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Abstract
PKNs form a subfamily of the AGC serine/threonine protein kinases, and have a catalytic domain
homologous with that of PKC (protein kinase C) in the C-terminal region and three characteristic
ACC (antiparallel coiled-coil) domain repeats in the N-terminal region. The preferred peptide
phosphorylation motif for PKNs determined by a combinatorial peptide library method was highly
similar to that of PKCs within a 10-amino-acid stretch. Previously reported PKN inhibitory
compounds also inhibit PKCs to a similar extent, and no PKN selective inhibitors have been
commercially available. We have identified a 15-amino-acid peptide inhibitor of PKNs based on
amino acids 485–499 of the C-terminal region of the C2-like domain of PKN1. This peptide,
designated as PRL, selectively inhibits the kinase activity of all isoforms of PKN (Ki = 0.7 μM)
towards a peptide substrate, as well as autophosphorylation activity of PKN in vitro, in contrast
with PKC. Reversible conjugation by a disulfide bond of a carrier peptide bearing a penetration
accelerating sequence to PRL, facilitated the cellular uptake of this peptide and significantly
inhibited phosphorylation of tau by PKN1 at the PKN1-specific phosphorylation site in vivo. This
peptide may serve as a valuable tool for investigating PKN activation and PKN-mediated
responses.
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INTRODUCTION
PKN (protein kinase novel) is a serine/threonine protein kinase with a catalytic domain
highly homologous with that of the PKC (protein kinase C) family at its C-terminal region
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and three repeats of an ACC (antiparallel coiled-coil) domain and a C2-like domain at its N-
terminal region [1]. PKN can bind to and be activated by the small GTPase Rho, and it can
also be activated by fatty acids, such as arachidonic acid, in vitro [1]. The PKN pathway has
been so far analysed primarily using expression of PKN constructs or RNAi (RNA
interference) techniques in cells. These studies have implicated PKNs in a range of
physiological processes such as cytoskeletal regulation, vesicle transport and cell-cycle
regulation (reviewed in [1], [2–5]), as well as in some pathological conditions including
cancer development and metastasis [6–8], Alzheimer’s disease [9], retinitis pigmentosa [10]
and amyotrophic lateral sclerosis [11].

Mammalian PKN has three isoforms derived from different genes: PKN1 (PKNα/PRK1/
PAK1), PKN2 (PRK2/PAK2/PKNγ) and PKN3 (PKNβ). It is also recognized that at least
two isoforms result from the alternative splicing of the PKN1 gene (H. Mukai, unpublished
work). These PKN isoforms have well-conserved ACC, C2-like and catalytic domains, but
show distinct enzymatic properties and tissue distributions. PKN isoform-selective targeted
knockout or knockdown experiments would therefore appear to be beneficial for
understanding the in vivo function of PKN. However, interpretation of knockout phenotypes
can be confounded by possible functional redundancy between isoforms, and by the
potential for alteration in signalling fidelity accompanying prolonged change in the levels of
signalling molecules. PKN has been suggested to bind to various proteins (reviewed in [1],
[12–14]) and also to have a scaffolding function in cells [15], suggesting that simple
knockout or knockdown may disrupt protein complexes or impair functional interactions
among proteins irrespective of the protein kinase activity of PKN. Accordingly, inhibitors of
the PKN pathway would be useful tools that can be rapidly applied and would not alter the
expression of PKNs to achieve direct and specific inhibition.

As speculated from the structural resemblance among catalytic domains of PKNs and PKCs,
PKNs have been reported to efficiently phosphorylate established substrates for PKCs in
vitro [1]. For example, synthetic oligopeptides based on the pseudo-substrate sites of PKCs
are good substrates for PKNs [16], and PKN1 efficiently phosphorylates identical sites on
MARCKS (myristoylated alanine-rich C-kinase substrate) [17] and vimentin [18] to PKCs
in vitro. In Drosophila the kinase domain of PKC53E, a PKC family kinase, could
functionally substitute for the kinase domain of Pkn during development, although the
rescue efficiency was low [19]. This observation suggests that these two kinases can overlap
in their spectrum of potential phosphorylation substrates in vivo in Drosophila. The well
known kinase inhibitor reagents for PKC such as bisindolylmaleimide I and H-7 also
potently inhibit kinase activity of PKN [20], and commercially available peptide inhibitors
sold as being specific for PKC also affect the kinase activity of PKN with similar Ki values
as PKC (K. Shiga and H. Mukai, unpublished work). In light of these observations, progress
in evaluating the function of the PKC subfamily that has been facilitated by these so-called
PKC inhibitors, should be re-evaluated. Although high sequence similarity suggests that the
PKN isoform selectivity may be difficult to achieve with small molecule or peptide
inhibitors, reagents that can selectively inhibit PKNs, but not PKCs, would be an important
tool to focus on and evaluate the physiological function of PKNs as distinct from PKCs.

In the present study we describe a peptide inhibitor that is selective for PKN family
members over PKCs. This peptide could be efficiently delivered into cells by conjugation to
a CPP (cell-penetrating peptide) bearing a novel penetration accelerating sequence (PasR8:
FFLIPKGRRRRRRRR; where Pas is penetration accelerating sequence) in the presence of
pyrenebutyrate, and selectively inhibited PKN1-induced phosphorylation of tau in vivo.
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MATERIALS AND METHODS
Peptide synthesis

Peptides for library screening were synthesized as described previously [21]. Table 1 lists
the range of the peptide sequences used in the present study. δpeptide, S6, TAT-PRL, NER,
AEV, PVI, PRL and QKK peptides were commercially synthesized by BEX. For the
preparation of PRL-SS-PasR8, the PRL and PasR8 segments bearing a cysteamine and
cysteine at the C-termini (PRL-SH and FFLIPKGRRRRRRRRGC-amide) were prepared by
Fmoc (9-fluorenylmethoxycarbonyl)-solid-phase peptide synthesis using the cysteamine 4-
methoxytrityl (Novabiochem) and TGS-RAM (Shimadzu) resins respectively, followed by
deprotection using trifluoroacetic acid/ethanedithiol (95:5) and purification by HPLC
[22,23]. The thiol group of the PRL-SH peptide thus obtained was activated by treatment
with 2,2′-dithiodipyridine [23], and the selective disulfide cross-linkage was formed with
FFLIPKGRRRRRRRRGC-amide to yield PRL-SS-PasR8. Other disulfide-linked peptides
were similarly prepared. The structure of the products was confirmed by MALDI–TOF-MS
(matrix-assisted laser-desorption ionization–time-of-flight MS)

Recombinant proteins
pDESTvectors were used for GST (glutathione transferase) fused to the catalytic domain of
rat PKCα (corresponding to amino acids 332–end), rat PKCβII (corresponding to amino
acids 329–end), rat PKCγ(corresponding to amino acids 344–end), rat PKCδ
(corresponding to amino acids 328–end), mouse PKCλ(corresponding to amino acids 235–
end; full length PKCλcDNA was kindly provided by Dr Ohno, Yokohama City University,
Yokohama, Japan), rat PKCζ(corresponding to amino acids 850–end), human PKN1
(corresponding to amino acids 543–end), human PKN3 (corresponding to amino acids 517–
end) and mouse PKN3 (corresponding to amino acids 521–end). Each plasmid was
transformed into DH10Bac cells (Bac-to-Bac baculovirus expression system; Invitrogen) to
generate recombinant baculovirus bacmid DNA. Bacmid DNA was transfected into Sf9
insect cells using Cellfectin reagent (Invitrogen) to produce recombinant baculovirus.
Production and affinity purification of GST-fusion proteins was carried out as previously
described [24]. GST-fused human PKN2 and rat PKCε were prepared as described
previously [24,25]. GST-tagged oligopeptides were constructed by subcloning DNA
encoding each peptide into pGEX-5X-1, as listed in Table 2.

Peptide library screening
Phosphorylation-site-specificity was determined using a positional scanning peptide library
as described previously [26].

In vitro kinase assay
In order to assess the peptide kinase activity of PKN and PKC, 10 ng of purified kinase was
incubated for 5 min at 30 °C in a reaction mixture (final volume of 25 μl) containing 20 mM
Tris/HCl (pH 7.5), 4 mM MgCl2, 40 μM ATP, 18.5 kBq of [γ-32P]ATP, 100 μM ‘δpeptide’
based on amino acids 137–153 of PKCδ, substituting a serine residue for Ala147 (see Table
1) as the phosphate acceptor, 0.1 mg/ml BSA or recombinant GST as a stabilizer, and in the
presence or absence of the synthetic oligopeptides. The assays were conducted in a linear
range. Reactions were terminated by spotting the mixture on to P81 phosphocellulose paper
(Whatman) and submerging and washing in 75 mM phosphate buffer three times for 10 min
each. The incorporation of [32P]phosphate into δpeptide was assessed by Cherenkov
counting. In order to assess the autophosphorylation activity of PKN and PKCs, 10 ng of
purified kinase was incubated for 5 min at 30 °C in a reaction mixture (final volume of 25
μl) containing 20 mM Tris/HCl (pH 7.5), 4 mM MgCl2, 40 μM ATP, 18.5 kBq of
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[γ-32P]ATP, 0.1 mg/ml BSA or recombinant GST as a stabilizer, and in the presence or
absence of inhibitors. Reactions were terminated by the addition of 2 × Laemmli SDS/
PAGE sample buffer and boiling, and then a 10 μl aliquot was subjected to SDS/PAGE (10
% gel) followed by detection of radioactivity using a BAS2500 image analyser (Fujifilm). In
order to assay phosphorylation of GST-tagged oligopeptides by PKN1 and PKCs, 10 ng of
purified kinase was incubated for 5 min at 30 °C in a reaction mixture (final volume of 25
μl) containing 20 mM Tris/HCl (pH 7.5), 4 mM MgCl2, 40 μM ATP, 18.5 kBq of
[γ-32P]ATP, 0.1 mg/ml BSA as a stabilizer, and in the presence or absence of the synthetic
oligopeptide. Reactions were terminated by the addition of 2 × Laemmli SDS/PAGE sample
buffer and boiling, and then a 10 μl aliquot was subjected to SDS/PAGE (15 % gel)
followed by detection of radioactivity using a BAS2500 image analyser.

Mammalian expression constructs
pSG5/tau vector for the expression of tau was generated by insertion of cDNA encoding the
open reading frames of human brain tau (383 residues) into the mammalian expression
vector pSG5 (Stratagene) as described previously [27]. pTB701/ PKN1/AF3 vector
expressing a catalytically active form of PKN1 (aPKN) and pTB701/PKN1/AF3(K644E)
vector expressing a catalytically inactive mutant of PKN1 (iPKN) have been described
previously [27].

Cell culture, transfection, peptide treatment and Western blot analysis
HeLa cells were cultured at 37 °C in 5 % CO2 in DMEM (Dulbecco’s modified Eagle’s
medium) supplemented with 10 % FBS (fetal bovine serum) and antibiotics (50 units/ml
penicillin and 50 μg/ml streptomycin). HeLa cells seeded at 70 % confluency in 24-well
plates were transfected with 0.5 μg of pSG5/tau vector in combination with 0.2 μg of
pTB701 vector, or 0.2 μg of pTB701/PKN1/AF3 vector, or 0.2 μg of pTB701/PKN1/
AF3(K644E) vector using 2 μl of Hilymax (Dojindo) for 20 h. After removing the medium,
the cells were washed twice with PBS. The cells were incubated with or without the
synthetic oligopeptides and pyrenebutyrate as described previously [28] for 20 min. Cell
lysates were prepared and subjected to immunoblot analysis using appropriate antibodies.

Antibodies
A polyclonal antibody, HIA3, was raised in rabbit against a synthetic phosphopeptide,
CLSKVTS(P)KCGSL, where S(P) represents phosphoserine, as described in [27]. A
monoclonal antibody, HIHT1, was raised in mouse against a recombinant N-terminal protein
corresponding to residues 1–190 without residues 45–102 of tau, as described in [27].
Animal experimentation was performed in accordance with the regulations of the Hyogo
Institute for Aging Brain and Cognitive Disorders.

RESULTS
Determination of PKN substrate specificity

Many protein kinases identify their target substrates via recognition of a specific sequence of
amino acids surrounding a phosphorylation site. Peptides that correspond to this motif have
the potential to be substrate competitive inhibitors [29]. We used a previously developed
positional scanning peptide library assay to identify the optimal phosphorylation motifs for
two PKN family members, PKN1 and PKN3 [26,30]. This assay utilizes 198 distinct
biotinylated peptide libraries. Each library has a 1:1 mixture of serine and threonine fixed at
the central position and one additional position fixed to one of the 20 natural amino acids.
Other positions surrounding the central serine/threonine mixture contain a degenerate
mixture of amino acids. Phosphothreonine and phosphotyrosine were included at the fixed
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positions to identify potential requirements for priming phosphorylation events. A GST-
tagged catalytic fragment of PKN1 or PKN3 was purified from Sf9 cells and a kinase assay
was performed in solution on all peptide libraries simultaneously using radiolabelled ATP.
The biotinylated peptides were then captured with a streptavidin-coated membrane and the
extent of incorporation of radiolabelled phosphate into each of the peptides was visualized
as shown in Figure 1. PKN1 and PKN3 both demonstrated strong selections for arginine at
the − 3 position and also preferred hydrophobic amino acids, such as phenylalanine, at the +
1 position and basic residues at several positions downstream of the phosphorylation site
(Figure 1). In addition, we observed that this phosphorylation motif is very similar to the
phosphorylation motifs for a number of PKC family members [30–32], supporting the
conclusion that PKNs and PKCs are likely to share overlapping substrate pools.

Quantification of selectivity values for each amino acid at each position relative to the
phosphorylation site suggested the sequence ‘KRRKPSFRNP’ as the preferred PKN peptide
substrate, which we designate ‘NS1’. NS1 peptide fused to GST was purified from bacteria
and subjected to an in vitro PKN1 kinase assay. Whereas PKN1 did not phosphorylate GST
alone [20], GST–NS1 was efficiently phosphorylated by PKN1. As NS1 was also efficiently
phosphorylated by PKCα and PKCδ, we attempted to design alternative peptide substrates
based on the sequence of NS1 which could be phosphorylated by PKN and not PKCs (Table
2). However, we were unable to identify a 10-aminoacid peptide that could be preferentially
phosphorylated by PKN (Figure 2).

Ser320 of tau, a microtubule-associated protein can be phosphorylated in vitro by PKN, but
not PKC [27]. We therefore also prepared GST fused to a 10-amino-acid peptide
corresponding to the sequence surrounding Ser320 of tau (tau320 in Table 1). We subjected
this fusion protein to an in vitro kinase assay, and found that this peptide was efficiently
phosphorylated by both PKN1 and PKCδ (see Supplementary Figure S1 at http://
www.BiochemJ.org/bj/425/bj4250445add.htm). Taken together, these results suggest that
although PKN substrate specificity is largely determined by the sequence context of
phosphorylation sites, other factors, such as alternative protein–protein interactions between
PKN and its substrates, are also likely to play an important role in fine-tuning PKN substrate
specificity.

Design of the specific inhibitory peptide for PKN based on the Iα region
Competitive inhibitors for some protein kinases have been derived from autoinhibitory
pseudosubstrate regions located outside the catalytic domain [33,34]. The region comprising
amino acid residues 455–511 of PKN1 (designated as Iα), corresponding to the C-terminal
part of the C2-like region of PKN1, was reported to function as an autoinhibitory domain of
this enzyme [24]. Arachidonic acid, a potential regulator of PKN1, was shown to directly
interfere with the interaction between Iα and the catalytic domain of PKN1, and to relieve
the catalytic activity of wild-type PKN1 from autoinhibition by Iα [24]. His6-tagged Iα
inhibited the kinase activity of the catalytic domain of all isoforms of PKNs, but had no
inhibitory effect on PKA and PKCδ [24]. To determine the minimal region of Iα that can
retain PKN1-selective inhibitory properties, we synthesized three non-overlapping 17–20
amino acid peptides that collectively cover the entire Iα region (designated as NER, AEV
and QKK in Figure 3A). We also prepared two additional 15-amino-acid peptides
(designated as PVI and PRL in Figures 3A and 3B), each of which carries conserved
arginine and hydrophobic amino acids separated by three amino acid residues, which we
suspected could constitute pseudosubstrate regions based on the results from the peptide
library screen (Figure 1). The kinase activity of the catalytic domain of PKN1 was assayed
in the presence of various concentrations of each synthetic peptide, using a peptide substrate
based on the pseudosubstrate region of PKCδ (see δpeptide in Table 1). As shown in Figure
3(C), the PRL peptide potently inhibited the peptide kinase activity of PKN1 in a
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concentration-dependent manner. The AEV, QKK and PVI peptides, which share a portion
of the PRL sequence, partially inhibited the activity of PKN1, whereas the NER peptide did
not inhibit the activity of PKN1, even at concentrations up to 50 μM. Although the PRL
peptide contains a serine residue, the inhibition of PKN1 was not due to PRL being a
competitive substrate because it was not detectably phosphorylated by PKN1 (results not
shown). To assess whether the PRL peptide inhibits PKN specifically, we next examined its
ability to inhibit the activity of each PKN family member (human PKN1 and PKN2, and
mouse PKN3), as well as various PKC isoforms. As shown in Figure 3(D), the PRL peptide
potently inhibited the activities of the catalytic domain of all of the PKN family members,
whereas it partially inhibited PKCζ and PKCλ (members of the atypical PKC group) and
PKCε (a member of the novel PKC group) and did not inhibit PKCα, PKCβII and PKCγ
(members of the conventional PKC group). The PRL peptide rather slightly enhanced the
kinase activity of PKCδ (a member of the novel PKC group). The PRL peptide did not
inhibit the catalytic domain of PKA and Rho-kinase (ROCK2/ROKα) either, both of which
are also classified as AGC kinases (see Supplementary Figure S2 at http://
www.BiochemJ.org/bj/425/bj4250445add.htm). Next we examined the effect of PRL on the
kinase activity of the enzyme using GST-fused NS1 as a substrate. As shown in Figure 3(E),
PRL potently inhibited the kinase activity of PKN1 against GST–NS1, as well as GST–
δpeptide, compared with that of PKCβII. Kinetic analyses were carried out to characterize
the inhibition of PKN1 kinase activity by PRL. The data were fitted to the Michaelis–
Menten equation, which revealed that increasing concentrations of the PRL peptide
increased the apparent Km for the substrate δpeptide, without affecting Vmax (Figure 3F). A
re-plot of the apparent K m/Vmax values against inhibitor concentration demonstrated that
the PRL peptide inhibited PKN1 activity in a manner that was competitive with the substrate
δpeptide, with a Ki of 0.7 μM (Figure 3G). These observations suggest that the PRL peptide
is a promising candidate for a selective substrate competitive inhibitor of PKN.

PRL inhibits the autophosphorylation of PKN
We have previously reported that the autophosphorylation of PKN1 is involved in the
autoactivation of this enzyme [24,35]. We investigated whether the PRL peptide affects the
autophosphorylation activity of PKN1. As shown in Figure 4, the PRL peptide potently
inhibited the autophosphorylation of PKN1 in a concentration-dependent manner, but did
not significantly affect the autophosphorylation activity of conventional PKC isoforms even
at the 20 μM level.

Delivery of PRL into cells and inhibition of PKN in vivo
Next, we examined whether the PRL peptide could work as a cell-permeable PKN inhibitor.
We previously reported that Ser320 of tau protein is specifically phosphorylated by PKN,
and that the phosphorylated Ser320 is dephosphorylated by the calcium/calmodulin-
dependent protein phosphatase calcineurin in cultured cells [27]. In order to monitor the
kinase activity of PKN1 and to examine the effect of the PRL peptide in vivo, we co-
expressed tau protein with either active kinase or inactive mutant forms of PKN1 in cultured
cells, and subjected cell extracts to immunoblotting with a phosphospecific antibody (HIA3)
directed against the phosphorylated Ser320 of tau [27]. As expected from the previous
experiments, the HIA3 antibody did not react with lysates from mock-transfected HeLa cells
or from HeLa cells transfected with kinase-inactive PKN1. However, this antibody clearly
showed reactivity with lysates from cells transfected with active PKN1 (Figure 5A),
indicating that the immunoreactivity monitors in vivo PKN activity. Although the PRL
peptide inhibited PKN activation in vitro, when HeLa cells were treated with 100 μM PRL
for 20 min before preparation of the extract, no inhibition of PKN activation was observed
in vivo, presumably because of the inability of the peptide to cross cellular membranes (see
Supplementary Figure S3A at http://www.BiochemJ.org/bj/425/bj4250445add.htm). To
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allow for efficient entry of peptide into cells in culture, we modified the peptide with
membrane-translocating moieties. We first tried myristoylation of the inhibitor peptide in
order to increase its hydrophobicity and hence its cellular uptake [36]. Myristoylation of
PRL efficiently inhibited the activity of PKN, but lost its selectivity for PKN and also
significantly inhibited PKC in vitro (see Supplementary Figure S4A at http://
www.BiochemJ.org/bj/425/bj4250445add.htm). This may be related to a previous report that
myristoylation itself confers inhibitory activity to peptides against PKC [37]. We then tried a
second modification, linking a CPP to facilitate the intracellular delivery of PRL [38,39].
Several CPPs, including HIV-1 Tat (48–60) (TAT) [40], flock house virus coat (35–49)
(FHV) [22] and octaarginine (R8) [22], capable of transporting peptides have been described
previously. To satisfactorily increase the intracellular concentration of the PRL peptide, we
employed a novel extension sequence to improve the translocation of arginine-rich CPPs
(Pas: FFLIPKG) (K. Takayama, unpublished work) together with the R8 sequence (PasR8).
The TAT and FHV peptides were also employed for comparison of the efficiency in the
delivery of PasR8.

We initially synthesized the PRL peptide tandemly fused directly to these CPPs (sequences)
and subjected them to an in vitro kinase assay, but this resulted in the loss of selectivity for
PKN and in potent inhibition of both PKN and PKC (see Supplementary Figure S4B). We
therefore modified our approach by conjugating the PRL peptide to the CPP sequence
through a disulfide bond [41,42]. Owing to the reducing environment inside cells, the
disulfide bond is cleaved, releasing the peptide cargo upon intracellular delivery [43].
Cysteamine was employed as a linker to introduce a thiol to the PRL segment to minimize
steric hindrance to PRL (PRL-SH). PRL-SH, which should be liberated in cytosol from
PRL-SS-CPPs, showed selective inhibition of PKN in vitro, as for the original free PRL (see
Supplementary Figure S4C). Application of PRL-SS-CPPs to cells is therefore expected to
selectively inhibit PKN in vivo and is unlikely to be hampered by CPP-induced changes in
efficacy and localization.

Tau- and PKN-transfected HeLa cells were pre-incubated with pyrenebutyrate for 10 min,
followed by incubation with PRL-SS-CPPs for 20 min. Pyrenebutyrate is a counteranion
bearing an aromatic hydrophobic moiety which has been reported to improve the ability of
CPP-fused peptides to translocate across cellular membranes [28]. As shown in Figure 5(B),
PRL-SS-PasR8 strongly diminished immunoreactivity of tau with the HIA3 antibody,
whereas PRL-SS-FHV mildly and PRL-SS-TAT only slightly diminished the
immunoreactivity. DNER is a control 15-amino-acid peptide derived from the NER peptide
sequence that did not inhibit in vitro PKN kinase activity (results not shown). As shown in
Figure 5(B), DNER-SS-PasR8 did not significantly change immunoreactivity of tau with
HIA3. Similar results were obtained when we used CHO (Chinese-hamster ovary)-K1 cells
instead of HeLa cells (see Supplementary Figure S5 at http://www.BiochemJ.org/bj/425/
bj4250445add.htm). These results suggest that PRL-SS-PasR8 efficiently translocates the
cellular membrane and the liberated PRL peptide works as an inhibitor of PKN in cultured
cells.

DISCUSSION
Several lines of evidence indicate that Rho family GTPases mediate the activation of PKN
[44–47]. Rho GTPases function as molecular switches and have been implicated in
numerous cellular functions (recent review in [48]). These proteins function by interacting
with and stimulating various downstream targets, including not only protein kinases such as
PKN and Rho-kinase, but actin nucleators and phospholipases. Previous experiments using
the expression of kinase-negative forms of PKN as dominant-negative constructs, may be
complicated by blockage of other Rho-mediated signalling events through the simple
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sequestration of Rho GTPases in cells. Knocking down of PKN by RNAi methods also
potentially changes the balance between Rho GTPases and other target proteins. Thus, in
assessing the specific roles of PKN in signal transduction, it is helpful to obtain a peptide
fragment that acts as a specific dominant inhibitor of PKN by competing with PKN substrate
utilization and not by interfering with the interaction of PKN with binding proteins, such as
Rho GTPases. We previously reported that the Iα region of PKN, corresponding to the C-
terminal part of the C2-like domain, functions as an autoinhibitory domain, and His-tagged
Iα potently inhibited PKN kinase activity with marked specificity through direct effects on
the catalytic region of the enzyme [24]. We have attempted to transfer His-tagged Iα into
cells by conjugation with the HIV1-TAT-(48–60) peptide. However, application of 10 μM
TAT-conjugated His-tagged Iα to cultured cells for 20 min did not inhibit in vivo
phosphorylation of tau protein by PKN1, probably due to insufficient transfer of this protein
into cells (see Supplementary Figure S3B). In the present study we have shown that the
PRL-SS-CPP peptide, which is much smaller than the whole Iα fragment, could be
transferred into cells and that this peptide worked as an in vivo inhibitor of PKN. This
shortened peptide sequence can be readily synthesized by standard peptide chemistry for
further use in evaluating the biological roles of PKNs.

The PRL peptide fused to PasR8 most efficiently inhibited in vivo phosphorylation of tau by
PKN compared with peptides fused to other CPPs we tried. The addition of the Pas sequence
of argininerich CPPs often results in improvement of the efficiency in intracellular delivery,
and the detailed properties of this extension sequence will be reported elsewhere.

Whereas ATP-competitive inhibitor compounds of a kinase are expected to uniformly
inhibit phosphorylation of all protein substrates of a kinase, pseudosubstrate peptide
inhibitors might act with various potencies against different protein substrates. However, the
PRL peptide not only inhibited peptide substrate phosphorylation by PKN, but also
significantly inhibited PKN autophosphorylation, which is regarded to be involved in the
activation process of this enzyme [24,35]. This result suggests that this peptide inhibitor
potentially broadly inhibits PKN. PRL displays a modest affinity (Ki = 0.7 μM) for PKN in
vitro. However, one should consider that in vitro potency does not always reflect the in vivo
potential, mainly because in vitro assays use large excesses of substrates, whereas in cellular
conditions the concentration of the substrate is far below the micromolar range. In our
experiment shown in Figure 5(B), 10 μM of the PRL peptide could efficiently inhibit
phosphorylation of tau overexpressed in cultured cells. The PRL peptide may show better
efficacy in cells for native physiological substrates of PKN. It should be noted that PRL
partially, but relatively significantly, inhibited some isoforms of PKC such as PKCλ, PKCε
and PKCζ in a dose-dependent manner. In the future, more potent and specific inhibitors of
PKN or each isoform of PKN could be identified via addition of some amino acids or
stepwise combinatorial modification of the features of the PRL peptide [49]. In the present
study, we checked only the short-term effect (less than 20 min) of the PRL peptide treatment
and have not examined the protease resistance of this peptide in vivo. It is also noted that
modification of this peptide might be necessary to generate a long-acting, stable inhibitor.

PKN has been suggested to be implicated in some pathological conditions [6–11]. Metzger
et al. [7] reported that PKN1 is pivotal to androgen receptor function and that microRNA-
mediated knockdown of PKN1 or inhibition of PKN1 by Ro318220 (generally used as a
PKC inhibitor) blocks proliferation of androgen receptor-induced tumour cell proliferation,
suggesting specific inhibition of PKN1 as a potential therapeutic strategy in the treatment of
prostate cancer. Leenders et al. [6] reported that inducible knockdown of PKN3 expression
strongly inhibited the formation of lymph node metastasis in an orthotopic mouse prostate
tumour model, indicating that the development of inhibitors against PKN3 holds promise for
therapeutic intervention in cancers regulated by activated PI3K (phosphoinositide 3-kinase).
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Loh et al. [10] reported that PKN1 is essential for neurite retraction in a human
neuroblastoma cell line, and that haploinsufficiency of Drosophila PKN1 suppresses light-
induced retinal degeneration in a fly model of class III ADRP (autosomal dominant retinitis
pigmentosa), indicating that PKN1 is a potential therapeutic target for neurodegenerative
disease as well. The use of the PRL peptide in animal models for these diseases could
provide further information as to whether PKN inhibition is an effective therapeutic strategy.
Traditionally, peptides are considered less attractive compared with small molecule drugs
due to limited delivery into tissues and susceptibility to degradation. However, a great deal
of progress has been made recently to overcome these problems [29]. For example, CPP-
fused peptide inhibitors against JNKs (c-Jun N-terminal kinases), which are non-selective
with respect to JNK isoforms, have been recently regarded as a potential therapeutic agent
for the treatment of various diseases such as cerebral ischaemia/stroke [50–52], viral
encephalitis [53], pancreatic β-cell death [54,55], hearing disorder induced by trauma and
neomycin toxicity [56,57], neuropathic pain [58] and myocardial ischaemia [59]. Delivery
of a PKN inhibitory peptide such as PRL in vivo may also provide new therapeutic
approaches to the treatment of cancer and neurodegenerative disease.
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Figure 1. Determination of phosphorylation motifs for PKN1 and PKN3
The top panel shows a schematic representation of the 198 peptide substrates that comprise
the positional scanning peptide library (Z, fixed positions; X, degenerate positions). The
remaining panels show the degree of phosphorylation of each component of the library by
human PKN1 and mouse PKN3.
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Figure 2. Favoured substrate motifs for PKN
Each peptide from Table 2 was fused to GST and subjected to an in vitro kinase assay using
the same amount of the catalytic domain of human PKN1, rat PKCα, rat PKCδ and rat
PKCζ respectively.
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Figure 3. Design of the selective inhibitory peptide for PKN
(A) Iα region and peptide fragments. Synthetic oligopeptides (NER, AEV, PVI, PRL and
QKK) were designed based on the Iα region of human PKN1. (B) Alignment of the
autoinhibitory regions of PKN family members. Shaded amino acids indicate conservation.
hPKN1, human PKN1; rPKN1, rat PKN1; mPKN1, mouse PKN1; xPKN1, frog PKN;
sPKN2, starfish PKN2; con, conservation. (C) In vitro kinase assay of PKN in the presence
of various synthetic oligopeptides. The kinase activity of the catalytic domain of PKN1 was
assayed for δpeptide in the presence of various concentrations of PRL (●), PVI (○), QKK
(▲), AEV (■) and NER peptide (×). The δpeptide kinase activity of PKN in the absence of
additional peptides was taken as 100 % activity. The result shown is a representative of three
independent experiments. (D) In vitro kinase assay of PKNs and PKCs in the presence of
PRL. The activity of the catalytic domain of PKN isoforms [human PKN1 (◆), human
PKN2 (●) and mouse PKN3 (▲)] and PKC isoforms [rat PKCδ (△), rat PKCβιII (○), rat
PKCγ(◇), rat PKCα (+), rat PKCε (□), rat PKCζ(×) and mouse PKCλ(−)] was assayed
for δpeptide in the presence of various concentrations of the PRL peptide. The δpeptide
kinase activity of the enzyme in the absence of additional peptides was taken as 100 %
activity. The result shown is a representative of three independent experiments. (E)
Phoshorylation of GST-tagged oligopeptides in the presence of PRL. Each δpeptide and the
NS1 peptide was fused to GST and subjected to an in vitro kinase assay by PKN1 and
PKCβII in the presence of various concentrations of the PRL peptide. 32P, autoradiography;

Shiga et al. Page 16

Biochem J. Author manuscript; available in PMC 2013 August 28.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



CBB, Coomassie Brilliant Blue staining. (F) Double-reciprocal plots. The PRL peptide was
evaluated for the ability to inhibit human PKN1 as a function of substrate (δpeptide)
concentration. The activation of the catalytic domain of human PKN1 was assayed in the
absence (●) or the presence of the PRL peptide at a final concentration of 2 μM (○), 4 μM
(▲) or 8 μM (×). Concentration of the δpeptide was 12.5, 25, 50 and 100 μM respectively.
Results were expressed as double-reciprocal plots of substrate concentration (μM) against
enzymatic activity expressed as nanomoles of 32P/min per mg of protein. (G) Secondary plot
of apparent Km /Vmax against PRL inhibitor concentration.
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Figure 4. The effect of PRL on the autophosphorylation of PKN and PKCs
Autophosphorylation activity of human PKN1 or PKC was detected by autoradiography.
The concentration of the PRL peptide was 0, 0.5, 1, 5 and 20 μM respectively. The results
were plotted as a percentage of kinase activity observed in the absence of the PRL peptide
(lower panel). The kinase activity in the absence of the PRL peptide was taken as 100 %
activity. The results shown are representative of three independent experiments. Human
PKN1, ●; rat PKCβII, ○; rat PKCα, +; rat PKCγ, ◇; rat PKCε, □; mouse PKCλ, −; rat
PKCζ, ×.
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Figure 5. The effect of PRL on the kinase activity of PKN in vivo
(A) Immunoblotting using a phosphospecific antibody against Ser320 of tau protein (HIA3).
HeLa cells were transfected with pSG5/tau in combination with pTB701/PKN1/AF3
(aPKN), pTB701/PKN1/AF3 K644E (iPKN) or pTB701 (mock) respectively. The total
amount of tau protein irrespective of its phosphorylation state was visualized using antibody
HIHT1. (B) The effect of various PRL-SS-CPPs on Ser320 phosphorylation. HeLa cells,
expressing recombinant tau and aPKN, were treated with or without 10 μM PRL-SS-PasR8,
PRL-SS-FHV, PRL-SS-TAT and control DNER-SS-PasR8 peptide for 20 min.
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Table 1

Amino acid sequences of the peptides used in the present study

Peptide name Peptide sequence Parent protein

δpeptide AMFPTMNRRGSIKQAKI 137–153 of PKCδ

S6 AKRRRLSSLRA 229–239 of bovine ribosomal protein S6

Kemptide LRRASLG [60]

tau320 LSKVTSKCGS 315–324 of human tau

NER NERHEVQLDMEPQGCLV 455–471 of human PKN1

AEV AEVTFRNPVIERIPRLRR 472–489 of human PKN1

PVI PVIERIPRLRRQKKI 479–493 of human PKN1

PRL PRLRRQKKIFSKQQG 485–499 of human PKN1

QKK QKKIFSKQQGKAFQAARQMN 490–509 of human PKN1

PRL-PasR8 PRLRRQKKIFSKQQGFFLIPKGRRRRRRRRG 485–499 of human PKN1

PasR8-PRL FFLIPKGRRRRRRRRGPRLRRQKKIFSKQQG 485–499 of human PKN1

TAT-PRL GYGRKKRRQRRRGPRLRRQKKIFSKQQG 485–499 of human PKN1

PRL-SH PRLRRQKKIFSKQQG-NH-CH2CH2-SH 485–499 of human PKN1

PRL-SS-PasR8 485–499 of human PKN1

PRL-SS-FHV 485–499 of human PKN1

PRL-SS-TAT 485–499 of human PKN1
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Peptide name Peptide sequence Parent protein

DNER-SS-PasR8 454–468 of human PKN1
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