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Background: Protein kinase C-related kinases (PRKs) are involved in the development of cancer and hepatitis C.
Results:N-terminal domains of PRK2 inhibit the interactionwith its upstreamkinase and are responsible for a dimerization that
inhibits PRK2 activity.
Conclusion: PRK2 regulation requires a cross-talk between the N- and C-terminal domains.
Significance: The results provide new perspectives to pharmacologically target PRK2.

Protein kinase C-related protein kinases (PRKs) are effectors
of the Rho family of small GTPases and play a role in the devel-
opment of diseases such as prostate cancer and hepatitis C.Here
we examined themechanismunderlying the regulation of PRK2
by its N-terminal region.We show that theN-terminal region of
PRK2 prevents the interaction with its upstream kinase, the
3-phosphoinositide-dependent kinase 1 (PDK1), which phos-
phorylates the activation loop of PRK2. We confirm that the
N-terminal region directly inhibits the kinase activity of PRK2.
However, in contrast to previous models, our data indicate that
this inhibition is mediated in trans through an intermolecular
PRK2-PRK2 interaction. Our results also suggest that amino
acids 487–501, located in the linker region between the N-ter-
minal domains and the catalytic domain, contribute to the
PRK2-PRK2 dimer formation. This dimerization is further sup-
ported by other N-terminal domains. Additionally, we provide
evidence that the region C-terminal to the catalytic domain
intramolecularly activates PRK2. Finally, we discovered that the
catalytic domain mediates a cross-talk between the inhibitory
N-terminal region and the activating C-terminal region. The
results presented here describe a novelmechanismof regulation
among AGC kinases and offer new insights into potential
approaches to pharmacologically regulate PRK2.

Protein kinaseC-related protein kinases (PRKs),2 also known
as protein kinase N and originally identified as the protease-

activated kinase (1–3), are effectors of the Rho family of small
GTPases such as Rho and Rac (4, 5). The PRK family comprises
three isoforms, PRK1–3. Although PRK1 and PRK2 share high
homology in their catalytic domains (87%), they share only
�48% identity in their N-terminal regulatory domains. With
70% identity between their catalytic domains and 40% in their
N-terminal domains, PRK2 and PRK3 share an even lower
degree of sequence identity. Recent work has confirmed that all
three PRK isoforms can support Rho-dependent cell migration
(6) and may be considered to be targets for the development of
anti-cancer drugs.
PRK2 is involved in actin cytoskeletal organization (4), kera-

tinocyte cell-cell adhesion (7), and differentiation (8), mainly
through activation by Rho GTPases (9). In HeLa cells, PRK2
controls the entry into mitosis and exit from cytokinesis (10).
Recently, PRK2 was shown to regulate apical junction forma-
tion in human bronchial epithelial cells (11) as well as the
migration and invasion of 5637 bladder tumor cells (6). PRK1
and PRK2 were also shown to activate the androgen receptor,
which plays an important role in the development of prostate
cancer (12, 13). Moreover, PRK2 is the host kinase that phos-
phorylates the hepatitis C virus RNA polymerase, and PRK2
inhibitors such as Y27632 suppress hepatitis C virus replication
(14, 15).
ThePRKs belong to the family ofAGCprotein kinases. These

protein kinases possess two conserved structural features
involved in the regulation of their activity: (i) a C-terminal
extension of the catalytic core that contains a conserved hydro-
phobic motif (HM), including a phosphorylation site and (ii)
the so-called HM/PIF pocket in the catalytic domain. The
HM/PIF pocket was originally identified in the AGC kinase
3-phosphoinositide-dependent protein kinase 1 (PDK1) as the
binding site for theC-terminal extension of PRK2 (PDK1-inter-
acting fragment, PIF). In contrast to the other AGC kinases,
PDK1 does not contain an equivalent C-terminal extension (16,
17).
PDK1 is the activation loop kinase for numerous AGC

kinases (18, 19).Many substrates of PDK1, including PRK, PKC,
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S6K, SGK, and RSK isoforms, interact with PDK1 through the
binding of their HM to the PIF pocket of PDK1. It is thought
that for several substrates, such as SGK, RSK, and S6K, this
docking interaction requires the phosphorylation of the HM
site, although the phosphorylation-dependent interaction of
S6K and PDK1 is controversial (20). Thus, HM phosphoryla-
tion appears to be a mechanism that regulates the docking
interaction with PDK1 and the phosphorylation of substrates
by PDK1 (21–25). In addition, the phosphorylated HM binds
intramolecularly to its own HM/PIF pocket. This interaction
stabilizes the active conformation of the kinase domain,
explaining the mechanism of activation of AGC kinases by HM
phosphorylation (26, 27).
Unlike most substrates of PDK1, PRKs and atypical protein

kinases C (PKCs) possess an acidic amino acid that mimics a
phosphorylated residue at the position corresponding to the
HM phosphorylation site in other AGC kinases. Hence, PRKs
and atypical PKCs are not regulated through HM phosphory-
lation. Recently, we described the regulation of PRK2 by a third
phosphorylation site conserved in AGC kinases, the zipper (Z)/
turn motif (TM) phosphorylation site (28, 29). Accordingly,
phosphorylation of the Z/TM site increases the binding affinity
of the C-terminal extension of PRK2 to its catalytic domain,
thereby supporting dissociation fromPDK1 andmaximal PRK2
activation (28).
PRKs were first described to be activated by limited proteol-

ysis (2, 30). In addition, PRK2 is cleaved at amino acid 700 by
caspases during apoptosis, and the cleavage product, compris-
ing amino acids 700–984 of PRK2, has pro-apoptotic activity
(31, 32). Thus, the N-terminal region of the PRKs plays a role in
their regulation. By homology with a consensus phosphoryla-
tion site sequence of the PKCs, a potential pseudosubstrate
sequence was identified, comprising amino acids 39–53 of
PRK1 (33). A peptide derived from this sequence inhibits PRK1
activity. However, there are conflicting results with respect to
the identity of the PRK1 autoinhibitory sequence because it has
also been reported that PRK1 is only activated upon the dele-
tion of amino acids 455–511 (34). Recently, Shiga et al. (35)
reported that a peptide derived from this region comprising
amino acids 485–499 inhibits the activity of both PRK1 and
PRK2. The N-terminal region of the PRKs also contains three
Rho-binding domains (Hr1a, Hr1b, and Hr1c) (36, 37) that
mediate interactions with the small GTPases Rho and Rac (38,
39). Another conserved domain in theN-terminal region shows
significant similarity to the phospholipid-binding C2 domains
of PKC� and PKC� (40). However, until now, no function has
been described for the C2-like domain in the PRKs, although it
could be involved in the activation of PRKs by lipids or the
targeting of PRKs to themembrane (9, 11). The C2-like domain
and the catalytic domain of PRK2 are separated by a linker of
195 amino acids.
In the present work, we examined in detail the role of the

N-terminal region of PRK2 in the mechanism of regulation of
its activity. We discovered that the N-terminal region of PRK2
strongly inhibits the interactionwith its upstreamkinase PDK1.
Furthermore, this region supports the formation of PRK2 olig-
omers that are catalytically inactive. Our results suggest novel
approaches for the development of compounds to block or

strengthen the oligomeric structure of PRK2 and inhibit or acti-
vate PRK2 in cells.

EXPERIMENTAL PROCEDURES

General materials and methods are described in the supple-
mental “Experimental Procedures.”
Antibodies and Peptides—A phosphospecific antibody rec-

ognizing the phosphorylated activation loop of several AGC
kinases was purchased from Upstate Biotechnology. Another
phosphospecific antibody that recognizes the phosphorylated
Z/TM site of PKC� (T641) was purchased from Abcam. Anti-
GST and anti-Myc tag antibodies were obtained from Cell Sig-
naling, and anti-FLAG M2 was obtained from Sigma. An anti-
body against an epitope in the N terminus of PRK2 was
purchased fromCell Signaling, and another antibody against an
epitope in the C terminus of PRK2 (C-18) was obtained from
Santa Cruz Biotechnology. Fluorescently labeled secondary
antibodies were from LiCor (IRDye680 and IRDye800) and
Rockland (IRDye800 donkey anti-goat).
The peptides KKCrosstide (KKGRPRTSSFAEG), PIFtide

(REPRILSEEEQEMFRDFDYIADWC), and PKLtide (PKLQR-
QKKIFSKQQG) were synthesized by JPT Peptide Technolo-
gies. Peptides K/R-E-PKLtide (PELQEQEEIFSEQQG) and
Shuffled PIFtide (DFIREESAWQDRSEFLMDEPYERI) were
synthesized by GenScript. PIFtide (Cys 3 Ser) used for
AlphaScreen experimentswas synthesized by Pepscan and con-
tained a serine instead of the C-terminal cysteine to avoid the
formation of disulfide bridges in the assay.
Expression and Purification of Protein Kinases—The expres-

sion and purification of GST-fused proteins were performed
essentially as previously described (28, 41). GST-fused protein
kinases were expressed from pEBG2T-derived plasmids (12.5
�g plasmid/145 mm dish) by transient transfection into HEK
293 or HEK 293T cells utilizing a polyethylenimine method
(42).
His-PRK2 was expressed in Sf9 cells using the Bac-to-Bac

system from Invitrogen. Expression and purification using
nickel-nitrilotriacetic acid and gel filtration was essentially per-
formed as previously described for His-PDK1 (41) with the
modification that the tag was not cleaved from His-PRK2. The
fractions containing the His-PRK2 protein peak were pooled
and concentrated using Vivaspin concentrators (Sartorius).
Protein Kinase Activity Assay—PRK2 activity was measured

in a 20-�l mixture containing 50 mM Tris-HCl, pH 7.4, 0.005
mg/ml of bovine serum albumin, 0.1% (v/v) 2-mercaptoetha-
nol, 10 mM MgCl2, 100 �M [�-32P]ATP (5–50 cpm/pmol),
0.003% Brij-35, various amounts of PRK2 proteins, and
KKCrosstide as the substrate. Specificity of the signal was con-
firmed by the use of purifiedGST-protein that did not show any
activity to phosphorylate KKCrosstide and in addition by the
inhibition of PRK2 by Y27632. A control experiment for the
specific inhibition by PKLtide is shown in supplemental Fig. S4.
Due to differences in basal activity of the constructs, the inhi-
bition by PRK2 K686M shown in Fig. 5 was obtained at 36 nM
GST-PRK2(1–984) and 7 nM GST-PRK2�642. Experiments
were performed in duplicates or triplicates. The results were
similar in at least two separate experiments. One unit is defined
as the amount of product (in nmol) that is formed per minute.

Regulation of PRK2 by Its N- and C-terminal Regions

JUNE 8, 2012 • VOLUME 287 • NUMBER 24 JOURNAL OF BIOLOGICAL CHEMISTRY 20591

 at F
rankfurt U

niversity Library / S
ection B

ibliothek N
aturw

issenschaften, on June 11, 2012
w

w
w

.jbc.org
D

ow
nloaded from

 

http://www.jbc.org/cgi/content/full/M111.327437/DC1
http://www.jbc.org/cgi/content/full/M111.327437/DC1
http://www.jbc.org/cgi/content/full/M111.327437/DC1
http://www.jbc.org/


Protein-Protein Interaction Assay—The interactions be-
tween GST-PRK2 and Myc-PDK1 or between GST-PRK2 and
PRK2 constructs fused to a FLAG, or HA tag, were evaluated by
co-transfection of the appropriate plasmids into HEK 293 cells,
pulldown of the GST fusion protein with glutathione-Sephar-
ose 4B, and analysis of the bound proteins by SDS-PAGE fol-
lowed by immunoblotting as previously described (43). The
immune complexes were detected by fluorescently labeled sec-
ondary antibodies for multiplex detection on the same mem-
brane. The extent of interaction was quantified using the soft-
ware MultiGauge version 3.0 (Fujifilm) and normalized over
the amount of purified GST-fused protein. In all figures, we
show duplicates of independent transfections and independent
GSTpulldown experiments performed in parallel. Experiments
were performed at least twice, althoughmost experiments were
repeated multiple times, with similar results.
In Vitro Cross-linking—Cross-linking reactions were per-

formed in HEPES buffer (50 mMHEPES-KOH, pH 7.4, 150 mM

NaCl, 0.1 mM EDTA, 0.05% (v/v) �-mercaptoethanol) at room
temperature (RT) with the homobifunctional cross-linker BS3
(Thermo Scientific) at 1 mM for 5 or 30 min. The samples were
analyzed by SDS-PAGE using 3–8% Tris acetate polyacryl-
amide gels (Invitrogen) and staining with Coomassie Blue
R-250.
Cross-linking in Cell Lysates—HEK 293T cells were trans-

fected with plasmids coding for FLAG-tagged PRK2 proteins.
After 48 h, the cells were washed 3 times with 5 ml of PBS,
collected in 500 �l of PBS, and centrifuged at 100� g for 5min.
The cell pellet was resuspended in HEPES lysis buffer (50 mM

HEPES, pH 7.0, 100mMNaCl, 0.2mMMgSO4, 0.5mMNa3VO4,
1% Triton X-100, supplemented with reconstituted SIGMA-
Fast protease inhibitor mixture), incubated on ice for 30 min,
snap frozen, and stored at �80 °C. After thawing, the lysates
were cleared by centrifugation at 17,000 � g for 10 min and
directly used for cross-linking with 1 mM BS3 for 30 min at RT.
For immunoprecipitation, the samples were diluted to 0.4
mg/ml in HEPES lysis buffer, and 1ml of sample was incubated
with 10 �g of anti-FLAGM2 antibody at 4 °C for 1 h. Ten �l of
Protein A/G PLUS-agarose (Santa Cruz Biotechnology) was
added, and the samples were incubated for 3 h. After two
washes with 50 mM Tris, 100 mM NaCl, 0.1 mM EDTA, 0.1%
(v/v) �-mercaptoethanol, the agarose was boiled with 30 �l of
2� SDS loading buffer and analyzed by SDS-PAGE using 3–8%
Tris acetate gels followed by transfer onto nitrocellulose mem-
branes and immunostaining.
Cleavage of Purified Proteins with PreScission Protease—

GST-fused protein purified fromHEK 293T cells and bound to
glutathione-Sepharose 4B was washed in cleavage buffer (50
mM Tris, 150 mM NaCl, 1 mM EDTA, 1 mM DTT). PreScission
protease (0.5 units; GE Healthcare) was added to 15 �l of affin-
ity matrix in 50 �l of cleavage buffer. After an overnight incu-
bation at 4 °C, samples were centrifuged through SpinX col-
umns (Sigma). The samples not treated with PreScission
protease were eluted with 50 mM glutathione, and equal gluta-
thione concentrations were also added to the cleaved protein
prior to activity assays.
AlphaScreen Assay—The AlphaScreen assay was performed

according to the manufacturer’s protocol (PerkinElmer Life

Sciences). Reactions were performed in a 25-�l final volume in
white 384-well microtiter plates (Greiner). The reaction buffer
contained 50 mM Tris-HCl, pH 7.4, 100 mM NaCl, 1 mM DTT,
0.01% (v/v) Tween 20, and 0.1% (w/v) BSA. GST-PRK2�642
and biotin-PKLtide were mixed with varying concentrations of
unlabeled KKCrosstide, protamine sulfate, or PIFtide (Cys 3
Ser). Subsequently, 5 �l of the bead solution containing anti-
GST-coated acceptor beads and streptavidin-coated donor
beads (20 �g/ml final concentration) was added to the reaction
mixture. The proteins and beads were incubated in the dark for
90min at RT, and the emission of light from the acceptor beads
was measured in the EnVision multilabel reader (PerkinElmer
Life Sciences) and analyzed using the EnVision manager soft-
ware. Results confirming the specificity of the interaction
between biotin-PKLtide and GST-PRK2�642 are shown in
supplemental Fig. S5.
Luciferase ReporterAssay—HEK293 cellswere transfected in

a 96-well format using a polyethylenimine method. Per well,
100 ng of mouse mammary tumor virus (MMTV)-LUC
reporter was co-transfected with 5 ng of pSGhAR and 5 ng of a
PRK2-encoding plasmid (12). Twenty hours prior to analysis,
the medium was exchanged for medium containing 100 pM
R1881 or dimethyl sulfoxide. Two days post-transfection, the
luciferase activity was measured using the Bright-GloTM lucif-
erase assay system (Promega) and the EnVision multilabel
reader (PerkinElmer Life Sciences).
Statistical Analysis—All experiments were performed at

least twice with similar results. GraphPad Prism was used for
the statistical analysis. The values are presented as mean � S.E.
in the respective figure. Significance was calculated by one-way
analysis of variance followed by Bonferroni post-hoc testing. A
p value � 0.05 was considered statistically significant. The
immunoblots shown are representative for the immunoblots of
at least two different experiments and the statistical analysis is
presented in the supplemental data. For AlphaScreen assays
and the concentration-dependent effect of PRK2 K686M,
PKLtide, PRK2(1–463), and PRK2(1–656) on the kinase activ-
ity of PRK2 proteins, a representative result for at least two
independent experiments performed in duplicates or triplicates
with less than 10% difference is shown and the values are pre-
sented as mean � S.E. of the duplicates or triplicates.

RESULTS

N-terminal Region of PRK2 Negatively Regulates Its Interac-
tion with PDK1—We first analyzed the role of the N-terminal
domains of human PRK2 in the regulation of its interaction
with its upstream kinase PDK1. Therefore, we performed
PRK2-PDK1 interaction studies using PRK2 deletion con-
structs successively truncated at the N terminus. To this end,
HEK 293 cells were co-transfected with plasmids encoding
Myc-PDK1 and either wild-type or N-terminal truncated GST-
PRK2 proteins (see Fig. 1A for the wild-type and mutant PRK2
proteins used in this study). After cell lysis, GST-PRK2 was
pulled down with glutathione-Sepharose, and the binding of
Myc-PDK1 to GST-PRK2 was analyzed by immunoblotting
using an anti-Myc antibody. As shown in Fig. 2, deletion of
PRK2 Rho-binding domains Hr1a, Hr1b, and Hr1c (GST-
PRK2�295) increased the interaction of PDK1 and PRK2 by

Regulation of PRK2 by Its N- and C-terminal Regions

20592 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 287 • NUMBER 24 • JUNE 8, 2012

 at F
rankfurt U

niversity Library / S
ection B

ibliothek N
aturw

issenschaften, on June 11, 2012
w

w
w

.jbc.org
D

ow
nloaded from

 

http://www.jbc.org/cgi/content/full/M111.327437/DC1
http://www.jbc.org/cgi/content/full/M111.327437/DC1
http://www.jbc.org/


�3-fold compared with wild-type PRK2 (GST-PRK2(1–984)).
Additional deletion of the linker between the C2-like and the
catalytic domain (GST-PRK2�500; GST-PRK2�642) further
increased the binding of PRK2 to PDK1 to�5-fold greater than
wild-type PRK2 (Fig. 2). Thus, the N-terminal region of PRK2
negatively regulated the interaction with the upstream kinase
PDK1.

N-terminal Region of PRK2 Inhibits Its Catalytic Activity—
PRKs are reported to be activated by limited proteolysis (2, 30).
Kitagawa and colleagues (33) further demonstrated that PRK1
constructs lacking the different N-terminal regions had
increased activity. To investigate whether the N-terminal
domains of PRK2 directly influence its enzymatic activity, we
expressed wild-type PRK2 and N-terminal deletion constructs

FIGURE 1. Schematic representations of PRK2, PRK2-derived proteins, and peptides employed in this study. A, the potential pseudosubstrate region (PS),
the Rho-binding domains (Hr1a, Hr1b, Hr1c), the C2-like domain (C2), and the PKL sequence (PKL) are indicated. A close up of the C-terminal region of
PRK2(1–984) shows the Z/TM site, the hydrophobic IL patch, and the hydrophobic motif. Proteins were expressed with an N-terminal GST-FLAG tag. Wild-type
PRK2(1–984) was also expressed with an N-terminal FLAG tag, an N-terminal GST tag, an N-terminal His tag or a C-terminal HA tag, respectively. Additionally,
N-terminal-truncated PRK2 proteins were expressed with an N-terminal FLAG tag. GST-PRK2N-PRK2CD-His contains the cleavage site of PreScission protease
(LEVLFQGP). In the kinase-dead mutant PRK2 K686M, the active site lysine was mutated to methionine. The IL/AA mutant carried alanine substitutions at the
hydrophobic patch Ile965–Leu966. Two additional mutants used in this study (PRK2 KR/AA and PRK2 KKK/AAA) carried alanine substitutions in the PKL region
(amino acids 487–501, PKLQRQKKIFSKQQG). B, list of key peptides used in this study.
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as GST fusion proteins in HEK 293T cells. After purification
with glutathione-Sepharose, the PRK2 proteins were subjected
to in vitro kinase activity assays (Fig. 3A). PRK2 lacking the
putative pseudosubstrate region (amino acids 49–63; GST-
PRK2�63) exhibited a similar specific activity as wild-type
PRK2. This result argues against a pseudosubstrate function of
this region because the deletion of a pseudosubstrate should
result in a large increase in kinase activity. Similarly, the specific
activity of PRK2 did not considerably change upon the subse-
quent deletion of amino acids 64–463, including the three Hr1
domains (PRK2�110, PRK2�204, PRK2�295) and the C2-like
domain (PRK2�463). The further deletion of amino acids 464–
500 led to a �3-fold increase in specific activity compared with
wild-type PRK2, whereas the isolated catalytic domain of PRK2
(GST-PRK2�642) showed the highest specific activity, which
was �9-fold higher than that of wild-type PRK2 (Fig. 3A).
Western blotting analysis confirmed that the degree of the acti-
vation loop phosphorylation was similar for all PRK2 proteins
(Fig. 3B). Thus, differences in the specific activities of the PRK2
truncations were not due to different phosphorylation levels of
this site. In contrast, Z/TM site phosphorylation was increased
in the deletion constructs, with the highest levels observed in
the construct containing only the catalytic domain of PRK2
(PRK2�642; Fig. 3C). Because phosphorylation of the Z/TM
site is part of the mechanism of activation of PRK2, the
increased Z/TM site phosphorylation ofGST-PRK2�642 could
be a reason for its strongly increased specific activity compared
with wild-type PRK2 (Fig. 3A). To analyze this possibility, we
generated a new PRK2 construct in which we inserted the rec-
ognition sequence of the PreScission protease between amino
acids 646 and 647 of PRK2 (GST-PRK2N-PRK2CD-His; Fig.
1A). This construct enabled us to eliminate the N-terminal
region after purification of the full-length protein. The GST-

PRK2N-PRK2CD-His protein was expressed in HEK 293T
cells, immobilized on glutathione-Sepharose, cleaved by Pre-
Scission protease, and PRK2CD-His comprising the catalytic
core was isolated without contamination by the N-terminal
region of PRK2. Immunoblot analysis showed that GST-
PRK2N-PRK2CD-His and the cleaved product PRK2CD-His
were phosphorylated at the Z/TM site to a similar extent (Fig.
3D, left panel). Importantly, the released catalytic domain of
PRK2 showed a specific activity that was �11-fold increased
compared with the uncleaved GST-PRK2N-PRK2CD-His (Fig.
3D, right panel). This demonstrated that the strongly elevated
specific activity of the isolated catalytic domain of PRK2 was
due not to the increased phosphorylation of the Z/TM site but
to deletion of the N-terminal region.
Together, the results described here confirmed that the

N-terminal region inhibited the catalytic activity of PRK2. In
particular, amino acids 464–642, which do not contain distinct
domains, played an important role in the inhibition of PRK2
activity. However, the results did not agree with the model that
suggested PRK2 activity is inhibited through the putative pseu-
dosubstrate region located between amino acids 49 and 63.
PRK2 FormsDimers in Vitro and inCells—While performing

the PRK2 kinase activity measurements described above, we
noticed that the specific activity of wild-type PRK2 could not be
accurately measured because it was dependent on the protein
kinase concentration in the assay, with lower concentrations
giving rise to higher specific activities. In contrast, this effect
was not observed for a construct comprising only the catalytic
domain (PRK2�500). Interestingly, when low concentrations
(1.8 nM) of PRK2(1–984) were used in the protein kinase activ-
ity measurements, the specific activity of PRK2(1–984) was
identical to the specific activity of PRK2�500. This indicated
that inhibition of the activity of wild-type PRK2 depended on
the protein concentration. These results were not compatible
with a mechanism in which PRK2 activity was inhibited
through intramolecular binding of the N-terminal region of
PRK2. In contrast, they pointed to an inhibition mediated
through intermolecular interactions. Therefore, we analyzed
whether PRK2 formed oligomers. As shown in Fig. 4A, PRK2-
HA(1–984) significantly bound to GST-PRK2(1–984). This
interaction was strongly diminished upon deletion of amino
acids 1–500 of PRK2 (GST-PRK2�500), demonstrating that the
N-terminal region was required for oligomerization of PRK2.
To further analyze the intermolecular PRK2 interaction, cross-
linking experiments were carried out. For these experiments,
His-tagged PRK2(1–984) was recombinantly expressed in Sf9
cells, purified, and incubated with the homobifunctional NHS
cross-linker BS3. After 5 min of incubation, oligomerization of
purified His-PRK2(1–984) was observed (Fig. 4B). The appar-
entmolecularweights of the oligomers suggested the formation
of dimers and tetramers. A similar result was observed when a
lysate of HEK 293T cells overexpressing FLAG-PRK2(1–984)
was incubated with BS3 (Fig. 4C). The formation of oligomers
with the same size as the potential dimer formed by purified
His-PRK2(1–984) suggested that the protein complexes did not
include other cellular proteins besides PRK2. Most impor-
tantly, the results indicated that the complexes observed in
vitro reflected an oligomerization that also occurred in the cell.

FIGURE 2. Deletion of the N-terminal domains of PRK2 increases its inter-
action with PDK1. HEK 293T cells were transiently co-transfected with plas-
mids encoding Myc-PDK1 and GST-FLAG-PRK2 proteins. After 48 h, the cells
were lysed, and the GST-FLAG fusion proteins were purified with glutathione-
Sepharose. The bound proteins and aliquots of the cell lysates (crude extract)
were analyzed by SDS-PAGE followed by immunoblotting using anti-Myc and
anti-GST antibodies, respectively. Duplicates of the transfection of each con-
dition are shown. The immunoblot shown is representative for four experi-
ments and the statistical evaluation is presented in supplemental Table S1.
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N-terminal Region of PRK2 Mediates PRK2 Oligomerization
and Thereby Inhibits PRK2 Kinase Activity in Trans—Next, we
investigated which domain of the N-terminal region partici-
pated in the intermolecular PRK2-PRK2 interaction. For this
investigation, interaction assays were performed with GST-
PRK2(1–984) and FLAG-tagged N-terminal deletion con-
structs of PRK2 (Fig. 4D). The consecutive deletion of the
N-terminal domains, including the Hr1c domain, had only
minor effects on the intermolecular PRK2 interaction. How-
ever, the interaction between GST-PRK2(1–984) and FLAG-
PRK2 constructs was clearly diminished upon deletion of the
C2-like domain (FLAG-PRK2�463) and was almost abolished
when amino acids 464–500 were also deleted (FLAG-
PRK2�500). Similarly, when FLAG-PRK2�642, a construct
missing the entire N-terminal region, was transfected, oligo-
merization was not observed upon the incubation of the cell
lysate with the cross-linker BS3 (Fig. 4C).

Taken together, these results confirmed the existence of an
intermolecular PRK2-PRK2 interaction that was mediated by
the N-terminal domains and demonstrated that, in particular,
the interaction required amino acids 464–500 located in the
linker between the C2-like domain and the catalytic domain.
We wanted to verify whether the observed oligomerization

was indeed the mechanism of inhibition of PRK2 activity. In a
kinase activity assay, we measured the influence of a purified
kinase-dead mutant of PRK2, in which the lysine necessary for
ATP binding was mutated to methionine (PRK2 K686M), on
the activity of PRK2. Indeed, we observed a concentration-de-
pendent inhibition of PRK2(1–984) kinase activity in the pres-
ence of kinase-dead PRK2 K686M (Fig. 5A). This is in agree-
ment with the previous finding that wild-type PRK2 (PRK2(1–
984)) readily formed oligomers. The isolated catalytic domain
of PRK2 (PRK2�642) was inhibited to a lower degree by PRK2
K686M (Fig. 5A). This was in line with the strongly diminished

FIGURE 3. The N-terminal region of PRK2 inhibits its kinase activity. A, the specific activity of wild-type and N-terminal-truncated GST-FLAG-PRK2 proteins
purified from HEK 293T cells was measured in vitro; ***, p � 0.001 (n � 9). B and C, levels of activation loop (B) and Z/TM site (C) phosphorylation of
N-terminal-truncated PRK2 proteins. Purified GST-FLAG-PRK2 proteins were subjected to SDS-PAGE followed by immunoblotting using phosphospecific
antibodies for the activation loop site (T816; B) and the Z/TM site (T958; C). The immunoblot shown is representative for four experiments and the statistical
evaluation is presented in supplemental Table S2. D, GST-PRK2N-PRK2CD-His, which contained the PreScission protease cleavage site between amino acids
646 and 647, was cleaved with PreScission protease to release the catalytic domain of PRK2 (amino acids 647–984; PRK2CD-His). Both uncleaved GST-PRK2N-
PRK2CD-His and PRK2CD-His were subjected to SDS-PAGE followed by immunoblotting using a phosphospecific Z/TM site antibody or a His tag antibody,
respectively, and analyzed as described for B and C. The kinase activity of the respective proteins was measured in vitro using KKCrosstide as a substrate, and
the signal was normalized to the protein amount used to measure kinase activity, which was analyzed by SDS-PAGE and quantified by immunoblotting using
fluorescently labeled secondary antibodies.
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PRK2-PRK2 interaction observed upon deletion of the N-ter-
minal region (FLAG-PRK2�642; Fig. 4D). These results pro-
vided evidence that the inhibition of PRK2 by the N-terminal
region did not occur intramolecularly but, rather, in trans by
the formation of oligomers, in which the N-terminal region of
one protein inhibited its interacting partner.
Linker between C2-like Domain and Catalytic DomainMedi-

ates Oligomerization and Inhibition of PRK2 Activity in Trans—
Shiga and colleagues (35) recently described a highly basic
sequence in the linker between the C2-like and catalytic
domain of PRK1 that acts as an inhibitor of PRK1 and PRK2
when used as an isolated peptide in kinase activity assays. This
peptide comprised amino acids 485–499 of PRK1 and was
shown to compete with the substrate. Similarly, we found that a
synthetic peptide with the sequence of the corresponding
region in PRK2 (PKLQRQKKIFSKQQG, named “PKLtide”),
inhibited the activity of all tested PRK2 proteins in a concentra-
tion-dependent manner with IC50 values between 5 and 10 �M

(Fig. 5B), indicating a low affinity interaction. The PKL
sequence of PRK2 is located in the linker between the C2-like
and catalytic domains, hereafter referred to as the PKL linker.
To investigate if the PKL region participated in the mechanism

of inhibition of PRK2, we prepared PRK2 mutants with alanine
substitutions of basic amino acids within the PKL sequence.
Kinase activity assays revealed that PRK2 proteins with alanine
mutations of Lys488 and Arg491 (PRK2 KR/AA) or lysines 494,
495, and 498 (PRK2 KKK/AAA) had higher specific activities
(between 2- and 3-fold) than wild-type PRK2 (PRK2 WT, Fig.
5C). However, the activity of the PRK2 proteins withmutations
in the PKL sequence did not reach the level of activity observed
for the isolated catalytic domain of PRK2 (PRK2�642). Muta-
tion of all basic residues in this region did not lead to a further
increase of activity (data not shown). Thus, the PKL sequence
contributed to inhibition in trans but did not mediate it alone.
Therefore, we investigated whether the inhibitory effect of

kinase-dead PRK2 K686M on the activity of PRK2(1–984)
could be explained by the additional binding of other N-termi-
nal domains to PRK2.We performed kinase activity assays with
GST-PRK2(1–984) and GST-PRK2�642 in the presence and
absence of the isolatedN-terminal domain (GST-PRK2(1–463)
and GST-PRK2(1–656); Fig. 5, D and E). GST-PRK2(1–463),
which lacks the PKL linker, showed only a weak inhibitory
effect on wild-type PRK2 (PRK2(1–984)) and no effect on the
isolated catalytic domain (PRK2�642). In contrast, GST-

FIGURE 4. The N-terminal region of PRK2 mediates an intermolecular PRK2-PRK2 interaction. A, HEK 293 cells were co-transfected with PRK2-HA(1–984)
DNA and DNA constructs expressing GST, GST-FLAG-PRK2(1–984), or GST-FLAG-PRK2�500, respectively. The interaction was analyzed as described in the
legend to Fig. 2 using the indicated antibodies. Duplicates of each transfection condition are shown. B, cross-linking of isolated His-PRK2(1–984) with BS3. The
apparent molecular weights of the oligomers formed by His-PRK2(1–984) suggested the formation of dimers and tetramers. C, cross-linking in lysates of HEK
293T cells overexpressing FLAG-PRK2(1–984) or FLAG-PRK2�642. D, effect of N-terminal truncation of FLAG-PRK2 on its interaction with GST-PRK2(1–984). HEK
293T cells were co-transfected with GST-PRK2(1–984) and constructs coding for N-terminal truncated FLAG-PRK2 proteins. The interaction was analyzed as
described in the legend to Fig. 2 using the indicated antibodies. To compare the level of interaction, duplicates were averaged and a value of 1 was assigned
to FLAG-PRK2(1–984). The immunoblot shown is representative for two experiments and the statistical evaluation is presented in supplemental Table S3. A
control experiment confirming specificity of the interaction between PRK2 proteins is presented in supplemental Fig. S6.
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PRK2(1–656), which contains the PKL linker, inhibited the
kinase activity of the wild-type PRK2 and the PRK2 catalytic
domain (Fig. 5, D and E). The inhibition of the PRK2 catalytic
domain by GST-PRK2(1–656) (IC50 � 15 nM) indicated a high
affinity of the N-terminal domain to the catalytic domain and
was consistent with a tight-binding inhibition because the con-
centration of PRK2 in the assay was only three times lower than
the IC50. Furthermore, the PRK2(1–656) construct comprising
all the N-terminal domains including the PKL sequence was
�500-fold more potent than the isolated PKL sequence
(PKLtide; IC50 � 5–10 �M). This suggested that the PKL
sequence and other N-terminal domains cooperatively pro-
vided the high affinity interaction that inhibited PRK2 upon
oligomerization.
To further characterize the PRK2-PRK2 interaction, we per-

formed interaction assays by co-transfecting cells with plas-
mids encoding the isolated N terminus of PRK2 including
(GST-PRK2(1–656)) or excluding (GST-PRK2(1–463)) the
PKL linker along with the N-terminal deleted FLAG-tagged
PRK2 proteins (supplemental Fig. S1). We concluded that the
results can be explained by a model in which PRK2�463 is able
to oligomerize and the N-terminal region can recognize the
dimer but not the monomeric form of the catalytic domain
(PRK2�642). A schematicmodel for a possiblemechanism that
explains these results is presented in supplemental Fig. S1B.
C-terminal PIF Region of PRK2 Is Required for Its Catalytic

Activity andAffects Binding of PKLtide—The regionC-terminal
to the catalytic core has a low but significant homology within
most of the protein kinases from the AGC group. In all crystal
structures of active AGC kinases solved so far, the C-terminal
region interacts with the small lobe of the catalytic domain
(supplemental Fig. S2). However, it was still not known if the

binding of the C-terminal region of PRK2 to the catalytic
domain would also be required for PRK2 activity. To test if this
was the case, we used an antibody generated to the C-terminal
region of PRK2 (PRK2C-18) that did not recognize PRK2when
the Ile-Leu hydrophobic patchwithin theC-terminal sequence,
REPRILSEEEQEMFRDFDYIADWC (amino acids 961–984,
PIF sequence), was mutated to Ala-Ala (supplemental Fig. S3).
The addition of the PRK2 C-18 antibody in kinase activity
assays inhibited the activity of PRK2(1–984) and also
PRK2�500 lacking most of the regions N-terminal to the cata-
lytic domain (Fig. 6, A and B). This inhibition was abolished
upon mutation of Ile965 and Leu966 to Ala (PRK2 IL/AA; Fig.
6A) confirming that the inhibition was due to a direct interac-
tion of the antibody with the C-terminal PIF sequence of PRK2.
The inclusion of a peptide comprising the nonmutated PIF
sequence of PRK2 (PIFtide) in the assay also abolished the inhi-
bition (Fig. 6B). As a further control, the addition of PIFtide
mutated at the Ile-Leu site (PIFtide IL/AA) did not affect the
inhibition mediated by the antibody (Fig. 6B). These data
showed that sequestration of the C-terminal PIF sequence by
the PRK2C-18 antibody inhibited the activity of PRK2, demon-
strating that interaction of the C-terminal region with the cat-
alytic domain was required for activity. In addition, the same
effect was also observed for a construct containing the catalytic
domain of PRK2 (�500) that is essentially monomeric and
therefore not inhibited by another PRK2 molecule. Based on
the above results and on the role of the equivalent C-terminal
region in other AGC kinases (supplemental Fig. S2), we suggest
that the C-terminal region of PRK2 containing the PIF
sequence is intramolecularly bound to the HM/PIF pocket on
the catalytic domain in the active monomeric structure of this
protein.

FIGURE 5. Inhibition of the kinase activity of PRK2 by its N-terminal region. The kinase activity of wild-type and N-terminal-truncated PRK2 proteins purified
from HEK 293T cells was measured in vitro using the polypeptide KKCrosstide as a substrate. A, effect of the kinase-dead mutant GST-FLAG-PRK2 K686M on the
kinase activity of GST-PRK2(1–984) or GST-PRK2�642. B, inhibition of the kinase activity of GST-PRK2(1–984) (�), �463 (Œ), �500 (E), and �642 (f) by a peptide
comprising amino acids 487–501 (PKLQRQKKIFSKQQG; PKLtide). C, effect of mutation of basic residues in the PKL region on the kinase activity of PRK2. Basic
residues at positions 488 and 491 (PRK2 KR/AA) or 494, 495, and 498 (PRK2 KKK/AAA) were mutated to alanine; *, p � 0.05 (n � 7). D and E, effect of the isolated
N-terminal region with (GST-PRK2(1– 656)) or without (GST-PRK2(1– 463)) the PKL linker on the kinase activity of GST-FLAG-PRK2(1–984) (D) and GST-PRK2�642
(E) (tested at 5 nM). Purified GST was used as negative control.
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The results described here showed that the N-terminal
region blocked the interaction of PRK2 with PDK1 (Fig. 2),
whereas previous reports indicate that the C-terminal region is
required for the PRK2-PDK1 docking interaction (24). Further-
more, the N-terminal region inhibited the enzymatic activity of
PRK2 (Fig. 3),whereas thePIF sequence (Fig. 6B) andphosphor-
ylation of the Z/TM site on the C-terminal segment (28) par-
ticipated directly in the activation of PRK2. Thus, the results
indicated that the N-terminal and C-terminal regions of PRK2
had opposite effects on the activity and on the interaction with
PDK1. Therefore, it was of interest to investigate whether there
was a direct cross-talk between the N- and C-terminal regions
of PRK2.
To this end, we set up an AlphaScreen interaction assay with

biotinylated PKLtide and the isolated catalytic domain of PRK2
(GST-PRK2�642) using streptavidin (donor) beads and anti-
GST (acceptor) beads. Biotin-PKLtide readily interacted with
GST-PRK2�642, as verified by the emission of light (Fig. 6,
C–E). In addition, in agreement with PKLtide being a compet-
itive inhibitor with respect to the substrate, the peptide sub-
strate KKCrosstide (Km � 100 �M) as well as protamine sulfate,
a PRK2 substrate with more favorable kinetics of phosphoryla-
tion (44), disrupted the binding of PKLtide (Fig. 6, C and D).
Surprisingly, PIFtide, expected to bind to the HM/PIF pocket, a
site distinct from the substrate-binding site, potently disrupted
the interaction between biotin-PKLtide and GST-PRK2�642
(Fig. 6E). This result indicated that PIFtide and PKLtide could
not bind simultaneously to PRK2, suggesting that the peptides
bind to different conformations of the catalytic domain.
Because the binding of the PIF sequence to the catalytic domain

of PRK2 is required for activity, we deduce that this binding
stabilizes the active conformation of PRK2. Therefore, we sug-
gest that PKLtide may bind to the substrate-binding site in an
inactive conformation rather than binding as a pseudosubstrate
to the active conformation.
PKL Linker of PRK2 Is Required for Inhibition of PRK2 Activ-

ity in Cells—PRK2 mediates androgen receptor-dependent
gene transcription (12), which can be tested in transfected cells
using a luciferase readout. We used this approach to study the
effect of different PRK2 constructs on a physiologically relevant
signaling system. For this study, wild-type PRK2 and constructs
with N-terminal deletions were co-transfected with plasmids
coding for the androgen receptor and a luciferase reporter reg-
ulated by the androgen- and glucocorticoid-inducible hormone
response element found in the MMTV long terminal repeats
(45). The effect of the PRK2 proteins on the activity of the
androgen receptor was analyzed with and without androgen
receptor stimulation using the androgen R1881 (Fig. 7). GST-
PRK2�500 andGST-PRK2�642 prompted increased activity of
luciferase in the absence of the antagonist. In particular,
PRK2�642 induced a similar level of luciferase activity as
observed in cells stimulated with R1881 in the absence of plas-
mids encoding PRK2. On the other hand, all GST-PRK2 con-
structs containing the PKL sequencewere essentially inactive in
cells. The results are in agreement with our in vitro data, which
showed that the constructs containing the isolated catalytic
domain were constitutively active, whereas the presence of the
PKL sequence prompted oligomerization and the inhibition of
activity. Taken together, the effects of the N-terminal deletion

FIGURE 6. The communication between N-terminal and C-terminal regions of PRK2. A and B, the kinase activity of GST-PRK2 proteins purified from HEK 293
cells was measured in vitro using the polypeptide KKCrosstide as a substrate in the presence or absence of the PRK2 C-18 antibody directed to the C terminus
of PRK2. A, effect of the PRK2 C-18 antibody on the kinase activity of PRK2 WT and PRK2 with alanine substitutions of Ile965 and Leu966 (PRK2 IL/AA). B, the
addition of PIFtide (amino acids 961–984 of PRK2, REPRILSEEEQEMFRDFDYIADWC) but not PIFtide IL/AA abolished the inhibition of the kinase activity of
PRK2(1–984) (left) and PRK2�500 (right) mediated by the 2 (PRK2 C-18) antibody. C–E, analysis of the effect of the substrate peptide KKCrosstide (C), protamine
sulfate (D), PIFtide and Shuffled PIFtide (DFIREESAWQDRSEFLMDEPYERI) (E) on the interaction between GST-PRK2�642 and biotin-PKLtide using AlphaScreen
technology. Similar to Shuffled PIFtide, a PIFtide mutant (REPRAASGGGQEMRRDRAYIADWS) also did not affect the binding of GST-PRK2�642 and biotin-
PKLtide (data not shown).
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mutants in a relevant PRK2 signaling system in cells correlate
well with the results derived from in vitro experiments.

DISCUSSION

PRKs are potential targets for the treatment of cancer and
hepatitis C infection. In the present work, we discovered essen-
tial aspects of the mechanism of regulation of PRK2, which had
remained elusive over the years: 1) theN-terminal region inhib-
its the interaction with the upstream kinase PDK1, 2) PRK2
forms oligomers in vitro and within cells, 3) the intermolecular
interaction between PRK2 molecules in an oligomer inhibits
the catalytic activity of PRK2, and 4) the activating C-terminal
PIF sequence displaces the binding of the inhibitoryN-terminal
PKL sequence. This is the first detailed description of the reg-
ulation of AGC kinases by oligomerization. The results further
suggest that the catalytic domain of PRK2 is subject to confor-
mational changes and, as a consequence, offer novel insights
into potential approaches to pharmacologically regulate PRK2.
The phosphorylation of a number of PDK1 substrates is reg-

ulated by the modulation of the ability of the substrates to bind
to PDK1 (21–25). In this study, we showed that deletion of the
N-terminal region of PRK2 greatly enhanced the ability of
PRK2 to interact with PDK1. Thus, these domains actively
inhibit the ability of PRK2 to bind to PDK1, which supports the
idea that the interaction between PRKs and PDK1 is indeed
regulated.
PRKs share a number of characteristics with the group of

PKCprotein kinases that are inhibited intramolecularly by their
N-terminal domains. However, in contrast to previous models
of PKC or PRK regulation, our results suggested that the inhi-
bition of PRK2 by its N-terminal domain was not mediated by
an intramolecular interaction. Indeed, we provide several lines
of evidence indicating that PRK2 forms oligomers, that oli-
gomer formation is mediated by the N-terminal region, and
that the inhibition is achieved in trans by the interacting part-
ner in the oligomeric structure. These lines of evidence include
the following: 1) the dilution of PRK2 preparations enhanced

PRK2 catalytic activity, 2) GST- and FLAG-tagged PRK2 pro-
teins interacted whereas the deletion of the N-terminal region
decreased the interaction, 3) the cross-linking of purified wild-
type PRK2 produced dimers and, to a lesser degree, tetramers,
4) cross-linking in extracts from cells expressing recombinant
wild-type PRK2 produced dimers, whereas the overexpressed
catalytic domain of PRK2 did not, 5) wild-type PRK2was inhib-
ited by the addition of a kinase-deadmutant PRK2, 6) theN-ter-
minal region of PRK2 inhibited the activity in trans, and 7)
mutation of the PKL sequence important for dimerization pro-
duced PRK2 proteins with higher basal activity. Therefore, we
suggest that PRK2 forms dimers and, potentially, higher order
oligomers that keep PRK2 inactive. Because we also detected
PRK2 tetramers, we cannot discount the possibility that the
tetramers are physiologically relevant as well.
The formation of dimers is amechanism of regulationwidely

found within receptor tyrosine kinases. The molecular details
of the dimer formation shows that they interact through a
largely hydrophobic interface (46, 47) that is comparable with
the interaction between PDK1 and its substrates through the
HM/PIF pocket (19). Homodimers of AGC kinases have also
been described in the literature for PKB/Akt, mediated by the
PH domain (48, 49), and for PKC�, mediated by the C1 and C2
domains (50). Recent work using fluorescence lifetime imaging
microscopy deduced that PDK1 forms homodimers in cells
(51). Altogether, the oligomerization mechanisms described
for tyrosine kinases and suggested for AGC kinases PKB/Akt,
PDK1, and PKC� seem to be different from the mechanism we
propose for PRK2. In particular, the mechanism of PRK2 regu-
lation appears very different from the models currently
accepted for the regulation of PKCs. We propose that the
PRK2-PRK2 interaction is mediated mainly by two binding
sites on the catalytic domain (Fig. 8A): the PKL sequence-bind-
ing site (binding site 1) and a binding site for other N-terminal
domains (binding site 2).
Consistent with the idea that the PKL sequence binds to the

substrate-binding site, the PKL sequence requires positively

FIGURE 7. Deletion of the N-terminal region of PRK2 leads to elevated
androgen receptor activation. HEK 293 cells were co-transfected with plas-
mids coding for the androgen receptor, pSGhAR, the MMTV-LUC reporter
plasmid and different PRK2-encoding plasmids in triplicates in a 96-well for-
mat. For androgen receptor activation, the cells were stimulated by the addi-
tion of 100 pM of the agonist R1881 (filled bars) or dimethyl sulfoxide (empty
bars) as a control. Luciferase activity was measured using the EnVision multi-
label reader. Cells transfected with only pSGhAR and MMTV-LUC or cells co-
transfected with empty plasmid (GST) were used as controls (n � 5); *, p �
0.05; **, p � 0.01. RLU, relative luciferase response units.

FIGURE 8. Potential mechanisms for PRK2 dimerization. A, a schematic
representation of the active PRK2 monomer. The catalytic domain contains
two binding sites for N-terminal domains (binding site 1 and binding site 2,
boxed). The N-terminal region contains the PKL linker and additional sites that
potentially bind to the catalytic domain. For simplification, the C-terminal
extension of PRK2 is not shown and the N-terminal region is minimized. B, a
possible model for the dimerization of PRK2 molecules is based on the exis-
tence of pre-formed binding sites (binding site 2) already present in the mon-
omer. In this model, the PKL region of one molecule interacts with the dimer
partner, whereas the other N-terminal sites interact with both molecules of
the dimer.
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charged residues, like prototypical substrates of PRK2. In addi-
tion, PKLtide is displaced from its binding site by the PRK2
substrates KKCrosstide and protamine sulfate, but not by
(K/R)E-PKLtide. The crystal structure of the catalytic subunit
of PKA in complex with the pseudosubstrate inhibitor (PKI; see
supplemental Fig. S2) shows that the peptide inhibitor stabi-
lizes the close-active structure of the catalytic domain and posi-
tions all residues for catalysis (52). By analogy, we suggest that
the PKL-binding site (binding site 1) corresponds to the PRK2
peptide-substrate binding groove, contiguous to the ATP-
binding site between the small and large lobes of the kinase
domain. On the other hand, we currently lack information on
the location of the binding region for otherN-terminal domains
(binding site 2) that support the formation of oligomers of
PRK2. Our observations are consistent with a model in which
the other N-terminal domains recognize the dimer of PRK2.
This finding could be explained if the N-terminal domains rec-
ognized the dimer by having recognition sites on both mole-
cules within the dimer (Fig. 8B). Alternatively, the N-terminal
domains could recognize a specific conformation of the kinase
that is triggered by the formation of the inactive dimer. Inter-
estingly, our present work revealed the possible existence of at
least two distinct conformations of the PRK2 kinase domain in
the PKL-bound (inactive) and PIF-bound (active) forms of
PRK2. It is, therefore, possible that binding of the PKL region to
binding site 1 induces a conformational change that creates
binding site 2 (Fig. 8).
Except for PDK1, AGC kinases possess a rather conserved

extension C-terminal to the catalytic core. The crystal struc-
tures of active AGC kinases show that this C-terminal region
extends over the small lobe with the hydrophobic motif Phe-
Xaa-Xaa-Phe occupying theHM/PIF pocket (supplemental Fig.
S2). In previous work we showed that the phosphorylation of
this C-terminal region at the Z/TM site of PRK2 triggers a
direct interaction with a phosphate-binding site on the small
lobe of the catalytic domain. We now further show that the
antibodies that bind to the IL hydrophobic patch, located fur-
ther C-terminal within the PIF sequence, inhibit PRK2 activity,
thereby confirming the important role of the C-terminal region
on the active structure of PRK2. Because the binding of the C
terminus was necessary for activity, the mechanism appears
similar to that found in other AGC kinases, where the C-termi-
nal extension stabilizes the catalytic domain in an active con-
formation. In addition, the binding site for the PIF sequence of
PRK2 is not expected to overlap with the substrate-binding site
because an interaction with the substrate-binding site would
not support but inhibit the activity of PRK2. Notably, we
observed that PIFtide, the peptide derived from the PIF region
on the C terminus of PRK2, disrupted the interaction between
PRK2 and the inhibitory PKLtide. This revealed that a simulta-
neous binding of PIFtide andPKLtide to PRK2was not possible,
suggesting that either (a) they compete for the same binding
site on the small lobe of the catalytic domain or (b) there is an
allosteric cross-talk between the PIFtide- and PKLtide-binding
sites on PRK2. Both scenarios, however, imply that the inhibi-
tory N-terminal domains and the activating C-terminal region
communicate at the level of the catalytic core to regulate PRK2
activity. Although our results cannot fully discard any possibil-

ities, our accumulating evidence suggests that PKLtide binds to
the substrate-binding site, but stabilizing an inactive conforma-
tion of the catalytic core, which is not suitable for the binding of
PIFtide. Thus, it is tempting to speculate that binding the PKL
sequencewould affect the shape of theHM/PIF pocket, thereby
preventing the binding of the C-terminal PIF sequence to the
catalytic domain. In any case, however, one should predict that
the C-terminal region of the dimeric inactive form of PRK2
would be exposed and, because the PIF sequence has high affin-
ity for PDK1 (�50 nM), this would readily trigger the interac-
tion with PDK1. However, this was not the case, because wild-
type PRK2 had greatly decreased affinity for PDK1 compared
with the isolated catalytic domain. Only upon deletion of the
N-terminal domains of PRK2 was its interaction with PDK1
enhanced. Therefore, we must hypothesize that, in the inactive
structure of PRK2, the C terminus is neither bound to the
HM/PIF pocket nor freely available for interaction with PDK1.
It is therefore possible that, in the inactive oligomeric struc-
tures of PRK2, theN-terminal domains interact directly or indi-
rectly with the C-terminal PIF region of PRK2, preventing its
ability to interact with PDK1.
Combining our results described here and previous informa-

tion on the mechanism of regulation of PRKs, we suggest the
following extended model for PRK2 regulation. PRK2 forms
dimers and possibly higher order oligomers in cells, which rep-
resent the inhibited form of PRK2. The binding of the PKL
sequence to the active site of the dimer partner affects the con-
formation of the catalytic domain, thereby allosterically pre-
venting the binding of the C terminus to the HM/PIF pocket.
The activation of PRK2 requires the binding of Rho-GTP to the
Hr1domains of PRK2.Uponbinding of Rho to theHr1domains
and the action of at least one more cellular partner, the PIF
motif would be released. The exposed PIF motif would then
mediate the docking interaction of PRK2 with PDK1, thereby
leading to activation loop phosphorylation of PRK2. Subse-
quently, the Z/TM site is phosphorylated by a yet unknown
protein kinase. Phosphorylation of the activation loop and
Z/TM site supports the dissociation of PRK2 from PDK1, and
promotes the intramolecular binding of the PIF sequence to the
HM/PIF pocket, resulting in stabilization of the active confor-
mation of PRK2. In turn, stabilization of the active conforma-
tion would trigger the dissociation of the inhibitory PKL
sequence from the active site and, eventually, the release of
activemonomers of PRK2. Flynn et al. (53) suggest that PRK1 is
dephosphorylated and inactive under basal conditions and that
it becomes phosphorylated by PDK1 and thus activated upon
stimulation. Our data are compatible with such a model but
also show that phosphorylated PRK2 can maintain a low basal
activity and be activated by regulating the oligomeric structure
of the kinase. It is, therefore, possible that both mechanisms
co-exist or that distinct mechanisms regulate PRK1 and PRK2
activity in different signaling situations.
Understanding the molecular details of PRK2 regulation

opens the possibility to modulate the activity of PRKs in cells.
For example, small compounds that stabilize the oligomeric
structure will inhibit PRK2 activity, whereas compounds sup-
porting the dissociation of the oligomer will activate PRK2.
Over the last years, we provided evidence that the HM/PIF
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pocket can be targeted with small compounds leading to the
development of allosteric activators or allosteric inhibitors of
AGC kinases (41, 43, 54–56). Our present results indicate that
the HM/PIF pocket also has an allosteric role in the regulation
of PRK2 by affecting the binding of the PKL sequence to the
substrate-binding site. Small compounds that bind to the
HM/PIF pocket in the presence of the PKL sequence would,
according to themodel, stabilize the inhibition by the N-termi-
nal region. In contrast, compounds mimicking PIFtide would
promote the dissociation of PRK2molecules and thus promote
their activation. Compounds with such a novel mode of action
could serve as selective pharmacological tools to further define
the function of PRKs in cells and organisms. Importantly,
because of the increased selectivity of allosteric inhibitors com-
pared with ATP-competitive inhibitors, such compounds
would open the possibility for the development of selective
anticancer and antiviral drugs.
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