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The Chaperones Hsp90 and Cdc37 Mediate the Maturation
and Stabilization of Protein Kinase C through a Conserved
PXXP Motif in the C-terminal Tail*
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Protein kinases, which comprise ⬃2% of the human genome,
are key signal transducers that regulate a wide variety of cellular
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processes, such as growth, proliferation, and metabolism,
through catalysis of specific phosphorylation events (1). By
integrating signals from extracellular stimuli and transmitting
them to targeted downstream substrates, protein kinases serve
as a pivotal point of regulation within the cell. Deregulation and
mutation of protein kinases play a causal role in human pathology, notably cancer, poising kinases as important targets for the
design of therapeutics (2–5). Therefore, understanding the
mechanisms that regulate protein kinases, such as those important for maturation and processing, would be critical for
designing therapeutics that would maintain the correct functioning of signal transduction pathways.
Heat shock proteins (Hsp),3 such as Hsp90, are ubiquitously
expressed molecular chaperones that facilitate protein folding,
regulate quality control, and guide protein turnover in an effort
to maintain cellular homeostasis (6 – 8). Unlike other chaperones such as Hsp70, which non-specifically assists in folding of
nascent polypeptide chains (7), Hsp90 works with a specific and
discrete set of client proteins, particularly protein kinases (9).
Many of the known client kinases of Hsp90, Src (10), Akt (11,
12), phosphoinositide dependent kinase-1 (PDK-1) (13), and
ErbB2-/HER2 (14, 15), require the activity of Hsp90 to reach an
activation-competent and mature state. Hsp90 is recruited to
its kinase clients through interactions with cochaperones, such
as Cdc37, which bridge the interaction between Hsp90 and the
kinase client (16, 17); this mechanism is revealed in a structural
analysis of the Cdc37-Cdk4-Hsp90 complex (18). Cdc37, originally identified in yeast (19), is a cochaperone specific to the
kinome that not only assists Hsp90 function but can also recognize and stabilize clients independently of Hsp90 (20). By
binding specific regions of the catalytic domains of these
kinases, the Hsp90-Cdc37 complex utilizes ATP to promote
and stabilize functional conformations of its clients (8, 16, 17,
21). Pharmacological inhibition of Hsp90 by ansamycin antibiotics such as 17-(allylamino)-17-demethoxygeldanamycin (17AAG) leads to the destabilization and subsequent proteasomal
degradation of its clients (6, 22). Recent studies have identified
Hsp90 as a promising therapeutic target in cancer as levels of
3

The abbreviations used are: Hsp, heat shock protein; PKC, protein kinase C; PKA,
cAMP-dependent protein kinase; AGC, c-AMP-dependent protein kinase/protein kinase G/protein kinase C; PDK-1, phosphoinositide-dependent kinase 1;
Cdc37, cell division cycle 37; mTOR, mammalian target of rapamycin; RFP, red
fluorescent protein; YFP, yellow fluorescent protein; PDBu, phorbol-12,13dibutyrate; PMA, phorbol 12-myrstate 13-acetate; 17-AAG, 17-(allylamino)-17demethoxygeldanamycin; MG-132, cabobenzoxyl-L-leucyl-L-leucyl-leucinal;
DMEM, Dulbecco’s modified Eagle’s medium; WT, wild type.
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The life cycle of protein kinase C (PKC) is tightly controlled by
mechanisms that mature the enzyme, sustain the activationcompetent enzyme, and degrade the enzyme. Here we show that
a conserved PXXP motif (Kannan, N., Haste, N., Taylor, S. S.,
and Neuwald, A. F. (2007) Proc. Natl. Acad. Sci. U. S. A. 104,
1272–1277), in the C-terminal tail of AGC (c-AMP-dependent
protein kinase/protein kinase G/protein kinase C) kinases, controls the processing phosphorylation of conventional and novel
PKC isozymes, a required step in the maturation of the enzyme
into a signaling-competent species. Mutation of both Pro-616
and Pro-619 to Ala in the conventional PKC ␤II abolishes the
phosphorylation and activity of the kinase. Co-immunoprecipitation studies reveal that conventional and novel, but not atypical, PKC isozymes bind the chaperones Hsp90 and Cdc37
through a PXXP-dependent mechanism. Inhibitors of Hsp90
and Cdc37 significantly reduce the rate of processing phosphorylation of PKC. Of the two C-terminal sites processed by phosphorylation, the hydrophobic motif, but not the turn motif, is
regulated by Hsp90. Overlay of purified Hsp90 onto a peptide
array containing peptides covering the catalytic domain of PKC
␤II identified regions surrounding the PXXP segment, but not
the PXXP motif itself, as major binding determinants for Hsp90.
These Hsp90-binding regions, however, are tethered to the
C-terminal tail via a “molecular clamp” formed between the
PXXP motif and a conserved Tyr (Tyr-446) in the ␣E-helix. Disruption of the clamp by mutation of the Tyr to Ala recapitulates
the phosphorylation defect of mutating the PXXP motif. These
data are consistent with a model in which a molecular clamp
created by the PXXP motif in the C-terminal tail and determinants in the ␣E-helix of the catalytic domain allows the chaperones Hsp90 and Cdc37 to bind newly synthesized PKC, a
required event in the processing of PKC by phosphorylation.
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Although this PXXP motif is conserved in all the PKC isozymes,
its functional role is unknown.
In this study, we address the role of the conserved Pro residues in the PXXP motif of the C-terminal tail of PKC ␤II. We
show that mutation of these two Pro to Ala (P616A and P619A)
results in a kinase that is not processed by phosphorylation in
cells and is thus inactive. Further analysis reveals that this
mutant is not able to bind the chaperones Hsp90 and Cdc37, an
event that is required for the processing of PKC by phosphorylation. Our peptide array data indicate that Hsp90 binds to
regions of the catalytic core such as the ␣C-␤4 loop and the
␣D-helix that serve as hinge points for C-helix movement (36).
Structural analysis delineates that these hinge points are tethered to the C-terminal tail through a molecular clamp formed
between the PXXP segment and AGC conserved residues in the
␣E-helix. Mutation of one of the “clamping” residues, a conserved Tyr (Tyr-446), recapitulates the defect resulting from
mutation of the PXXP motif. Our data support a model in which
the PXXP motif participates in an intramolecular clamp with
determinants in the ␣E helix of the kinase core, by providing a
recognition surface for Hsp90 to bind and facilitate the maturation of PKC, a required step in the processing of the enzyme.

EXPERIMENTAL PROCEDURES
Plasmids—The cloning of rat PKC ␤II into the mammalian
expression vector pCDNA3 and subsequent generation of the
phosphorylation site mutants (T641E and S660E) has been previously described (38, 39). The construction of the N-terminal
Myc-tagged PDK-1 in pCDNA3 has been previously described
(40). Expression constructs for wild-type bovine PKC ␣ and rat
PKC  were generous gifts from Dr. Alex Toker (Harvard Medical School). Mouse PKC ␦ was a generous gift from Dr. Peter
Blumberg (National Institutes of Health). PKC ␤II-YFP was
cloned as described previously (41). PKC ␤II-RFP was constructed by PCR amplification and subsequent cloning into a
pCDNA3 vector with monomeric RFP as a C-terminal tag (42).
The other PKC mutants, PKC ␤II-K371R, PKC ␤II-P616A/
P619A, PKC ␤II-P616A/P619A-YFP, PKC ␤II-Y446A, PKC
␣-P613A/P616A, PKC ␦-P617A/P620A, and PKC -P534A/
P537A, were all generated using the QuikChange site-directed
mutagenesis kit (Stratagene).
Materials—Human Hsp90␣ recombinant protein was purchased from Genway. Purified His-PDK-1 was a generous gift
from Charles C. King. PKC substrate peptide (Ac-FKKSFKLNH2) was obtained from Anaspec. Oligonucleotides were purchased from Integrated DNA Technologies. Easy Tag [35S]Met/
Cys (1175 Ci mmol⫺1) and [␥-32P]ATP (3000 Ci mmol⫺1) were
purchased from PerkinElmer Life Sciences. Met/Cys-deficient
DMEM was purchased from Invitrogen. 17-AAG was purchased from A.G. Scientific, Inc. Carbobenzoxyl-L-leucyl-Lleucyl-leucinal (MG-132), phorbol 12-myristate 13-acetate
(PMA), and phorbol-12,13-dibutyrate (PDBu) were purchased
from Calbiochem. Celastrol was purchased from Cayman
Chemical. Polyclonal antibodies to PKC ␣, PKC ␤II, PKC ␦,
PKC , and Cdc37 were obtained from Santa Cruz Biotechnology. Monoclonal antibodies to PKC ␣, PKC ␤, and Hsp90 were
obtained from BD Transduction Laboratories. A phospho-specific antibody (pThr-500) that specifically recognizes the phosVOLUME 284 • NUMBER 8 • FEBRUARY 20, 2009
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chaperones and activity of client kinases are frequently up-regulated (23–25).
The protein kinase C (PKC) family of Ser/Thr kinases serves
as a paradigm of how conformation and processing by phosphorylation regulate activity, localization, and inter- and
intramolecular interactions (26). The mammalian PKC family
consists of 10 isozymes divided into three subclasses (conventional, novel, and atypical) based on their primary structure and
second messenger mode of regulation. In the case of conventional PKC isozymes, newly synthesized enzyme is loosely
engaged on the membrane in a conformation that exposes the
activation loop for phosphorylation by the upstream kinase,
PDK-1 (28). This phosphorylation triggers two sequential
phosphorylations on the C terminus, one on the turn motif and
one on the hydrophobic motif. Phosphorylation of the turn
motif is required for phosphorylation of the hydrophobic motif
and has recently been shown to depend on the mammalian
target of rapamycin complex 2 (mTORC2), a complex consisting of the mammalian target of rapamycin (mTOR), Rictor,
Sin1, and mLST8 (29, 30). Turn motif phosphorylation is rapidly followed by phosphorylation at the hydrophobic motif, a
reaction that occurs by an intramolecular mechanism in vitro
(31). Fully stey phosphorylated PKC is released into the cytosol
in a closed conformation in which an autoinhibitory
pseudosubstrate sequence occupies the substrate-binding cavity. Upon generation of the lipid second messenger diacylglycerol and elevation of intracellular Ca2⫹, conventional PKC
isozymes (␣, ␤⌱, ␤⌱⌱, ␥) translocate to membranes via their
membrane-targeting C1 and C2 domains, where they adopt an
open conformation in which the pseudosubstrate is expelled
from the substrate-binding cavity, permitting phosphorylation
of downstream substrates (32). Novel PKC isozymes (␦, ⑀, , and
) only respond to diacylglycerol, and their processing phosphorylations can occur through additional mechanisms (33,
34). Atypical PKC isozymes ( and /) do not respond to either
Ca2⫹ or diacylglycerol but can also undergo regulation of their
processing phosphorylations by external stimuli (35). In fact,
atypical PKC isozymes contain a Glu at their hydrophobic motif
site. Thus, although these three sites are conserved among PKC
family members, additional layers of regulation generate specificity in how these kinases become signaling-competent
enzymes.
The mechanisms of regulation of the activity and signaling
properties of PKC by lipid second messengers and phosphorylation have been well characterized; however, mounting evidence suggests that there are many other regulatory inputs for
PKC function. Recent analysis of the evolutionary constraints
acting on AGC kinase sequences have underscored the importance of the C-terminal tail as a critical regulatory module (36).
Deletion mutants of the C-terminal tail have been shown to
abrogate PKC activity (37). In addition to containing the key
regulatory phosphorylation sites and docking the upstream
kinase PDK-1, the C-terminal tail contains key conserved
motifs, found within all AGC kinases, that facilitate ATP binding, promote substrate binding, and structure the catalytic core
(36). One such motif comprises the segment PXXP; this motif
makes key contacts with the catalytic core, where it is important
for modulating movement of the catalytic domain (36).
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detergent-solubilized lysates were incubated with a monoclonal anti-PKC ␣ antibody (cross-reactive with PKC ␤) overnight at 4 °C to allow immune complex formation. The immune
complexes were collected with Ultra-Link protein A/G beads.
After washing the immune complexes with Buffer A, they were
resuspended in the kinase buffer (20 mM HEPES, pH 7.4, 2 mM
dithiothreitol). The standard reaction mix contained the
immune complexes, 20 mM HEPES, 500 M ATP, and 2 mM
MgCl2. The reaction was performed in the absence or presence
of purified His-PDK-1 (0.5 nM) and in non-activating or activating PKC conditions. Non-activating conditions included 2 mM
EGTA. Activating conditions included 140 M phosphatidylserine, 3.8 M diacylglycerol membranes, and 500 M CaCl2.
The reaction was allowed to proceed for 30 min at 30 °C and
stopped by the addition of Laemmli sample buffer. The samples
were separated by SDS-PAGE, transferred to polyvinylidene
difluoride membrane, and analyzed for pThr-500 phosphorylation by Western blotting.
PMA Time Course—COS7 cells were transiently transfected
with WT PKC ␤II or PKC ␤II-P616A/P619A. Approximately
24 h after transfection, cells were treated with 200 nM PMA for
0, 15, 30, and 90 min. The cells were lysed in Buffer A, and whole
cell lysates were analyzed by SDS-PAGE and Western blotting.
Pulse-Chase Analysis—COS7 cells were transfected with WT
PKC ␤II, PKC ␤II-P616A/P619A, PKC ␤II T641E, or PKC ␤II
S660E. At 24 –30 h after transfection, cells were incubated with
Met/Cys-deficient DMEM for 30 min at 37 °C. The cells were
then pulse-labeled with 0.5 mCi ml⫺1 [35S]Met/Cys in Met/
Cys-deficient DMEM for 7 min at 37 °C, media were removed,
and cells were chased with DMEM containing 5 mM unlabeled
methionine and 5 mM unlabeled cysteine (44). At the indicated
times, cells were lysed in Buffer A and centrifuged at 16,000 ⫻ g
for 5 min at 22 °C, and PKC ␤⌱⌱ in the supernatant was immunoprecipitated with an anti-PKC ␣ monoclonal antibody
(cross-reactive with PKC ␤II) overnight at 4 °C. The immune
complexes were collected with Ultra-Link protein A/G beads,
washed with Buffer A, separated by SDS-PAGE, transferred to
polyvinylidene difluoride membrane, and analyzed by autoradiography. For the inhibitor experiments, cells were pretreated
for 3 h with 1 M 17-AAG, 30 min with 10 M celastrol, or both
prior to the pulse-chase. Pulse-chase experiments of endogenous PKC ␣ followed the same protocol as described above.
Densitometric analysis of scanned autoradiograms was performed
using NIH Image J analysis software, and the kinetic analysis was
performed using Kaleidograph software (version 4.0).
Immunoprecipitation—To examine the interaction of PKC
with endogenous Hsp90, COS7 cells were transfected with
either WT PKC (␣, ␤II, ␦, ) or the respective construct with a
mutated PXXP motif. For PKC ␤II, the interaction of Hsp90
with the kinase-dead mutant PKC ␤II-K371R and PKC ␤IIY446A was also assessed. Approximately 24 h after transfection, the cells were lysed in Buffer A and centrifuged at 16,000 ⫻
g for 5 min at 22 °C, and the detergent-solubilized supernatants
were incubated with the appropriate PKC antibody overnight at
4 °C. The immune complexes were collected with Ultra-Link
protein A/G beads, washed with Buffer A, and analyzed by SDSPAGE and Western blotting. This method was also used to
assess the interaction of PKC with endogenous Cdc37. For the
JOURNAL OF BIOLOGICAL CHEMISTRY
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phorylated activation loop of PKC isozymes was characterized
previously (43). A phospho-specific PKC antibody to the hydrophobic motif phosphorylation site (PKC ␤II Ser-660) and an
antibody to the turn motif phosphorylation site (PKC ␣/␤II
Thr-638/641) were purchased from Cell Signaling Technology.
An anti-Myc monoclonal (9E10) antibody was purchased from
Covance. A monoclonal anti-␤-actin antibody was purchased
from Sigma-Aldrich. Ultra-Link protein A/G beads were
obtained from Thermo Scientific. Electrophoresis reagents
were obtained from Bio-Rad. All other materials and chemicals
were reagent-grade.
Cell Culture and Transfection—tsA201, COS7, HeLa, and
MCF7 cells were maintained in DMEM (Cellgro) containing
10% fetal bovine serum (Hyclone) and 1% penicillin/streptomycin at 37 °C in 5% CO2. MCF-10A cells were maintained in
mammary epithelium growth medium (Clonetics) at 37 °C and
5% CO2. Transient transfection of tsA201 cells was carried out
using Effectene transfection reagents (Qiagen), and transient
transfection of COS7 cells was carried out using the FuGENE
transfection reagent (Roche Applied Science).
Immunofluorescence—COS7 cells were transiently co-transfected with PKC ␤II-RFP and PKC ␤II-P616A/P619A-YFP for
24 h. Cells were washed once and imaged in Hanks’ balanced
salt solution with 1 mM Ca2⫹. Epifluorescent images were
acquired on a Zeiss Axiovert microscope (Carl Zeiss MicroImaging, Inc.) using a Micro-Max digital camera (Roper-Princeton Instruments) controlled by Metafluor Software (Universal Imaging, Corp). Optical filters were obtained from Chromas
Technologies and Semrock, Inc. Cells were treated with 200 nM
PDBu, and the same cells were used to acquire YFP and RFP
images through a 10% neutral density filter. YFP images were
obtained using a 495/10-nm excitation filter, a 505-nm dichroic
mirror, and a 535/25-nm emission filter. RFP images were
obtained using a 560/25-nm excitation filter, a 593-nm dichroic
mirror, and a 629/53-nm emission filter.
Kinase Assays—For the PKC activity assay, detergent-solubilized lysates (20 mM HEPES, pH 7.5, 0.1% Triton X-100, 2 mM
dithiothreitol, 1 mM phenylmethylsulfonyl fluoride) from
untransfected tsA201 cells and tsA201 cells transfected with
empty vector, WT PKC ␤II, or PKC ␤II-P616A/P619A were
assayed for PKC activity for 8 min by monitoring 32P incorporation from [␥-32P]ATP into a synthetic PKC-selective peptide
(Ac-FKKSFKL-NH2) using a paper assay as described previously (38). The standard reaction mix contained 20 mM HEPES,
pH 7.5, 2 mM dithiothreitol, 5 mM MgCl2, 100 M ATP, 50 M
peptide substrate, and 100 Ci of [␥-32P]ATP. Non-activating
conditions included 2 mM EGTA. Activating conditions
included 140 M phosphatidylserine, 3.8 M diacylglycerol
membranes, and 500 M CaCl2. The activity of the transfected
kinase was determined by first subtracting 32P incorporation in
control (vector-transfected) lysate samples and then normalizing the Ca2⫹/lipid-stimulated peptide phosphorylation to PKC
expression (determined by Western blot analysis); activity is
expressed in relative units. For the PDK-1 activity assay, COS7
cells expressing empty vector, WT PKC ␤II, or PKC ␤II-P616A/
P619A were lysed in Buffer A (50 mM Tris, pH 7.4, 1% TritonX100, 50 mM NaF, 10 mM Na4P2O7, 100 mM NaCl, 5 mM EDTA,
1 mM Na3VO4, and 1 mM phenylmethylsulfonyl fluoride), and
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analysis with a monoclonal antiHsp90 antibody.
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RESULTS
A Conserved PXXP Motif in the
C-terminal Tail of PKC ␤II Is Necessary for Catalytic Activity—A conserved PXXP motif in the C-terminal tail of AGC kinases has been
proposed to be an important site for
allosteric regulation of the catalytic
domain (Fig. 1, A and B) (36). To
examine the biochemical role of this
conserved PXXP motif in PKC ␤II,
we mutated both Pro-616 and Pro619 to Ala (P616A/P619A) and first
FIGURE 1. Mutation of a PXXP motif, conserved in all AGC kinases, in the C-terminal tail of PKC ␤II abol- assessed the catalytic activity of the
ishes kinase activity. A, schematic representation of the domain composition of PKC ␤II showing pseudosub- construct in an in vitro kinase assay.
strate, C1A and C1B domains, and C2 domain in the N-terminal regulatory moiety followed by the catalytic
domain and C-terminal tail (Cterm tail) in the kinase moiety. The three processing phosphorylation sites, acti- Lysates from tsA201 cells expressvation loop (Thr-500 (T500)), turn motif (Thr-641 (T641)), and hydrophobic motif (Ser-660 (S660)), in PKC ␤II are ing either WT PKC ␤II or PKC ␤IIindicated by cyan circles. B, partial sequence alignment of AGC family members, PKA, Akt1, and the 10 PKC P616A/P619A were assayed for
isozymes. A conserved PXXP motif in the C-terminal tail is highlighted in yellow. C, lysates from tsA201 cells
expressing either WT PKC ␤II or PKC ␤II-P616A/P619A were assayed for PKC activity in the absence or presence activity toward a PKC peptide subof lipid and Ca2⫹. Cofactor-dependent activity attributed to transfected PKC ␤II (i.e. after subtraction of endog- strate in the presence or absence of
enous activity obtained from control lysates) was normalized to PKC ␤II expression in the lysate determined by activating cofactors; activity attribWestern blot. Data represent the mean ⫾ S.E. from four independent experiments. D, Western blot showing
the expression and phosphorylation of WT PKC ␤II and PKC ␤II-P616A/P619A used in the kinase assay with the uted to the transfected PKC was
indicated antibodies. Unphosphorylated PKC ␤II is labeled with a dash, and fully phosphorylated PKC ␤II is obtained by subtracting the endoglabeled with an asterisk. Lysates were probed for ␤-actin as a loading control (lower panel). pT500, pThr-500.
enous activity determined from
control lysates. Mutation of the
PDK-1 co-immunoprecipitation experiments, COS7 cells were PXXP motif in PKC ␤II abolished kinase activity; in fact, this
co-transfected with WT PKC ␤II, PKC ␤II-K371R, or PKC construct behaved as a modest dominant-negative of endoge␤-P616A/P619A and either empty vector or Myc-PDK-1. Cells nous activity (Fig. 1C). Curiously, Western blot analysis of
were lysed as described above and incubated with a monoclonal lysates revealed that the PKC ␤II-P616A/P619A construct
anti-Myc antibody overnight at 4 °C to form immune com- migrated faster than wild-type enzyme (Fig. 1D, dash). Previous
plexes with Myc-PDK-1. The immune complexes were col- studies have established that WT PKC ␤II migrates primarily as
lected, washed, and analyzed as described above for the Hsp90 an upper band (asterisk) that represents a species quantitatively
experiments. Densitometric analysis of scanned autoradio- phosphorylated at the two C-terminal sites, with a minor fracgrams was performed using NIH Image J analysis software (ver- tion migrating as a faster mobility species (dash) that represents
kinase that is unphosphorylated (44). Consistent with PKC ␤IIsion 1.40).
Analysis of 17-AAG-induced Down-regulation of PKC— P616A/P619A migrating as the unphosphorylated species, it
COS7 cells were transiently transfected with WT PKC ␤II or was not labeled by phospho-specific antibodies to the activaPKC ␤II P616A/P619A. Approximately 24 h after transfection, tion loop Thr-500 (Fig. 1D, middle panel), nor was it labeled by
the cells were treated with 1 M 17-AAG for 0, 1, 4, 12, or 24 h. phospho-specific antibodies to the two C-terminal sites, the
For MG-132 experiments, the cells were first pretreated with 10 turn motif Thr-641, or the hydrophobic motif Ser-660 (data not
M MG-132 for ⬃3 h. The cells were lysed in Buffer A, and shown). Thus, mutation of both Pro residues in the PXXP motif
whole cell lysates were analyzed by SDS-PAGE and Western resulted in an inactive, unphosphorylated kinase.
Mutation of the PXXP Motif in PKC ␤II Prevents the Matublotting. Similar experiments were performed in HeLa, MCFration of PKC—Accumulation of unphosphorylated PKC could
10A, and MCF7 cells lines to assess endogenous PKC levels.
Hsp90 Overlay of the Catalytic Domain of PKC ␤II—The cat- reflect the inability of the P616A/P619A construct to be proalytic domain of PKC ␤II (amino acids 342– 673) was divided cessed by phosphorylation, or it could reflect an increased
into 18-amino-acid peptides, with a 2-amino-acid shift, and phosphatase sensitivity resulting in accumulation of matured,
synthesized using the INTAVIS MultiPep peptide synthesizer phosphorylated PKC that has been dephosphorylated (45). To
(INTAVIS Bioanalytical Instruments AG), which spotted the discriminate between these two possibilities, we asked whether
peptides onto an AC-S01 type amino-PEGylated membrane newly synthesized PKC matured into the phosphorylated spe(INTAVIS AG). After activation of the membrane with etha- cies by pulse-chase analysis (Fig. 2A). COS7 cells transfected
nol, the membrane was blocked, washed, and then incubated with WT PKC ␤II or PKC ␤II-P616A/P619A were pulse-laovernight with 100 nM human Hsp90␣ recombinant protein. beled with [35S]Met/Cys and chased for up to 4 h with unlabeled
After incubation with the Hsp90 protein, the peptide array media. Immunoprecipitated PKC was analyzed by autoradiog-
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raphy, and the processing of the pulsed pool was determined by
the mobility of the radiolabeled band on SDS-PAGE. The autoradiogram in Fig. 2A shows that newly synthesized PKC ␤II
appeared as a faster migrating species (lane 1, dash) that shifted
to a slower mobility species over the course of the chase (lanes
2– 6, asterisk). The mobility shift reflects the two tightly coupled processing phosphorylations at the C terminus, the turn
motif (Thr-641), and the hydrophobic motif (Ser-660) (Fig. 1A).
Importantly, mutation of the PXXP motif in PKC ␤II prevented
maturation of PKC, as assessed by its co-migration with the
faster-migrating, unphosphorylated species even after 4 h of
chase (lanes 7–12, dash). These data reveal that mutation of
both Pro residues in the PXXP motif prevents the processing
of PKC ␤II by phosphorylation.
FEBRUARY 20, 2009 • VOLUME 284 • NUMBER 8
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FIGURE 2. Mutation of the PXXP motif in PKC ␤II prevents the maturation
of the kinase, a defect that cannot be rescued by translocation to membranes. A, autoradiogram from a pulse-chase analysis of COS7 cells transfected with WT PKC ␤II (lanes 1– 6) or PKC ␤II-P616A/P619A (lanes 7–12).
Transfected cells were labeled with [35S]Met/Cys and chased for the indicated
times. The asterisk denotes the position of the mature, fully phosphorylated
species of PKC, and the dash represents the newly synthesized, unphosphorylated species of PKC. Total PKC in the immunoprecipitate is labeled by an
anti-PKC ␤II antibody. B, COS7 cells were transfected with WT PKC ␤II (lanes
1– 4) or PKC ␤II-P616A/P619A (lanes 5– 8) and then treated with PMA (200 nM)
for the indicated times. Whole cell lysates were separated by SDS-PAGE and
then analyzed for total PKC (PKC ␤II) or total protein content (␤-actin). The
asterisk denotes the position of fully phosphorylated PKC, and the dash
denotes the position of unphosphorylated PKC. C, representative images of
COS7 cells transfected with WT PKC␤II-RFP (upper panels) and PKC ␤II-P616A/
P619A-YFP (lower panels) before (left panels) and after (right panels) PDBu (200
nM) treatment for 15 min.

Newly synthesized PKC is loosely tethered at the membrane
by its regulatory modules in an open conformation (pseudosubstrate exposed), which allows PDK-1 to phosphorylate the activation loop and initiate the maturation process (27). To test
whether the lack of processing of PKC ␤II-P616A/P619A
resulted from improper localization of the mutant to the membrane, we forced membrane association by taking advantage of
the ability of phorbol esters to recruit PKC to the membrane,
independently of the phosphorylation state of the enzyme. To
this end, we transfected COS7 cells with either WT PKC ␤II or
PKC ␤II-P616A/P619A and treated the cells with the phorbol
ester PMA. The Western blot in Fig. 2B shows that the PXXP
mutant continued to migrate as a faster mobility species following PMA treatment (lanes 5– 8, dash). Note that PMA treatment caused a characteristic increase in the amount of unphosphorylated PKC (lanes 1– 4, dash), consistent with the ability of
phorbol esters to promote the dephosphorylation and eventual
down-regulation of the enzyme (46). To ensure that the PXXP
mutant PKC ␤II-P616A/P619A was properly recruited to the
membrane upon phorbol ester treatment, we co-transfected
COS7 cells with fluorescently tagged constructs, WT PKC ␤IIRFP and PKC ␤II-P616A/P619A-YFP, and simultaneously coimaged them in the absence or presence of the phorbol ester
PDBu. Although modest differences in localization were
observed, the fluorescent images in Fig. 2C reveal that both WT
PKC ␤II-RFP and PKC ␤II-P616A/P619A-YFP translocated to
the membrane upon treatment with PDBu (Fig. 2C, right panels). Similar results were obtained when WT PKC ␤II-RFP or
PKC ␤II-P616A/P619A-YFP were transfected separately into
cells (data not shown). Therefore, these data demonstrate that
the inability of PKC ␤II-P616A/P619A to mature is not a consequence of improper subcellular localization.
The Upstream Kinase PDK-1 Can Bind and Phosphorylate the
PXXP Mutant PKC ␤II-P616A/P619A—The first step in the maturation process of PKC is phosphorylation of the activation loop
by PDK-1. Because the PXXP mutant PKC ␤II-P616A/P619A has
a defect in maturation (Fig. 2A), we tested whether the mutant was
a suitable substrate for PDK-1. Immunoprecipitated WT PKC ␤II
or PKC ␤II-P616A/P619A from detergent-solubilized lysates was
incubated with purified His-PDK-1 in the absence or presence of
Ca2⫹ and phosphatidylserine/diacylglycerol membranes (to
induce the membrane-bound open conformation in which the
PDK-1 site is unmasked) in an in vitro kinase assay (Fig. 3A). Activation loop phosphorylation was detected using a phospho-specific antibody to the Thr-500 activation loop site (cross-reactive
with all PKC isozymes); indeed, this antibody detected endogenous PKC ␣ in the vector lanes (Fig. 3A, lanes 1–3, arrow). WT
PKC ␤II was robustly labeled with the pThr-500 antibody regardless of the addition of PDK-1 (Fig. 3A, lanes 4 – 6, asterisk), as
expected for the normally matured, fully phosphorylated enzyme
(43). In contrast, PKC ␤II-P616A/P619A was not labeled by the
pThr-500 antibody in the absence of His-PDK-1 (Fig. 3A, lane 7,
dash). However, the addition of His-PDK-1 resulted in the activation loop phosphorylation of the PKC ␤II-P616A/P619A mutant
(Fig. 3A, lane 8, dash), although to a much lesser extent than WT.
Additionally, PDK-1-catalyzed phosphorylation did not depend
on PKC being bound to membranes (lane 9), indicating that the
PKC ␤II-P616A/P619A mutant was in the open conformation in
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Having established that PDK-1 can
phosphorylate the activation loop of
the PKC ␤II-P616A/P619A in vitro,
we next addressed whether the phosphorylation defect observed in cells
resulted from impaired binding of
PDK-1 to this mutant in cells. COS7
cells were co-transfected with WT
PKC ␤II, PKC ␤II-K371R (a catalytically inactive mutant that also cannot
be processed by phosphorylation), or
PKC ␤II-P616A/P619A with empty
vector or Myc-PDK-1. Fig. 3B reveals
that both mutants migrated as the
faster mobility, unphosphorylated
species (dash), whereas WT PKC ␤II
migrated as the slower mobility,
phosphorylated species (asterisk).
Myc-PDK-1 was immunoprecipitated from detergent-solubilized
lysates (Fig. 3B, left panel, IP), and the
interaction with PKC ␤II was assessed
by Western blot. Both WT ␤II and the
unphosphorylated mutants, PKC ␤IIK371R and PKC␤II-P616A/P619A,
immunoprecipitated with MycPDK-1 (Fig. 3B, lanes 2, 4, and 6,
upper panel, IP). Normalizing the
amount of PKC ␤II bound to MycPDK-1 (upper panel, IP) to the
amount of PKC ␤II in the lysate
(upper panel, Lysate) indicated no significant preference of PDK-1 for the
PXXP mutant when compared with
WT PKC ␤II (Fig. 3C, n ⫽ 13, p ⫽
0.20). Importantly, the C-terminal tail
was still fully functional for binding
PDK-1. Similarly, additional co-immunoprecipitation studies revealed
that the binding of another C-terminal partner of PKC, Hsp70 (45, 47),
FIGURE 3. Mutation of the PXXP motif in PKC ␤II does not impair phosphorylation by or binding to its was maintained with the PKC ␤IIupstream kinase, PDK-1. A, COS7 cells were transfected with vector (lanes 1–3), WT PKC ␤II (lanes 4 – 6), or PKC P616A/P619A mutant (data not
␤II-P616A/P619A (lanes 7–9), and immunoprecipitated PKC ␤II was incubated with purified His-PDK-1 (0.5 nM), shown). Taken together with the in
alone or together with Ca2⫹ and lipid, in an in vitro kinase assay. The immunoprecipitates were analyzed by
Western blot for pThr-500 (pT500) and total PKC ␤II. The asterisk indicates the position of the fully phosphoryl- vitro phosphorylation experiments,
ated PKC, the dash indicates the position of the unphosphorylated PKC, and the arrow indicates the position of these data exhibit that the defect in
endogenous PKC ␣. Note that phosphorylation of Thr-500 does not cause a mobility shift in WT PKC. B, COS7
processing of the PKC ␤II-P616A/
cells were co-transfected with WT PKC ␤II (lanes 1–2), PKC ␤II-K371R, a catalytically inactive PKC, (lanes 3– 4), or
PKC ␤II-P616A/P619A (lanes 5– 6) and either empty vector (lanes 1, 3, and 5) or Myc-PDK-1 (lanes 2, 4, and 6). P619A mutant does not arise from
Myc-PDK-1 was immunoprecipitated (IP) from detergent-solubilized lysates, and PKC interaction was assessed defective binding of PDK-1 or inacby Western blotting. Five percent of the detergent-solubilized lysates was analyzed by Western blotting to
show the amount of Myc-PDK-1 and PKC ␤II present in the lysates. The asterisk denotes the position of fully cessibility of the activation loop site to
phosphorylated PKC, and the dash denotes the position of unphosphorylated PKC. An anti-␤-actin antibody phosphorylation by PDK-1.
indicates total protein loading in the lysate. C, a graph showing densitometric analysis of Western blots in B.
Mutation of the PXXP Motif in
Data represent the mean ⫾ S.E. of 13 independent experiments.
PKC ␤II Disrupts the Interaction
with Hsp90 and Its Cochaperone,
which the pseudosubstrate does not occupy the substrate-binding Cdc37—Recent studies with other AGC kinase family mempocket, reflecting the conformation of newly synthesized PKC bers, Akt and PDK-1, have described the role of heat shock
(27). These data reveal that the activation loop of the PKC ␤II- proteins, particularly Hsp90, in the maturation and stabilizaP616A/P619A is accessible and can be phosphorylated by PDK-1. tion of these kinases (11–13). Because the PKC ␤II-P616A/
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P619A mutant has a clear defect in maturation (Fig. 2A), we
explored whether Hsp90 might play a role in this process. WT
PKC ␤II, PKC ␤II-K371R, or PKC ␤II-P616A/P619A was
expressed in COS7 cells and immunoprecipitated from detergent-solubilized lysates. The amount of endogenous Hsp90
bound was detected on Western blots (Fig. 4A). As in previous
experiments, the phospho-defective mutants migrated as the
faster mobility, unphosphorylated species (middle panel, dash),
whereas WT PKC ␤II migrated primarily as the mature, phosphorylated species (middle panel, asterisk). Hsp90 bound to
WT PKC ␤II, an interaction that was markedly enhanced with
the unphosphorylated kinase-dead construct PKC ␤II-K371R.
In marked contrast, there was no detectable binding of Hsp90
to the PXXP mutant PKC ␤II-P616A/P619A (Fig. 4A, upper
panel, lane 4). Quantitative analysis of the ratio of bound Hsp90
to PKC in the immunoprecipitate demonstrated that mutation
of the PXXP motif in PKC ␤II decreased the interaction with
Hsp90 a striking 5-fold relative to WT PKC ␤II (Fig. 4B, p ⬍
0.05, n ⫽ 4). Conversely, 5-fold more Hsp90 bound the PKC
␤II-K371R construct when compared with WT PKC ␤II (Fig.
4B, p ⬍ 0.01, n ⫽ 4). Thus, although both constructs are completely unphosphorylated and inactive, Hsp90 discriminated
between an intact PXXP motif (in the PKC ␤II-K371R mutant)
and a mutated PXXP motif. Consistent with this result, another
mutant PKC that cannot be processed by phosphorylation,
PKC ␤II-T634A/T641A/S654A (44), bound Hsp90 significantly better than WT PKC ␤II (data not shown). These data
show that Hsp90 preferentially recognizes the unphosphorylated form of PKC via a mechanism that is driven by the PXXP
motif.
Hsp90 functions as a complex in cells with other cochaperones such as Cdc37 (16, 17). To test whether the PXXP motif
mediates the interaction with other cochaperones in the Hsp90
complex, we checked whether Cdc37 was present in immune
complexes of PKC (Fig. 4C). WT PKC ␤II or PKC ␤II-P616A/
P619A was immunoprecipitated from detergent-solubilized
lysates (Fig. 4C, middle panel, IP), and bound endogenous
Cdc37 was assessed by Western blot analysis (upper panel, IP).
This cochaperone was readily detected in immunoprecipitates
of WT PKC ␤II (IP, lane 2) but was not detectable in immunoprecipitates of the PKC ␤II-P616A/P619A mutant (lane 3).
Thus, the PXXP motif mediates the interaction of PKC with
both Hsp90 and its cochaperone Cdc37.
Inhibition of Hsp90 Slows the Maturation of PKC—Because
the PXXP mutant PKC ␤II-P616A/P619A cannot be processed
by phosphorylation and, furthermore, has reduced interaction
with the Hsp90-Cdc37 chaperones, we next addressed whether
Hsp90 activity is required for the maturation of PKC. Specifically, we tested how the Hsp90 inhibitor 17-AAG affected the
rate of maturation of PKC as assessed by pulse-chase analysis
(Fig. 5A). This potent inhibitor is a derivative of geldanamycin,
an antibiotic of the ansamycin class produced by Streptomyces
hygroscopicus, which binds to the N-terminal ATP-binding
pocket of Hsp90 and prevents ATP binding and hydrolysis that
is essential for protein folding processes (6). COS7 cells transfected with WT PKC ␤II were pretreated with 17-AAG prior to
pulse-chase analysis (Fig. 5A). The autoradiogram in Fig. 5A
shows that newly synthesized PKC migrated as a single, faster

FIGURE 4. Mutation of the PXXP motif in PKC ␤II decreases binding to the
chaperones Hsp90 and Cdc37. A, COS7 cells were transfected with empty vector (lanes 1 and 5), WT PKC ␤II (lanes 2 and 6), PKC ␤II-K371R (lanes 3 and 7), or PKC
␤II-P616A/P619A (lanes 4 and 8). PKC was immunoprecipitated (IP) from detergent-solubilized lysates, and endogenous Hsp90 interaction was assessed by
Western blot. Five percent of the detergent-solubilized lysates was analyzed to
show the amount of Hsp90 and PKC ␤II present in the lysate. The asterisk denotes
the position of fully phosphorylated PKC, and the dash denotes the position of
unphosphorylated PKC. B, a graph representing densitometric analysis of the
Western blots shown in A. Data represent the mean ⫾ S.E. of six independent
experiments. *, p ⬍ 0.05 versus WT, and **, p ⬍ 0.01 versus WT by Student’s t test.
C, COS7 cells were transfected with vector (lanes 1 and 4), WT PKC ␤II (lanes 2 and
5), or PKC ␤II-P616A/P619A (lanes 3 and 6). Endogenous Cdc37 interaction was
assessed as described in A. The asterisk denotes the position of fully phosphorylated PKC, and the dash denotes the position of unphosphorylated PKC.
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⬃10 min (lane 3) in the absence of
the Hsp90 inhibitor. However, in
the presence of the Hsp90 inhibitor,
the half-time to shift to the fully
phosphorylated, slower mobility
species (asterisk) was ⬃4-fold
slower (half-time ⬃45 min). Interestingly, a band of intermediate
mobility (double dash) was detected
at 10 min of chase (Fig. 5C, lane 8) in
the sample treated with the Hsp90
inhibitor. This band represents a
species of PKC that is phosphorylated at only one of the two C-terminal sites (44). The half-time for
phosphorylation at this site was
similar to that for full phosphorylation in the absence of inhibitor (the
ratio of upper (asterisk or double
dash) and lower bands (dash) at the
10-min chase time points are similar
with and without inhibitor (Fig. 5C,
lanes 3 and 8)). These data suggest
that
Hsp90 inhibition impairs the
FIGURE 5. Hsp90 activity facilitates the maturation of PKC. A, autoradiogram from a pulse-chase analysis of
COS7 cells transfected with WT PKC ␤II in the absence (lanes 1– 4) or presence (lanes 5– 8) of 17-AAG (1 M). processing of one of the two C-terTransfected cells were labeled with [35S]Met/Cys and then chased for the indicated times. PKC was immuno- minal sites.
precipitated from detergent-solubilized lysates and analyzed by autoradiography. The asterisk denotes the
To explore which of the two
position of mature, fully phosphorylated PKC, and the dash denotes the position of newly synthesized, unphosphorylated PKC. An anti-PKC ␤II antibody indicates the amount of PKC in the immunoprecipitates. B, a graph C-terminal sites Hsp90 regulates,
representing the data shown in the autoradiogram in A. This graph shows the relative amount of fully phosphorylated PKC (asterisk) as a percentage of the total PKC protein in the absence (circles) or presence (squares) we investigated the rate of processof 17-AAG (1 M). Data are representative of three independent experiments. C, autoradiogram from a pulse- ing of phosphorylation site conchase analysis of endogenous PKC ␣ in COS7 cells in the absence (lanes 1–5) or presence (lanes 6 –10) of 17-AAG structs of PKC ␤II in which C-ter(1 M). Cells were labeled with [35S]Met/Cys and then chased for the indicated times. PKC was immunoprecipitated from detergent-solubilized lysates and analyzed by autoradiography. The asterisk denotes the position of minal phosphorylation site residues
mature, fully phosphorylated PKC (phosphorylated at both C-terminal sites); the double dash denotes the were individually replaced with Glu,
position of PKC phosphorylated at only one C-terminal site; and the single dash denotes the position of newly
the phospho-mimetics PKC ␤IIsynthesized, unphosphorylated PKC. An anti-PKC ␣ antibody indicates the amount of PKC present in the
immunoprecipitates. D, autoradiogram from a pulse-chase analysis of COS7 cells transfected with WT PKC ␤II, T641E (turn motif mutant) and
PKC ␤II-T641E, or PKC ␤II S660E in the absence (lanes 1– 4) and presence (lanes 5– 8) of 17-AAG (1 M). Trans- PKC ␤II S660E (hydrophobic motif
fected cells were pulse-labeled and analyzed as shown in A. The asterisk denotes the fully phosphorylated,
mature PKC; the double dash denotes the position of phosphorylation at Thr-641; and the dash denotes the mutant) (Fig. 5D). Both mutants
newly synthesized, unphosphorylated PKC. E, autoradiogram from a pulse-chase analysis of COS7 cells trans- were processed by phosphorylation
fected with WT PKC ␤II and treated with dimethyl sulfoxide (DMSO) (lanes 1– 4), 17-AAG (1 M, lanes 5– 8), with half-times only slightly slower
celastrol (10 M, lanes 9 –12), or both 17-AAG and celastrol (lanes 13–16). Transfected cells were pulse-labeled
and analyzed as shown in A. The asterisk denotes the fully phosphorylated, mature PKC, and the dash denotes from those of WT PKC ␤II; analysis of
the newly synthesized, unphosphorylated PKC.
the ratio of upper to lower mobility
species indicated that ⬃70% of WT
mobility band (dash) and then shifted to a slower mobility band PKC, 50% of T641E, and 40% of S660E were processed following a
(asterisk) over the course of the chase. The addition of 17-AAG 30-min chase (Fig. 5D, lane 3). Note that the mobility shift for the
slowed the maturation of PKC (compare lane 2 and lane 7). T641E mutant reflects phosphorylation of Ser-660, which
Quantitative analysis revealed that in the absence of the inhib- causes a readily detectable shift, and that the mobility shift for
itor, PKC was processed with a half-time of 13.2 ⫾ 0.8 min (Fig. the S660E mutant reflects phosphorylation of Thr-641, a mod5B, circles); however, in the presence of the inhibitor, the rate of ification that causes a smaller mobility shift. Importantly,
processing of PKC was slowed 2-fold, with the half-time of 17-AAG treatment slowed the processing of WT PKC ␤II and
processing increasing to 25 ⫾ 4 min (squares). These data PKC ␤II-T641E ⬃2-fold (compare the ratios of the upper and
reveal that inhibition of endogenous Hsp90 activity decreases lower mobility species at the 30-min time point, lanes 3 and 7)
the rate of processing of PKC.
but did not affect the rate of processing of the PKC ␤II-S660E
We next examined the effect of inhibiting Hsp90 on the proc- mutant (the ratio of upper to lower mobility species was ⬃1 at
essing of endogenous PKC ␣, another conventional PKC the 90-min time point both in the absence and in the presence
isozyme, by pulse-chase analysis (Fig. 5C). The autoradiogram of 17-AAG (lanes 4 and 8)). The lack of sensitivity of PKC ␤IIin Fig. 5C shows that newly synthesized PKC ␣ migrated as a S660E phosphorylation at Thr-641 to Hsp90 inhibition sugfaster mobility band (dash) and shifted to a slower mobility gests that Hsp90 controls the final phosphorylation step of
band (asterisk) over the course of the chase with a half-time of PKC, that of Ser-660.
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advantage of a recently described
Hsp90 inhibitor, celastrol, that not
only inhibits ATP binding to Hsp90
but also inhibits the interaction of
Hsp90 with Cdc37 (21, 48). COS7
cells transfected with WT PKC ␤II
were pretreated with 17-AAG,
celastrol, or both prior to pulse-labeling with [35S]Met/Cys (Fig. 5E).
The autoradiogram in Fig. 5E shows
that the processing of PKC was
slowed ⬃2-fold by 17-AAG, as
observed previously in Fig. 5A. The
amount of unphosphorylated lower
band (dash) and phosphorylated
upper band (asterisk) was approximately equal at the 15-min (lane 2)
and 30-min (lane 7) time points in
the absence or presence of 17-AAG,
respectively. Celastrol had a much
more striking effect on the maturation of PKC, with PKC migrating
primarily as the unphosphorylated
species even after a 90-min chase. In
the presence of both 17-AAG and
celastrol, processing of PKC was
completely inhibited. These data
underscore the importance of both
Hsp90 activity and the Hsp90Cdc37 interaction for the proper
maturation of PKC.
The PXXP Motif Also Mediates
the Interaction of Other Conventional and Novel PKC Isozymes with
Hsp90—Given the conservation of
the hydrophobic motif among PKC
isozymes, we addressed whether
other isozymes of PKC are controlled by Hsp90. We mutated the
PXXP motif to AXXA for another
conventional PKC, PKC ␣ (PKC
FIGURE 6. Mutation of the PXXP motif in conventional and novel PKC isozymes decreases the interaction
with Hsp90. A, COS7 cells were transiently transfected with empty vector (lanes 1 and 4), WT PKC ␣ (lanes 2 and ␣-P613A/P616A), a novel PKC,
5), or PKC ␣-P613A/P616A (lanes 3 and 6). PKC was immunoprecipitated (IP) from detergent-solubilized lysates, PKC ␦ (PKC ␦-P617A/P620A), and
and endogenous Hsp90 interaction was assessed by Western blot. Five percent of the detergent-solubilized
lysate was analyzed by Western blot to show the amount of PKC and Hsp90 present in the lysate. The asterisk an atypical PKC, PKC  (PKC
denotes the position of fully phosphorylated PKC, and the dash denotes the position of unphosphorylated PKC. -P534A/P537A), and tested the
Total protein loading is indicated by an anti-␤-actin antibody. B, a graph representing densitometric analysis of interaction of each mutant with
the Western blots shown in A. Data represent the mean ⫾ S.E. of three independent experiments. ***, p ⬍ 0.001
versus WT by Student’s t test. C, COS7 cells were transiently transfected with empty vector (lanes 1 and 4), WT Hsp90 (Fig. 6). COS7 cells were
PKC ␦ (lanes 2 and 5), or PKC ␦-P617A/P620A (lanes 3 and 6). PKC was immunoprecipitated, and endogenous transfected with empty vector
Hsp90 interaction was analyzed as described in A. D, a graph representing densitometric analysis of the West- (lanes 1 and 4), WT PKC isozymes
ern blots shown in C. Data represent the mean ⫾ S.E. of three independent experiments. *, p ⬍ 0.05 versus WT
by Student’s t test. E, COS7 cells were transiently transfected with empty vector (lanes 1 and 4), WT PKC  (lanes (lanes 2 and 5), or the correspond2 and 5), or PKC -P534A/P537A (lanes 3 and 6). PKC was immunoprecipitated, and endogenous Hsp90 inter- ing PXXP mutant (lanes 3 and 6).
action was analyzed as described in A. F, a graph representing densitometric analysis of Western blots shown
Specific PKC isozymes were immuin E. Data represent the mean ⫾ S.E. of three independent experiments.
noprecipitated from detergent-solThe Hsp90 inhibitor, 17-AAG, used in the preceding pulse- ubilized lysates, and bound endogenous Hsp90 was assessed by
chase experiments, specifically targets the ATPase activity of Western blot analysis. Hsp90 was detected in the immune comHsp90 and would not affect potential regulation of PKC by plexes of all three wild-type isozymes as well as the correspondCdc37. To investigate the effect of disrupting the interaction of ing AXXA mutants (Fig. 6, A, C, and E, lanes 2 and 3). However,
Hsp90 with its cochaperones on PKC maturation, we took quantitative analysis of the amount of Hsp90 bound to PKC (IP,
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isozyme, PKC ⑀, revealed that the
rate of processing was also slowed
2-fold by 17-AAG (data not shown).
In contrast to mutation of the conventional and novel isozymes,
mutation of the PXXP motif in the
atypical PKC  did not affect the
interaction with Hsp90 (Fig. 6F, n ⫽
3). It is noteworthy that PKC  differs from the conventional and
novel isozymes in that it has a Glu at
the hydrophobic motif phosphorylation site. These data are consistent
with Hsp90 binding and facilitating
the phosphorylation of conventional and novel PKC isozymes via
the conserved PXXP motif.
Inhibition of Hsp90 Activity
Results in the Down-regulation of
PKC via a Proteasome-mediated
Pathway—Chaperones, such as
Hsp90, not only facilitate the proper
folding and maturation of kinases
but also stabilize vulnerable strucFIGURE 7. Inhibition of Hsp90 down-regulates PKC through a proteasome-dependent mechanism in a
cell-type-dependent manner. A, COS7 cells were transiently transfected with WT PKC ␤II (lanes 1–5) or PKC tural conformations that are sus␤II-616A/P619A (lanes 6 –10). Cells were treated with 17-AAG (1 M) for the indicated times. Whole cell lysates ceptible to degradation mechawere analyzed by Western blotting for total PKC (PKC ␤II) and total protein content (␤-actin). The asterisk
denotes the position of fully phosphorylated PKC, and the dash denotes the position of unphosphorylated PKC. nisms (6, 8). Therefore, we next
B, a graph representing densitometric analysis of Western blots shown in A. The relative amounts of WT PKC ␤II addressed whether Hsp90 serves an
(white circles) and PKC ␤II-P616A/P619A (white squares) are indicated. Data are representative of three inde- additional stabilizing role for PKC.
pendent experiments. C, COS7 cells were transiently transfected with WT PKC ␤II (left) or PKC ␤II-P616A/P619A
(right). Cells were then treated with 17-AAG (1 M, lanes 2–3, 11–12), MG-132 (10 M, lanes 5– 6, 14 –15), or both COS7 cells were transfected with
(lanes 8 –9, 17–18) for the times indicated. Whole cell lysates were separated by SDS-PAGE and analyzed by either WT PKC ␤II or PKC ␤II
Western blotting. PKC ␤II and ␤-actin were detected with the indicated antibodies. The asterisk denotes the
position of fully phosphorylated PKC, and the dash denotes the position of unphosphorylated PKC. Data are P616A/P619A and treated with
representative of three independent experiments. D, COS7 cells were treated with 17-AAG (1 M) for the 17-AAG for increasing time; proindicated times. Whole cell lysates were analyzed by Western blotting for endogenous PKC ␣, PKC ␦, PKC , and tein levels in whole cell lysates were
␤-actin for total protein loading. Data are representative of three independent experiments. E, HeLa cells (lanes
1–3), MCF-10A cells (lanes 4 – 6), and MCF7 cells (lanes 7–9) were treated with 17-AAG (1 M) for the indicated analyzed by Western blot (Fig. 7A).
times. Whole cell lysates were analyzed by Western blotting for endogenous PKC ␣, PKC ␦, PKC , and ␤-actin for The top panel in Fig. 7A shows that
total protein loading. Data are representative of three independent experiments.
WT PKC ␤II was significantly
depleted by 12 h (lane 4) and absent
upper panel), normalized to the amount of Hsp90 in the lysate by 24 h (lane 5) with inhibitor treatment. 17-AAG also down(Lysate, upper panel), indicated striking isozyme-specific regulated PKC ␤II-P616A/P619A (lanes 6 –10; darker expoeffects of perturbing the PXXP motif. Notably, mutation of the sure). Quantitative analysis of the PKC levels normalized to
PXXP motif in the conventional PKC ␣ dramatically reduced actin (bottom panel) revealed that PKC ␤II-P616A/P619A was
the interaction with Hsp90 to ⬃10% of the level bound to WT ⬃10-fold more sensitive to Hsp90 inhibition than WT PKC ␤II
PKC ␣ (Fig. 6B, ***, p ⬍ 0.001, n ⫽ 3). This protein migrated (Fig. 7B, half-time for depletion of PKC ␤II-P616A/P619A was
with a faster mobility than wild-type PKC ␣ on SDS-PAGE ⬃1 h when compared with 10 h for WT PKC ␤II). These data
(lane 6, dash), indicating that it, like its counterpart in PKC ␤II, indicate that Hsp90 activity not only controls the processing of
was not processed by phosphorylation. This result is consistent PKC but also the degradation of PKC.
Studies have shown that Hsp90 inhibition leads to downwith Hsp90 inhibition slowing the maturation of endogenous
PKC ␣ in COS7 cells (Fig. 5C). Similarly, mutation of the PXXP regulation via ubiquitination and degradation by the proteamotif in the novel PKC ␦ reduced the interaction with Hsp90; some (29, 49). To determine whether the down-regulation we
⬃70% less Hsp90 was observed in the immune complex of the observed with 17-AAG occurred via a proteasome-mediated
mutant when compared with that of WT PKC ␦ (Fig. 6D, *, p ⬍ pathway, COS7 cells were transfected with WT PKC ␤II or PKC
0.05, n ⫽ 3). Indeed, similar to that of the conventional PKCs, ␤II-P616A/P619A, pretreated with the proteasome inhibitor
the maturation of PKC ␦-P617A/P620A is impaired, and it has MG-132, and then treated with 17-AAG for 12 or 24 h (Fig. 7C).
reduced phosphorylation at both the turn and the hydrophobic The Western blot in Fig. 7C reveals that the steady-state levels
motif sites (data not shown), although the mobility of the of both WT PKC ␤II and PKC ␤II-P616A/P619A were reduced
mutant is not detectably different from that of WT PKC ␦ (Fig. following 17-AAG treatment, as reported above (Fig. 7C, lanes
6C, middle panel). Pulse-chase analysis of another novel PKC 2–3 and lanes 11–12). Pretreatment with MG-132 completely
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Hsp90-binding regions, flank the N and C-terminal ends of the
PXXP motif, respectively.
Previous analysis of AGC kinase sequences and structure had
identified key residues in the ␣E-helix of the catalytic domain
that serve as a docking site for the PXXP motif (36). In particular, a conserved tyrosine (Tyr-446) in the ␣E-helix maximally
packs up against Pro-616 in the PXXP motif to simulate a
molecular clamp (Fig. 9). Sequence alignment portrays that this
Tyr is conserved in several AGC family members, including all
PKC isozymes, Akt, and PKA (Fig. 8C, red). To test whether
mutation of this conserved Tyr in PKC ␤II (Tyr-446) to an Ala
would recapitulate the processing defect of the PKC ␤IIP616A/P619A mutant, COS7 cells were transfected with empty
vector, WT PKC ␤II, or PKC ␤II-Y446A, and whole cell lysates
were analyzed by Western blot. The Western blot in Fig. 8D
indicates that the Y446A construct migrated as the faster
mobility, unphosphorylated form (dash). Consistent with this
result, a phospho-specific antibody to the hydrophobic motif
site (pSer-660) did not detect any phosphorylation of this
mutant (middle panel, asterisk; note that the upper band
labeled with the pSer-660 antibody in the vector and Y446A
lanes represents endogenous PKC ␣). Furthermore, the Y446A
mutant was not labeled by phospho-specific antibodies to the
other two sites, Thr-500 and Thr-641 (data not shown). Thus,
perturbation of the intramolecular clamp between the ␣E helix
and the PXXP segment by mutation of Tyr-446 recapitulated
the processing defect observed upon mutation of the PXXP
motif.
Lastly, we wanted to determine whether mutation of Tyr446, similar to mutation of the PXXP motif that abrogated maturation, abolished Hsp90 binding. COS7 cells were transfected
with vector, WT PKC ␤II, PKC ␤II-K371R, PKC ␤II-P616A/
P619A, or PKC ␤II-Y446A, the PKC was immunoprecipitated,
and bound endogenous Hsp90 was detected by Western blot
(Fig. 8E, upper panel, IP). As reported above, Hsp90 bound both
WT PKC ␤II and PKC ␤II-K371R (upper panel, IP, lanes 2–3).
However, Hsp90 failed to bind either the PKC ␤II-P616A/
P619A mutant or the PKC ␤II-Y446A mutant (upper panel, IP,
lanes 4 –5, n ⫽ 3). These data are consistent with Hsp90 binding
a surface that is structured by the PXXP motif and ␣E helix.

DISCUSSION
The foregoing data demonstrate that the molecular chaperones, Hsp90 and Cdc37, control the processing by phosphorylation of conventional and novel PKC isozymes. Binding of these
chaperones is dependent upon a molecular clamp that is
formed between a conserved PXXP motif in the C-terminal tail
of PKC and determinants in the ␣E helix of the catalytic
domain. Perturbation of this structural motif by mutation or
pharmacological inhibition of the chaperones results in an
abrogation of the maturation process. Of the two C-terminal
phosphorylation sites on PKC, only that of the hydrophobic
motif is sensitive to Hsp90 inhibition. In addition, we show that
Hsp90 has a second role in stabilizing conventional, novel, and
atypical PKC isozymes. Thus, the Hsp90-Cdc37 complex plays
an essential role in allowing the maturation of isozymes that
require hydrophobic motif phosphorylation and, additionally,
in stabilizing all subclasses of this family of kinases.
JOURNAL OF BIOLOGICAL CHEMISTRY

4931

Downloaded from www.jbc.org at Biomedical Library, UCSD on February 13, 2009

protected the PKC ␤II-P616A/P619A construct from degradation both in the absence (lanes 14 –15) as well as in the presence
17-AAG (lanes 17–18); in fact, inhibition of the proteasome
dramatically increased the steady-state levels of this construct.
The proteasome inhibitor also prevented the 17-AAG-triggered depletion of WT PKC ␤II (lanes 8 –9). Note that the
proteasome inhibitor resulted in the accumulation of
dephosphorylated PKC (dash); this is consistent with the
dephosphorylated species of PKC being degraded by proteasomal pathways. These data demonstrate that Hsp90 protects
PKC from proteasomal degradation, as reported previously for
other client proteins.
To determine whether long term Hsp90 inhibition downregulated other PKC isozymes, we examined the levels of
endogenous PKC ␣, PKC ␦, and PKC  in COS7 cells upon
treatment with 17-AAG (Fig. 7D). Hsp90 inhibition resulted in
a significant loss of each of these isozymes (lane 5). Although
Hsp90 regulation of the processing of PKC is an isozyme-specific process, these data illustrate that Hsp90 control of the
degradation of PKC is not isozyme-specific. However, because
a previous study reported that PKC is insensitive to 17-AAGinduced down-regulation in MCF7 cells (11), we investigated
whether the 17-AAG-induced degradation depended on cell
type. To this end, we treated HeLa cells (Fig. 7E, lanes 1–3),
MCF-10A cells (lanes 4 – 6), or MCF7 cells (lanes 7–9) with
17-AAG for 0, 12, or 24 h and monitored endogenous PKC
levels. PKC ␣, PKC ␦, and PKC  levels were dramatically
reduced in both HeLa and MCF-10A (a normal breast cell line)
cells (Fig. 7E, lanes 1– 6, top three panels). In marked contrast,
17-AAG caused only a very modest degradation of PKC
isozymes in MCF7 cells (a breast cancer cell line), even after
24 h treatment (Fig. 7E, lanes 7–9, top three panels). Therefore,
the efficiency of Hsp90-mediated stabilization of PKC isozymes
depends on cell type.
Mutation of a Conserved Tyr That Interacts with the PXXP
Motif Recapitulates the Defect of Mutating the PXXP Motif—To
determine whether the interaction of Hsp90 with PKC was
mediated directly by the PXXP motif, or whether, instead, the
PXXP motif indirectly controls the binding of Hsp90, we performed a peptide walk of the PKC sequence and asked which
segments bind Hsp90. Specifically, 18-mer peptides derived
from the catalytic domain of PKC ␤II (amino acids 342– 673),
moving down the sequence 2 residues at a time, were spotted
onto a membrane, which was then incubated with purified
Hsp90 protein. Hsp90 specifically bound clusters of sequences;
these are shown in Fig. 8A, with the sequence of the spotted
peptide shown to the right of the peptide spot. Four interacting
regions were detected in the array: the Gly-rich loop, the ␣C-␤4
loop, the ␣D-helix, and the novel ␣ helix and turn motif (highlighted in red) sequences of PKC ␤II (Fig. 8A) (50). Interestingly, Hsp90 did not significantly bind the peptide sequences
that contained the PXXP motif (highlighted in blue in the novel
␣ helix and turn motif segment). These data show that Hsp90
directly binds peptide segments that are proximal to the PXXP
motif but not the PXXP motif itself. These binding surfaces are
mapped onto the structure of PKC ␤II (Fig. 8B, dark blue). Note
that the ␣C-␤4 loop and the ␣D-helix, two of the strongest
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The PXXP Motif Forms an Intramolecular Clamp—Our
findings show that the PXXP motif is critical for the maturation and proper catalytic function of PKC. Specifically, the
PXXP motif anchors the flexible C-terminal tail to the catalytic core by forming a molecular clamp with residues in the
␣E-helix. A number of residues in this clamp, including the
sequence FYAAE, are conserved across all AGC kinases.
Mutation of the conserved Tyr (Tyr-446 in PKC ␤II) in this
sequence mimics the processing defect of mutating the
PXXP motif in PKC ␤II. Thus, mutation of either portion of
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this clamp, i.e. the PXXP motif or the conserved Tyr of the
␣E-helix, perturbs the structure of the catalytic domain, preventing Hsp90-Cdc37 from binding and thus inhibiting the
maturation of PKC by phosphorylation. In support of this
model, mutation of the adjacent conserved Phe, Phe-445 in
PKC ␤II, also mimics the processing defect of mutating the
PXXP motif (data not shown). Thus, the PXXP motif serves
as a folding nucleus to modulate events necessary for proper
catalytic function by promoting interaction with the Hsp90Cdc37 complex.
VOLUME 284 • NUMBER 8 • FEBRUARY 20, 2009
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FIGURE 8. Mutation of a conserved Tyr in the ␣E-helix of the catalytic domain of PKC ␤II mimics the defect of the PXXP mutant, PKC ␤II-P616A/P619A.
A, peptide overlay of the catalytic domain of PKC ␤II with purified Hsp90␣. Eighteen-residue peptides covering the catalytic domain (amino acids 342– 673) of
PKC ␤II and staggered by two amino acids were spotted onto a membrane and overlaid with 100 nM Hsp90␣, and Hsp90 binding was detected with an
anti-Hsp90 antibody. The residues highlighted in blue are the PXXP motif, and the residues highlighted in red are the residues delineating the turn motif
phosphorylation site. B, ribbon diagram representation of the catalytic domain of PKC ␤II. A homology model of the PKC ␤II was built using the crystal structure
of PKC  (Protein Data Bank number: 1XJD) as the template. The C-terminal tail is highlighted in dark red with the Pro of the PXXP motif as yellow surface
representations. The processing phosphorylation sites (activation loop (Thr-500), turn motif (Thr-641), and hydrophobic motif (Ser-660)) are shown as stick
representations (orange and green). The regions identified in the peptide overlay are mapped onto the catalytic domain and are highlighted in dark blue.
C, partial sequence alignment of part of the conserved ␣E-helix in the AGC kinases, the PKCs, Akt1, and PKA. A conserved Tyr is highlighted in red. D, COS7 cells
were transiently transfected with empty vector (lane 1), WT PKC ␤II (lane 2), or PKC ␤II-Y446A (lane 3). Whole cell lysates were analyzed for total PKC (PKC ␤II),
phosphorylated PKC (pSer-660), and total protein content (␤-actin) by Western blotting. The asterisk denotes the position of phosphorylated PKC, and the dash
denotes the position of unphosphorylated PKC. E, COS7 cells were transfected with empty vector (lanes 1 and 6), WT PKC ␤II (lanes 2 and 7), PKC ␤II-K371R (lanes
3 and 8), PKC ␤II-P616A/P619A (lanes 4 and 9), or PKC ␤II-Y446A (lanes 5 and 10). PKC was immunoprecipitated (IP) from detergent-solubilized lysates, and
endogenous Hsp90 interaction was assessed by Western blot. Five percent of the detergent-solubilized lysates was analyzed to show the amount of Hsp90 and
PKC ␤II present in the lysate. The asterisk denotes the position of fully phosphorylated PKC, and the dash denotes the position of unphosphorylated PKC. Data
are representative of three independent experiments.

Regulation of PKC maturation by Hsp90 and Cdc37

The PXXP motif is conserved across all AGC kinases and may
also serve a common function. Our data indicate that Hsp90
facilitates maturation for both conventional and novel PKC
isozymes. Studies with Akt have shown that this PXXP motif is
necessary for proper localization in T-cells as well as activation
(51, 52). Indeed, the Akt1 PXXP mutant P424A/P427A is
unphosphorylated, catalytically inactive, and migrates as a
faster mobility species (52). Inhibition of Hsp90 blocks the activation and maturation of Akt (12). Whether the PXXP motif
controls Akt maturation in the same manner as it does for PKC
remains to be established.
PKC Is a Client Kinase of the Hsp90-Cdc37 Chaperone
Complex—The Hsp90-Cdc37 complex has over 100 known client kinases involved in a wide array of signaling pathways (53).
PDK-1 and Akt, both members of the AGC kinase superfamily,
have been previously established as clients of these chaperones
(11–13). The identification of PKC as another client of the
Hsp90-Cdc37 chaperone complex underscores the importance
of this chaperone in kinase regulation. In the case of PKC, the
chaperoning activity of Hsp90-Cdc37 serves two purposes: 1)
facilitating the maturation of PKC by processing phosphorylations and 2) regulating the stability of PKC.
An intact PXXP motif is required for the selective binding of
Hsp90 to unphosphorylated, unprocessed forms of PKC when
compared with phosphorylated PKC. The tight binding of
Hsp90 to mutants of PKC that cannot be phosphorylated (e.g.
kinase-inactive mutant PKC ␤II-K371R or the turn motif
mutant PKC ␤II-T641AAA (data not shown (38)) is abolished
upon mutation of the PXXP motif. Thus, the PXXP motif critically regulates the binding of Hsp90 to unphosphorylated PKC.
In order for PKC to mature into a catalytically competent
enzyme, it must first undergo three processing phosphorylations on the activation loop, the turn motif, and the hydrophobic motif. The activation loop step is dependent upon the
upstream kinase PDK-1, whereas the latter two phosphorylation steps rely on accessory protein complexes and autophosFEBRUARY 20, 2009 • VOLUME 284 • NUMBER 8
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FIGURE 9. Structural representation of the residues that comprise the
molecular clamp between the PXXP motif and catalytic core. The PXXP
motif in the C-terminal tail (highlighted in dark red) and the determinants in
the ␣E-helix of the catalytic domain are highlighted in yellow. Other key
regions, such as the ␣C-␤4 loop, C-helix, D-helix, interlobe linker, and the
activation loop, of the catalytic domain are also represented. The tethering of
the ␣C-␤4 loop and the interlobe linker by the C-terminal tail is highlighted by
black arrows.

phorylation. Hsp90 does not appear to be necessary for the first
phosphorylation step by PDK-1 because the PKC ␤II-P616A/
P619A mutant was phosphorylated by PDK-1 in vitro and
bound PDK-1 in cells, although it was unable to complete the
maturation process in cells. Recent studies have shown that
Hsp90 is necessary to stabilize mutants in Akt and PKC that
lack turn motif phosphorylation, which is promoted by the
mTORC2 complex (29, 30). However, our data reveal that
phosphorylation at the turn motif site is not sensitive to Hsp90
inhibition. The rate of processing of a mutant with a constitutive negative charge at the hydrophobic motif (PKC ␤II S660E)
is not slowed by Hsp90 inhibition, whereas the rate of processing of a mutant with a constitutive negative charge at the turn
motif (PKC ␤II T641E) is slowed. These data suggest that
Hsp90-Cdc37 facilitates the hydrophobic motif phosphorylation step. Consistent with this model, the processing of atypical
PKC isozymes, which have a Glu at the phospho-acceptor position of the hydrophobic motif, is not impaired by mutation of
the PXXP motif.
How Hsp90 facilitates the phosphorylation of the hydrophobic motif is not clear. Enzymological studies with pure protein
have demonstrated that, in the case of PKC ␤II, this site is autophosphorylated by an intramolecular mechanism (54). This
result would suggest that this segment of the C-terminal tail
must access the active site during the maturation of PKC. Thus,
one possibility is that Hsp90 facilitates conformational transitions that allow this to occur. It is noteworthy that mutation of
the hydrophobic motif site to Ala in either PKC ␣ or PKC ␤II
does not prevent the maturation of PKC. Although constructs
with Ala at this position are less stable than phosphorylated
wild-type enzyme, they are nonetheless phosphorylated at the
PDK-1 site and turn motif and retain catalytic activity (38, 55).
Thus, Hsp90 not only facilitates the phosphorylation of the
hydrophobic motif, but it likely plays an additional role in the
maturation of PKC.
Once phosphorylated, the hydrophobic motif phosphorylation site serves as an important site of regulation in AGC
kinases. Phosphorylation at the hydrophobic motif promotes a
stable, active, and phosphatase-resistant kinase; dephosphorylation of this site in PKC promotes its ubiquitination and downregulation (56). Structural studies have shown that hydrophobic motif phosphorylation in AGC kinases stabilizes the N-lobe
of the kinase domain by docking into a hydrophobic groove.
This interaction leads to an ordering of the ␣C helix that allows
optimal binding to ATP and also stabilizes a closed, active conformation by interacting with the activation loop phosphate
(57, 58). Studies have shown that Hsp90-Cdc37 can bind to the
N-lobe and ␣C helix of the catalytic domain of various client
kinases, which are important regions involved in kinase dynamics (8, 59). Because hydrophobic motif phosphorylation is necessary for generation of a stable, active kinase for PKC, it is
plausible that the role of Hsp90-Cdc37 in the maturation process is to stabilize these regions as PKC completes its maturation.
In addition to its role in facilitating maturation, the Hsp90Cdc37 complex also stabilizes PKC. Long term treatment with
Hsp90 inhibitors promotes the down-regulation of PKC
isozymes by a proteasomal-dependent mechanism. Interestingly, we also observed rapid down-regulation of PKC ␤II-
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P616A/P619A, suggesting that any residual interaction occurring with Hsp90 was sensitized to Hsp90 inhibition. This
17-AAG-induced down-regulation was observed in all PKC
isozyme families. Indeed, Hsp90 inhibition leads to the degradation of other client kinases (8, 53). However, this effect is cell
type-dependent. A previous study reported that PKC was not a
client of Hsp90 by assessing 17-AAG-induced down-regulation
in MCF7 cells (11). Consistent with this, we see decreased PKC
levels in not only COS7 cells but also HeLa and MCF-10A cells,
but we did not observe as striking a decrease in MCF7 cells.
These findings indicate that Hsp90 regulation of PKC is celltype dependent and may reflect abnormalities within signaling
pathways of different cell environments.
PKC, Hsp90, and Cdc37 in Cancer—Altered expression levels
of both PKC ␤II and the molecular chaperones Hsp90 and
Cdc37 have been observed in various cancers (21, 24, 25, 60).
These chaperones are unique as oncogenes because they promote tumorigenicity by stabilizing overexpressed or mutated
oncogenic proteins (6). Whether PKC levels are elevated in cancer because of defective interaction with Hsp90-Cdc37 remains
to be established. However, it is noteworthy that a recent study
of the genes mutated in glioblastoma multiforme identified a
mutation in PKC ␣, P613S, as a cancer-driving mutation (5).
This residue in PKC ␣ corresponds to the first Pro of the PXXP
motif (Fig. 1B). Based on our data, it is tempting to speculate
that the tumorigenic phenotype could arise from the lack of
processing of PKC ␣ due to mutation of the PXXP motif. Interestingly, a recent study has shown that PKC ␣ protein expression is necessary for glioma cell proliferation and not necessarily its kinase activity (61).
Hsp90 has become an appealing drug target in cancer therapeutics. A recent study showed that the Hsp90 inhibitor
17-AAG potentiated the activity of the PKC ␤II-specific inhibitor, enzastaurin, in malignant glioma (62). Although Akt activity is up-regulated in this cancer pathway (62), the efficacy of
these two inhibitors could also be explained by Hsp90 regulation of PKC. The identification of PKC as a client of the Hsp90Cdc37 chaperone complex suggests that Hsp90 and PKC inhibitors could serve as potential therapeutics in treating
pathologies that have associated PKC mutations or elevated
levels of PKC.
Summary—Our data reveal that PKC is a client kinase of the
Hsp90-Cdc37 chaperone complex. Interaction with these
chaperones depends on a molecular clamp created by a conserved PXXP motif in the C-terminal tail and determinants in
the ␣E helix of the catalytic domain (Fig. 9). Hsp90-Cdc37
serves two functions for PKC. 1) It facilitates maturation into a
signaling-competent enzyme, and 2) it stabilizes the mature
enzyme. These data identify new molecular mechanisms that
regulate the function and stability of PKC. Knowledge of these
mechanisms could be helpful in the design of therapies to target
pathologies that have aberrant PKC signaling.
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