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proteins, including B-adrenergic tone.

MLCP activities.

(Bacl(ground: Myosin regulatory light chain phosphorylation is necessary for normal cardiac performance.
Results: Regulatory light chain phosphorylation is not affected by conditions affecting phosphorylation of other sarcomeric

Conclusion: Significant regulatory light chain phosphorylation in beating hearts is sustained physiologically by low cMLCK and

Significance: Constitutive regulatory light chain phosphorylation stabilizes cardiac performance.
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In beating hearts, phosphorylation of myosin regulatory light
chain (RLC) at a single site to 0.45 mol of phosphate/mol by
cardiac myosin light chain kinase (cMLCK) increases Ca>* sen-
sitivity of myofilament contraction necessary for normal cardiac
performance. Reduction of RLC phosphorylation in conditional
cMLCK knock-out mice caused cardiac dilation and loss of car-
diac performance by 1 week, as shown by increased left ventric-
ular internal diameter at end-diastole and decreased fractional
shortening. Decreased RLC phosphorylation by conventional or
conditional cMLCK gene ablation did not affect troponin-I or
myosin-binding protein-C phosphorylation in vivo. The extent
of RLC phosphorylation was not changed by prolonged infusion
of dobutamine or treatment with a -adrenergic antagonist,
suggesting that RLC is constitutively phosphorylated to main-
tain cardiac performance. Biochemical studies with myofila-
ments showed that RLC phosphorylation up to 90% was a ran-
dom process. RLC is slowly dephosphorylated in both
noncontracting hearts and isolated cardiac myocytes from adult
mice. Electrically paced ventricular trabeculae restored RLC
phosphorylation, which was increased to 0.91 mol of phosphate/
mol of RLC with inhibition of myosin light chain phosphatase
(MLCP). The two RLCs in each myosin appear to be readily
available for phosphorylation by a soluble cMLCK, but MLCP
activity limits the amount of constitutive RLC phosphorylation.
MLCP with its regulatory subunit MYPT2 bound tightly to myo-
filaments was constitutively phosphorylated in beating hearts at
a site that inhibits MLCP activity. Thus, the constitutive RLC
phosphorylation is limited physiologically by low cMLCK activ-
ity in balance with low MLCP activity.
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Contractile proteins of the heart are highly organized in
myofibrils containing sarcomeres. Contraction of the cardiac
sarcomere initiated by Ca®" is dependent on the hydrolysis of
ATP by cardiac myosin (1). Ca>* dependence of myosin
ATPase activity is conferred by the troponin complex, which
regulates the availability of myosin binding sites on actin fila-
ments (2). Contractile performance dependent on the actin-
myosin system is modulated by phosphorylation of sarcomeric
proteins, such as the troponin subunit troponin I (Tnl)? in the
actin thin filament as well as the myosin regulatory light chain
(RLC) and myosin binding protein-C (MyBP-C), which are
thought to control the position of myosin heads in the thick
filament (3—5). Mutations in RLC, Tnl, and MyBP-C are asso-
ciated with cardiac myopathies, and changes in their phospho-
rylation are reported in human heart diseases, underscoring the
importance of their modulatory roles (6, 7).

Animal models that express a non-phosphorylatable cardiac
RLC have solidified the requirement of RLC phosphorylation
for optimal cardiac performance (8, 9). RLCs are phosphory-
lated by distinct and dedicated MLCKs in each muscle type,
including cardiac, skeletal, and smooth muscles (3). Biochemi-
cally, cardiac RLC is phosphorylated by all three MLCKs and
also zipper-interacting kinase (3, 10). Selective ablation of the
cardiac MLCK (cMLCK) gene, but not of the skeletal MLCK
gene, decreases cardiac RLC phosphorylation from 0.45 to 0.10
mol of phosphate/mol of RLC, showing kinase-specific effects
in the heart (3, 5, 9, 11-14). This attenuation results in
decreased cardiac performance and dilation of the adult mouse
heart, not unlike the results obtained with knock-in mutant
mice containing a nonphosphorylatable cardiac RLC. Overex-

2 The abbreviations used are: Tnl, troponin I; MLCK, myosin light chain kinase;
cMLCK, cardiac MLCK; RLC, myosin regulatory light chain; MyBP-C, myosin
binding protein-C; MLCP, myosin light chain phosphatase; MYPT1, myosin
phosphatase targeting subunit-1; MYPT2, myosin phosphatase targeting
subunit-2; ROCK1, RhoA-associated kinase-1; CKO, conventional cMLCK
knock-out; CFM, conditional ¢cMLCK knock-out; ANOVA, analysis of
variance.
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pression of MLCK in the heart increases the extent of RLC
phosphorylation, which is associated with improvement of car-
diac performance and attenuation of hypertrophic responses to
stress (15, 16).

The MLCKs in smooth and skeletal muscles are Ca®*/cal-
modulin-dependent. In the absence of Ca®>*, the kinases are
inhibited by a regulatory segment C-terminal of the catalytic
core containing distinct autoinhibitory and calmodulin binding
sequences (3). The primary structure of cMLCK has greater
than 90% sequence similarity with smooth and skeletal muscle
MLCKSs in its catalytic core and regulatory segment. Whether
the activity of ¢cMLCK is Ca”"/calmodulin-dependent is
unclear, given conflicting reports; however, there is agreement
that its catalytic activity is low (17, 18). Although animal studies
involving gene ablation have confirmed that cMLCK is the pri-
mary kinase responsible for phosphorylation of RLC in ventric-
ular muscle (12), signaling mechanisms that regulate the kinase
or MLCP affecting RLC phosphorylation have not been
elucidated.

Physiologically, values of RLC phosphorylation result from
the relative activities of MLCK and MLCP. MLCP is composed
of a regulatory targeting subunit, a catalytic subunit, and a small
subunit of unknown function (3). The myosin-targeting regu-
latory subunit for MLCP in striated muscles is MYPT2, which
targets the catalytic subunit PP1cé to myosin filaments (19).
Similar to the MYPT1 in smooth muscles, phosphorylation of
MYPT2 reduces MLCP activity toward RLC (20). Overexpres-
sion of MYPT?2 in the heart causes a decrease in RLC phosphor-
ylation due to accumulation of the catalytic subunit PP1cé (21).

RLC phosphorylation is consistently reported as 0.40 —0.50
mol of phosphate/mol of RLC in beating hearts from various
mammals (22-24). Additionally, the maximal extent of RLC
phosphorylation appears to be limited to 0.5 mol/mol, because
it was not increased in hearts after 3-adrenergic stimulation
that increases [Ca®*];and myocardial contractility (25-27). We
asked whether the extent of RLC phosphorylation is limited by
negative cooperativity or steric constraints in myofibrils, result-
ing in a fast phosphorylation rate for 50% of RLC with a slower
phosphorylation rate in the remaining 50% of RLC. These con-
siderations are related to cardiac myosin being a dimer of two
heavy chains, each containing an RLC as well as the complex
structure of the sarcomere involving myosin heavy chains inter-
acting with other sarcomeric proteins.

Hearts from conventional cMLCK knock-out mice have 0.10
mol of phosphate/mol of RLC (11, 12). To determine whether
the dilated phenotype caused by cMLCK knockout is preceded
by aloss of cardiac performance associated with decreased RLC
phosphorylation and phosphorylation of other sarcomeric pro-
teins, we developed a conditional gene ablation mouse model
for an acute cMLCK knockout.

EXPERIMENTAL PROCEDURES

Animals—All procedures were performed in accordance
with the Institutional Animal Care and Use Guidelines at Uni-
versity of Texas Southwestern Medical Center with all animal
experimental procedures reviewed and approved by the Insti-
tutional Animal Care and Use Committee. Animals were
housed under standard conditions in the rodent facility.
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A conventional knock-out of cMLCK (CKO) was generated
from the floxed mice described previously (12). Mice with
floxed alleles were bred with the CAG-Cre transgenic line,
which allowed for excision of the floxed allele irrespective of
transmission of the CAG-Cre gene (28). Heterozygous animals
that had the knock-out allele but not the CAG-Cre gene,
Mylk3"'~, were selected for subsequent breeding. A condi-
tional knock-out model (CFM) was generated by crossing mice
with the floxed allele with the tamoxifen-inducible MerCreMer
transgenic line. Cre-positive WT littermates were used as con-
trols. Mice were injected with 0.5 mg tamoxifen (intraperitone-
ally) for 5 consecutive days. All lines were back-crossed into the
C57BL6 inbred WT line (Jackson Laboratory) for at least 5 gen-
erations. For all studies, 12—15-week-old male mice were used.

A conventional knockin of the R21C mutation in cardiac TnI
was described previously (29). All protocols and experimental
procedures were approved by the Institutional Animal Care
and Use Committee of the University of Miami and the Florida
State University following the National Institutes of Health
Guide for the Care and Use of Laboratory Animals. R21C mice
have a homozygous knock-in mutation in the TNNI3 gene
(encoding cardiac troponin I), which substitutes an arginine at
residue 21 with cysteine (R21C) and completely prevents PKA-
mediated phosphorylation of Ser-23/24 of ¢Tnl (30). Hearts of
knock-in mice and age-matched littermates were collected
from anesthetized mice and snap-frozen in liquid nitrogen.

Force measurements with mouse cardiac trabeculae were
performed with wild type mice (C57BL/6]; Jackson Laboratory)
in the laboratory of Dr. Anthony J. Baker at the University of
California, San Francisco. This institution is accredited by the
American Association for the Accreditation of Laboratory Ani-
mal Care (Institutional PHS Assurance Number A3476-01).
The study was approved by the Animal Care and Use Subcom-
mittee of the San Francisco Veterans Affairs Medical Center
(Protocol 13-013) and conformed to the National Institutes of
Health Guide for the Care and Use of Laboratory Animals
(revised 2011).

Echocardiography—Echocardiograms were performed on
conscious, gently restrained mice using a Vevo 2100 system
with a MS400C scan head. Left ventricular internal diameter at
end-diastole (LVEDD) and end-systole (LVESD) were mea-
sured from M-mode recordings. The percentage of fractional
shortening was calculated as ((LVEDD — LVESD)/LVEDD) X
100. Measurements of interventricular septum thickness, left
ventricular internal diameter, and left ventricular posterior wall
thickness were made from two-dimensional parasternal short
axis views in diastole (31). All measurements were made at the
level of papillary muscles.

Animal Protocols—Dobutamine (5 ng/g/min) was infused
though the jugular vein of mice anesthetized with isoflurane. At
the end of the treatment, whole hearts were immediately
excised, and ventricles were snap-frozen with clamps prechilled
in liquid nitrogen. All tissue collections were performed in the
afternoon between 3:00 and 5:00 p.m. For propranolol-treated
samples, mice were injected with 1 mg/kg propranolol (intra-
peritoneally) 20 min prior to heart excision.

Statistical Analyses—Data are expressed as mean * S.E. Sta-
tistical evaluation was carried out in GraphPad Prism using an
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unpaired Student’s ¢ test for two comparisons or paired ¢ test for
comparison of the same sample before and after treatment.
Analysis of variance and Newman-Keuls post-test were used for
multiple comparisons. Significance was accepted at a value of
p < 0.05.

Immunoblots and Antibodies—Frozen ventricles were ground
in liquid nitrogen, and an aliquot was thawed in 10% trichloro-
acetic acid containing 10 mm dithiothreitol. Precipitated pro-
tein was washed free of acid with three 5-min washes in ethyl
ether and resuspended by vigorous agitation in urea sample
buffer (8 M urea, 20 mMm Tris base, 23 mMm glycine, 0.2 mm EDTA,
10 mm dithiothreitol, pH 8.6) using an orbital shaker (IKA
Vibrax VXR) set at 1400 rpm for 30 min at room temperature.
Complete denaturation and solubilization was achieved by
additional urea crystals and prolonged agitation until crystals
did not dissolve. Protein samples were centrifuged at 10,000 X
gfor 2 min, and protein concentration in supernatant fractions
was measured by a Bradford assay. Proteins (2-20 ung) were
subjected to SDS-PAGE after boiling in Laemmli buffer and
transferred to PVDF (Immobilon-P, Millipore) or nitrocellu-
lose (Protran, Whatman) and blotted by standard procedures.
The amount of protein loaded was optimized empirically for
each antibody to ensure density measurements were propor-
tional to the amount of protein.

Measurements of RLC phosphorylation in heart homoge-
nates were performed by urea/glycerol-PAGE and immuno-
blotting, as described previously (32). The urea/glycerol-PAGE
system separates phosphorylated RLC from non-phosphory-
lated RLC, allowing a direct quantitative measure of RLC phos-
phorylation in terms of the fraction of phosphorylated RLC to
total RLC (nonphosphorylated plus phosphorylated). Because
the separation results from a single phosphate, data may also be
calculated as mol of phosphate/mol of RLC. Although it was
reported that a small amount of cardiac RLC may be diphos-
phorylated (33), we found that the amount relative to mono-
phosphorylated RLC was too small to reliably measure by
quantitative immunoblotting. Briefly, polyacrylamide gels con-
taining 40% glycerol were pre-electrophoresed for 1 h at 400 V
at room temperature in a minigel apparatus. Reservoir buffer
contained 20 mMm Tris base and 23 mm glycine, pH 8.6; thiogly-
colate and dithiothreitol (2.3 mm each) were included in the
upper reservoir. Samples (2 ug of protein in urea sample buffer)
were subjected to electrophoresis for 90 min at 400 V at room
temperature and then transferred to a PVDF membrane for 1 h
at 0.3 A at 4 °C. Post-transfer, proteins were fixed onto the
PVDF membrane with 0.4% glutaraldehyde/PBS for 15 min at
room temperature. The membrane was then rinsed three times
in PBS and immunoblotted with antibody to cardiac RLC.

Antibodies to RLC, cMLCK, and skeletal MLCK were
reported previously (12, 15). Polyclonal antibody raised against
full-length cMLCK protein for cMLCK protein measurement
studies was generated by the antibody production program at
the Animal Resources Center at the University of Texas South-
western Medical Center. Antibody to phosphorylated-phos-
pholamban, pPLB_Thr17, were purchased from Badrilla Ltd,;
antibody to cardiac pTnl_Ser23/24 (catalog no. 4004) was pur-
chased from Cell Signaling Technology; and antibodies to total
cardiac Tnl (MAB1691), total PLB (05-205), and pPLB_Ser16
SASBMB
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(07-052) were purchased from Millipore. Antibody to cardiac
pMyBP-C_Ser282 (ALX 215-057) was purchased from Enzo
Life. Antibody to total MYPT1 (residues 661-710) (LS-
C117671) was purchased from LifeSpan BioSciences. Antibody
to pMYPT1_Thr696 (ABS45) was purchased from Millipore.
Polyclonal antibody for total MYPT2 was raised against mouse
MYPT?2 residues 673— 848 by Proteintech.

Cardiac Trabeculae—Male C57BL/6] mice (~13 weeks old)
were anesthetized with sodium pentobarbital (100 mg/kg,
intraperitoneally) and heparinized (100 units). Hearts were
removed and immediately immersed in ice-cold arrest solution
(120 mm NaCl, 30 mm KCI, 0.1 mm CaCl,) and then perfused
through the aorta with a modified Krebs-Henseleit solution
(112 mm NaCl, 15 mm KCl, 1.2 mm MgCl,, 10 mm glucose, 24
mwm NaHCO3, 1.2 mm Na,SO,, 2 mm NaHPO,, 0.2 mm CaCl,).
The perfusate was oxygenated with 95% O,, 5% CO, to give a
pH of 7.4 at 22 °C. The free wall of right ventricle was removed
from the heart, and a trabecula that was free running between
the right ventricle wall and tricuspid valve was dissected. Tra-
beculae were ~1 mm long with an elliptical cross-section. The
width, thickness, and cross-sectional area of trabeculae were
184.0 + 18.6 um, 136.5 = 11.9 wm, and 0.022 * 0.004 mm?,
respectively (n = 19). Trabeculae were placed in a muscle
chamber (3 X 3 X 15 mm) and mounted on stainless steel pins
with the valvular end attached to a micromanipulator and the
ventricular end attached to a force transducer (AE-801, Kronex,
Oakland, CA). Sarcomeres were observed using a X40 objec-
tive, and sarcomere length was assessed using a video-based
system (model 900B, Aurora Scientific, Inc., Ontario, Canada).
Diastolic sarcomere length was set to 2.1 um.

Trabeculae were equilibrated for 1 h in Krebs-Henseleit solu-
tion (5 ml/min) as described above, but with 5 mm KCI. The
calcium level of the solution was increased to 2 mm in incre-
ments of 0.3 mu, and contractions were evoked by electrical
field stimulation, using 4-ms square wave stimuli at supramaxi-
mal voltage. Trabeculae were subjected to one of the following
conditions: 30 min of no electrical pacing, pacing at 0.5 Hz, or
pacing at 1.5 Hz. The specimen was quickly removed from the
apparatus and trimmed to remove the cube of ventricular wall
and remnants of the valve. The sample was placed in 10% tri-
chloroacetic acid and snap-frozen in liquid nitrogen. In some
experiments, the phosphatase inhibitor, calyculin A (1 um in
DMSO; LC Laboratories, Woburn, MA), was added to the
Krebs-Henseleit solution 30 min prior to pacing at 1.5 Hz. Pre-
cipitated trabeculae were then processed the same way as
ground ventricles, described above.

Preparation of Cardiac Myofibrils and Myosin Filaments—
Mouse cardiac myofibrils were prepared as reported previously
(34). Native mouse cardiac myosin filaments were prepared
from cardiac myofibrils as reported with minor modifications
(35). Mouse ventricles were dissected, homogenized in 4 vol-
umes of sucrose buffer relative to ventricular weight with a
ground glass homogenizer, and collected by centrifugation
(10,000 X g, 1 min) in a microcentrifuge tube. For all subse-
quent wash steps, the homogenate pellet was hand-homoge-
nized with a plastic homogenizer directly in the microcentri-
fuge tube, and myofibrils were collected by low speed
centrifugation (300 X g, 1 min). Myofibrils were washed two
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times in wash buffer, two times in detergent buffer, and then
four times in wash buffer. Washed myofibrils were resuspended
in relaxing buffer (100 mm NaCl, 2 mm EGTA, 10 mm MgCl,, 1
mM DTT, 10 mm imidazole, 5 mm Na,ATP, pH 7.2) to the
original 4 volumes for kinase assays. For native myosin filament
preparation, washed myofibrils were directly resuspended in 48
wl of calpain-1 (Calbiochem) plus 1 ul of 0.1 M CaCl, and incu-
bated at 30 °C for 30 min to cleave MyBP-C and dissociate thick
and thin filaments. Calpain was inactivated with the addition of
100 ul of relaxing buffer plus 0.1 mm E64 protease inhibitor.
Actin was depolymerized at room temperature for 30 min with
50 ul of unfractionated calcium-insensitive gelsolin fragments
(1 mg/ml). Myosin filament volume was increased to 4 times
ventricular weight with relaxing buffer and then used in phos-
phorylation studies. The intact nature of the myosin filaments
and dissociation from thin filaments were confirmed by elec-
tron microscopy at the University of Texas Southwestern Elec-
tron Microscopy Facility.

Mass Spectrometry—Washed myofibrillar proteins from
CKO mouse ventricles were separated by urea/glycerol-PAGE
followed by E-Zinc reversible stain (Pierce). A band corre-
sponding to phosphorylated RLC was excised from the gel and
subjected to further separation by 15% SDS-PAGE, followed by
staining with GelCode Blue Safe Protein Stain (Pierce). The
RLC band was identified by size, excised from the gel and sub-
mitted to MS Bioworks, LLC (Ann Arbor, MI) for PTM profil-
ing by nano-liquid chromatography (LC)/tandem MS (MS/MS)
with a Waters NanoAcquity high pressure liquid chromatogra-
phy system (Thermo Scientific, San Jose, CA). MS/MS-based
peptide and protein identifications were accepted if they could
be established at greater than 50% probability, and protein
identifications were accepted if they could be established at
greater than 90% and contained at least two identified peptides.
Mascot was set up to search the Swissprot-mouse-reviewed.
decoy database (33,292 entries), assuming the digestion enzyme
trypsin. Mascot was searched with a fragment ion mass toler-
ance of 0.80 Da and a parent ion tolerance of 10.0 ppm.
Carbamidomethyl of cysteine was specified in Mascot as a fixed
modification. Deamination of asparagine and glutamine, oxida-
tion of methionine, acetylation of the N terminus, and phos-
phorylation of serine, threonine, and tyrosine were specified in
Mascot as variable modifications.

Phosphorylation of RLC in Cardiac Myofibrils and Native
Mpyosin Filaments—For all kinase assays, RLC concentrations in
myosin and myofibril preparations were calculated by mol of
32P incorporated into samples maximally phosphorylated by
skeletal muscle MLCK on the same day. Skeletal muscle MLCK
was used because of its greater specific activity toward cardiac
RLC relative to cMLCK. The optimal kinase concentration (80
nM for myofibrils, 10 nm for myosin filaments) used for tempo-
ral RLC phosphorylation studies was determined by titration
with purified skeletal MLCK (0-150 nm). All reactions were
performed at 25 °C in relaxing buffer with 0.1 mm blebbistatin,
0.1 mm E64, 0.5 um calyculin A, 1X HALT protease inhibitor
mixture (Pierce). Samples were prewarmed for 5 min, and
assays were initiated with 1 um calmodulin and 2.5 mm CaCl,
(0.5 mm free Ca®" over 2 mm EGTA). For each measured time,
the kinase reaction was terminated with the addition of 100 ul
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of 20% trichloroacetic acid and 10 mm dithiothreitol. Precipi-
tated proteins were processed using the same method as used
for precipitated homogenates for RLC phosphorylation quan-
tification by urea/glycerol-PAGE described above.

Dephosphorylation of RLC in Heart Homogenates and Intact
Heart Tissue—For measurement of RLC dephosphorylation in
total heart homogenates, WT mouse hearts were snap-frozen
in liquid nitrogen within 30 s of excision from anesthetized
mice. Frozen hearts were ground in liquid nitrogen, and ali-
quots were stored at —80 °C. An aliquot of frozen heart powder
was immediately homogenized in a 20X volume of chilled
homogenization buffer (150 mm NaCl, 50 mm Tris pH 7.4, 1%
Nonidet P-40, 1% sodium deoxycholate, 0.1% SDS, 0.2 mm
EDTA, 1X HALT protease inhibitor mixture (Pierce)) on ice,
and at the indicated times, an aliquot was pipetted into micro-
centrifuge tubes prefilled with 400 ul of 20% trichloroacetic
acid. Precipitated protein samples were then processed for RLC
phosphorylation measurements. For measurement of RLC
dephosphorylation in intact heart tissue, mice were preinjected
with heparin (100 units, intraperitoneally) 10 min prior to anes-
thesia. Hearts excised from anesthetized mice were immedi-
ately rinsed and perfused with a Ca®>*-free Tyrode solution by
retrograde perfusion through the aorta. At measured times
after excision, the ventricle was snap-frozen with clamps that
had been prechilled in liquid nitrogen. The frozen heart was
then ground in liquid nitrogen and stored at —80 °C. Aliquots
of heart powder were precipitated and thawed in 10% trichlo-
roacetic acid and 10 mum dithiothreitol and processed using the
same method as used for precipitated total homogenates for
RLC phosphorylation measurements.

Isolation of Cardiac Myocytes—Adult mouse cardiac myo-
cytes were isolated by enzymatic digestion of W'T mouse hearts
using published methods (36) with few modifications. Briefly,
mice were preinjected with heparin (100 units, intraperitone-
ally) 10 min prior to anesthesia. Hearts were immediately
rinsed, and blood was removed by retrograde perfusion
through the aorta with Krebs-Ringer solution bubbled with 95%
CO,, 5% O, (35 mm NaCl, 4.75 mm KC, 1.19 mm KH,PO,, 16
mM Na,HPO,, 134 mm sucrose, 10 mm HEPES, 10 mwm glucose,
25 mm NaHCO,) at 37 °C. Myocytes were digested free from
connective tissues by perfusion of 0.8% collagenase in Krebs-
Ringer solution and mechanically separated with forceps and
trituration with a disposable transfer pipette in fresh Krebs-
Ringer solution. The tissue mixture was then filtered through a
metal sieve into a 50-ml conical tube to remove large undi-
gested pieces, and the volume was brought up to 20 ml with
fresh Krebs-Ringer solution. Cells were centrifuged at 100 X g
for 5 min, and non-muscle cells remaining in suspension were
aspirated from the myocyte pellet. The myocyte pellet was
washed once more in 10 ml of Krebs-Ringer solution, and cells
were collected by centrifugation.

Quantification of ¢cMLCK and MYPT2 in Heart Homo-
genates—The amount of cMLCK and MYPT?2 was determined
by quantitative immunoblot analysis using purified proteins as
the standard. For cMLCK, a purified GST-tagged fragment
containing residues 489 —802 was used as the standard. The
concentration was determined by a Bradford assay and cor-
rected for its purity as assessed by a Coomassie-stained SDS-
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polyacrylamide gel. For MYPT2, recombinant full-length
human MYPT2 was used as the standard. The purity of the
sample was confirmed by Coomassie staining of proteins sepa-
rated by SDS-PAGE. Based on previously published values,
assumptions made in calculations were that the dry weight of
proteins is 20% of tissue weight, the total protein of soluble
extract is 10% of wet tissue weight (37), and the density of pro-
tein is 1.35 mg/ml (38). The amount of skeletal muscle MLCK
in extensor digitorum longus was quantified to confirm mea-
surements with purified rabbit skeletal muscle MLCK used as a
standard.

Quantification of MYPT2 Phosphorylation in Ventricles—
Endogenous MYPT2 phosphorylation in WT snap-frozen
hearts (10 ug) was measured by comparison with a purified
protein control (GST-MYPT1(654—880); Millipore, 12-457),
which had been phosphorylated to 100% by ROCK1 (Life Tech-
nologies, PV3691) using previously published procedures (39).
Conservation of MYPT1 residues 654 —880 with MYPT2 was
confirmed by sequence alignment. Complete phosphorylation
was confirmed by immunoblotting for total MYPT1 after sep-
aration of non-phosphorylated and phosphorylated forms by
6% Phos-tag-PAGE using routine procedures. Briefly, the
resolving gel (10% acrylamide (29:1), 375 mm Tris, pH 8.8, 0.1%
SDS, 60 um MnCl,, 30 um Phos-tag acrylamide, 0.05% ammo-
nium persulfate, 0.1% TEMED) was overlaid with water-satu-
rated isobutyl alcohol and polymerized for 30 min. Isobutyl
alcohol was removed by washing, and standard stacking gel
(3.9% acrylamide (29:1), 125 mm Tris, pH 6.8, 0.1% SDS, 0.05%
ammonium persulfate, 0.1% TEMED) was polymerized for at
least 30 min. ROCKI1 assay samples were electrophoresed for
~2 h at 20 mA in 25 mm Tris, 192 mMm glycine, and 0.1% SDS
until tracking dye migrated out of the gel. The gel was trans-
ferred directly onto 0.2-um pore-sized nitrocellulose mem-
brane (Whatman, Protran) overnight at 0.02 A at room temper-
ature in a modified Phos-tag transfer buffer (25 mm Tris, 192
mM glycine, 0.04% SDS, 10% methanol, and 1 mm EDTA).

Protein Solubility Measurements—Total heart tissue or freshly
isolated cardiac myocytes were homogenized and lysed for 20
min on ice in 10 volumes of 50 mm MOPS, pH 7.4, 2 mM EDTA,
2 mm EGTA, 150 mMm NaCl, 1 mm DTT, 1% Nonidet P-40, 1X
HALT protease inhibitor mixture, 10 um E64. Aliquots of total
homogenate were centrifuged at 100,000 X g for 30 min at 4 °C,
and supernatant fractions were collected. Equal volumes of
total and supernatant fractions were separated by SDS-PAGE
and immunoblotted for protein contents.

Adult rat ventricular myocytes were isolated enzymatically
from hearts of 200 -250-g Sprague-Dawley rats (Harlan Labo-
ratories) according to the method described by Westfall and
co-workers (40). Cells were then resuspended in DMEM sup-
plemented with 100 units/ml penicillin and 100 units/ml strep-
tomycin, 5 mm 2,3-butanedione monoxime and plated on
laminin-coated (BD Biosciences) chamber slides or glass-bot-
tom culture dishes (MatTeck Corp.). 24 h after incubation, cells
were infected with adenovirus expressing GFP-tagged cMLCK
at a multiplicity of infection of 10 or 25 for 48 h. Fluorescence
images were acquired from live cells before and after perme-
abilization as described previously (41, 42). Briefly, culture
media were removed, and cells were preincubated with 10 mm
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methyl-B-cyclodextrin for 30 min and then permeabilized with
0.75% Triton X-100 in Ca>"-free PBS for 20 min. Actin was
stained by incubating with rhodamine-phalloidin. Cells were
kept in a thermal controlled chamber at 37 °C during the course
of fluorescence imaging.

RESULTS

Conditional cMLCK Gene Ablation Reduces RLC Phosphor-
ylation in Vivo—A conditional cMLCK knock-out model was
generated. Reduction of cMLCK protein in cardiac myocytes of
adult mice by 80 = 2% 2 weeks after the first tamoxifen injection
reduced RLC phosphorylation to 0.15 mol of phosphate/mol of
RLC (Fig. 1, A and B). A conventional cMLCK knockout in mice
showed that cardiac RLC phosphorylation was reduced to 0.10
mol of phosphate/mol of RLC (Fig. 1, A and B) (11, 12). The
remaining 0.10 mol of phosphate/mol of RLC phosphorylation
was confirmed to be serine 15 with tissues from conventional
c¢MLCK knock-out mouse hearts (Fig. 1C). The kinase respon-
sible for the residual extent of phosphorylation was not identi-
fied. Thus, cMLCK was the primary kinase that phosphorylated
RLC in vivo, whereas an unidentified protein kinase phosphor-
ylated serine 15 to a small extent. The residual phosphorylation
of cardiac RLC with ¢cMLCK knockout is similar to results
obtained with skeletal muscle RLC with the knockout of skele-
tal muscle MLCK (13).

Conditional cMLCK Gene Ablation with Reduced RLC Phos-
phorylation in Adult Mice Results in Cardiac Dilation—Hearts
from conventional cMLCK knock-out mice appeared dilated
with a modest increase in heart weight/tibial length compared
with hearts from WT mice (11, 12). We explored the possibility
that the conventional cMLCK knockout led to an early hyper-
trophic response, which then progressed to heart failure and
dilation. In a conditional knockout of cMLCK induced by
tamoxifen injection in adult mice, cMLCK protein decreased
with corresponding decreases in RLC phosphorylation by 1
week (Fig. 1). Echocardiographic measurements showed that
the decrease in RLC phosphorylation was associated with
increased left ventricular internal diameters at diastole and sys-
tole and decreased left ventricular fractional shortening, dem-
onstrating a dilated cardiomyopathy phenotype without nota-
ble hypertrophy (Fig. 2, A and B). Tamoxifen-induced decrease
in fractional shortening is a known transient phenomenon and
did not obscure the RLC phosphorylation-dependent decrease
(43). Fibrosis or myofibrillar disarray were also absent, as deter-
mined by hematoxylin and eosin (Fig. 2C) and trichrome stain-
ing (data not shown). Thus, acute reduction of RLC phos-
phorylation by cMLCK gene ablation was sufficient to impair
cardiac performance.

Phosphorylation of Tnl and MyBP-C Is Unchanged When
RLC Phosphorylation Is Decreased by cMLCK Gene Ablation—
Compensatory relationships among Tnl, MyBP-C, and RLC
phosphorylation were reported for a transgenic model of RLC
hypophosphorylation (33). Hence, phosphorylation of regula-
tory sites on Tnl (Ser-23/24) and MyBP-C (Ser-282) were mea-
sured in conventional and acute cMLCK gene-ablated animals
(Fig. 3, A and B). Baseline phosphorylation evaluated in the
presence of propranolol was included as a control. With pro-
pranolol treatment, the extents of MyBP-C and Tnl phosphor-
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FIGURE 1. Effect of cMLCK knock-out on cardiac RLC phosphorylation. The relative quantities of cMLCKs and corresponding cardiac RLC phosphorylation
were measured in hearts from CFM (f/f) and CKO (—/—) mice. A, quantification of kinase (left) and corresponding RLC phosphorylation (right) relative to
respective WT (+/+) control values. Significance was determined by two-tailed unpaired Student’s t test using GraphPad software; n = 5; ***, p < 0.001,
compared with +/+. B, representative immunoblotimages of measured proteins; grouped from separate images, separated by white space. C, phosphorylated
cardiac RLC from CKO (—/—) mice was subjected to phosphorylation site identification by LC/MS/MS, where 96% of the protein (all residues except for the first
seven) was analyzed. The b8 residue that corresponds to serine 15 is the only site phosphorylated. Error bars, S.E.
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FIGURE 2. Functional and morphological effects of acute knockout of
cMLCK. A, cardiac performance measured by echocardiography in conditional
cMLCK gene-ablated (CFM) mice. Comparison of performance pre- and post-
tamoxifen (Tam) treatment are shown for WT (+/+) and homozygous floxed (f/f)
mice. Significance was determined by one-way ANOVA, Neuman-Keuls multiple
comparison post-test, GraphPad software; n = 5; *, p < 0.05; **, p < 0.01, com-
pared with treatment-matched +/+; #, p < 0.05; ##, p < 0.01; ###, p < 0.001,
compared with corresponding pretamoxifen measurements. B, representative
echocardiography loop images from pre- and post-tamoxifen-injected mice. C,
representative image of hematoxylin and eosin stain of fixed four-chamber view
of 3-month-old male +/+ and f/f, pre- and post-tamoxifen-injected mouse
hearts. Error bars, S.E.

ylation were decreased in both WT and cMLCK knock-out
hearts. Their relative phosphorylation in conditional and con-
ventional cMLCK knock-out mouse hearts was unchanged
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from WT mice in non-treated (high) and propranolol-treated
(low) groups. RLC phosphorylation in hearts from homozygous
mice that harbor the Tnl R21C mutation that abolishes phos-
phorylation at the adjacent serines 23/24 (29) was also
unchanged from WT in the non-treated and propranolol-
treated groups and similar to results obtained with hearts from
WT mice (Fig. 3, C and D).

The Extent of RLC Phosphorylation Is Not Affected by Pro-
longed B-Adrenergic Stimulation or Inhibition—The results
described above showed that 3-adrenergic inhibition with pro-
pranolol had no effect on RLC phosphorylation while reducing
both Tnl and MyBP-C phosphorylation. Dobutamine infusion
into WT mice was reported to increase cardiac RLC phosphor-
ylation 2-fold compared with basal phosphorylation (33). We
evaluated the possibility that cMLCK or other kinases, such as
zipper-interacting kinase, may be stimulated to increase RLC
phosphorylation in vivo with prolonged 3-adrenergic stimula-
tion. Whereas dobutamine infusion (5 min) increased the heart
rate, and propranolol treatment decreased it (data not shown),
RLC phosphorylation remained unaffected (Fig. 4, A and B).
Similar results were obtained with additional dobutamine infu-
sion for 30 min (data not shown). Tnl, MyBP-C, and phospho-
lamban phosphorylation were all reduced by propranolol and
unaffected by dobutamine treatment. There was no additional
increase in Tnl phosphorylation with dobutamine infusion
over samples from non-treated mice, most likely due to high
sympatheticdrive under these conditions. Thus, RLC phosphor-
ylation was insensitive to prolonged -adrenergic stimulation
or inhibition.

Phosphorylation of RLC in Native Myosin Filaments and
Myofibrils Is a Simple Random Process—Based on the observa-
tion that the extent of RLC phosphorylation in normal beating
hearts is 0.40 —0.50 mol of phosphate/mol of RLC, we investi-
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compared with WT, not treated group. D, representative immunoblot images of proteins measured in C.Images for a given protein grouped by mouse models

are from different parts of one immunoblot, separated by white space. Error bars, S.E.

gated the possibility that one RLC may be more readily phos-
phorylated than the other in intact myosin. The kinetic prop-
erties of RLC phosphorylation in mouse cardiac native myosin
filaments dissociated from thin filaments and in mouse cardiac
myofibrils were measured (Fig. 5). The concentration of MLCK
necessary for complete phosphorylation of RLC by 10 min was
determined by kinase titration studies for both substrates (Fig.
5, inset). The maximum extents of RLC phosphorylation were
0.87 and 0.97 mol of phosphate/mol of RLC for myofibrils and
myosin filaments, respectively. Non-linear regression of the
time course of RLC phosphorylation showed a monophasic
reaction with no evidence of negative cooperativity (data not
shown). Linearization of the reaction, as described previously
(44 -46), illustrates the monophasic process, indicating that
the phosphorylation reaction was kinetically homogeneous
(Fig. 5). If half of the RLCs were phosphorylated at a slower rate,
the regression would not be monophasic. Thus, phosphoryla-
tion of cardiac muscle myosin heads is a simple random process
with equal accessibility of both RLCs in each myosin for phos-
phorylation in both myosin filaments and myofibrils.

RLC Is Maximally Phosphorylated in Intact Paced Trabecu-
lae in the Presence of an MLCP Inhibitor—In order to ascertain
whether it was possible to maximally phosphorylate RLC in
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intact cardiomyocytes, right ventricular trabeculae were paced
at increasing frequencies, and RLC phosphorylation was mea-
sured (Fig. 6, A and B). RLC phosphorylation increased to
0.43 = 0.03 mol of phosphate/mol of RLC in trabeculae paced at
1.5 Hz. In the presence of the MLCP inhibitor calyculin A, RLC
phosphorylation increased to 0.91 * 0.03 mol of phosphate/
mol of RLC. Thus, RLC phosphorylation was not inhibited
beyond 0.50 mol of phosphate/mol of RLC in intact trabeculae.
These results are consistent with the analysis of RLC phos-
phorylation measured with isolated myosin filaments and myo-
fibrils. Thus, we hypothesized that MLCP activity may limit the
extent of RLC phosphorylation in beating hearts.

c¢MLCK Is Abundant in the Heart—The amount of cMLCK
protein in ventricular muscle was determined. A purified fragment
of cMLCK (GST-cMLCK(489 — 802)) was used as a standard, and
the amount of cMLCK in heart homogenates was measured by
immunoblotting with an antibody raised to the cMLCK sequence
(Fig. 7A). Calculation of cMLCK in heart tissue using assumptions
described under “Experimental Procedures” showed that there
was 2.38 = 0.14 um cMLCK. The amount of skeletal muscle
MLCK in mouse extensor digitorum longus muscle was 0.5 = 0.03
um (Fig. 7B), consistent with values previously measured for rat
white fast twitch skeletal muscle (47).
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¢MLCK and MLCP Are Distributed Differently in Cardiac
Mpyocytes—In smooth muscles, MYPT1 and smooth muscle
MLCK are tightly bound to myosin and actin filaments, respec-
tively, where they participate in phosphorylation and dephos-
phorylation of smooth muscle RLC (3, 39). Centrifugation of
heart homogenates was used to evaluate the relative distribu-
tions of cMLCK and MLCP (MYPT2 and PP1cd) with collec-
tion of myofibrils in the pellet fraction. Comparison of total and
supernatant fractions of heart homogenates shows that 100 =
6% of cMLCK was soluble (Fig. 8, A and B). The solubility of
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FIGURE 4. Effects of propranolol and dobutamine on phosphorylation of
sarcomeric proteins. A, quantification of phosphorylations of Tnl (pTnl),
MyBP-C (pMyBP-C), phospholamban (pPLB), and cardiac myosin RLC (pRLC), in
untreated (black), propranolol-treated (gray), and dobutamine-treated
(white) hearts from WT mice. Phosphorylation was normalized to the
untreated group. Significance was determined by one-way ANOVA, Neuman-
Keuls multiple comparison post-test, GraphPad software; n = 3; *, p < 0.05;
*** p < 0.001, compared with not treated. B, representative immunoblot
images of proteins measured. Treatments are as indicated: not treated (NT),
propranolol-treated (Prop), and dobutamine-treated (Dob). Images for a
given protein grouped by treatment are from different parts of one immuno-
blot, separated by white space. Error bars, S.E.
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MYPT2 (7.4 * 2%) and Tnl (4.1 = 2%) was low. Unlike MYPT2,
which had low solubility, 61 == 9% of the catalytic subunit of the
myosin phosphatase PP1cd was soluble (Fig. 8, A and B). These
results demonstrating solubility of cMLCK were confirmed in
cardiomyocytes expressing GFP-labeled ¢cMLCK (Fig. 8C).
Treatment of cells with detergent resulted in the loss of
c¢MLCK-GFP but not myofibrils.

The expression of PP1cé is not confined to cardiac myocytes
but is abundant in smooth and non-muscle cells (48). We there-
fore measured the relative amount of PP1cé in ventricular apex
tissue containing nonmuscle cells and cardiomyocytes relative
to the total lysate and supernatant fraction of isolated car-
diomyocytes. The amounts of PP1cd in the apex and total myo-
cytes were comparable (Fig. 8, D and E). In isolated myocytes,
62 = 3% of PP1cd was soluble (Fig. 8, D and E). There was very
little Tnl and RLC in the supernatant fraction from cardiomyo-
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FIGURE 6. RLC phosphorylation in paced ventricular trabeculae. A, quan-
tification of RLC phosphorylation in mouse right ventricular trabeculae in
response to 30 min of electrical stimulation (0-1.5 Hz) in the absence (white
bars) and presence (black bar) of 1 um calyculin A (CA). B, representative
immunoblot image. Significance was determined by one-way ANOVA, Neu-
man-Keuls multiple comparison post-test, GraphPad software; n = 3; ***, p <
0.001, compared with unpaced trabeculae (0 Hz). Error bars, S.E.
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FIGURE 5. Representative time course of phosphorylation of RLC in intact native mouse cardiac myosin filaments (A) and mouse cardiac myofibrils (B)
by purified rabbit skeletal muscle MLCK. Reactions were initiated by the addition of Ca>*/calmodulin at t = 0; P,, mol of phosphate/mol of RLC measured at
time t; Py,4x maximum phosphorylation of RLC. Inset, complete saturating profile of RLC phosphorylation for increasing concentrations of MLCK with 0-20 nm
for myosin filaments or 0-150 nm for myofibrils measured at 10 min. Arrows, RLC phosphorylation at 0.5 mol of phosphate/mol of RLC.
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cytes, whereas cMLCK was abundant (Fig. 8, D and E). Thus,
there are differential distributions of soluble ¢cMLCK and
MYPT2-regulated MLCP associated with myofibrils contain-
ing Tnl and RLC.

MYPT2 Is Abundant and Phosphorylated in Ventricular
Heart Tissue—Because cMLCK protein is abundant in ventric-
ular muscle, we measured the total amount of MYPT2 protein
and phosphorylation at its inhibitory site, threonine 646. A
fragment of MYPT1 (residues 654 —880) containing the same
phosphorylation site was phosphorylated by ROCK1 as a con-
trol to quantify the amount of MYPT2 phosphorylation.
MYPT1 and the fragment have two sites phosphorylated by
ROCKI1, one of which is also contained in MYPT2. Complete
diphosphorylation of the fragment was confirmed by maximal
32P incorporation over time (data not shown) and an immuno-
blot of proteins separated by Phos-tag gel (Fig. 9A4). The ratio of
phosphorylated MYPT2 to total MYPT?2 in the heart was cal-
culated by normalizing the immunoblot measurements to the
control. In normal WT mice, 100 * 7% (n = 6) of MYPT2 was
phosphorylated (Fig. 9, B and C). The amount of MYPT2 in
total heart homogenates was estimated to be 11 * 1.2 um (n =
5) by comparison with purified full-length human MYPT?2 (Fig.
9, D and E). Thus, there was about 5-fold more MYPT?2 than
c¢cMLCK. Importantly, MYPT2 was maximally phosphorylated
at threonine 646 in beating hearts.

RLC Dephosphorylation Is Slow in Cardiac Tissues but Not in
Homogenates—The rate of RLC dephosphorylation was mea-
sured in intact non-beating hearts and homogenates. RLC and
MYPT2 in intact non-beating hearts perfused with Ca>*-free
Tyrode solution were not significantly dephosphorylated
within 20 min (Fig. 10, A and B), but RLC phosphorylation was
reduced to 0.26 = 0.02 mol of phosphate/mol after 60 min and
0.06 = 0.02 mol of phosphate/mol after 2 h of perfusion.
MYPT?2 phosphorylation was reduced to 61 * 7% after 60 min
and 23 = 8% after 2 h of perfusion. The residual RLC phosphor-
ylation which remains in cMLCK knock-out hearts was also not
significantly reduced within 20 min of heart excision (Fig. 10, A
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and B). Freshly isolated cardiomyocytes from nonbeating
hearts have 0.06 * 0.02 mol of phosphate/mol of RLC phosphor-
ylation (n = 3). In contrast to results obtained with perfused
hearts, both RLC and MYPT2 were rapidly dephosphorylated
in homogenates in the absence but not in the presence of caly-
culin A (Fig. 10, A and C). In the absence of calyculin A, RLC
phosphorylation was reduced to 0.12 =+ 0.02 mol of phosphate/
mol, and MYPT?2 phosphorylation was reduced to 1.8 = 0.4% in
homogenates after 20 min. Thus, the normal beating of the heart
required for RLC phosphorylation is consistent with Ca®"/cal-
modulin-dependent phosphorylation by cMLCK. The signaling
mechanisms for phosphorylation of the abundant MYPT2 are not
clear, but its high phosphorylation is similar to the constitutive
phosphorylation of MYPT1 in smooth muscle (39).

DISCUSSION

Inotropic responses to adrenergic stimulation are mediated
in part by phosphorylations of MyBP-C and Tnl, resulting in
modulation of actomyosin activity. The effects of phosphoryla-
tions of these proteins on actomyosin activity have been mea-
sured in various systems and under conditions where only a
specific protein was phosphorylated (49 —55). Phosphorylation
of MyBP-C accelerates the rate of actomyosin interaction, and
phosphorylation of Tnl increases the rate of relaxation (49—
53). RLC phosphorylation changes myosin cross-bridge prop-
erties, increasing the Ca®" sensitivity and accelerating rates of
actomyosin interaction (54, 55). Considering these functional
interactions of spatially close sarcomeric proteins, we used con-
ventional and conditional cMLCK knock-out mouse models to
test whether compensatory phosphorylation of Tnl or MyBP-C
occurs to enhance cardiac function when RLC phosphorylation
is acutely or chronically reduced. There were no significant
changes in Tnl or MyBP-C phosphorylation in mice with acute
or chronic attenuation of RLC phosphorylation. Consistent
with a lack of influence of RLC phosphorylation on Tnl phos-
phorylation, Tnl dephosphorylation resulting from propra-
nolol treatment or the lack of Tnl phosphorylation in knock-
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FIGURE 8. Distribution of cMLCK and MLCP subunits in cardiac homogenates. A, relative distribution of proteins in supernatant (sup) fractions after
centrifugation at 100,000 X g for 30 min at 4 °C; average of n = 4. B, representative immunoblot of proteins measured in A. C, representative image of
association of GFP-cMLCK with myofilament proteins in non-fixed adult rat ventricular myocyte imaged before and after live cell permeabilization. Actin
filaments imaged with rhodamine-phalloidin after permeabilization. D, comparison of PP1c¢8 protein content in total proteins of the apex of the mouse heart
and isolated cardiomyocyte lysates separated by centrifugation at 100,000 X g for 30 min at 4 °C. Significance between myocyte total and supernatant
fractions was determined by Student’s t test, GraphPad software; n = 3; **, p < 0.01. E, representative immunoblot of PP1cd protein measured in C. MYPT2,
¢MLCK, Tnl, and RLC are shown as controls for protein separation by centrifugation. Error bars, S.E.

in mice containing the Tnl R21C mutation did not affect RLC
phosphorylation. Furthermore, the dephosphorylation of
MyBP-C and phospholamban induced by propranolol treat-
ment did not affect the level of RLC phosphorylation. A
decrease in Tnl phosphorylation was reported in transgenic
mice overexpressing nonphosphorylatable RLC (33), but based
on the lack of similar effects in our cMLCK knock-out mice, the
reported effect may be specific to the transgenic mouse line or
due to desensitization effects known to occur with chronic
heart failure (56, 57). Thus, the constitutive basal phosphory-
lation of RLC in beating hearts appears not to be influenced by
the phosphorylation of other thick or thin filament proteins and
represents a balance between slow phosphorylation and
dephosphorylation rates (22-24,).

Consistent with previous reports, we found that RLC phos-
phorylation was not sensitive to acute 3-adrenergic stimulation

10712 JOURNAL OF BIOLOGICAL CHEMISTRY

or inhibition (25-27). In addition, the high sympathetic tone in
these mice prevented dobutamine infusions from further
increasing Tnl, MyBP-C, or phospholamban phosphorylation,
consistent with findings by Scruggs et al. (33) and Wang et al.
(30). Our RLC phosphorylation measurements, however, differ
from the finding of Scruggs et al. (33) that dobutamine infusion
increased RLC phosphorylation in WT mice (33). We did not
find an increase with infusion for 5 or 30 min or with a higher
dobutamine dose of 32 ng/g/min (data not shown). Processing
procedures for RLC phosphorylation measurements may
account for the different results. Our snap-frozen heart samples
are fixed directly into trichloroacetic acid to denature all pro-
teins, including protein phosphatases and proteases. Without
the acid precipitation step, RLC may be dephosphorylated in
heart homogenates without sufficient chemical phosphatase
inhibitors (23). Indeed, our results show that RLC is rapidly
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(AU) plotted against pmol of protein standard. Error bars, S.E.

dephosphorylated in heart homogenates without a chemical
inhibitor, such as calyculin A. Ice-chilled tissues in Scruggs et
al. (33) were homogenized in a nondenaturing aqueous buffer
containing an unspecified amount of a mixture of protein phos-
phatase inhibitors, and then myofilaments were processed
through several steps before dissolving proteins in Laemmli
buffer. Based on their published representative blot, a possible
explanation is that some of their control samples became
dephosphorylated. Their assessment of RLC phosphorylation
with dobutamine infusion was performed by relative changes
with a phosphospecific cardiac RLC antibody rather than quan-
titative measurements, such as isoelectric focusing or urea/
glycerol PAGE (33).

Given the difficulty in increasing RLC phosphorylation with
B-adrenergic stimulation, we considered the possibility that
RLC phosphorylation in intact ventricular myosins was limited
to 40-50% by intra- or intermolecular steric constraints.
Asymmetric head to head interaction within the cardiac myo-
sin dimer in the ATP-bound relaxed state was revealed by cryo-
electron microscopy in native myosin filaments (35). Intramo-
lecular block of one myosin head by another might sterically
constrain one RLC if the position of the blocked myosin head
compromised the accessibility of the RLC phosphorylation site.
Measurements of the position of MyBP-C by electron micro-
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graph of the cardiac sarcomere have shown that it binds to
every third myosin crown (4), and binding of MyBP-C to RLC
(58) has also been proposed. In addition, binding of actin by the
essential light chain on myosin has been proposed (59), which
would bring RLC closer to the thin filament. Thus, we hypoth-
esized that within the myofibrils, intramolecular and/or inter-
molecular steric constraints could limit the accessibility of RLC
for phosphorylation. However, our biochemical analyses with
myosin filaments or myofibrils did not support this hypothesis.
RLC phosphorylation occurred via a single pseudo-first order
process in both intact myosin filaments and myofibrillar prep-
arations. Lack of a biphasic rate rules out intramolecular block
of one RLC by another and confirms that phosphorylation of
the two RLCs is a stochastic process. These results were further
supported by 91% monophosphorylation of intact right ventric-
ular trabeculae in the presence of a cell-permeant chemical
inhibitor of MLCP. Although diphosphorylation of RLC was
reported in a rodent disease model (60), we did not see signifi-
cant diphosphorylation of RLC in mouse myosin filaments or
myofibrils even with prolonged incubation with high concen-
trations of skeletal MLCK. Thus, kinetic properties of phosphor-
ylation of cardiac RLC bound to myosin heavy chain suggest a
random process, similar to results reported for skeletal (46) and
smooth muscle (61) myosins.

JOURNAL OF BIOLOGICAL CHEMISTRY 10713



Constitutive Phosphorylation of Cardiac Myosin

A
100

homogenate +CA
intact WT heart

homogenate -CA
intact CKO heart

% of Initial
WT Phosphorylation
o
o

0 5 10 15 20
Time (min)

B.

WT 10 min

WT 20 min. CKO 10 min CKO 20 min

| RLC
PRLC

~—————H—~~—— pMYPT2

GAPDH

[

C' -Calyculin A +Calyculin A

RLC
PRLC

pMYPT2
MYPT2

0o 1 3 5

10 20 1 3 5

FIGURE 10. Comparison of RLC dephosphorylation in heart homogenates
and intact hearts. A, time course of RLC dephosphorylation represented as a
percentage of WT RLC phosphorylation, measured by immunoblot of RLCs
separated by glycerol/PAGE. Squares, total WT heart homogenate with T um
calyculin A; upright triangles, intact WT heart perfused with Ca*-free Tyrode
solution; circles, total WT heart homogenate without added phosphatase
inhibitors; inverted triangles, intact cMLCK heart perfused with Ca®>*-free
Tyrode solution. Average of n = 3; some error bars are obscured by symbols. B,
representative immunoblot of RLCs in intact WT or CKO mice hearts, dephos-
phorylated for 10 or 20 min. C, representative immunoblots of proteins in WT
total heart homogenates, dephosphorylated for 1-20 min. Matched samples
are shown. Error bars, S.E.

Time (min)

The extent of RLC phosphorylation in different tissues and
cells is determined by the balance of kinase and phosphatase
activities. RLC was dephosphorylated in non-beating hearts,
similar to results obtained in rat (23) and rabbit (24) hearts. We
also noted that RLC was dephosphorylated in isolated adult
cardiac myocytes. The simplest interpretation is that the reduc-
tion in [Ca®"], transients inhibits cMLCK, as observed for RLC
phosphorylation in skeletal muscle by Ca®"/calmodulin-de-
pendent MLCK (47, 62). However, additional biochemical
investigation is needed to resolve the conflicting reports (17,
18) about Ca**/calmodulin dependence of cMLCK.

MLCP activity is regulated in different tissues and cells (48).
In smooth muscle, MYPT1 is constitutively phosphorylated,
and MYPT1 phosphorylation reduces but does not eliminate
MLCP activity (39). In the absence of MYPT1, smooth muscle
RLC was still dephosphorylated by PP1cé during relaxation,
indicating that soluble PP1c8 not bound to MYPT1 is still active
toward phosphorylated smooth muscle RLC (39). The consti-
tutive phosphorylation of MYPT1 was presumably due to
ROCK and other unidentified protein kinases. MYPT2 was also
constitutively phosphorylated in the heart, implying inhibition
of MLCP activity. This observation is consistent with slow
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dephosphorylation of RLC and MYPT?2 in intact tissues. How-
ever, the high extent of RLC phosphorylation in paced trabec-
ulae in the presence of calyculin A suggests a significant contri-
bution of MLCP activity to basal RLC phosphorylation in
beating hearts. Similar to results reported on the solubility of
PP1cé in smooth muscle (39), a large fraction of PP1cé in the
cardiomyocytes was soluble and not bound to the MLCP regu-
latory subunit MYPT?2 that targets PP1cé to myosin filaments.
Thus, a fraction of PP1cd not regulated by MYPT2 may con-
tribute to MLCP phosphatase activity toward RLC in the heart.
The protein kinase that constitutively phosphorylates MYPT2
and the determination of different forms of PP1c that may
dephosphorylate myosin require additional investigation.

In summary, the constitutive phosphorylation of RLC in
beating hearts may be due to the combined activities of Ca**/
calmodulin-dependent cMLCK in equilibrium with the MLCP
activity. Although cMLCK is abundantly expressed in cardiac
muscle, its specific activity is low, which is consistent with the
slow turnover rate (¢, = 90 min) of phosphate in RLC in beating
hearts (23) as well as the slow rephosphorylation of RLC when
noncontracting heart muscle is paced (24). At low, but not high,
frequencies of stimulation, the extent of RLC phosphorylation
is proportional to the frequency of stimulation (24). These fre-
quency dependence observations are similar to results reported
for skeletal muscle (13) and imply that in mouse heart beating at
a high frequency, cMLCK may be maximally activated by Ca*>*/
calmodulin, although its activity is low.
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