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Contractile force development of smooth muscle is controlled
by balanced kinase and phosphatase activities toward the myo-
sin regulatory light chain (RLC). Numerous biochemical and
pharmacological studies have investigated the specificity and
regulatory activity of smooth muscle myosin light-chain phos-
phatase (MLCP) bound to myosin filaments and comprised of
the regulatory myosin phosphatase target subunit 1 (MYPT1)
and catalytic protein phosphatase 1c� (PP1c�) subunits. Recent
physiological and biochemical evidence obtained with smooth
muscle tissues from a conditional MYPT1 knockout suggests
that a soluble, MYPT1-unbound form of PP1c� may addition-
ally contribute to myosin RLC dephosphorylation and relax-
ation of smooth muscle. Using a combination of isoelectric
focusing and isoform-specific immunoblotting, we found here
that more than 90% of the total PP1c in mouse smooth muscles
is the � isoform. Moreover, conditional knockout of PP1c� or
PP1c� in adult smooth muscles did not result in an apparent
phenotype in mice up to 6 months of age and did not affect
smooth muscle contractions ex vivo. In contrast, smooth
muscle–specific conditional PP1c� knockout decreased con-
tractile force development in bladder, ileal, and aortic tissues
and reduced mouse survival. Bladder smooth muscle tissue from
WT mice was selectively permeabilized to remove soluble
PP1c� to measure contributions of total (�-toxin treatment)
and myosin-bound (Triton X-100 treatment) phosphatase activ-
ities toward phosphorylated RLC in myofilaments. Triton
X-100reducedPP1c�contentby60%andtherateofRLCdephos-
phorylation by 2-fold. These results are consistent with the
selective dephosphorylation of RLC by both MYPT1-bound and
-unbound PP1c� forms in smooth muscle.

Force development of smooth muscle is initiated by phos-
phorylation of myosin regulatory light chain (RLC),3 where the
extent of RLC phosphorylation is determined by the balanced
activities of smooth muscle–specific Ca2�/calmodulin– depen-
dent MLCK and MLCP (1–4). Smooth muscle MLCP is defined
biochemically as a heterotrimeric protein comprised of a myo-
sin phosphatase target (MYPT1) regulatory subunit, a PP1c�
(also referred to as PP1c� in the smooth muscle field) catalytic
subunit, and a small subunit of unknown function (M20) (2, 3,
5–7). MYPT1 from smooth and nonmuscle cells targets PP1c�
to myosin and potentiates the protein phosphatase activity
toward phosphorylated RLC (1, 8). Binding of PP1c�, but not
the PP1c� or PP1c� isoforms, to MYPT1 has been shown in
co-expression studies (7) and detailed in a high-resolution
structure (9). MYPT1 protein knockout showed a concomitant
reduction in PP1c�, consistent with the idea that the interac-
tion of the two proteins stabilized the complex in vivo (10 –12).

Genetic approaches have provided novel insights that com-
plement and extend biochemical and biophysical studies of the
roles of MLCK and MYPT1 in smooth muscle contraction.
Although it has been suggested that multiple protein kinases
phosphorylate smooth muscle RLC (13–15), conditional
knockout of MLCK in smooth muscles of adult mice demon-
strated its primary physiological role for smooth muscle RLC
phosphorylation. Additionally, transgenic expression of bio-
sensor MLCK showed tight coupling between increasing
[Ca2�]i and Ca2�/calmodulin activation followed by feedback
autoinhibition of the activation by MLCK phosphorylation
(16 –19). Thus, MLCK activity is fine-tuned by different cellular
mechanisms. Genetic approaches have provided additional
insights into the role of mutations in MLCK that cause familial
aortic dissections in humans (20 –22).

Smooth muscle–specific conditional knockout of MYPT1
and knockin mutations at its phosphorylation sites have also
provided novel insights. Conditional knockout of MLCK in
smooth muscle cells in adult mice is lethal because of contract-
ile failure (21, 23–25). However, knockout of MYPT1 in smooth
muscle cells did not result in smooth muscle failure in intact
mice and was associated with modest changes in agonist- and
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KCl-induced contractile and relaxation responses of isolated
ileal (12, 26), mesenteric arterial (11), bladder (10), and tracheal
(27) tissues. Knockout of MYPT1 reduced the amount of PP1c�
by about half, which was associated with a 50% reduction in the
rate of RLC dephosphorylation and relaxation. Thus, MYPT1
was shown not to be absolutely required for smooth muscle
function, suggesting other contributory cell mechanisms
for RLC dephosphorylation. Significant phosphatase activity
toward phosphorylated RLC bound to soluble heavy meromy-
osin was found in the supernatant fraction of smooth muscle
homogenates where MYPT1 was not present. This activity
was inhibited by calyculin A but not a low concentration of
okadaic acid, which inhibits PP2A, consistent with PP1c� being
involved (10).

Collectively, these recent reports suggest that protein phos-
phatase activity directed physiologically to phosphorylated
RLC is not restricted to PP1c� bound to MYPT1. Therefore, we
determined the relative abundance of different PP1c isoforms
in smooth muscle and their importance in maintaining smooth
muscle function. We also investigated the contribution of sol-
uble, non-MYPT1-bound PP1c� in dephosphorylating myosin
in myofilaments by selective permeabilization of smooth mus-
cle fibers. The results support the conclusions that PP1c� is the
main isoform expressed in smooth muscle, that ablation of
PP1c� expression in smooth muscle causes a functional loss
and death, and that phosphorylated RLC is dephosphorylated
by both myosin-targeted and soluble PP1c� activities.

Results

Conditional knockout of PP1c�, but not PP1c� or PP1c�, was
lethal

We had previously developed an experimental strategy to
specifically ablate MLCK, MYPT1, and myosin in smooth mus-
cle cells of adult mice to avoid untoward developmental and

nonsmooth muscle effects that complicate experimental results
(10, 12, 20, 21, 27–29). Mice containing floxed alleles of genes
expressed in smooth muscle cells were crossed with a trans-
genic mouse line expressing a fusion protein of the Cre recom-
binase with the modified estrogen receptor binding domain
(CreERT2) under the control of the smooth muscle myosin
heavy chain promoter (30). Cre-mediated recombination
occurred robustly and exclusively in smooth muscle cells
in tissues, but only after tamoxifen treatment (30).

Using this approach with mice containing floxed alleles for
PP1c�, PP1c�, and PP1c� (31), we conditionally knocked out
the �, �, or � PP1c isoforms. With knockout of PP1c� or PP1c�,
mice appeared healthy with development of no apparent phe-
notype for up to 6 months (n � 20). Thus, all mice survived (Fig.
1A). In contrast, knockout of PP1c� reduced survival, with
death starting as early as 12 days and complete lethality by day
43 (n � 16). Apparent hypercontraction of intestines was
observed in the PP1c� knockouts during dissections for exper-
iments (Fig. S1), but veterinary anatomic pathology evalua-
tions, including necropsy and histology, did not reveal obvious
abnormalities in organs from the knockout animals that might
account for animal death. Thus, smooth muscle–specific
knockout of only PP1c� was lethal, but not knockout of PP1c�

or PP1c�.
Isoform-specific immunoblotting showed a significant reduc-

tion in the respective PP1c proteins as early as 5 days after a
2-week tamoxifen treatment protocol, with a greater reduc-
tion after 20 days (Fig. 1B). PP1c� was reduced by 56% (n �
3), � by 60% (n � 3), and � by 60% (n � 6). There was no
significant compensatory increase in nontargeted isoforms.
Thus, the conditional knockout treatment reduced the
respective contents of PP1c�, PP1c�, and PP1c�, but only
loss of PP1c� was lethal.

Figure 1. Conditional knockout of specific PP1c isoforms in smooth muscles of adult mice. A, comparison of mouse survival after tamoxifen-induced
knockout of PP1c� (dashed line, n � 20), PP1c� (dotted line, n � 20), or PP1c� (solid line, n � 16) in smooth muscles. B, representative immunoblot of bladder
smooth muscle samples (5 �g/lane) for PP1c isoforms from conditional knockout animals more than 20 days after start of tamoxifen injections. The primary
antibodies used in immunoblotting are described under “Experimental procedures.” The band detected below PP1c� is nonspecific (n.s.) based on specific
knockdown of a single band in immunoblots of same samples after separation by IEF.
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PP1c� was found to be the most abundant PP1c expressed in
smooth muscle

Because PP1c� knockout alone affected smooth muscle con-
traction and mouse survival, the relative content of the different
PP1c isoforms was assessed. We optimized conditions to sepa-
rate the different PP1c isoforms extracted from bladder smooth
muscle by preparative IEF (Fig. 2A). The relative positions of
the distinct isoforms were determined by specific antibodies
and were consistent with pI predictions from amino acid con-
tent, with PP1c� the most acidic, followed by PP1c� and PP1c�.
A pan-antibody that was raised to sequences that are identical
among the three PP1c isoforms showed cross-reactivity with
PP1c� and PP1c�, but the abundance of PP1c� was too low to
detect unless the gels were overloaded with protein. A nonspe-
cific band did not co-migrate with any of the PP1c isoforms
identified with specific antibodies. Quantification of the differ-
ent PP1c isoforms immunoblotted with the pan-antibody
showed that 97% of the total PP1c was PP1c�, and 3% was
PP1c� with PP1c� undetectable (Fig. 2B). Thus, even if PP1c�
had activity toward phosphorylated RLC, the low amount
expressed in smooth muscle cells would limit its physiological
contribution to RLC dephosphorylation and relaxation.

PP1c� knockout resulted in reduction of MYPT1 content

H&E-stained histological sections of bladder tissue from
PP1c� knockout mice did not reveal significant changes in tis-
sue structure (Fig. 3A). PP1c� and smooth muscle actin expres-
sion, detected by immunofluorescence of bladder tissue sec-
tions, shows that PP1c� expression is reduced uniformly in

smooth muscles (Fig. 3A). Coomassie-stained SDS-PAGE
showed a normal presence of smooth muscle proteins, includ-
ing myosin heavy chain and actin, in bladder tissue from PP1c�
knockout mice (Fig. 3B). Thus, the reduced maximal force
development responses were not due to significant pathological
deterioration of the smooth muscle myofilament. Immunoblot
of samples subjected to IEF confirmed the specific knockout of
most of the PP1c� protein (Fig. 3C). Comparison of immuno-
blots of MLCK and MYPT1 in tissue from PP1c� knockout
mice showed increased expression of MLCK by 33% � 14%, a
reduction of MYPT1 and PP1c� to 20% � 8%, and 40% � 18%
of the respective average WT contents (n � 5 or 6; mean � S.D.)
(Fig. 3D). This reduction in MYPT1 with knockout of PP1c�
mirrors the reduction in PP1c� observed with knockout of
MYPT1 (10). We permeabilized intact PP1c� knockout bladder
smooth muscle strips with �-toxin to introduce small pores for
buffer transfer, or Triton X-100, which removes the membrane

Figure 2. Quantification of PP1c isoforms expressed in bladder smooth
muscle by immunoblotting after preparative IEF. A, identification of the
positions of PP1c isoform-specific bands by immunoblot (IB) analysis. Mix-
tures of antibodies used to detect isoforms are indicated. ns, nonspecific. B,
total PP1 protein in bladder samples (10 �g/lane) from three WT mice immu-
noblotted after separation by preparative IEF. Actin isoforms detected from
the same membrane are shown as loading controls. Relative amounts of the
isoforms are shown in the graph.

Figure 3. Effects of conditional PP1c� knockout on smooth muscle pro-
teins. A, H&E-stained sections of bladder tissue from WT and PP1c� knockout
(KO) mice (left) and immunofluorescence images of PP1c� (center, red), and
smooth muscle actin (right, green). Scale bars � 100 �m. B, Coomassie-stained
gel following SDS-PAGE, showing the smooth muscle proteins myosin heavy
chain (MHC) and actin in 5 �g of total protein. C, representative immunoblot
of PP1c� and PP1c� proteins in bladder homogenates after separation by
preparative IEF. A rabbit monoclonal pan-PP1c antibody was used (Abcam).
D, quantitation of smooth muscle MLCK, MYPT1, and PP1c� relative to RLC.
n � 5 or 6. **, p � 0.01; ***, p � 0.001; ****, p � 0.0001 by t test using GraphPad
Prism. E, ratio of PP1c�/MYPT1 in 5 �g of protein extracts from PP1c� knock-
out intact bladder smooth muscles after permeabilization with �-toxin or
Triton X-100. N.S., not significant. F, comparison of the extent of RLC phos-
phorylation in WT and PP1c� knockout empty bladders that were snap-fro-
zen in situ. n � 3. ***, p � 0.001 by t test using GraphPad Prism. G, represen-
tative RLC immunoblot after separation of phosphorylated RLC (pRLC) from
nonphosphorylated RLC in 2 �g of total bladder extract.
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to allow washout of soluble proteins. MYPT1 was not removed
with either treatment (Figs. S3 and S4). Comparable ratios of
PP1c�/MYPT1 in �-toxin– and Triton X-100 –treated PP1c�
knockout bladder smooth muscle strips indicate that the
remaining 40% of PP1c� is stabilized in part by binding to the
remaining MYPT1 (Fig. 3E). To determine whether smooth
muscle RLC phosphorylation was increased in vivo, mice were
anesthetized, and empty bladders were snap-frozen in situ with
clamps prechilled in liquid nitrogen. Tissue extracts from
PP1c� knockout mice had higher amounts of phosphorylated
RLC than the WT (Fig. 3, F and G).

PP1c� knockout reduced the maximal developed force of
phasic and tonic smooth muscles

Phasic smooth muscles are characteristic of the gastrointes-
tinal and urogenital systems and display rhythmic contractile
activity. Tonic smooth muscles are found in large blood vessels

and airways and exhibit sustained contractions (32). We com-
pared the contractile responses of the mouse bladder, ileum,
and aorta to KCl to induce smooth muscle cell depolarization or
to agonist for receptor-mediated signaling. Vehicle-treated
floxed littermates were used as WT controls. PP1c� or PP1c�
knockout did not significantly affect the maximal developed
forces of the different smooth muscles over the WT (Fig. 4A). In
contrast, PP1c� knockout caused significant maximal force
reductions in the bladder, ileum, and aorta (Fig. 4, A and B). The
ileal smooth muscle contractile force was reduced to the great-
est extent, which predicts that failure of the gastrointestinal
system might be a primary contributor to death. Measurements
of maximum developed forces at earlier times post-tamoxifen
treatment show a time-dependent decrease in muscle contrac-
tion (Fig. 4C). The magnitudes of reductions in force are similar
to the decreases in PP1c� and MYPT1 proteins, which were,
respectively, reduced to 44% � 7% and 25% � 6% at less than 20

Figure 4. Effects of reduction in specific PP1c isoforms on smooth muscle contraction. A, maximal developed forces by smooth muscles of the bladder (B),
ileum (I) and aorta (A) from conditional knockout animals in response to KCl (top panel) or agonist (bottom panel). Specific isoforms knocked out are indicated.
Agonists included carbachol for the bladder and ileum and phenylephrine for the aorta. Tissues were harvested at least 20 days after the start of tamoxifen
injections. Dots represent forces relative to average responses for tissues from matched WT mice (vehicle-treated floxed littermates). Error bars represent
averaged values with S.D.; scattered dots represent n � 6 from at least 3 animals. *, p � 0.05 by ANOVA (GraphPad Prism). B, representative force traces for
bladder, ileum, and aorta tissues from WT (gray line) or PP1c� knockout (black line) mice. C, maximal developed forces in response to KCl or carbachol (CCh) by
ileal smooth muscles from PP1c� knockout animals, measured at less than 20 days (gray columns, 11–18 days) and at more than 20 days (dark gray columns,
21–24 days) post-tamoxifen treatment to induce gene ablation. Error bars represent averaged values with S.D.; scattered dots represent n � 11 from at least 4
animals. ***, p � 0.001; ****, p � 0.0001 by 2-way ANOVA, followed by Dunnett’s multiple comparisons test (GraphPad Prism). N.S., not significant. D,
comparison of PP1c� and MYPT1 protein amounts, arbitrary units (AU), in WT and PP1c� knockout animals at less than 20 days (light gray) and more than 20
days (dark gray) post-tamoxifen treatment. E, extent of RLC phosphorylation in ileal smooth muscle samples snap-frozen at rest (R) and 10 s post-carbachol
treatment, measured by immunoblotting with a smooth muscle RLC antibody after separation of phosphorylated RLCs from nonphosphorylated RLCs by
urea/glycerol-PAGE. Comparisons were made between WT and PP1c� knockout ilea. Error bars represent averaged values with S.D.; scattered dots represent
n � 4 from at least 4 animals. **, p � 0.01; ***, p � 0.001; ****, p � 0.0001 by 2-way ANOVA, followed by Dunnett’s multiple comparisons test (GraphPad Prism).
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days and 36% � 4% and 15% � 3% at more than 20 days after
tamoxifen treatment (Fig. 4D). Resting RLC phosphorylations
in ileal smooth muscles were elevated, indicating hyper-
phosphorylation of the smooth muscle RLC in response to
decreased phosphatase activity (Fig. 4E). The reduction in max-
imal developed forces (Fig. 4, A and C), which are calculated
from the difference in peak and resting forces, are coincident
with increased resting RLC phosphorylations (Fig. 4, C and E).

RLC dephosphorylation was slower in Triton X-100 –treated
compared with �-toxin–treated smooth muscle strips

To directly measure the potential contribution of soluble
PP1c� toward smooth muscle function, we optimized condi-
tions to permeabilize smooth muscle fibers to initiate RLC phos-
phorylation by endogenous MLCK in myofilaments and then
measured the rate of dephosphorylation under controlled con-
ditions. Treatment with �-toxin forms pores that are permea-
ble to small molecules such as ions but not larger protein mol-
ecules (33, 34). However, Triton X-100 effectively removes the
sarcolemma, allowing passage of large soluble protein mole-
cules (35).

As expected, �-toxin–treated bladder smooth muscle strips
contained filamin, myosin heavy chain, and actin when ana-
lyzed by SDS-PAGE followed by Coomassie blue staining (Fig.
S4). Triton X-100 treatment did not result in the removal of
these myofilament proteins, but other unidentified proteins,
particularly lower-molecular-mass proteins, were removed
compared with untreated strips (Fig. S3) and results obtained
with �-toxin (Fig. S4).

We compared the amount of PP1c� in intact WT and PP1c�
knockout bladder smooth muscle after treatment with �-toxin
or Triton X-100 (Fig. 5A). Quantification showed that, com-
pared with �-toxin–treated smooth muscles, PP1c�/MYPT1
was reduced to 44% � 16% (n � 20; mean � S.D.) following
Triton X-100 treatment (Fig. 5A). Thus, PP1c� appears to con-
sist of two pools, one bound to MYPT1 and the other soluble.

Permeable smooth muscle fibers retain contractile proteins
in myofilaments, thus preserving a functional structure. Perme-
able tissue strips were incubated in Ca2� buffer with calmodu-
lin to induce phosphorylation of RLC in smooth muscle myosin
by endogenous MLCK also bound in myofilaments. After
5-min incubation, myosin phosphorylation increased to 0.45 �
0.01 mol of phosphate/mol RLC in both �-toxin– and Triton
X–100 treated strips (Fig. 5, B and C). Dephosphorylation rates
were obtained by measuring the normalized extent of RLC phos-
phorylation at various times after removal of Ca2� and fitting
the data to a nonlinear regression (Fig. 5, C and D). Averaged t1⁄2
values for RLC dephosphorylation in �-toxin– and Triton
X-100 –treated WT bladder strips were 9 � 3 (n � 6) and 21 �
4 s (n � 11), respectively (p � 0.001) (Fig. 5D). RLC dephos-
phorylation was not affected by 1 nM okadaic acid (t1⁄2 � 23 �
2 s), confirming that the phosphatase activity was not from
PP2A. Thus, the 60% reduction in PP1c� content was associ-
ated with a 2-fold decrease in the rate of RLC dephosphoryla-
tioninTritonX-100 –treatedstrips.Thet1⁄2valueforRLCdephos-
phorylation in Triton X-100 –treated PP1c� knockout bladder
strips was 22 � 7 s (n � 6) (Fig. 5D) and not significantly differ-
ent from Triton X-100 –treated WT bladder strips. These

results are consistent with a model where PP1c� tightly bound
to MYPT1 as well as PP1c� in a soluble form both dephosphor-
ylate RLC in smooth muscle myofilaments.

Discussion

Protein phosphatases constitute a diverse set of superfami-
lies of enzymes that have distinct 3D structures and differing
active sites with different mechanisms of hydrolysis (36 –38).
Regulation and specificity are achieved through assembly of
multisubunit holoenzymes, subunit phosphorylation, and the
action of inhibitor proteins (36, 39, 40). Biochemical identifica-
tion of PP1c as a primary RLC phosphatase focused on the
protein phosphatase activity in myofilament fractions from
skeletal and smooth muscles, where MYPT2 and MYPT1 were
identified as targeting subunits, respectively, along with an

Figure 5. Effects of �-toxin and Triton X-100 treatment on smooth mus-
cle protein content and RLC dephosphorylation in bladder tissue. A,
quantitation of MYPT1 and PP1c� protein content (arbitrary units (AU)) in
untreated control-treated (black), �-toxin–treated (red), and Triton X-100 –
treated (blue) bladder strips from WT mice. The amounts of MYPT1 and PP1c�
were normalized to the Coomassie-stained myosin heavy chain protein
amount and are relative to the average MYPT1 content in the control bladder
strips. n � 8 for all groups. ****, p � 0.0001 by ANOVA (GraphPad Prism). B,
representative immunoblots of MYPT1, SM22, and phosphorylated RLC
(pRLC) in treated bladder strips from WT mice. Left panels, effects of presence
of Ca2� in phosphorylation buffer. Right panels, immunoblots at different
times after starting dephosphorylation. C, after permeabilization with �-toxin
(red) or Triton X-100 (blue), bladder strips were incubated in Ca2� buffer to
induce phosphorylation of myosin RLC by endogenous MLCK. The extent of
phosphorylation at the indicated seconds after switching to Ca2�-free buffer
is shown relative to the amount after 5 min in Ca2� buffer. The effects of 1 �M

calyculin A (black) and 1 nm okadaic acid (green) added to Ca2� on RLC phos-
phorylationinTritonX-100 –treatedstripsareshownascontrols.Dephosphor-
ylation of RLC in PP1c� knockout bladder strips after Triton X-100 treatment
(purple), is also shown. Each point in the dephosphorylation curve represents
mean � S.D. RLC phosphorylation was normalized to the MYPT1 immunoblot
or the MHC Coomassie stain loading control. Data were fit to a nonlinear
regression one-phase decay curve using GraphPad Prism. D, t1⁄2 values from
individually fitted curves are shown as mean � S.D. (n � 6). ***, p � 0.001 by
ANOVA using GraphPad Prism.
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accessory protein, M20, of unknown function (3, 5, 8, 41– 45).
Binding of MYPT2 and MYPT1 to myosin as well as PP1c�
identified a tethering or scaffolding role. Reconstitution of indi-
vidually expressed MYPT1 and PP1c proteins showed many of
the properties of the native complex, with activity enhanced
toward RLC (46 –49). Thus, smooth muscle MLCP was defined
as the holoenzyme complex consisting of MYPT1, PP1c�, and
M20.

Based on the central importance of MLCP in the regulatory
scheme for RLC phosphorylation/dephosphorylation in smooth
muscle, it was surprising to find that smooth muscle–specific
conditional knockout of MYPT1 in adult mice had only modest
effects on RLC dephosphorylation and relaxation (10 –12, 26,
27). There was a coincident 60% decrease in the amount of
PP1c�, with no changes in PP1c� or PP1c�. The decrease in the
amount of PP1c� could be related to the loss of the stable com-
plex between MYPT1 and PP1c�. However, it is important to
note that smooth muscle RLC was rapidly dephosphorylated in
MYPT1-deficient contracting isolated smooth muscle tissues
when KCl or agonists were washed out. Also, the amounts of
other members of the MYPT1 family were not significantly
increased to compensate for the loss of MYPT1. Thus, a possi-
ble conclusion was that another protein phosphatase activity
complements MLCP to dephosphorylate RLC. This idea was
supported by biochemical assays of smooth muscle fractions
(10).

Based on these observations, we focused on the role of PP1c
in smooth muscle using our genetic approach of smooth
muscle–specific conditional knockout in adult mice. Quantita-
tion of PP1c isoforms in smooth muscle show very high levels of
PP1c� compared with PP1c� or PP1c�. Knockout of PP1c�,
but not PP1c� or PP1c�, was lethal in mice, probably because of
smooth muscle failure, as shown by compromised contractile
function of isolated tissues. Knockout of PP1c�, but not PP1c�
or PP1c�, specifically in cardiac myocytes resulted in concen-
tric remodeling, interstitial fibrosis, and contractile dysregula-
tion with enhanced contractility of isolated myocytes and phos-
phorylation of RLC and myosin binding protein C (50). Cardiac
RLC phosphorylation is not essential for contraction but does
play an important role in enhancing contractile force to opti-
mize cardiac performance (51–53)

The severe phenotype with smooth muscle–specific knock-
out of PP1c� could be due to hyperphosphorylation of RLC and
smooth muscle contracture, as expected for the loss of protein
phosphatase activity directed to phosphorylated RLC. We mea-
sured increased RLC phosphorylation in untreated bladder tis-
sues from PP1c� knockout mice snap-frozen in situ. We have
no direct evidence of RLC hyperphosphorylation, potentially
because of compensation by the autonomic nervous system to
maintain RLC phosphorylation in a normal range, as PP1c� is
diminished until a threshold is reached for RLC hyperphosphor-
ylation, leading to smooth muscle cell failure. The significant
reduction in PP1c� would be expected to lead to RLC phos-
phorylation by other protein kinase activities revealed previ-
ously with chemical inhibitors of MLCP in addition to Ca2�/
calmodulin-activated MLCK, with a hyperphosphorylated state
associated with vasospasm and other pathological states (21,
54), similar to our observation regarding the hypercontraction

of small intestines. This period of RLC hyperphosphorylation
would probably be short before failure, so our attempts to iden-
tify it were not successful with tissues isolated on different days
after starting tamoxifen injection, along with significant varia-
tion in animal responses.

Alternatively, the loss of PP1c� may affect other essential
smooth muscle cell functions. In addition to regulation of
smooth muscle contraction via interaction with MYPT1, PP1
catalyzes a major fraction of all protein dephosphorylation
events in eukaryotic cells and regulates a wide array of pro-
cesses (36, 39, 40, 55–57). Consistent with its pleiotropic action,
PP1 displays broad substrate specificity and has more than 200
validated interacting partners that both localize PP1 to distinct
regions of the cell and modulate its substrate specificity.
Although roles of PP1c� in smooth muscle cell function besides
RLC dephosphorylation have not been identified, it is expected
that it may be important for other essential smooth muscle cell
processes (5, 36, 39, 40, 55–57).

RLC may be dephosphorylated by both PP1c� bound to
MYPT1 as well as a soluble form. Only about half of the smooth
muscle cell PP1c� appears to be insoluble and bound MYPT1
with myosin in the myofilaments. Interestingly, there are no
structural insights into how PP1c� tightly bound to MYPT1 on
myosin filaments can rapidly dephosphorylate RLC, consider-
ing that the molar amount of myosin is 20- to 30-fold greater
than MYPT1. Although MLCK content is similar to MYPT1
and is also bound tightly to myofilaments, structural and bio-
chemical studies show that it is sufficiently elongated with
binding at its N terminus tail to extend its C-terminal catalytic
core to multiple myosin heads in thick filaments to phosphor-
ylate RLC (58 –62). Sequence truncation studies and a crystal
structure of a fragment of MYPT1 and PP1c� have identified
the interacting sequences to be at the N terminus of MYPT1,
near its myosin-interacting site (9, 39, 56). Thus, it is not clear
how a catalytic subunit that is bound tightly to this specific site
in MYPT1 can dephosphorylate most of the RLC in myosin
thick filaments.

Our results with selective permeabilization and quantifica-
tion of the rates of RLC dephosphorylation support the
idea that soluble PP1c� contributes to protein phosphatase
activity toward RLC in myofilaments. This proposal is consis-
tent with the observations that RLC is rapidly dephosphorylat-
ed in smooth muscle tissues with knockout of MYPT1 (10 –12,
26, 27, 63). These results are also consistent with previously
reported biochemical measurements, where the specific activ-
ity of PP1c� in the total smooth muscle homogenate was the
same as that found in the supernatant fraction not containing
MYPT1 (10). We refer here to a soluble form of PP1c�, but it
should be recognized that this form may be bound to a still-
to-be identified regulatory subunit (36, 39, 40, 56).

In summary, PP1c� was found to be the primary PP1c iso-
form in smooth muscle, and its smooth muscle–specific condi-
tional knockout led to compromised smooth muscle contrac-
tion and death in mice. Evidence was presented that washout of
a soluble form of PP1c� in permeable fibers decreased the rate
of RLC dephosphorylation. These observations, along with pre-
vious reports regarding the effects of smooth muscle–specific
knockout of MYPT1 and identification of robust dephosphor-
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ylation of RLC bound to myosin heavy chain in smooth muscle
supernatant fraction not containing MYPT1 are consistent
with the idea that physiologically selective dephosphorylation
of RLC occurs by both MYPT1-bound and -unbound PP1c� in
smooth muscle cells.

Experimental procedures

Ethics approval

Experiments were performed in accordance with the
National Institutes of Health and Institutional Animal Care and
Use Guidelines. The Institutional Animal Care and Use Com-
mittee at the University of Texas Southwestern Medical Center
approved all procedures and protocols. Animals were sacrificed
by intraperitoneal administration of a lethal dose of tribromo-
ethanol (250 mg/kg) for tissue collection.

Generation of genetically modified mice

Mice containing floxed alleles for PP1c�, PP1c�, and PP1c�
(50) were crossed with a transgenic mouse line expressing a
fusion protein of Cre recombinase with the modified estrogen
receptor binding domain (CreERT2) under the control of the
smooth muscle myosin heavy chain promoter (30). Mice were
bred and screened as described previously (10, 26, 30). Male
mice (8 –12 weeks old) were injected intraperitoneally with
tamoxifen or vehicle for 5 consecutive days each week for 2
weeks at a dose of 1 mg/day (10). Aorta, ileum, and bladder
smooth muscle tissues were harvested between 16 and 40 days
after start of tamoxifen or vehicle treatment from mice
homozygous for the floxed allele and Cre recombinase. Mice
showing visible signs of distress leading to morbidity were
sacrificed.

Measurements of mouse smooth muscle contraction

Aortic, ileal, and bladder tissues were dissected in physiolog-
ical salt solution (118.5 mM NaCl, 4.75 mM KCl, 1.2 mM MgSO4,
1.2 mM KH2PO4, 24.9 mM NaHCO3, 1.6 mM CaCl2, and 10.0 mM

D-glucose, aerated with 95% O2 and 5% CO2 to maintain the pH
at 7.4) and mounted onto force transducers in water-jacketed
organ baths as described previously (10, 12, 27). A resting force
of 0.9 to 1.0 g was applied, and tissues were equilibrated for at
least 45 min, followed by precontraction with alternating treat-
ments of 75 mM KCl three times every 10 min to establish via-
bility. At the end of the equilibration period, tissues were stim-
ulated with 10 �M carbachol or 10 �M phenylephrine. Force
development was recorded isometrically by a Grass FT03 force
transducer connected to a Powerlab 8/SP data acquisition unit
(AD Instruments, Colorado Springs, CO). Force measurements
were normalized as grams of developed force per tissue wet
weight for all tissues.

At the indicated times after specific treatments, tissues were
quick-frozen by clamps prechilled in liquid nitrogen and pro-
cessed as described previously (21). Briefly, frozen tissues were
stored at �80 °C until they were added to a frozen slurry of
acetone with 10% TCA and 10 mM DTT and slowly thawed at
room temperature. Tissues were rinsed with ethyl ether (three
times for 10 min each), exposed to air for a few minutes to
evaporate the ether, and suspended in urea sample buffer con-

taining 8 M urea, 20 mM Tris (pH 8.6), 23 mM glycine, 10 mM

DTT, 4 mM EDTA, and 5% sucrose. Proteins were then solubi-
lized in a Bullet blender with addition of urea crystals to satu-
ration (Next Advance, Inc., Averill Park, NY) (with 2-mm zir-
conium oxide beads, four spins for 3 min each at setting 9).
Protein content was determined by Bradford assay (Bio-Rad)
with BSA as the standard. Bromphenol blue was added to
0.004%, and samples were stored at �0 °C.

Western blot analysis

Tissue extracts solubilized in urea sample buffer were added
to 0.25 volumes of SDS sample buffer containing 250 mM Tris
(pH 6.8), 10% SDS, 50 mM DTT, 40% glycerol, and 0.01% bro-
mphenol blue and boiled for SDS-PAGE (4 –12% polyacryl-
amide gradient). Proteins were transferred onto a nitrocellulose
membrane and visualized by immunoblotting with antibodies
to pan-MYPTs (LSBio), PP1c� (mouse, Invitrogen), PP1c�
(rabbit, Millipore), PP1c� (goat, Santa Cruz Biotechnology),
pan-actin (mouse, Sigma), MLCK (mouse, K36, Sigma), and
glyceraldehyde-3-phosphate dehydrogenase (rabbit, Santa Cruz
Biotechnology). Total protein stain by Coomassie gel was used
to adjust protein loading, and quantification of western blots
was determined by quantitative densitometry of the protein of
interest to smooth muscle RLC (for bladder tissue extracts) or
a Ponceau S–stained membrane total lane (for ileal tissue
extracts) using the ImageQuantTL software package (GE
Healthcare). The amount of RLC expressed in all experiments
was confirmed to not be affected by the genetic (Fig. S2) or
biochemical manipulations (Fig. S3).

Separation of PP1 isoforms by preparative IEF

The composition of the preparative IEF mini-gels was as fol-
lows: 9.1 M urea, 5% acrylamide (19:1), 10% glycerol, 2% ampho-
lyte (pH 5–7, SERVA), and 2% CHAPS. The gel mixture was
degassed for 10 min at room temperature and polymerized for
1 h after addition of 0.05% ammonium persulfate and 0.1%
N,N,N’,N’-tetramethylethylenediamine. The gel running buf-
fers were 50 mM L-histidine (inner buffer) and 20 mM phos-
phoric acid (outer buffer). Tissues were weighed and homoge-
nized in a 50� volume of Bio-Rad rehydration solution using a
glass homogenizer. Additional urea crystals were added to sat-
uration during continuous shaking at room temperature for at
least 30 min. The tissue samples were then clarified by centrif-
ugation at 20,000 � g for 2 min. Following gel polymerization
and assembly of the apparatus, wells were prefilled with 25%
Bio-Rad rehydration solution, and samples were underlayed
to prevent contact with the inner buffer. Samples were
focused at 400 V overnight (	16 h). Following IEF, the gels
were removed, washed in 100 ml of gel fixation buffer (50%
methanol and 2% SDS) for 1 h (20 min with 3 buffer changes),
and transferred to a nitrocellulose membrane in standard
wet transfer buffer with 0.1% SDS for 3 h at 10 V (Mini Blot
transfer apparatus, Thermo, plate electrodes). PP1c isoforms
were detected with a rabbit mAb to the N-terminal region of
PP1c, where sequences between the three isoforms are
nearly identical (Abcam).
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Measurement of RLC phosphorylation

RLC phosphorylation was measured by urea/glycerol-PAGE
as described previously (21, 64). Muscle proteins in 8 M urea
sample buffer were subjected to urea/glycerol-PAGE to sepa-
rate nonphosphorylated from monophosphorylated RLC. Fol-
lowing electrophoresis, proteins were transferred to nitrocellu-
lose membranes and probed with a mouse mAb against smooth
muscle RLC from Kathleen Trybus (University of Vermont).
The ratio of monophosphorylated RLC to total RLC (nonphos-
phorylated plus monophosphorylated) was determined by
quantitative densitometry of developed immunoblots and
expressed as mol of phosphate per mol of protein.

Intact bladder strip dephosphorylation

The smooth muscle layer of freshly isolated mouse bladders
was cut into 200-�m strips in Ca2�-free physiological salt solu-
tion (118.5 mM NaCl, 4.75 mM KCl, 1.2 mM MgSO4, 1.2 mM

KH2PO4, 24.9 mM NaHCO3, and 10.0 mM D-glucose, aerated
with 95% O2 and 5% CO2 to maintain the pH at 7.4) and pinned
down with 0.10 mm Minutiens (Austerlitz) on top of a silicone
matrix (Sylgard 184) in a 12-well culture dish. Dissected strip
lengths were measured, stretched by 50%, and permeabilized
with 20 �g/ml �-toxin or 0.1% Triton X-100 in relaxing buffer
as described previously (65) with modifications. The relaxing
buffer (60.1 mM potassium methanesulfonate, 10 mM magne-
sium methanesulfonate, 4 mM Na2ATP, 3 mM EGTA, 30 mM

PIPES, 1 mM DTT, 10 mM NaN3, 20 mM phosphocreatine, 0.1%
fatty acid–free BSA, and protease inhibitor mixture (Halt,
Thermo)) was freshly prepared on the day of assay, and the pH
was adjusted to 7.1 with KOH. Permeabilizations were per-
formed at 30 °C. After Triton X-100 treatment, bladder strips
were washed in relaxing buffer three times for 15 min each at
room temperature to remove Triton X-100 and equilibrated for
1 h in relaxing buffer with 1 �M calmodulin to allow diffusion of
soluble proteins and replacement of calmodulin (66), which is
necessary for activation of myofilament-bound smooth muscle
MLCK. After �-toxin treatment, bladder strips were used
directly for dephosphorylation studies. Phosphorylation of RLC
in permeable bladder strips was initiated with addition of Ca2�

buffer (3.3 mM Ca(Ms)2, 1 �M calmodulin, and 1 mg/ml creatine
kinase in relaxing buffer (pH 7.1)). To measure dephosphoryla-
tion, bladder strips were incubated in Ca2� buffer for 5 min and
then switched to Ca2�-free dephosphorylation buffer (70.1 mM

KMs, 10 mM EGTA, 30 mM PIPES, 10 mM EDTA, 1 mM DTT,
and protease inhibitor mixture (Halt, Thermo (pH 7.1)) for
10 –120 s. At the indicated times, the dephosphorylation reac-
tion was stopped with 10% TCA/10 mM DTT to acid-precipi-
tate all proteins. Precipitated bladder strips were dabbed dry
and then heated directly in 50 �l of 2� Laemmli buffer for 1
min at 95 °C. RLC phosphorylation was measured by immuno-
blotting with phospho-RLC antibody (Abcam). The extent of
RLC phosphorylation (moles of phosphate per mole of RLC)
was calculated from an immunoblot of total RLC in phosphor-
ylated strips after separation by Phos-tag SDS-PAGE (10).

Histology and immunohistochemistry

For histological analyses, isolated smooth muscles from
tamoxifen-andvehicle-treatedmicewerefixedin4%(w/v)para-

formaldehyde overnight, embedded in paraffin, and trans-
versely sectioned at a thickness of 6 �m. After dewaxing and
hydration, the sections were stained with standard hematoxylin
and eosin (H&E). For immunohistochemistry, fresh tissues
were embedded with OCT, cryosectioned, and blocked with
PBS containing 0.1% Triton X-100, 0.1% Tween 20, 1% BSA,
and 5% nonimmune goat serum for 1 h at room temperature
and then incubated with primary antibody (anti-rabbit PP1c�
(Millipore) or anti-mouse smooth muscle �-actin (Sigma))
overnight and incubated with secondary antibodies conjugated
with either Alexa Fluor 488 (Life Technologies, Gaithersburg,
MD) for smooth muscle �-actin or 569 (Life Technologies)
for PP1c�. H&E-stained sections were imaged using a Zeiss
Axioplan2 microscope with a �10 objective (numerical aper-
ture, 0.3). Fluorescence images were acquired on a Zeiss
LSM880 confocal microscope with a �20 objective (numerical
aperture, 0.8).

Statistical analysis

All data are presented as mean � S.D. Statistical compari-
sons were performed by Student’s t test for comparisons
between control and treatment groups. For multiple compari-
sons, one-way or two-way ANOVA followed by Dunnett’s post
hoc test was used. Data analyses were performed with statistical
software (GraphPad Prism). p � 0.05 was considered statisti-
cally significant.
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