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Myosin phosphatase (MP) is a key regulator of myosin light chain (LC20) phosphorylation, a process essential for motility,
apoptosis, and smooth muscle contractility. Although MP inhibition is well studied, little is known about MP activation.
We have recently demonstrated that prostate apoptosis response (Par)-4 modulates vascular smooth muscle contractility.
Here, we test the hypothesis that Par-4 regulates MP activity directly. We show, by proximity ligation assays, surface
plasmon resonance and coimmunoprecipitation, that Par-4 interacts with the targeting subunit of MP, MYPT1. Binding is
mediated by the leucine zippers of MYPT1 and Par-4 and reduced by Par-4 phosphorylation. Overexpression of Par-4
leads to increased phosphatase activity of immunoprecipitated MP, whereas small interfering RNA knockdown of
endogenous Par-4 significantly decreases MP activity and increases MYPT1 phosphorylation. LC20 phosphorylation
assays demonstrate that overexpression of Par-4 reduces LC20 phosphorylation. In contrast, a phosphorylation site
mutant, but not wild-type Par-4, interferes with zipper-interacting protein kinase (ZIPK)-mediated MP inhibition. We
conclude from our results Par-4 operates through a “padlock” model in which binding of Par-4 to MYPT1 activates MP
by blocking access to the inhibitory phosphorylation sites, and inhibitory phosphorylation of MYPT1 by ZIPK requires
“unlocking” of Par-4 by phosphorylation and displacement of Par-4 from the MP complex.

INTRODUCTION

Smooth muscle and nonmuscle myosin activity, required for
numerous cellular processes such as motility, mitosis, apo-
ptosis, and smooth muscle contractility, is regulated by the
phosphorylation state of the myosin regulatory light chain
(LC20) at serine 19. LC20 phosphorylation, in turn, is deter-
mined by the opposing activities of myosin light chain ki-
nase (MLCK) and myosin phosphatase. The smooth muscle
myosin phosphatase holoenzyme (MP) is a heterotrimeric
protein complex composed of the catalytic subunit PP1c�,
the regulatory/targeting subunit MYPT1, and a small sub-
unit of largely unknown function (for a review, see Ito et al.,
2004). MYPT1 has a central role in the function of MP: The
110-kDa protein acts as a targeting subunit, directing PP1c�
to its substrate LC20 (Shimizu et al., 1994). Furthermore,
MYPT1 enhances the catalytic activity of PP1c� toward LC20
(Alessi et al., 1992; Shirazi et al., 1994). Moreover, MYPT1
possesses two inhibitory phosphorylation sites, threonine
696 and threonine 853 (mammalian numbering), which,
upon phosphorylation, lead to inhibition of the MP holoen-
zyme (Kimura et al., 1996; Feng et al., 1999). The two inhib-
itory phosphorylation sites are located in the C-terminal part
of MYPT1, which also harbors binding sites for myosin,
phospholipids, RhoA, the type Ia cGMP-dependent protein

kinase (PKG), and the small subunit of MP (Ito et al., 2004).
Binding of MYPT1 to PP1c� and phosphorylated LC20 is
mediated by an ankyrin repeat region in the N-terminal part
of the protein (Ito et al., 2004). Alternative splicing gives rise
to four major isoforms of MYPT1 that differ in the presence
of a central insert and/or a C-terminal leucine zipper motif
(Chen et al., 1994; Dirksen et al., 2000).

The best defined signaling pathway that leads to inhibi-
tory phosphorylation of MYPT1 is the Rho/Rho kinase path-
way: lysophosphatidic acid (LPA) binding to a G protein-
coupled receptor mediates activation of the small GTPase
Rho (Ridley and Hall, 1992). Activated Rho then binds to,
and activates Rho kinase (Matsui et al., 1996), which in turn
phosphorylates MYPT1 and inhibits MP (Kimura et al.,
1996). Apart from Rho kinase, inhibitory phosphorylation of
MYPT1 can be performed by integrin linked kinase (ILK)
(Kiss et al., 2002; Muranyi et al., 2002) and by zipper-interacting
protein kinase (ZIPK) (MacDonald et al., 2001; Endo et al., 2004),
another substrate of Rho kinase (Hagerty et al., 2007).

In contrast, MP activation, which is primarily reported to
be mediated by the nitric oxide (NO) pathway, is less well
understood. The activating effect of NO on MP is primarily
mediated by PKG (Nakamura et al., 1999; Surks et al., 1999;
Wooldridge et al., 2004). However, there are some discrep-
ancies about the nature of the PKG–MYPT1 interaction
(Surks et al., 1999; Khatri et al., 2001; Surks and Mendelsohn,
2003; Huang et al., 2004; Given et al., 2007; Lee et al., 2007;
Sharma et al., 2008), and whether phosphorylation of MYPT1
by PKG is involved in activation of MP (Nakamura et al.,
1999; Wooldridge et al., 2004) has yet to be fully resolved.

Prostate apoptosis response (Par)-4 is a proapoptotic protein
with multiple functions (Sells 1994, Diaz-Meco et al., 1996). In
nonmuscle cells, Par-4 induces apoptosis in at least three ways:
1) by acting as a transcriptional regulator (Johnstone et al.,
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1996; Richard et al., 2001; Cheema et al., 2003; Lu et al., 2008);
2) by inhibiting the prosurvival kinases atypical protein
kinase C (aPKC)� (Diaz-Meco et al., 1996; Leroy et al., 2005;
Wang et al., 2005) and protein kinase B (PKB)/Akt (Joshi et
al., 2008; Lee et al., 2008); or 3) by interacting with ZIPK
(Page et al., 1999; Kawai et al., 2003), accompanied by
changes in LC20 phosphorylation (Vetterkind et al., 2005b).
We have recently reported that Par-4 has a nonapoptotic
function in regulating smooth muscle contractility by target-
ing ZIPK to actomyosin filaments during agonist activation
(Vetterkind and Morgan, 2009). Using recombinant proteins
and a cell culture model for smooth muscle cells, we now
pursue the mechanism of Par-4 function and demonstrate
that phosphorylation of Par-4 is required for ZIPK-mediated
inhibition of MYPT1 after agonist stimulation. Moreover, we
show, for the first time, that in the absence of agonists, Par-4
directly binds to and activates MP. We propose a model,
consistent with these data, where Par-4 has dual functions
by 1) binding to and activating MP when agonist-stimula-
tion is absent; and 2) in the presence of an agonist, facilitat-
ing inhibitory phosphorylation of MP by targeting ZIPK.
Thus, Par-4 is an amplifier of the range of activity of MP.

MATERIALS AND METHODS

Cell Culture
A7r5 rat aorta cells (American Type Culture Collection, Manassas, VA) were
cultured in DMEM high glucose (Invitrogen, Carlsbad, CA) with 10% fetal calf
serum, 1% glutamine, 50 U/ml penicillin, and 50 �g/ml streptomycin. A7r5 cells
were used as a model for smooth muscle that allows the expression of mutant
proteins and knockdown by using small interfering RNA (siRNA). A7r5 cells
proliferate as myoblasts and, after reaching the stationary phase, differentiate into
a phenotype that resembles adult smooth muscle cells (Kimes and Brandt, 1976;
Firulli et al., 1998). The cells express many smooth muscle specific marker pro-
teins, including smooth muscle � actin, smooth muscle myosin, smooth muscle
tropomyosin isoforms, h1 calponin, and SM22 � (Gimona et al., 2003). To ensure
differentiation of the cells to the smooth muscle-like phenotype, cells were grown
to confluence and serum starved for 24 h before all experiments.

In Situ Proximity Ligation Assay (PLA)
For PLA using the Duolink in situ PLA kit (Olink, Uppsala, Sweden), cover-
slips were stained with the primary antibodies, washed, and further pro-
cessed essentially according to the manufacturer’s instructions. In brief, the
coverslips were incubated with the secondary oligonucleotide-linked anti-
bodies provided in the kit. The oligonucleotides bound to the antibodies were
hybridized, ligated, amplified, and detected using a fluorescent probe. Dots
were detected and counted using NIS Elements AR 2.30 software (Nikon,
Melville, NY). Images were processed with Photoshop CS3 software (Adobe
Systems, Mountain View, CA).

DNA Constructs
Cloning of the green fluorescent protein (GFP)-tagged and the Strep-tagged
Par-4 cDNAs; the GFP-tagged ZIPK cDNA; and cloning of the constructs
encoding the C-terminal regions of MYPT1, E2CCLZ (amino acids [aa] 892-
1030), CC (aa 924-990), and LZ (aa 992-1030) has been described previously
(Kögel et al., 1998; Vetterkind et al., 2005a,b; Lee et al., 2007). For the leucine
zipper mutant Par-4 L3A, leucines 295, 316, and 330 were replaced by ala-
nines, as described previously (Boosen et al., 2005). The phosphorylation site
mutant Par-4 T155A, in which threonine-155 is replaced by an alanine, was
generated by site-directed mutagenesis by using the primers 5�-AAG CGC
CGC TCC GCT GGC GTG GTC AAC-3� and 5�-GTT GAC CAC GCC AGC
GGA GCG GCG CTT-3�.

Reagents and Antibodies
LPA was purchased from Cayman Chemical (Ann Arbor, MI). Okadaic acid
and calyculin A were purchased from Calbiochem (Gibbstown, NJ). Pharma-
lytes for isoelectric focusing were purchased from GE Healthcare (Little
Chalfont, Buckinghamshire, United Kingdom). General laboratory reagents
were of analytical grade or better and were purchased from Sigma-Aldrich
(St. Louis, MO) and Bio-Rad Laboratories (Hercules, CA). The following
primary antibodies were used: rabbit polyclonal anti-PP1c� antibody (1:250;
Millipore, Billerica, MA), rabbit polyclonal anti-M130 antibody (1:1000; Co-
vance Research Products, Princeton, NJ), rabbit polyclonal anti-pT696-
MYPT1-antibody (1:500; Millipore), rabbit polyclonal anti-pSer19-LC20 anti-
body (1:500; Cell Signaling Technology, Danvers, MA), mouse monoclonal

anti-LC20 antibody (1:3000; Sigma-Aldrich), mouse monoclonal anti-tubulin �
antibody (Sigma-Aldrich), mouse monoclonal anti-GFP antibody (Clontech,
Mountain View, CA), and mouse monoclonal anti-Par-4 antibody (1:500;
Santa Cruz Biotechnology, Santa Cruz, CA). For immunofluorescence exper-
iments, goat anti-rabbit and goat anti-mouse Alexa Fluor 488 and Alexa Fluor
568 (1:1000; Invitrogen) were used as secondary antibodies. Goat Oregon
Green 488- or Alexa Fluor 568-labeled anti-rabbit or anti-mouse immunoglob-
ulin Gs were used as secondary antibodies in Western blot experiments
(1:1000; LI-COR Biosciences, Lincoln, NE).

Transfection
Transient transfection using the jetPEI transfection reagent (PolyPlus, New York,
NY) was carried out according to the manufacturer’s protocol. For Par-4 knock-
down experiments, the following cyanine (Cy)3-labeled siRNA oligonucleotides
(Dharmacon RNA Technologies, Lafayette, CO) were used: 5�-GAUGCUAUCA-
CACAGCAGA-UU-3� (antisense) and 3�-UU-CUACGAUAGUGUGUCGUCU-
Cy3-5� (sense) directed against rat Par-4 and 5�-GAUGCAAUUACACAACAGA-
UU-3� (antisense) and 3�-UU-CUACGUUAAUGUGUUGUCU-Cy3-5� (sense) as
mismatch control (directed against human Par-4; Kawai et al., 2003). Transfection
with 40 nmol/l prehybridized siRNA molecules was performed with Lipo-
fectamine 2000 (Invitrogen) according to the manufacturer’s instructions. Cells
were processed for experiments 5 d after siRNA transfection.

Immunofluorescence Imaging
Cells were fixed and stained as described previously (Vetterkind et al., 2005b).
Transfected cells were fixed 48 h after transfection. For some experiments, cells
were prepermeabilized with 0.25% Triton X-100 in cytoskeleton stabilization
buffer [50 mmol/l NaCl, 3 mmol/l MgCl2, 30 mmol/l sucrose, and 10 mmol/l
piperazine-N,N�-bis(2-ethanesulfonic acid), pH 6.8] for 3 min at 37°C before
fixation. Nuclei were stained with 4,6-diamidino-2-phenylindole (Sigma-Aldrich),
filamentous actin was stained with Alexa Fluor 568 and Alexa Fluor 488 phal-
loidin (1:3000; Invitrogen). Cells were examined with an Eclipse TE2000-E fluo-
rescence microscope (Nikon) equipped with a charge-coupled device camera and
using filters optimized for double-label experiments.

Immunoprecipitation, Pull-Down Experiments, and
Western Blotting
For immunoprecipitation experiments, A7r5 cells were lysed in isotonic lysis
buffer (50 mmol/l NaCl, 3 mmol/l MgCl2, 1 mmol/l dithiothreitol, and 0.5%
Nonidet-P40 in a 10 mmol/l sodium phosphate buffer, pH 8.0). To prevent
protein degradation, lysis buffer was supplemented with a protease inhibitor
cocktail (Roche Diagnostics, Indianapolis, IN), and lysates were kept on ice or at
4°C at all times. Lysates were cleared by centrifugation, precleared with empty
beads, and subjected to immunoprecipitation with the mouse monoclonal anti-
Par-4 antibody (Santa Cruz Biotechnology), the rabbit polyclonal anti-PP1c�
antibody (Millipore) or the rabbit polyclonal anti-GFP antibody (Clontech) at 4°C
overnight. The antigen–antibody complexes were adsorbed to protein G-Dyna-
beads (Invitrogen) and washed three times with lysis buffer. For pull down
experiments, purified Par-4 (1 �g) was incubated with an Intein-tagged MYPT1
fragment (aa 850-1030) (Lee et al., 2007) immobilized on chitin beads (70 �l).
Beads were washed three times with 200 �l of lysis buffer followed by one wash
step with kinase buffer (50 mmol/l Tris, 100 mmol/l NaCl, 5 mmol/l MnCl2, and
1 mmol/l dithiothreitol, pH 7.5). A sample of the beads (10 �l) was taken for
analysis of Par-4 binding. The remaining beads were split into two samples of 30
�l each. Active ZIPK (0.25 �g; Cell Signaling Technology) was added, and
samples were incubated either with or without 50 �M ATP at 37°C for 30 min,
followed by three washes with lysis buffer. Samples were taken from all washing
steps. Proteins in the samples were separated on 10% SDS polyacrylamide gels
according to standard procedures. For Western blot analysis, proteins on SDS
gels were transferred onto nitrocellulose membranes (Whatman, Florham Park,
NJ). Bound proteins were detected with specific primary antibodies and appro-
priate secondary antibodies. Bands were visualized on an Odyssey infrared
imaging system (LI-COR Biosciences). Densitometry analysis was performed
with the Odyssey 2.1 software. Ponceau staining was used to verify equal protein
loading and transfer.

Two-dimensional (2-D) Gel Electrophoresis and
Glycerol-Urea Gel Electrophoresis
Two-dimensional gel electrophoresis was performed as described previously
(Kim et al., 2008) by using 0.4% Pharmalytes pH 3–10 and 1.6% Pharmalytes
pH 4–6.5 (GE Healthcare). After isoelectric focusing at 400 V for 16 h, tube
gels were transferred to 10% SDS polyacrylamide gels. LC20 phosphorylation
was measured as an indicator for contractile potential. Glycerol-urea gel
electrophoresis was used to separate nonphosphorylated, monophosphory-
lated, and diphosphorylated light chains as described previously (Kim et al.,
2000). LC20 phosphorylation (in moles of phosphate per moles of LC20) was
calculated from densitometric analyses as follows: [area (monophosphory-
lated) � 2� area (diphosphorylated)]/[area (unphosphorylated) � area
(monophosphorylated) � area (diphosphorylated)].
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Phosphatase Assays
Cell lysates were subjected to immunoprecipitation using the anti-PP1c�
antibody (Millipore). Immunoprecipitates were washed three times in lysis
buffer and twice in PP1 assay buffer (20 mmol/l Tris-HCl, pH 7.0, 1% Triton
X-100, 0.25 mol/l sucrose, 1 mmol/l MnCl2, and 0.1% �-mercaptoethanol) and
then split into two equal aliquots and resuspended in phosphatase assay
buffer containing 10 mmol/l para-nitrophenyl phosphate (p-NPP; Sigma-
Aldrich) as phosphatase substrate and either 5 nmol/l okadaic acid or 5
nmol/l calyculin A as PP1/PP2A inhibitors. PP1 is inhibited by calyculin A at
5 nmol/l but not okadaic acid at 5 nmol/l. Samples, including blank samples,
were incubated at 30°C for 2 h. The reaction was stopped by adding 50
mmol/l EDTA. Production of the hydrolysis product para-nitrophenol was
measured at 405 nm with a spectrophotometer (Shimadzu, Columbia, MD).
To eliminate the activities of potentially copurified/contaminating phospha-
tases, the activity in the calyculin A sample was subtracted from the activity
in the okadaic acid sample, and the remaining calyculin A-sensitive activity
was considered as PP1 activity. Specific activity was determined by relating
the PP1 activity to the total protein content of the same sample.

Kinase Assays
ZIPK assay reactions were performed in ZIPK assay buffer (50 mmol/l
Tris-HCl, pH 7.5, 100 mmol/l NaCl, 5 mmol/l MnCl2, and 1 mmol/l dithio-
threitol) in a total volume of 20 �l containing 0.1 �g (1.27 pmol) of active
purified recombinant ZIPK (Cell Signaling Technology) and 5 �g of LC20
peptide (BIOMOL Research Laboratories, Plymouth Meeting, PA) as sub-
strate. Where indicated, purified recombinant Par-4 was added in a molar
ratio of 1:1 (1.27 pmol) or 10:1 (12.7 pmol). Reactions were incubated for 30
min at 30°C and stopped by adding 10 mmol/l EGTA (end concentration).
Then, 2 �l of each reaction was spotted on a nitrocellulose membrane. Bovine
serum albumin and LC20 peptide were spotted as controls (each 0.5 �g in 2
�l of kinase assay buffer). The dot blots were blocked and analyzed with
anti-Par-4, anti-ZIPK, and anti-pSer19-LC20 antibodies.

Protein Purification
Strep-tagged wild-type Par-4 was expressed in the Escherichia coli strain
BL21 (DE3) (Stratagene, La Jolla, CA). Bacteria were transformed with
Par-4 expression vectors and grown in DYT medium (1.6% tryptone, 1.0%
yeast extract, 0.5% NaCl) at 37°C. Protein expression was induced in late
log phase with 1 mmol/l isopropyl �-d-thiogalactoside (Sigma-Aldrich).
Bacteria were harvested 3 h after induction and solubilized in solubilization
buffer (50 mmol/l Tris, pH 7.5, and 200 mmol/l MgCl2) by ultrasonic disrup-
tion. Lysates were cleared from cell debris by centrifugation. Recombinant
proteins were purified from the cell lysates using StrepTactin Sepharose (IBA,
Göttingen, Germany) essentially according to the manufacturer’s instructions.
The MYPT1 peptides were purified as described previously (Lee et al., 2007).

Surface Plasmon Resonance (SPR) Experiments
All SPR experiments were carried out on a BIAcore 3000 (Biacore, Uppsala,
Sweden) at 25°C. Sensor chips and reagents for immobilization [1-ethyl-3-(3-
dimethylamino-propyl)carbodiimide, N-hydroxysuccinimide, and ethanol-
amine] were purchased from Biacore. Recombinant Par-4 protein was immo-
bilized onto a CM5 sensor chip using the amine coupling method. Typically,
400-1000 resonance units of peptides were immobilized. Running buffer was
HEPES-buffered saline containing 10 mmol/l HEPES and 150 mmol/l NaCl,
pH 7.4, with 0.005% surfactant P20. Twofold serial dilutions of the MYPT1
peptides CCLZ (aa 925-1030), E2CCLZ (aa 892-1030), CC (aa 925-991), and LZ
(aa 992-1030) starting at 348 to 593 �mol/l were used for the binding analysis.
SPR data were analyzed using BIAevaluation 4.1 software (Biacore).

Statistical Analysis and Computer-assisted Sequence
Analysis
All values given in the text are mean � SE. Differences between means were
evaluated using a two-tailed Student’s t test. Significant differences were taken at
the p � 0.05 level. Sequence alignment was performed using the ClustalW server
(Larkin et al., 2007), and prediction of coiled coil regions and leucine zipper motifs
was performed using the 2ZIP server (Bornberg-Bauer et al., 1998).

RESULTS

Par-4 Interacts with MP in Smooth Muscle Cells
In immunofluorescence experiments with the rat aorta cell
line A7r5, endogenous Par-4 colocalizes with endogenous
PP1c� and endogenous MYPT1 along the actin cables (Sup-
plemental Figure S1). To find out whether Par-4 interacts
with PP1c� and/or MYPT1 in vivo, coimmunoprecipitation
experiments using a monoclonal anti-Par-4 antibody were
performed. As shown in Figure 1A, endogenous PP1c� and

MYPT1 were coprecipitated with endogenous Par-4 but not
in control experiments. Moreover, after immunoprecipita-
tion of endogenous PP1c� with an anti-PP1c� antibody, both
MYPT1 and Par-4 bands could be detected. Because Par-4
does not contain a PP1 binding motif but harbors a C-
terminal leucine zipper motif, we speculated that binding of
Par-4 to MP could be mediated by leucine zipper-leucine
zipper interaction between Par-4 and MYPT1. To test this
hypothesis, we performed coimmunoprecipitation experi-
ments with transfected A7r5 cells overexpressing GFP-
tagged wild-type Par-4 or a Par-4 mutant in which three
leucines of the leucine zipper have been replaced by alanines
(L3A) (Boosen et al., 2005). Supplemental Figure S2 shows
the sequence of the Par-4 leucine zipper and the position of
the mutated leucines in L3A. In immunoprecipitation exper-
iments with an anti-GFP antibody, endogenous MYPT1 co-
immunoprecipitated with wild-type Par-4-GFP, whereas the
amount of MYPT1 that was coimmunoprecipitated with the
Par-4 leucine zipper mutant L3A-GFP was significantly re-
duced, indicating that the leucine zipper of Par-4 mediates
binding to MYPT1 (Figure 1B). Coimmunoprecipitation of
PP1c� and the Par-4 interaction partner ZIPK with L3A-GFP
were also reduced. Because the association of Par-4 with the
MP complex depends on the presence of the Par-4 leucine
zipper, it seems likely that binding to the MP complex is
mediated by a leucine zipper-leucine zipper interaction be-
tween Par-4 and MYPT1.

Endogenous interaction was confirmed by the in situ PLA,
an immunofluorescence-based method that generates a
quantifiable signal indicative of proximity (30–50 nm) be-
tween two antigens (Fredriksson et al., 2002; Greenberg et al.,
2008; Söderberg et al., 2008; Mellberg et al., 2009). Control
experiments showed that staining with each antibody alone
(instead of antibody pairs) resulted in virtually no signal in
any case (data not shown). As is shown in Figure 1C, the
Par-4 and MYPT1 antibody pair produced a significantly
higher PLA signal than a negative control antibody pair
(MYPT1 and tubulin), and the Par-4 and MYPT1 PLA signal
was of similar magnitude to that of a positive control anti-
body pair (LC20 and pSer19-LC20), indicating that Par-4 and
MYPT1 are in proximity to each other in the cell, probably in
the same protein complex. Furthermore, in cells transfected
with either wild-type Par-4-GFP or the leucine zipper mu-
tant L3A-GFP, the number of dots was significantly higher
in cells transfected with Par-4 than in cells transfected with
the leucine zipper mutant (Figure 1C), confirming a role for
the Par-4 leucine zipper in binding to MYPT1.

Direct binding of Par-4 and MYPT1 was assayed by SPR
experiments. For this purpose, purified recombinant wild
type Par-4 was immobilized on a CM 5 sensor chip and
tested for binding of specific purified MYPT1 peptides
E2CCLZ (aa 891-1030), CCLZ (aa 924-1030), CC (aa 924-990),
and LZ (aa 991-1030) (Lee et al., 2007). The data in Figure 1D
show that Par-4 binds to LZ but not CC; similar results as
those for LZ were obtained for E2CCLZ and CCLZ (data not
shown), indicating that Par-4 binds to LZ and to peptides
that contain LZ. Thus, the leucine-zipper of Par-4 binds the
leucine zipper domain of MYPT1. An apparent dissociation
constant (kd) of 84 �mol/l, a likely overestimate because it
does not take into account homodimerization of Par-4, was
determined for binding of Par-4 and CCLZ. However, be-
cause purified Par-4 was not compatible with the buffer
requirements for SPR flow channel, we were not able to
calculate the kd value for Par-4 dimerization and therefore
cannot provide an accurate kd value for interaction of Par-4
and MYPT1.
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Par-4 Bound to MP Is Primarily Unphosphorylated
Par-4 is a phosphoprotein that is known to be regulated by
upstream kinases such as ZIPK, PKA, and PKB/Akt (Page et
al., 1999; Kawai et al., 2003; Goswami et al., 2005; Gurumur-
thy et al., 2005). To find out whether Par-4 phosphorylation
is required for Par-4 binding to MP, we analyzed the phos-

phorylation state of Par-4 by 2-D gel electrophoresis before
(Figure 2A, black bars) and after (Figure 2A, white bars)
coimmunoprecipitation with PP1c�. That the anti-PP1c� an-
tibody is able to coimmunoprecipitate MYPT1 is shown in
Figure 1A. Par-4 spots were detected with a specific anti-
Par-4 antibody. In pilot studies, phosphorylated and un-

Figure 1. Interaction of Par-4 with the sub-
units of MP. (A) Endogenous interactions. A7r5
cell lysates were subjected to immunoprecipita-
tion with an anti-Par-4 antibody or an anti-
PP1c� antibody as indicated. Endogenous
PP1c�, MYPT1 and Par-4 were detected by
Western blot analysis. Protein G-beads alone
served as control. (B) Identification of binding
domain. A7r5 lysates from cells transfected
with either GFP, wild-type Par-4-GFP, or L3A-
GFP were subjected to immunoprecipitation
with an anti-GFP antibody. Immunoprecipi-
tated GFP-constructs and coimmunoprecipi-
tated endogenous MYPT1, ZIPK and PP1c�
were detected with specific antibodies. Arrow-
head, nonspecific bands. The graphs shows
mean densitometric values for immunoprecipi-
tated Par-4-GFP and L3A-GFP (efficiency of IP,
left) and coimmunoprecipitated MYPT1 (right)
from three independent experiments. (C) Con-
formation of interaction by proximity ligation
assay. A7r5 cells (either untransfected or trans-
fected with Par-4-GFP or L3A-GFP as indi-
cated) were fixed and incubated with MYPT1
and tubulin antibodies as negative control,
LC20 and pSer19-LC20 antibodies as positive
controls, and MYPT1 and Par-4 antibodies. The
number of signal dots, as a measure for prox-
imity of an antigen pair (see immunofluores-
cence panel, inverted for better visualization),
was analyzed based on 20 cells per antigen pair
and in four independent experiments. Repre-
sentative microscopic images are shown for the
tests with untransfected cells. Bar, 20 �m. (D)
Direct interaction is shown by surface plasmon
resonance. Top, Domain map of full-length
MYPT1 showing the position of ankyrin re-
peats (green), basic regions (magenta) contain-
ing the two inhibitory phosphorylation sites
T696 and T853, coiled coil regions (CC; blue),
and the leucine zipper motif (LZ; yellow).
MYPT1 peptides LZ and CC were injected onto
a surface plasmon resonance chip presenting
immobilized full length Par-4. The sensorgrams
show the response difference from a reference
channel without immobilized protein. Series of
twofold dilutions of the analyte (red curve,
highest concentration) were analyzed (*p �
0.05, **p � 0.01, and ***p � 0.001).
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phosphorylated Par-4 spots were identified by analyzing
samples that were subjected to phosphatase and phospha-
tase inhibitor treatments (Supplemental Figure S3A). As
shown in Figure 2A, densitometric analysis of 2-D gels in-
dicates that in unstimulated cells, �30% of Par-4 is phos-
phorylated. After stimulation with LPA to induce Rho/Rho
kinase (ROCK) and ZIPK activation, Par-4 phosphorylation
levels were significantly increased to 45%. However, after
immunoprecipitation of MP with an anti-PP1c� antibody,
the phosphorylation levels of coprecipitated Par-4 (white
bars in Figure 2A) were indistinguishable between LPA
stimulated and unstimulated cell extracts (26 and 29%, re-
spectively). Control experiments showed that the phosphor-
ylation state of Par-4 was preserved throughout the experi-
ment (Supplemental Figure S3B). These results suggest that
the majority of Par-4 bound to MP is unphosphorylated and
that Par-4 phosphorylation is not required for binding to
MP. To test whether phosphorylation of Par-4 might weaken
the interaction with MYPT1, we have performed in vitro
experiments with purified Par-4, an immobilized purified
C-terminal MYPT1 fragment, and purified active ZIPK. We
show in Figure 2B that Par-4 binds to the immobilized

MYPT1 fragment (Figure 2B, input) and that it is released
from the beads into the wash buffer upon addition of active
ZIPK in the presence, but not in the absence, of ATP (Figure
2B). In addition, we show in Figure 2C that MYPT1 is
coprecipitated with both wild type Par-4 and a phosphory-
lation site mutant (T155A) in untreated cells, whereas after
LPA stimulation, coimmunoprecipitation of MYPT1 could
only be detected for the phosphorylation site mutant. These
results demonstrate that Par-4 binds to MP preferentially
when it is unphosphorylated, whereas Par-4 phosphoryla-
tion, because it occurs after stimulation of Rho/ROCK and
ZIPK by LPA, leads to its detachment from the MP complex.

Par-4 Supports PP1 Activity
To find out whether interaction with Par-4 affects MP activ-
ity, we assayed the activity of immunoprecipitated PP1 ho-
loenzymes after overexpression of Par-4 or the leucine zip-
per mutant of Par-4 L3A. Proteins were overexpressed
threefold to fivefold over endogenous Par-4. Interestingly,
phosphatase activity was increased approximately threefold
in Par-4–transfected cells compared with untransfected or
GFP-transfected cells (Figure 3A). In L3A-expressing cells,

Figure 1. Continued.
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PP1 activity was significantly lower than in Par-4–transfected
cells and remained at the level of background PP1 activity
(Figure 3A). To further test the hypothesis that Par-4 increases
MP activity, we applied a knockdown approach. Endogenous
Par-4 protein expression was down-regulated in the rat smooth
muscle cell line A7r5 by using siRNA directed against rat Par-4.
As a mismatch control, we used siRNA directed against hu-
man Par-4 (which differs in sequence by three nucleotides). In
Par-4 siRNA-transfected cells, the Par-4 expression was signif-
icantly reduced to an average of 37% of that in the mismatch
transfected cells, whereas expression of MYPT1, ZIPK, and
PP1c� was unaffected by the knockdown (Supplemental Fig-
ures S4, A and B). In the same experiments, PP1 activity was
significantly reduced in the Par-4 siRNA-treated cells com-
pared with the mismatch treated cells (0.015 � 0.0029 vs.
0.041 � 0.0057 U; Figure 3A).

Par-4 Leads to Reduced LC20 Phosphorylation Levels
In combination with various regulatory subunits, PP1c� is ac-
tive against a wide array of different substrates (for review, see
Ceulemans and Bollen, 2004). To specifically analyze the effect
of Par-4 on PP1c� as part of the MP holoenzyme, we mon-
itored LC20 phosphorylation after overexpression of Par-4.
For this purpose, we applied the proximity ligation assay
using a mouse monoclonal anti-LC20 antibody and a rabbit
polyclonal pSer19-LC20 antibody as primary antibodies, so
that a signal is generated when LC20 is phosphorylated at
serine 19, but not when it is unphosphorylated. This cell-
based assay, in contrast to a traditional gel-based assay, has
the advantage of allowing selected analysis of the subpopu-
lation of transfected cells. Consistent with the activation of
PP1 described above, overexpression of Par-4 led to reduced
LC20 phosphorylation levels (Figure 3B). In contrast, expres-
sion of L3A, which is impaired in binding to MYPT1, had no
effect on LC20 phosphorylation, indicating that Par-4 acti-
vates MP via binding to MYPT1 (Figure 3B). Overexpression
of wild-type Par-4 with ZIPK had no effect over that of ZIPK
alone. However, a Par-4 phosphorylation site mutant,
T155A, which would prevent the displacement of Par-4 from
MYPT1 and lead to an increased MP activity, decreased the

phosphorylation level of LC20 compared with ZIPK alone
(Figure 3B and model in Figure 4C). Competitive peptide
blocking experiments were performed to test the specificity
of the pSer19-LC20-antibody in the context of the proximity
ligation assay. As shown in Figure 3C (inverted immunoflu-
orescence images and graph), preincubation of the anti-
pSer19-LC20 antibody with an unphosphorylated LC20 pep-
tide containing the Ser19 phosphorylation site did not affect
the number of signal dots. However, preincubation of the
phospho-antibody with the same peptide after it had been
phosphorylated by ZIPK, led to a significantly reduced sig-
nal in the PLA assay. The proximity ligation assay with the
anti-LC20/anti-pSer19-LC20 antibody pair was also sensi-
tive enough to detect changes in LC20 phosphorylation lev-
els in A7r5 cells after treatment with the MLCK inhibitor
ML-9 or with the PP1 and PP2B inhibitor calyculin A (graph
in Figure 3C). Specificity of the pSer19-LC20 antibody is
further shown in Figure 3C in a glycerol-urea gel analysis of
A7r5 lysate.

Par-4 Has a Dual Function as an Activator and Inhibitor
of MP
In a previous publication, we have reported that knockdown
of Par-4 leads to a reduced response of smooth muscle strips
to agonist stimulation, indicating a role for Par-4 in inhibi-
tion of MP (Vetterkind and Morgan, 2009). Here, our find-
ings show that Par-4 activates MP in resting cultured smooth
muscle cells. To test whether Par-4 might have a dual func-
tion in the regulation of MP, we have performed siRNA
knockdown of Par-4 in A7r5 cells, followed by Western blot
to analyze MYPT1 phosphorylation at threonine 696, the
phosphorylation site preferred by ZIPK (MacDonald et al.,
2001; Borman et al., 2002). In smooth muscle, MYPT1 phos-
phorylation at threonine 696 can be detected upon contrac-
tile stimulation and seems to be involved in calcium sensi-
tization and steady-state contraction rather than initial
contraction (Shin et al., 2002; Mizuno et al., 2008; Ding et al.,
2009; Khromov et al., 2009). LC20 phosphorylation was an-
alyzed by glycerol-urea gel electrophoresis. Cells were stim-
ulated with LPA, or left untreated, before quick freezing in

Figure 2. Par-4 phosphorylation reduces
binding to MP. (A) A7r5 cells were treated with
10 �mol/l LPA for 15 min, or untreated. One
tenth of cell lysate was saved and prepared for
isoelectric focusing (�input sample, black
bars), and the remainder subjected to immuno-
precipitation with an anti-PP1c� antibody. Im-
munoprecipitates were subjected to isoelectric
focusing (�IP, white bars) followed by regular
SDS-polyacrylamide gel electrophoresis and
Western blotting (shown on top). Black arrow-
heads, phosphorylated Par-4; open arrow-
heads, unphosphorylated Par-4. The graph
shows averages of three to four independent
experiments (*p � 0.05). (B) In vitro experiment
showing release of Par-4 from MYPT1 beads
after incubation with active ZIPK. Purified
Par-4 was incubated with an immobilized pu-
rified MYPT1 fragment (aa 850-1030). After
washing, a sample of the beads was removed
for analysis of Par-4 binding (input). The
remaining beads were split into two reactions. Active ZIPK was added to both reactions; however, ATP was added only to one reaction. After
incubation at 37°C for 30 min, the beads were washed three times. Samples of input and washing steps were analyzed by Western blotting with
an anti-Par-4 antibody (three independent experiments were performed). (C) A7r5 cells were transfected with either wild-type Par-4-GFP or the
phosphorylation site mutant T155A-GFP and subjected to immunoprecipitation with an anti-GFP antibody. MYPT1 was coprecipitated with
GFP-tagged wild-type Par-4 and T155A in unstimulated cells; however, after stimulation with LPA, MYPT1 was only coimmunoprecipitated in the
cells overexpressing the phosphorylation site mutant T155A. One representative out of three independent experiments is shown.
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trichloroacetic acid/acetone. As shown in Figure 3D, in
Par-4 knockdown cells MYPT1 inhibitory phosphorylation
at threonine 696 is elevated in unstimulated cells but re-
duced in LPA-treated cells, compared with mismatch
siRNA-transfected cells. Consistently, LC20 phosphoryla-
tion is increased after Par-4 knockdown in untreated cells,
but significantly reduced in LPA stimulated cells (see graph
in Figure 3D for statistical analysis). These results are in
agreement with our previous findings that in vascular
smooth muscle, Par-4 acts as an inhibitor of MP during
agonist stimulation. At the same time, these findings are
consistent with the other findings presented here, identify-
ing Par-4 as an activator of MP in unstimulated cells. Fur-
thermore, when the data that were generated with differen-

tiated smooth muscle in the previously published work
(Vetterkind and Morgan, 2009) were analyzed retrospec-
tively for basal tone, it was revealed that antisense knock-
down of Par-4 not only reduces PGF-2�-induced contraction
(Vetterkind and Morgan, 2009) but also increases basal tone
(Supplemental Figure S4C), consistent with the finding that
Par-4 supports MP activity in unstimulated cells. These re-
sults indicate that Par-4 has dual functions: 1) as an activator
of MP in the absence of agonists and 2) as an inhibitor of MP
in the presence of an agonist. Because ZIPK can phosphor-
ylate LC20 directly (Kögel et al., 1998; Murata-Hori et al.,
1999), we tested for direct regulation of ZIPK activity by
Par-4 in a kinase assay using an LC20 peptide as substrate.
As shown in Figure 3E, phosphorylation of the LC20 peptide

Figure 3. Par-4 regulates MP activity. (A)
Par-4 activates PP1c�. A7r5 cells transfected
with GFP, Par-4-GFP, L3A-GFP, mismatch
siRNA, or Par-4 siRNA were subjected to
immunoprecipitation with an anti-PP1c� an-
tibody. Immunoprecipitates were subjected
to a phosphatase assay using p-NPP as sub-
strate (*p � 0.029 and 0.018, paired two-tailed
t test). (B) Dual function of Par-4 for LC20
phosphorylation. A7r5 cells were transfected
with different Par-4 constructs and/or ZIPK
as indicated. Cells were fixed, incubated with
anti-LC20 and pSer19-LC20 antibodies and
subjected to the proximity ligation assay. The
graph shows averages from five to six inde-
pendent experiments. The ratio of dots per
area in transfected versus nontransfected
cells is shown for each transfected DNA or
DNA combination (*p � 0.05 and **p � 0.01,
compared with GFP control; #p � 0.05 com-
pared with ZIPK; �p �0.05 compared with
ZIPK�Par-4, unpaired t test). (C) Controls
for PLA-based LC20 phosphorylation assays
using the anti-LC20 and pSer19-LC20 anti-
body pair. For competitive blocking, the
pSer19-LC20 antibody was preincubated
with a nonphosphorylated or phosphory-
lated LC20 peptide as indicated before PLA
staining. To assess the sensitivity of the PLA
method, endogenous LC20 phosphorylation
levels were changed by treating A7r5 cells
with the MLCK inhibitor ML-9 or the PP1
and PP2A inhibitor Calyculin A as indicated.
The graph shows the statistical analyses with
each bar representing three independent ex-
periments with 20 cells each (***p � 0.001).
Representative immunofluorescence images
are shown for competitive blocking of PLA
signal. The Western blot shows specificity of
the anti-pSer19-LC20 antibody toward phos-
phorylated LC20 in A7r5 cell lysates pre-
pared in urea sample buffer and separated by
glycerol/urea gel. (D) Changes in MYPT1
and LC20 phosphorylation after knockdown
of Par-4. A7r5 cells were transfected with
siRNA directed against rat Par-4. As mis-
match control, siRNA directed against hu-

man Par-4 was used. Cells were either left untreated, or stimulated with LPA, followed by quick-freezing in TCA/acetone. Cell lysates were
either analyzed by Western blot with the anti-MYPT1 antibody and the phospho-specific anti-pT696-MYPT1 antibody (top and middle panel,
each representing one out of three independent experiments) or by glycerol-urea gel electrophoresis followed by Western blot analysis using
an anti-LC20 antibody (bottom). Note that after Par-4 knockdown, LC20 phosphorylation is increased in unstimulated cells, but decreased
in LPA-stimulated cells. The graph shows the statistical analysis of LC20 phosphorylation from six independent experiments (*p � 0.05,
paired two-tailed t test). (E) Par-4 does not interfere with ZIPK mediated LC20 phosphorylation directly. Kinase assay with purified
recombinant ZIPK and an LC20 peptide as substrate. Reactions were incubated in the presence or absence of purified recombinant Par-4 as
indicated. Samples were spotted on nitrocellulose membranes and analyzed for phosphorylation of the LC20 peptide with the phospho-
specific LC20 antibody.
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by ZIPK was not affected by the presence of Par-4, thus
ruling out direct regulation of ZIPK by Par-4.

DISCUSSION

The major finding of this work is the identification of Par-4
as an activator of MP. Many inhibitors of MP are known,
including CPI-17 (Eto et al., 1995) as well as several kinases
that target MYPT1: Rho/Rho kinase (Kimura et al., 1996;
Feng et al., 1999), ZIPK (Figure 4A; MacDonald et al., 2001;
Endo et al., 2004), and ILK (Kiss et al., 2002; Muranyi et al.,
2002). In contrast, the NO pathway is the single most im-
portant signaling cascade demonstrated thus far to activate

MP in smooth muscle cells (Surks et al., 1999). The effects of
NO are primarily mediated by PKG (Nakamura et al., 1999;
Wooldridge et al., 2004). Here, we add another activator of
MP, Par-4, to the network regulating the phosphorylation
state of LC20 and hence the level of contractile potential.

Based on our results, we suggest the following model to
complement the current view of MYPT1 inhibitory phosphor-
ylation (shown here for ZIPK, as an example; Figure 4A). Par-4
acts as a molecular “padlock” to maintain MP in an activated
state (Figure 4B). Par-4 knockdown decreases basal MP activity
(Figure 3, A and D; also see model in Figure 4A). Par-4, in its
unphosphorylated state, binds to MP via interaction with
MYPT1. Our previously published work has shown that Par-4

Figure 3. Continued.
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targets ZIPK to the MP complex and supports MYPT1 phos-
phorylation by ZIPK (Vetterkind and Morgan, 2009). Our find-
ing that a nonphosphorylatable T155A Par-4 mutant prevents
inhibition of MP by ZIPK (Figure 3B and model in Figure 4C)
suggests that binding of Par-4 restricts the access of ZIPK, and
possibly other MYPT1 kinases like ROCK and ILK, to the
C-terminal inhibitory phosphorylation site(s) on MYPT1 and,
in essence “locks” MP in the activated state. Once phosphory-
lated, Par-4 leaves the MP complex, so that MP is “unlocked”
from the activated state and MYPT1 can be phosphorylated
(Figure 4B). The observed increase in MP activity by Par-4
overexpression (Figure 3B) may result solely from a prevention
of inhibition of MP by basal MYPT1 kinase activities; however,
physical stabilization of the MP complex by binding of Par-4 is
also possible.

The results presented here used LC20 phosphorylation as an
endpoint, but when they are taken together with our past
results in smooth muscle tissue (Vetterkind and Morgan, 2009),
suggest a mechanism by which Par-4 regulates contractility.
Together, these results predict that Par-4 has dual actions in the
regulation of vascular tone and thus solve an apparent paradox

between the direct activating effect of Par-4 on MP (which
would inhibit contractility) and the previously described
inhibition of agonist-induced contractility by Par-4 knock-
down in smooth muscle tissue (Vetterkind and Morgan,
2009). It is important to note that the previously published
data relate to agonist-stimulated smooth muscle, whereas in
the present work, we have used unstimulated cultured
smooth muscle cells. Thus, as predicted by our model, in the
absence of agonist stimulation, the ZIPK pathway is not
recruited and Par-4 overexpression has a net activating effect
on MP and inhibits contractile activity. Alternatively, ago-
nist stimulation would activate ZIPK (or other pathways)
that require Par-4 as a scaffold to be targeted to MP. With
Par-4 knockdown, targeting of ZIPK will be reduced (Vet-
terkind and Morgan, 2009) and the consequent ZIPK-medi-
ated inhibition of MP diminished, explaining a decrease in
contractility. Thus, these data indicate that although Par-4
promotes MP activity in unstimulated cells, Par-4 also sup-
ports ZIPK-mediated inhibition of MP once ZIPK is acti-
vated. Although the data presented here indicate that Par-4
promotes phosphorylation of MYTP1 at threonine 696 after

Figure 4. Model: Par-4 as a molecular padlock for MP. (A) MP is active until it is phosphorylated at the C-terminal inhibitory phosphor-
ylation site T696 by ZIPK. (B) Binding of Par-4 enhances phosphatase activity. Par-4 targets ZIPK to the MP complex (Vetterkind and Morgan,
2009), but at the same time, like a padlock, blocks access to the inhibitory phosphorylation site. After phosphorylation (“unlocking”) of Par-4
by ZIPK (“key”), Par-4 leaves the MP complex and the inhibitory phosphorylation site inaccessible for inhibitory phosphorylation. (C) A Par-4
phosphorylation site mutant, T155A, interferes with ZIPK-mediated MP inhibition. T155A binds to and activates MP; however, as it cannot
be phosphorylated, it remains bound to MP even in the presence of active ZIPK, and prevents inhibitory phosphorylation of MYPT1 by ZIPK.
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LPA stimulation, we cannot rule out that the effect of Par-4
on MP activity might be partially mediated by the other
C-terminal inhibitory phosphorylation site, threonine 853,
because this site, although primarily phosphorylated by
ROCK, can be phosphorylated by ZIPK in vitro (Borman et
al., 2002). Furthermore, because ZIPK and ROCK have sim-
ilar consensus phosphorylation sites and overlapping sub-
strate spectra, it seems possible that Par-4 could be a down-
stream target of ROCK as well.

The findings and the model presented here are also relevant
for the apoptotic functions of Par-4. Our finding that Par-4 is
required for ZIPK-mediated LC20 phosphorylation (Figure 3B)
is in agreement with a proapoptotic function for Par-4 that is
based on Par-4–mediated targeting of ZIPK to the cytoskeleton
and to MP (Page et al., 1999; Vetterkind et al., 2005b; Vetterkind
and Morgan, 2009). The inhibition of MP, in the context of
apoptosis, can be regarded as a proapoptotic event, because the
resulting LC20 phosphorylation has been causatively linked to
apoptosis (Petrache et al., 2001; Lai et al., 2003).

Similarly, our findings and model are of interest in refer-
ence to the fact that some members of the ATP-binding
cassette kinase family that require auto/transphosphoryla-
tion for activation (Burgering and Coffer, 1995; Andjelkovic
et al., 1996; Kohn et al., 1996; Wooten et al., 1996) are regu-
lated by Par-4. Probably the best-studied apoptotic Par-4
function in the cytoplasm is the inhibition of aPKC� (Diaz-
Meco et al., 1996; Leroy et al., 2005; Wang et al., 2005) and
PKB/Akt (Joshi et al., 2008; Lee et al., 2008), two prosurvival
kinases. It has been shown that knockdown of Par-4 leads to
enhanced Akt phosphorylation levels (Joshi et al., 2008). This
suggests that in the regulation of aPKC� and Akt, Par-4
might also act as a molecular padlock to prevent activating
phosphorylation of Akt and/or aPKC�.

In summary, we have shown, for the first time, that Par-4
directly binds to and activates MP. We have also demon-
strated that Par-4 is required for agonist-induced, ZIPK-
mediated inhibition of MYPT1 and thus is an important
amplifier of inputs to MP.
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