rates, while promoting cell movement
and altered cell shape.' The fact that PKC consists of multiple
structurally related isoforms® further complicates this model,
because each isoform may interact with its unique substrates
and may share substrates with other PKC isoforms. The PKC
family of 10 isoforms consists of three subclasses, namely, the
diacylglycerol (DAG)-activated conventional isoforms (a, 3/
P, and y), the DAG-activated novel isoforms (5, &, 7, and 6),
and the DAG-unresponsive atypical isoforms (4/t1 and ).
Additional complexity arises from variation in the isoform
expression profiles of different cell types.

In view of the importance of PKC activity to cancer
progression, very little is known about PKC substrates that
impact cellular transformation. Knowledge of their substrates,
whether shared or selected by a single isoform, would clarify
whether isoform-specific mechanisms are operating and thereby
inform strategies for the design of anticancer drugs.>* On the
basis of what is known about PKC substrates to date, many are
cytoskeletal proteins whose phosphorylation by PKC triggers
dynamic changes that drive cell adhesion and migration.” In
light of its central role in producing an aggressive phenotype in
breast cancer ceHs,1’6’7 PKC-a continues to be an attractive
anticancer target. However, in a substantial number of human
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breast tumors, PKC-a undergoes downregulation,8 which
suggests that the signaling activity of other PKC isoforms,
such as PKC-§, involves some of the same substrates. In human
breast cells, PKC-6 promotes migration (like PKC-a) and
survival (unlike PKC-@), as well as other aspects of the
malignant phenotype.”™ "> In contrast, PKC-{ apparently
operates through different signaling pathways because in
nontransformed NMuMg human breast cells that are
engineered to overexpress PKC-{, migration is suppressed
while partially transforming tumorigenic properties such as
clonogenic growth and protease secretion that are not
promoted by PKC-a exist.'* Therefore, each of the three
PKC isoforms is associated with malignant properties of human
breast cancer and may be interacting with some protein
substrates that are unique for that isoform, as well as other
protein substrates that are shared by multiple isoforms.
Dissection of these isoform-directed pathways can be initiated
by comparing and analyzing the phosphorylation profiles of
individual isoforms.

This study harnesses an open-ended approach called the
“traceable kinase method” to identify novel substrates of PKC-
a, -6, and -{ in human breast cells. This method was introduced
in 1997 by K. Shokat who initially used it to identify protein
substrates of v-Src.">~'® Several laboratories have since applied
this method to determine the substrates of key protein kinases
such as ]NK,19 ERK2,* and Raf-1.>' The method entails the
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introduction of a single-site mutation at a residue (termed the
“gatekeeper”) in the ATP binding site that enlarges the space
near the N®-amino group of bound ATP. As a result, the
mutant, but not the wild-type (WT) enzyme, can accommodate
an ATP analogue in which the N®-amino bears an aromatic
group that occupies the enlarged space of the binding pocket.
In the ideal case, productive binding of this analogue by the
mutant subsequently supports phosphoryl transfer to the
substrate, whereas neither the WT enzyme nor any other
protein kinase can utilize this sterically hindered ATP analogue.
Therefore, in the presence of this ATP analogue, the mutant is
“traceable” because it can be bound productively and used to
conduct phosphorylation of protein substrates, while the WT
protein kinase and presumably other protein kinases remain
inactive. In the adaptation of this approach to the study of PKC
substrates, our traceable kinase method involves expression
followed by co-immunoprecipitation of the mutant or WT PKC
proteins along with any high-affinity substrates bound by the
PKC protein.”> Addition of the ATP analogue (N°-phenyl-
ATP) to the mutant kinase in the immunopellet generates
phosphorylated products that are due to the activity of the
traceable kinase. As compared with simple immunoprecipita-
tion of the WT enzyme and addition of traditional ATP, use of
a traceable kinase restricts phosphotransferase activity primarily
to the mutant kinase, greatly reducing the level of background
phosphorylation due to other protein kinases that may
accompany the traceable kinase during immunoprecipitation.

To address the question of PKC substrates in human breast
cells, our laboratory developed a traceable PKC-a for testing in
MCF-10A cells as a model system.”* These nontransformed
human breast cells express a, 5, and ¢ isoforms at low levels (in
addition to ¢ and 8), therefore providing an ideal substrate-rich
environment in which to identify their protein substrates in
response to diacylglycerol (DAG)-lactone, a membrane
permeable PKC activator. Previously, it was found that
engineered overexpression of PKC-a in MCF-10A cells induces
migration and alterations in cell morphology while suppressing
proliferation." By using a traceable mutant of PKC-a, we found
that a6-tubulin co-immunoprecipitates with this isoform and is
a substrate whose phosphorylation at Ser-165 drives the
motility of MCE-10A cells.”® This finding provides a plausible
mechanism for how engineered overexpression of PKC-a in
these nonmotile cells induces the motility phenotype.
Furthermore, the phosphorylation site in a6-tubulin also serves
as a PKC target in highly motile metastatic human breast cells
(MDA-MB-468) that do not express any of the conventional
isoforms (@, 5, and y) but do express high levels of PKC-6. It is
therefore possible that a-tubulin is a general PKC substrate
recognized by both conventional and nonconventional iso-
forms. This development reveals the possibility that certain
PKC isoforms converge on a few shared substrates that
consequently promote the motility pathway.

In this work, traceable kinases are developed for PKC-6 and
PKC-{ isoforms, and their substrate phosphorylation profiles in
MCEF-10A cells are compared with that of traceable PKC-a.
Potential PKC substrates, along with known substrates and
binding partners of PKC, are isolated by co-immunoprecipitat-
ing the traceable isoform. From these studies, Cdc42 effector
protein-4 (CEP4) is identified as a novel substrate of each of
the three PKC isoforms being evaluated (a, &, and {).
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B MATERIALS AND METHODS

Cell culture serum, growth factors, media, and DNA muta-
genesis and sequencing primers were purchased from
Invitrogen, Inc. (Carlsbad, CA). The QuikChange site-directed
mutagenesis kit and pCMV4 vector were purchased from
Agilent Technologies (Santa Clara, CA). Restriction enzymes
were obtained from New England Biolabs (Ipswich, MA), and
shRNA-encoding plasmids were purchased from GeneCopoeia
(Rockville, MD). Phosphoserine protein phosphatase inhibitor
cocktail 3, protease inhibitors, EZ-view anti-FLAG beads, and
recombinant PKC-{ were acquired from Sigma-Aldrich (St.
Louis, MO). Phospho-PKC substrate antibody (product 2261),
anti-PAK2, recombinant PKC isoforms (a and ), and isoform-
specific antibodies (a and §) were obtained from Cell Signaling
Technology (Beverly, MA). PKC-¢ (N-terminal antibody) was
purchased from BD Biosciences (Franklin Lakes, NJ). The
PKC-¢ (C-terminus) antibody, PKC-{ antibody, horseradish
peroxidase-conjugated secondary antisera, rabbit IgG-agarose
beads, and protein A/G-agarose beads were obtained from
Santa Cruz Biotechnology, Inc. (Santa Cruz, CA). The CLASP-
1 antibody was obtained from Epitomics, Inc. (Burlingame,
CA). Recombinant CEP4 protein was purchased from Novus
Biologicals (Littleton, CO), and anti-CEP4 was from Bethyl
Laboratories (Montgomery, TX). PolyExpress transfection
reagent was purchased from Excellgen, Inc. (Rockville, MD),
and Fugene 6 was purchased from Roche Applied Science
(Indianapolis, IN). Gelcode Blue and chemiluminescent
reagents (Supersignal West Pico) were acquired from Pierce
Co. (Rockford, IL). Immobilon-P transfer membranes were
purchased from Millipore Corp. (Bedford, MA), and ATP
analogues were purchased from Axxora Corp. (San Diego, CA).
The DAG-lactone reagent was a gift from V. Marquez
(National Cancer Institute-Frederick, Frederick, MD), and
either was the pure R enantiomer (used at S uM) or the
previously reported racemic mixture (HK654 in ref 24) (used
at 10 yM). Plasmids encoding the kinase-dead forms of human
PKC-a, mouse PKC-6, and rat PKC-{ (Addgene plasmids
21235, 16389, and 21249, respectively) were obtained from the
laboratory of I. B. Weinstein and the Trustees of Columbia
University (New York, NY).

Construction of Traceable Kinase Mutants for PKC-6
and PKC-¢. Plasmids encoding human PKC-5 (pEGFP) and
mouse PKC-{ (pCR3) were gifts from K. Yoshida (Tokyo
Medical and Dental University, Tokyo, Japan) and M. G.
Kazanietz (University of Pennsylvania, Philadelphia, PA),
respectively. The ¢cDNA insert of PKC-0 was subcloned into
pCMV4 (restricted at BamHI and EcoRI) prior to mutagenesis.
For construction of each traceable kinase, site-directed
mutagenesis was conducted via the QuikChange method
(Agilent Technologies) at either a methionine (Met) or
isoleucine (Ile) residue that corresponded to Met-417 in
bovine PKC-a.** To construct the traceable mutant for PKC-§,
an alanine (Ala) codon was substituted for Met-427 using 5'-
AAG GAC CAC CTGTTC TTT GTG GCG GAG TTC CTC
AAC GGG GGG GAC C-3' as primer. The WT and mutated
cDNA for PKC-0 were expressed as C-terminally fused FLAG-
tagged proteins. To construct the traceable mutant for PKC-(,
the codon for 1330 was substituted with an Ala codon using the
QuikChange method with primer 5’-CGG TGG TTC CTG
GTC GCG GAG TAT GTC AAT GGC GGG- 3. Expression
of WT and mutant PKC-{ proteins from the pCR3 plasmid
conferred a short C-terminal segment from PKC-¢ (e-tag2)
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that was fused to the N-terminus of PKC-{. An antibody
recognizing the C-terminal fragment of PKC-¢ (Santa Cruz
Biotechnology, Inc.) was used to immunoprecipitate and
characterize the PKC-{ mutant. For each construct, the entire
opening reading frame was verified by DNA sequencing
(Macrogen Corp. USA, Rockville, MD).

Cell Culture and Transfection. Midpassage MCF-10A
cells were obtained from the Barbara Ann Karmanos Cancer
Institute. The cells were cultured in DMEM/FE-12 medium
(1:1) supplemented with 15% equine serum, insulin (10 ug/
mL), epidermal growth factor (20 ng/mL), cholera toxin (100
ng/mL), and hydrocortisone (0.5 pg/mL), as previously
described.”® MDA-MB-231 cells were cultured in Iscove’s
Modified Eagle’s Medium supplemented with 10% fetal bovine
serum. Each cell line was maintained with penicillin (100 units/
mL), streptomycin (100 ug/mL), and fungizone (0.5 pg/mL).
Cells were plated into 10-cm plates one day prior to
transfection to achieve 60—80% confluence. Unless otherwise
indicated, plasmid DNA was combined with Fugene 6
transfection reagent in a 1:2 ratio and the mixture was added
to the cells cultured in 4 mL of serum-free medium. The cells
were incubated with serum-free medium for 6 h followed by the
addition of complete medium and incubation was continued for
an additional 42 h.

Cell Lysis and Western Blotting. For the preparation of
whole cell lysates for Western blotting, MCF-10A cells
transfected with PKC-6 or PKC-{ plasmids were lysed by
sonication (3 X 10 s) in 0.5 mL of lysis buffer [1% TX-100, 20
mM TRIS (pH 7.4), 2 mM MgCl,, and 2 mM EGTA]. All
buffers contained protease inhibitors (1 mM phenylmethane-
sulfonyl fluoride, 10 ng/mL leupeptin, and 10 ng/mL soybean
trypsin inhibitors) and phosphatase inhibitors. After centrifu-
gation at 5700g for 10 min, SDS sample buffer was added to the
lysates, and the samples were heated for 5 min at 95 °C prior to
8% sodium dodecyl sulfate—polyacrylamide gel electrophoresis
(SDS—PAGE). After transfer, the membrane was blocked in 5%
milk for 1 h at room temperature, followed by incubation for 2
h at room temperature with either anti-FLAG (1:1000) for
detection of PKC-a and PKC-§ or anti-PKC-¢ (C-terminal)
(1:1000) to detect the e-tag fused to PKC-{. The blot was
washed with TBS containing 0.1% Tween 20, incubated with
secondary antibody for 1 h, and developed by chemilumines-
cence.

Immunoprecipitation. For MCF-10A cells expressing
PKC-a or PKC-o, cells were lysed in hypotonic, detergent-
free buffer [20 mM TRIS (pH 7.4), 2 mM MgCl, 2 mM
EGTA, 1 mM dithiothreitol (DTT), 10 uM bis-indoleylmalei-
mide, protease inhibitors, and phosphatase inhibitors] followed
by immunoprecipitation with anti-FLAG EZview beads. Sixty
microliters of anti-FLAG beads (pre-equilibrated in cold PBS)
was added to a lysate and the mixture rotated for 2 h at 4 °C.
The beads were centrifuged at 8200g for 30 s and washed twice
with 500 uL of PBS and a third time with 0.5 mL of 2X kinase
buffer [SO mM TRIS (pH 7.4), 20 mM magnesium acetate, 1
mM EGTA, and 1 mM DTT].

Cells transfected with PKC-{ were lysed in 0.5 mL of TBS
containing 0.5% NP-40 with protease inhibitors and
phosphatase inhibitors, as detailed above. Because PKC-{
contained the e-tag (corresponding to the C-terminus of PKC-
€), a preclearing step was used to remove endogenous PKC-¢
protein. For this purpose, anti-PKC-¢ (N-terminal) (8 yg) was
added to each lysate for 2 h at 4 °C and the immunocomplexes
containing endogenous PKC-¢ were collected by addition of
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protein A/G beads (25 pL) and rotation for 1 h at 4 °C,
followed by centrifugation at 3000g for 5 min. After transfer of
the supernatants to fresh tubes, WT PKC-{ or its traceable
mutant was immunoprecipitated by addition of 8 ug of anti-
PKC-¢ (C-terminal) for 2 h at 4 °C and S0 uL of protein A/G-
agarose beads for 1 h at 4 °C. Following centrifugation, the
pellets were washed twice, as described above.

Assay of Analogue Specificity with Myelin Basic
Protein as a Substrate. WT PKCs (a, 8, or {) or their
corresponding traceable mutant kinases were expressed in
MCEF-10A cells. Following immunoprecipitation, the pellets
were washed twice in lysis buffer and a final time with 2X kinase
buffer [SO mM TRIS (pH 7.4), 20 mM magnesium acetate, 1
mM EGTA, and 2 mM DTT]. An equal volume of each
enzyme was aliquotted into each tube in a set of five Eppendorf
tubes. To each tube was added either ATP or the specified ATP
analogue [N°-phenyl-ATP, N®-benzyl-ATP, N°-phenethyl-ATP,
or N°(3-methyl)benzyl-ATP]. The final reaction medium
consisted of 25 mM TRIS (pH 7.4), 0.5 mM Ca** (for PKC-
a) or 0.5 mM EGTA (for PKC-6 and PKC-(), 10 mM
magnesium acetate, 1 mM DTT with protease inhibitors and
phosphatase inhibitors, 0.1 mg/mL phosphatidylserine, 10 yuM
DAG-lactone (PKC-a and -6) or 1 uM ceramide (PKC-(), and
50 pug of myelin basic protein (MBP), and at time zero, 100 uM
ATP or ATP analogue was added to initiate the reaction. The
reaction was conducted for 10 min at 30 °C and quenched by
the addition of 5X SDS sample buffer. The samples were heated
for S min at 95 °C and analyzed by 12% SDS—PAGE. The best
analogue for each mutant was determined by assay of MBP
phosphorylation (18 kDa band) by Western blotting using the
phospho-PKC substrate antibody.

Phosphorylation Profile of PKC-«, -6, and -¢ in MCF-
10A Cells. PKC-a and PKC-6 and their corresponding
traceable mutants were expressed in MCF-10A cells. Cells
cultured on 15-cm plates were lysed in 0.5 mL of hypotonic,
detergent-free buffer containing protease inhibitors and
phosphatase inhibitors. Immunoprecipitation with either anti-
FLAG-EZview beads for FLAG-tagged PKC-a and -6 enzymes
or anti-PKC-¢ for e-tagged PKC-{ was conducted for 2 h at 4
°C, followed by two washes with PBS and a third wash with 2X
kinase buffer. To each immunopellet was added 1X kinase
buffer containing Ca** (for PKC-a) or EGTA (for PKC-6/¢)
and activating phospholipid [PS (1.0 mg/mL) for PKC-a and
-5 or ceramide (1 uM) for PKC-{] with protease inhibitors and
phosphatase inhibitors. The reaction was conducted for 1 h at
30 °C and quenched by the addition of SDS sample buffer and
heating at 95 °C for 5 min. Approximately 25% of each sample
was loaded into one-half of a 7.5% SDS—PAGE gel (0.75 mm)
for Western blot analysis, and the remainder of the sample was
loaded into the other half of the gel for Gelcode Blue staining.
Following electrophoresis, the gel was cut in half with a scalpel
and staining or transfer to a PDVF membrane was performed.
To locate bands of interest using Western blot analysis, the
membrane was probed with phospho-PKC substrate antibody.
Bands of interest were excised from the corresponding gel and
submitted for analysis by mass spectrometry.

Protein Identification by Mass Spectrometry. Identi-
fication of proteins was performed at the Keck Foundation
Mass Spectrometry Resource Laboratory at the Yale Cancer
Center. Gel-resolved proteins were digested in situ with trypsin,
phosphopeptides were enriched with TiO,, and the resulting
peptides were analyzed by LC—MS/MS on a LTQ_Orbitrap
mass spectrometer. All MS/MS spectra were searched against
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the NCBI database with a probability or significance threshold
of p < 0.05 using the automated MASCOT algorithm.
Identification required that two or more MS/MS spectra
matched those of the same protein entry in the database, and
that matched peptides correspond to tryptic peptides in the
protein.

Motility Assay. MCF-10A cells were plated onto a 10-well
slide through a cell sedimentation manifold (CSM, Inc,
Phoenix, AZ) as concentric circles followed by incubation at
37 °C and 5% CO,. After removal of the manifold (t = 0),
images were recorded with a camera attached to an inverted
Nikon Diaphot microscope. After 16 h, images were taken
again and motility was calculated by the change in total area (in
square micrometers) occupied by the cells (Motic Image Plus
2.0). Each reported value is the average of triplicate
measurements and the corresponding standard deviation.

B RESULTS

Preparation and Characterization of Traceable Mu-
tants of PKC- and PKC-{. The traceable kinases M427A for
PKC-6 and I330A for PKC-{ were prepared by substituting the
gatekeeper residue (Met or Ile) with Ala by site-directed
mutagenesis. Each site was chosen on the basis of its alignment
with Met-417 in PKC-a (Figure 1A). As predicted from the X-

A. Wildtype Sequence Mutation
PKCc (412) R-L-Y-F-V-M-E-Y-V-N-G (423) M417A
PKCS (422) H-L-F-F-V-M-E-F-L-N-G (432) M427A

PKC{ (325) R-L-F-L-V-1-E-Y-V-N-G (335) I330A

NS-Phenyl-ATP

@— NS.AdnPPP

NS-(2-Phenylethyl)-ATP

CHy
O_\— N6.AdnPPP ©_\ NS.AdnPPP

Figure 1. Chemical and genetic tools used for developing and testing
traceable PKC isoforms. (A) Primary sequences for PKC-§ and - that
align with M417 of PKC-a. Remodeling of the ATP binding sites in
PKC-6 and PKC-{ was conducted via site-directed mutagenesis of the
cDNA corresponding to the underlined residue to an Ala codon
(designated to the right of each sequence). (B) Structures of the ATP
analogues tested in this study.

NS-Benzyl-ATP

O_\ NS.AdnPPP

N5-(3-Methylbenzyl)-ATP

ray crystal structure of PKA, this position is closest to the N°-
amino group in ATP when it is bound at the active site, as
previously described”> WT PKC-§ or its corresponding
traceable mutant was subcloned into a pCMV4 vector that
confers a FLAG tag at the C-terminus. The cDNA encoding
WT PKC-{ or its corresponding traceable mutant was
expressed from a pCR3 vector that confers a short sequence
of the carboxyl terminus of PKC-¢ (e-tag) that subsequently
proved to be useful both for immunoprecipitation and for
detection in Western blotting. Following transient transfection,
expression levels were assessed with either anti-FLAG (for WT
or mutant PKC-§) or PKC-¢ antibody (for e-tagged WT and
mutant PKC-{) (Figure 2A). WT and mutant forms of PKC-6
were expressed equivalently as 75 kDa proteins and the WT
and mutant forms of PKC-{ were expressed as 72 kDa proteins.
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To validate that the expressed mutant selects the same
intracellular substrates as the WT, the mutant should reproduce
the same phenotype, such as motility, that is engendered by the
WT enzyme in a cell-based assay. Increased motility of MCF-
10A cells that are weakly motile was induced following
expression of the WT or traceable mutant of PKC-q, as
previously reported.”” This observation was consistent with
retention of substrate specificity by the traceable mutant. Like
traceable PKC-a, WT PKC-$ and its corresponding traceable
mutant were also observed to increase the motility of MCF-10A
cells by almost 5-fold relative to the vector control (Figure 2B,
left panel). In contrast, both WT PKC-{ and its corresponding
traceable mutant showed neither activating nor suppressive
effects on MCF-10A cell motility (not shown). However, both
WT PKC-{ and its traceable mutant exhibited a similar ability
to stimulate motility of metastatic MDA-MB-231 cells (Figure
2B, right panel). Therefore, each mutant was shown to possess
the necessary substrate specificity to produce the motility
phenotype. The fact that elevated motility by overexpression of
either PKC-a** or PKC-§ occurs without addition of DAG-
lactone implies that each enzyme is being endogenously
activated in MCF-10A cells, and that PKC-{ is also being
activated by an unknown mechanism in MDA-MB-231 cells
that is not operating in MCF-10A cells. As has been discussed
elsewhere,® this effect in MCF-10A cells was attributed to a
high enzyme dosage (that titrates a putative inhibitor) and
elevated intracellular DAG levels that are generated as a
consequence of the EGF requirement in the MCF-10A cell
culture medium.* Tt is noted that because PKC-{ is an atypical
isoform, it is not responsive to endogenous DAG. Regardless of
their modes of activation, the traceable kinases for PKC-6 and
-{ produced the same effect on motility as their corresponding
WT enzyme. It is concluded that, similar to PKC-a,* the
mutation at the ATP binding site did not impair the ability of
PKC-6 and -{ to bind endogenous ATP and to select the
correct substrates to engender the motility phenotype.

The next step was to identify an ATP analogue that best
supported the kinase activity of the traceable mutant while
being relatively nonreactive with the WT enzyme. A series of
ATP analogues derivatized at the N°-amino group of the
adenosine moiety were chosen that included the N°-phenyl, N°-
benzyl, N°-phenylethyl, and N°-(3-methyl)benzyl derivatives
(Figure 1B). To select the best ATP analogue, a kinase reaction
with myelin basic protein (MBP) as an artificial substrate was
conducted with each ATP analogue and compared with that of
ATP itself. WT and mutant enzymes were expressed in MCF-
10A cells, immunoprecipitated, and aliquotted into multiple
tubes along with MBP. The specified ATP analogue or ATP
itself was added to initiate the phosphorylation of MBP. The
level of phospho-MBP (18 kDa band) of each sample was
determined by Western blotting with an antibody that
specifically recognizes the phosphorylated consensus site in a
PKC substrate (PKC substrate antibody). The results obtained
for the WT isoforms (Figure 3) indicated that unlike PKC-a,
the WT form for PKC-0 was reactive with the benzyl
derivatives of ATP. In contrast, WT PKC-{ was the most
permissive isoform because it displayed substantial reactivity
with every analogue except phenyl-ATP. This finding with
PKC-{ may arise from subtle differences in the glycine-rich
region (GXGXXG) of the ATP binding loop of PKC-(.”
Experiments performed with the traceable mutants demon-
strated that N°-phenyl-ATP supported the highest level of
phospho-MBP production while being minimally reactive with
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Figure 2. Expression and phenotypic analysis of traceable mutants and WT PKC isoforms. (A) Following expression of epitope-tagged WT PKC (&
or {) or the corresponding traceable kinase in MCF-10A cells, whole cell lysates were prepared, and the lysates were resolved by SDS—PAGE (total
of 75 pg of protein per lane). Detection of each isoform was carried out by Western blot analysis whereby WT and mutant PKC-§ proteins (75 kDa)
were detected with anti-FLAG (1:1000), and PKC-{ proteins (72 kDa) were detected with anti-e-tag (1:1000). For both isoforms, equivalent sample
loading was confirmed by staining with anti-f-actin (1:5000). (B) Expression of either the WT or the traceable mutant for PKC-§ (left) or PKC-{
(right) produced increased motility of MCF-10A cells (PKC-6) or MDA-MB-231 cells (PKC-{). Triplicate measurements of motility were
performed as described in Materials and Methods, and the results were averaged. Each experiment was conducted at least twice with similar results.

A. WT-PKCo. M417A-PKCoa: P-MBP Std
Phen Benz Phen-Et 3Me-Benz Phen Benz Phen-Et 3Me-Benz
- D - -
B WT-PKC3 ‘M427A-PKCs

Phen Benz Phen-Et 3Me-Benz ATP
- -— D

Phen Benz Phen-Et 3Me-Benz ATP
- e e o> o

c. WT-PKCE,

Phen Benz Phen-Et 3Me-Benz ATP

Y YITIYTY

Figure 3. Analysis of WT and traceable PKC isoform activities with
different ATP analogues. Epitope-tagged WT isoforms or traceable
kinase mutants for PKC-a (A), PKC-6 (B), and PKC-{ (C) were
immunoprecipitated with anti-FLAG (for @, §) or anti-PKC-¢ (for {),
and assayed with myelin basic protein (MBP) as protein substrate.
Each immunoprecipitated enzyme (WT or mutant) was distributed in
an equal volume into tubes for each set of reactions that were
conducted with either ATP or the specified ATP analogue. The
abbreviations refer to the modification at the N°-amino group in
adenosine of each analogue: N®-phenyl (Phen), N®-benzyl (Benz), N°-
phenethyl (Phen-Et), and N°-3-(methyl)benzyl (3Me-Benz). Phos-
phorylated MBP standard (P-MBP) indicates the position of the 18
kDa phosphoprotein product of the reaction. Details of the assay are
given in Materials and Methods. The experiment was conducted twice
with similar results.

I1330A-PKCL—remmeeme
Phen Benz Phen-Et 3Me-Benz ATP

the corresponding WT PKC. Because this ATP analogue
produced the largest differential in phospho-MBP levels
between mutant and WT enzymes, it was selected for use in
subsequent experiments.

Phosphorylation Profiles of PKC-«, -4, and -{ in MCF-
10A Cells and Identification of Potential Substrates. To
identify direct substrates of PKC-a, -6, and -{ in MCE-10A
cells, we produced phosphorylation profiles from the high-
affinity substrates that co-immunoprecipitated with WT or
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mutant enzymes under detergent-free conditions that preserved
protein—protein interactions. Any high-affinity substrates
pulled down by the enzymes were phosphorylated in vitro
following addition of N°-phenyl-ATP to the immunopellet to
initiate the phosphorylation reaction. Products were resolved by
SDS—PAGE, and phosphorylated proteins were detected by
Western blotting using the PKC substrate antibody. As
compared with the WT enzyme, bands unique to the mutant
were observed in the reaction products for each traceable
protein kinase, as shown in Figure 4. The traceable mutant for
PKC-a produced unique bands at 43, 53, 62, and 200 kDa,
while that for the PKC-6 mutant produced unique bands at 43
and 200 kDa. The corresponding Gelcode Blue-stained gels for
the same samples showed detectable protein bands at these
positions for the traceable mutants.

In contrast with those of PKC-a and -6, the profile produced
by WT PKC-{ and its corresponding mutant revealed a strong
130 kDa band in the Western blot for the mutant that was
absent with the WT enzyme and that corresponded to a weakly
detectable band in the stained gel. Mass spectrometry of a gel
slice excised from this region revealed the presence of a few
proteins such as mitochondrial NAD(P) transhydrogenase and
elongation factor 1 (EF1)-a2. It is notable that EF1 is already
known to be a PKC substrate, the consequence of which is the
stimulation of GDP—GTP exchange in this protein.*®
Furthermore, a related isoform, EF1-al, was also detected by
mass spectrometry in a band produced by traceable PKC-a.**
In the phosphoprotein profile produced by PKC-{, a major
protein band was detected at approximately 43 kDa. However,
in the corresponding Gelcode blue-stained gel, there were no
detectable bands in this region in either the WT or mutant
samples.

MS/MS analysis of selected phosphoprotein bands produced
by traceable PKC-a and -0 revealed the presence of several
proteins that are related to the small GTPases, Rho, Cdc42, and
Racl (Table 1). Small GTPase-related molecules included Rho
kinase (ROCK-1), cdc42 effector protein-4 (CEP4), and p21
activating kinase-2 (PAK2), all of which serve as downstream
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Figure 4. Phosphoprotein profiles of WT and traceable PKC isoforms. MCF-10A transfectants expressing epitope-tagged WT or a traceable mutant
of each PKC isoform were lysed in detergent-free medium, and each isoform was immunoprecipitated, as described in Materials and Methods. This
step facilitated the isolation of high-affinity substrates of each PKC isoform. Following addition of N°-phenyl-ATP to each immunoprecipitated
enzyme under activating conditions (phosphatidylserine for PKC- and -8 and ceramide for PKC-{), phosphorylated products were resolved via
SDS—PAGE and stained with Gelcode Blue. Western blot analysis of an aliquot of each sample (representing 25% of the total sample) was
conducted with a duplicate gel, and the resulting blot was probed with PKC substrate antibody (1:1000). Each WT—traceable mutant pair was
aligned with the corresponding Gelcode blue-stained gel that serves as the loading control. Bands excised for MS/MS analysis are indicated with a
caret (<). Each phosphoprotein profile is representative of three independent experiments.

Table 1. Proteins That Co-Immunoprecipitate with Traceable PKC Isoforms

A.

co-immunoprecipitating protein PKC-a-associated band score PKC-§-associated band score
Cdc42 effector protein-4 (CEP4) 43 kDa 193 43 kDa 196
P-actin 43 kDa 1060 43 kDa 906
MAPKK1 43 kDa 53
dynein-1 53 kDa 133
LIM protein 3 53 kDa 38
p2l-activated kinase-2 (PAK2) 62 kDa S8
Ras GTPase activating protein-binding protein 1/2 62 kDa 84/103
MAPKKK7-interacting protein 62 kDa 303
AMP-activated protein kinase 62 kDa 47
desmoglein 62 kDa 118 43 kDa 76
CLIP-associated protein-1 (CLASP-1) 200 kDa 81
Rho-activated kinase-1 and -2 (ROCK-1/2) 200 kDa 823/114 200 kDa 868
ARFGAP with Rho-GAP domain (ARAP2) 200 kDa 66
Rho/cdc42/Rac activating protein-1 (RICS) 200 kDa S1 200 kDa 49
brefeldin A inhibitor of GTP exchange protein-2 (ARFGEF2) 200 kDa 318
B.

ref PKC-a-associated band score PKC-6-associated band score PKC-(-associated band score

VASP (Ser-157) 41 43 kDa 271 43 kDa 275
a-tubulin (Ser-165) 23 53 kDa 65
PACSIN 2 42 62 kDa 84
EF-la 26 130 kDa 57
IQGAP-1 (Ser-1443) 40 200 kDa 64 200 kDa 249
plectin 33 200 kDa 3022 200 kDa 37
MAP4 (Ser-815) 43 200 kDa 60

A. Proteins were identified by MS/MS, as described in Materials and Methods. The Mascot protein score is indicated next to each detected protein.
Those proteins that contain one or more potential PKC phosphorylation sites at either partial or full consensus sequences are shown in bold. B.
Proteins identified by MS/MS that had been previously identified as either a substrate or binding protein of PKC are shown along with the site of

PKC phosphorylation (given in parentheses).

effectors for the activated small GTPases. Other proteins
detected included a- and p-tubulin, microtubule-associated
proteins (MAP4, MAPKKK?7, and dynein), and proteins that
bind specifically to the growing ends (“plus ends”) of
microtubules (CLASP and CLIP-1). Previous work from this
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laboratory identified and characterized a6-tubulin as a substrate
whose phosphorylation by endogenous PKC promotes the
motility of MCF-10A cells.”® Several other proteins already
known to be PKC substrates (Table 1) included IQGAP,
VASP, and MAP4, were detected among proteins that co-
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immunoprecipitated with PKC. In addition, the PKC binding
protein plectin was detected. It is important to emphasize that
unless otherwise known to be a PKC substrate, identification of
a protein by MS/MS merely indicates its co-immunoprecipi-
tation with PKC during the experiment, and therefore, its
substrate status requires further verification.

In Vitro and Intracellular Phosphorylation of Potential
Substrates. Four proteins that co-immunoprecipitated with
either PKC-a or PKC-6, namely, CEP4 (43 kDa band), PAK2
(63 kDa band), ROCK-1 (200 kDa band), and CLASP-1 (170
kDa), were evaluated for intracellular phosphorylation in MCF-
10A cells. These proteins were selected because they contain
either partial or complete consensus sites for PKC phosphor-
ylation and are known to serve roles that relate to the
cytoskeleton, cell morphology, or cell invasion. CEP4, ROCK-
1, and PAK2 are effector proteins of the small GTPases,””**
whereas CLASP-1 is phosphorylated by glycogen synthase
kinase-#3 and thereupon mediates downstream interactions
between microtubules and Racl.”® Each of the four candidate
substrates was analyzed for intracellular phosphorylation
following treatment of MCF-10A cells with DAG-lactone to
stimulate the endogenous activity of conventional and novel
PKC isoforms. The prospective substrate was immunoprecipi-
tated with a protein-specific antibody, and the pellets were
analyzed by Western blotting using the PKC substrate
antibody. Of these proteins, only CEP4 (48 kDa) was
phosphorylated in response to DAG-lactone (Figure SC),
whereas ROCK-1, CLASP-1, and PAK2 did not undergo DAG-
lactone-stimulated intracellular phosphorylation (data not
shown). In an in vitro assay with pure, recombinant PKC (e,
8, or {) proteins, CEP4 underwent direct phosphorylation by
each isoform (Figure SA), thereby demonstrating that a direct
interaction between each PKC isoform and CEP4 is indeed
possible.

The stoichiometry of phosphorylation of intracellular CEP4
relative to total CEP4 was determined by reference to known
amounts of the pure, recombinant CEP4 standard that was
phosphorylated in vitro by pure, recombinant PKC-a. A time
course of in vitro phosphorylation (Figure SB) demonstrated
that maximal phosphorylation of pure, recombinant CEP4 was
achieved after 2.0 h. This fully phosphorylated product was
subsequently used as a standard for quantitating the
phosphorylation of intracellular CEP4 (Figure SC). The
experiment consisted of one Western blot containing known
picomole amounts of standard phospho-CEP4 for comparison
with immunoprecipitated CEP4 from MCEF-10A cells treated
for 1 h with DAG-lactone, and a duplicate blot with identical
samples and known amounts of pure, recombinant unphos-
phorylated CEP4. Each blot was probed with either the PKC
substrate antibody or CEP4 antibody to detect phospho-CEP4
or total CEP4 protein, respectively. Quantitation of phospho-
CEP4 or total CEP4 in triplicate samples was performed with
Image] by comparing the samples with known amounts of
standard CEP4 or phospho-CEP4 protein present in the same
blot (Figure SC). The ratio of phospho-CEP4 to total CEP4 in
DAGe-lactone-treated cells was calculated to be 32 + 0.5
(picomoles), the average of two independent experiments
(each consisting of triplicate measurements). This finding
implies that in response to DAG-lactone, PKC isoforms
phosphorylate an average of three or four sites in CEP4.

Interference of Intracellular CEP4 Phosphorylation by
shRNA-Encoding Plasmids and Kinase-Defective Mu-
tants of PKC Isoforms. To evaluate whether CEP4 serves as
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Figure S. CEP4 is a substrate of PKC in vitro and in MCF-10A cells.
(A) Pure recombinant CEP4 (750 ng) was tested in vitro with pure,
recombinant PKC-a (170 ng), PKC-6 (100 ng), or PKC-{ (166 ng).
The reaction was conducted in 1X kinase buffer, which contained 0.1
mg/mL phosphatidylserine with either S uM DAG-lactone (for PKC-
a and -8) or 1 uM ceramide (for PKC-{). The reaction was initiated
by addition of 100 M ATP and the mixture incubated at 30 °C. After
30 min, each reaction was quenched with sample buffer and analysis of
phosphorylation was conducted by Western blotting with anti-PKC
substrate antibody (1:1000). The results are representative of three
independent experiments. (B) Phosphorylation of pure, recombinant
CEP4 (1 ug) was conducted with pure, recombinant PKC-a (0.74 pg)
(Sigma-Aldrich), as shown in panel A, and was complete after 2 h.
Each time point consisted of 200 ng (4 pmol) of CEP4 protein. (C)
Intracellular phosphorylation of CEP4 was tested in MCF-10A cells
cultured in 60 mm plates and treated for 1 h with 10 #M DAG-lactone
or DMSO (0.1%, v/v) as a vehicle control. Whole cell lysates were
prepared in 0.5 mL of 50 mM TRIS-HCl, 150 mM NaCl, S mM
EGTA, S mM EDTA, 1% Triton-X, 10 #M bis-indoleylmaleimide,
phosphatase inhibitors, and protease inhibitors. Lysates were
precleared with a 1:1 combination of rabbit IgG-agarose and protein
A/G-agarose, and CEP4 protein was immunoprecipitated with 3 ug of
CEP4 antibody and protein A/G-agarose. Western blotting of the
immunopellets was used to assess CEP4 phosphorylation with the
PKC substrate antibody (1:1500). To demonstrate equivalent protein
loading, a duplicate blot was probed with anti-CEP4 (1:2000). The
results are representative of two independent experiments. The ratio of
intracellular phospho-CEP4 relative to total CEP4 in each sample was
determined with ImageJ and by reference to known standards for
phospho-CEP4 or CEP4. Standard phospho-CEP4 was that produced
by pure, recombinant PKC-@ in panel B and represents the maximally
phosphorylated protein.

an intracellular substrate for one or more PKC isoforms, MCF-
10A cells were transfected with individual shRNA-encoding
plasmids for isoform @, J, or {, and their interference in CEP4
phosphorylation was evaluated under conditions of DAG-
lactone stimulation. Each shRNA-encoding plasmid featured
co-expression of GFP so that the transfection efficiency could
be determined. Following a 48 h incubation period, the
transfection efficiency was found to be >70%. However, a
period of 96 h was required to produce maximal knockdown of
each PKC isoform. The single plasmids used for PKC-a and -6
had been validated by the manufacturer for their ability to
knock down their intended target and were effective at
knocking down expression of these isoforms by 60—100% in
MCF-10A cells (Figure 6A). Of four constructs obtained for

dx.doi.org/10.1021/bi300999c¢ | Biochemistry 2012, 51, 7087—7097



Biochemistry

A anti-PKCo.  anti-PKC$ anti-PKC¢,
shRNA> SC « sC s SC ¢3¢2
PKC> o - oD -—

p-Actin > ~AIREED WD -

B. DAG-lactone - + + + + +

shRNA sC sC o & (3 &2
P-CEP4 > . B -~ o

CErd> ) W wB G TN W

Figure 6. Knockdown of individual PKC isoforms blocks CEP4
phosphorylation. MCE-10A cells were cultured in six-well plates and
transiently transfected with a 3:1 mixture of PolyExpress reagent
(microliters) and a plasmid (micrograms) encoding shRNA that
targeted a single PKC isoform (&, 6, or {). Following incubation of the
cells at 37 °C for 96 h, lysates were prepared and normalized for total
protein. An aliquot of each lysate (30 pg) was removed for
demonstration of knockdown of each isoform using Western blotting
by use of an isoform-specific antibody, as shown in panel A. The
remaining portion of each lysate (100 pg of protein) was
immunoprecipitated with anti-CEP4 (3 ug), and the resulting
immunopellets were analyzed in duplicate Western blots for either
phosphorylated CEP4 (PKC substrate antibody, 1:1500 dilution) or
for total CEP4 protein (anti-CEP4, 1:2000 dilution), as shown in
panel B. The results are representative of three independent
experiments.

PKC-{, two ({-2 and (-3) were effective in achieving
knockdown of PKC-{ (by 80—90%) in MCEF-10A cells. In
DAG-lactone-treated cells, silencing of each individual isoform
led to a substantial inhibition of CEP4 phosphorylation relative
to the scrambled control (SC) shRNA plasmid. When
compared with that of SC-treated cells, inhibition of CEP4
phosphorylation averaged 60% with either the PKC-a or PKC-
& shRNA reagent and >85% with PKC-{ shRNA (¢-2), where
each value represents the average of three independent
experiments. These findings suggest that each of the three
PKC isoforms phosphorylates CEP4 in the intracellular
environment.

In a complementary approach, MCF-10A cells were
transfected with individual kinase-dead (KD) hemagglutinin
(HA)-tagged mutants for isoform a (K368R), § (K376R), or {
(K281M), and their interference in CEP4 phosphorylation was
evaluated under conditions of DAG-lactone stimulation. In
each lysate, the expression of a kinase-dead mutant was verified
by Western blotting with an HA-tag antibody (Figure 7).
Lysates were immunoprecipitated with anti-CEP4, and the
resulting immunopellets were analyzed for phosphorylated
CEP4 and for total CEP4 protein by Western blotting. The
results, shown in Figure 7, reveal a substantial dominant-
negative effect on CEP4 phosphorylation by the KD mutants of
PKC-a and -6 averaging 40—70% for three independent
experiments. However, no significant interference (<10%) was
observed with KD-PKC-{ that may have had limited access to
CEP4 (see Discussion). The agreement of the shRNA and
kinase-dead mutant experiments for PKC-a and -0 is further
evidence that CEP4 is an intracellular substrate of these DAG-
sensitive isoforms.

B DISCUSSION

In this study, we employed the traceable kinase method to
define substrate profiles of three PKC isoforms in MCF-10A
human breast cells. Traceable kinases for PKC-@, PKC-6, and
PKC-{ were compared with respect to their phosphoprotein
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Figure 7. Kinase-dead mutants for PKC-a and -§ interfere with
phosphorylation of CEP4. MCF-10A cells were cultured on 60 mm
plates and transfected with a 3:1 mixture of PolyExpress reagent
(microliters) and plasmid (micrograms) encoding the HA-tagged,
kinase-dead (KD) mutant for each PKC isoform (KDa, KD§, or KD¢)
or the vector control (VC). Expression of HA-tagged KD mutants was
verified in each whole cell lysate (SO pg/lane) by probing with the
anti-HA tag (1:1000). CEP4 was immunoprecipitated from each cell
lysate with anti-CEP4, and the pellets were evaluated for
phosphorylated CEP4 (P-CEP4) by Western blotting with the PKC
substrate antibody (1:1500). An equivalent CEP4 content for all
samples was established by probing immunopellets in a duplicate blot
with anti-CEP4 (1:2000). The results are representative of three
independent experiments.

profiles that were generated from high-affinity binding proteins
co-immunoprecipitating with each traceable kinase. Among the
co-immunoprecipitated proteins for PKC-a and -6 were
proteins known to serve regulatory or effector roles associated
with the small GTPases. These results indicated that there is
some redundancy of co-immunopreciptating proteins and/or
substrates for PKC-a and -6. In contrast, PKC-{ produced a
very different phosphorylation pattern with only one detectable
phosphoprotein that was unique to the traceable kinase.

Preparation of the traceable isoforms for PKC-6 and PKC-{
was conducted in a manner similar to that of our earlier work
with PKC-a.>* An important departure from that initial study
was the use of a nonradioactive approach to detect
phosphoprotein products. This innovation was made possible
by the availability of a PKC substrate antibody (Cell Signaling
Technology) that specifically recognizes a phosphorylated Ser
in the PKC consensus motif of unknown proteins. Judging from
the number and molecular weight range of the resulting
profiles, the background is much lower and the sensitivity is
comparable to what was observed with the radioactive
method.”* The observation of background signals by the WT
enzyme may indicate that there are additional protein kinases in
the immunopellet that are able to utilize the ATP analogue
(present at 100 M) and therefore contribute to product
formation during the in vitro reaction. In this regard, we
observed background reactivity even in experiments that
employed the radiolabeled analogue,* signifying that it is not
simply the outcome of the antibody-based method employed in
this study. Importantly, detection of several previously
identified PKC substrates among proteins co-immunoprecipi-
tating with the traceable mutants (Table 1B) supports the
validity and effectiveness of the methods used here.

Our experiments focused on Cdc42 effector protein-4
(CEP4) as a newly identified PKC substrate. CEP4 was
identified by MS/MS in the 43 kDa band in phosphoprotein
profiles generated by both PKC-a and -8. In vitro reactions
with pure, recombinant isoforms showed that each isoform
could phosphorylate pure, recombinant CEP4. In intact MCEF-
10A cells, phosphorylation of CEP4 in response to DAG-
lactone was performed by PKC-a or PKC-§, as shown by
interference of CEP4 phosphorylation by individual isoform-
specific shRNA reagents or kinase-dead mutants. The loss of
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DAG-stimulated CEP4 phosphorylation by PKC-{ knockdown
was surprising because it implied that this isoform, which is
insensitive to DAG, phosphorylates CEP4 only in DAG-treated
control cells. The possibility that, in addition to PKC-{, the two
PKC-{ shRNA reagents also silenced DAG-sensitive PKC
isoforms was considered. However, no effect on either PKC-a
or PKC-§ expression accompanied PKC-{ knockdown (data
not shown). A plausible explanation is that DAG is known to
cause recruitment of PKC-{ to the plasma membrane via DAG-
stimulated PKC isoforms that consequently activate the MAP
kinase cascade, as recently reported for bronchial epithelial cells
stimulated with phorbol esters.** It is further noted that
blockade of DAG-stimulated CEP4 phosphorylation by
silencing of native PKC-{ (Figure 6) is inconsistent with the
lack of interference by the kinase-dead PKC-{ mutant (Figure
7). A reasonable explanation is that, unlike the native enzyme,
the kinase-dead mutant had limited access to CEP4. For
example, kinase-dead PKC-{ may not have been able to bind
CEP4 because its substrate binding site was already occupied by
a high-affinity substrate whose release depended upon being
phosphorylated. Nevertheless, the outcome produced by
silencing native PKC-{ by each of two different shRNA
reagents clearly demonstrated the role of this isoform in CEP4
phosphorylation. The efforts taken here to establish which of
the three PKC isoforms phosphorylate CEP4 in the intra-
cellular environment lead us to conclude that CEP4 serves as a
substrate for all of them.

CEP4 is a member of a family of Cdc42 effector proteins
(also known as BORG proteins) that upon binding the
activated GTP-bound form of Cdc42 with high affinity,
promotes increased actin stress fiber and pseudopodia
formation and leads to loss of E-cadherin from adherens
junctions.***" Judging from the strong signals we observed for
immunoprecipitated CEP4 in Western blots, this protein is
highly abundant in both MCF-10A cells (Figure S) and human
breast tumor cells (MDA-MB-231 cells) (unpublished ob-
servations). It is notable that there are five structurally related
human CEP isoforms,*" of which CEP4 is the only member to
possess a canonical PKC consensus site at Ser-18 (two pairs of
cationic residues flanking a serine or threonine residue). CEP4
was phosphorylated in a stoichiometric ratio of almost 4:1
(moles of phospho-CEP4 per mole of CEP4) in DAG-lactone-
stimulated MCF-10A cells (Figure SC). Therefore, it is likely
that additional sites are being modified by DAG-stimulated
PKC isoforms. Inspection of the human CEP4 primary
sequence shows that in addition to a full consensus site
centered at Ser-18, there are three partial consensus sites (two
cationic residues on one side of a serine residue) located at Ser-
77, Ser-80, and Ser-86. The significance of these proposed sites
of phosphorylation to CEP4 function provides an avenue for
further investigation.

In addition to CEP4, our investigation considered ROCK-1,
PAK2, and CLASP-1 as substrates of PKC by testing for their
intracellular phosphorylation following DAG-lactone treatment
of nontransformed MCF-10A cells. None of these proteins
exhibited detectable phosphorylation in MCF-10A cells under
conditions in which only DAG-responsive PKC isoforms were
stimulated (data not shown). Nonetheless, their co-immuno-
precipitation with PKC-a and -6 isoforms in MCF-10A cell
lysates implies that they are physically associated either directly
or indirectly with each isoform. It is possible that these proteins
are components of a hub that includes other PKC substrates
(e.g, MAP4, VASP, and IQGAP) and thereby organizes PKC-
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related signaling components. The fact that plectin was also
observed among the co-immunoprecipitated proteins for both
PKC-a and -6 (Table 1) supports this idea because it is known
to sequester RACK (receptor for activated C kinase) and to
provide a cytoskeletal scaffold for binding and directing PKC
signalin§ activity at the plasma membrane and cytoskele-
ton.>*>* In view of the array of GTPase-related proteins that
co-immunoprecipitated with PKC, this putative hub may
organize certain PKC isoforms, the small GTPases (Rho,
Cdc42, and Racl), their respective downstream effectors
(ROCK-1, PAK, and CEP4), and their associated regulatory
enzymes (RICS, IQGAP, ARFGEF2, and ARFGAP).

There is growing recognition that the RhoA family of
GTPases (RhoA, Cdc42, and Rac 1) and their regulatory
proteins and effectors are mechanistically significant to human
breast cancer.””?***73° An earlier study from this laboratory
demonstrated that Racl was functionally involved in the
motility phenotype produced by PKC-a expression in MCF-
10A cells." More recent studies from other laboratories showed
that ErbB2-mediated transformation of human breast cancer
epithelial cells requires the interaction of Racl with its
downstream effector, PAK,*” and that PAK1 and PAK2
mediate invasiveness of human breast cancer cells.>® However,
over the course of this study we found that PKC-a and -6 each
phosphorylated PAK2 in vitro not in non-transformed MCF-
10A cells treated with DAG-lactone (data not shown). In view
of the potential of PAK to undergo PKC-mediated phosphor-
ylation, a role for phospho-PAK in the invasiveness of breast
cancer cells should be further explored. Other studies have
indicated that PKC influences the binding activity of inhibitory
proteins that regulate the activation state of the Rho family of
GTPases. In this regard, a guanine nucleotide dissociation
inhibitor was shown to undergo phosphorylation by PKC-q,
causing it to dissociate and thereby promote nucleotide
exchange and activation of RhoA GTPase.** In another
example, PKC-mediated phosphorylation of IQGAP increased
its affinity for nucleotide-depleted, inactive Cdc42 relative to
the Cdc42-GTP active form and was proposed as a means to
sequester Cdc42 in its inactive form.” A common theme in
these examples is that PKC-mediated phosphorylation provides
a mechanism by which to modulate the affinity of a regulatory
protein for a small Rho GTPase. An avenue for further
investigation will be to determine if PKC-mediated phosphor-
ylation of CEP4 alters its binding affinity for activated Cdc42,
thereby modulating CEP4 and Cdc42 signaling pathways and
producing one or more phenotypes previously attributed to
PKC in human breast cells.
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