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Abstract
Specific phosphorylation of the human ventricular cardiac myosin regulatory light chain (MYL2)
modifies the protein at S15. This modification affects MYL2 secondary structure and modulates
the Ca2+ sensitivity of contraction in cardiac tissue. Smooth muscle myosin light chain kinase
(smMLCK) is a ubiquitous kinase prevalent in uterus and present in other contracting tissues
including cardiac muscle. The recombinant 130 kDa (short) smMLCK phosphorylated S15 in
MYL2 in vitro. Specific modification of S15 was verified using the direct detection of the
phospho group on S15 with mass spectrometry. SmMLCK also specifically phosphorylated
myosin regulatory light chain S15 in porcine ventricular myosin and chicken gizzard smooth
muscle myosin (S20 in smooth muscle) but failed to phosphorylate the myosin regulatory light
chain in rabbit skeletal myosin. Phosphorylation kinetics, measured using a novel fluorescence
method eliminating the use of radioactive isotopes, indicates similar Michaelis-Menten Vmax and
KM for regulatory light chain S15 phosphorylation rates in MYL2, porcine ventricular myosin,
and chicken gizzard myosin. These data demonstrate that smMLCK is a specific and efficient
kinase for the in vitro phosphorylation of MYL2, cardiac, and smooth muscle myosin. Whether
smMLCK plays a role in cardiac muscle regulation or response to a disease causing stimulus is
unclear but it should be considered a potentially significant kinase in cardiac tissue on the basis of
its specificity, kinetics, and tissue expression.
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INTRODUCTION
Myosin II is the energy transducer in skeletal and cardiac muscle. It impels actin against
resistive force using the ATP hydrolysis free energy. The myosin heavy chain has a globular
N-terminus, called subfragment 1 (S1) where ATP and actin bind, and a tail portion that
associates with other myosin tails in the sarcomere to form the thick filament. Within S1, the
longest αhelix is a lever-arm that rotates to perform the linear translation of actin for work
production. Two myosin light chains associate with the lever-arm, the 18.8 kDa regulatory
light chain (RLC) and the 21.9 kDa essential light chain (ELC). Both light chains stabilize
the lever-arm to facilitate momentum transfer to actin and RLC also participates in
contraction regulation. Smooth muscle contraction is regulated by RLC phosphorylation in
the presence of Ca2+. In striated muscle, Ca2+ regulates contraction through the actin
filament regulatory proteins but RLC phosphorylation modulates Ca2+ sensitivity. Several
RLC mutations in human cardiac tissue are implicated in heart disease and are thought to
affect Ca2+ binding and RLC phosphorylation leading to changes in the Ca2+ sensitivity of
contraction and in vitro motility [1]. Human ventricular myosin S1 has the heavy chain
gene, MYH7, essential light chain, MYL3, and regulatory light chain, MYL2.

In muscle tissue, a Ca2+ and calmodulin dependent myosin light chain kinase (MLCK)
phosphorylates RLC [2]. The N-terminal region of the RLC contains the MLCK-specific
phosphorylation site, S15 and S20 in cardiac and smooth muscle, respectively [3]. MLCK
has different isoforms expressed in different muscle tissues. Smooth muscle MLCK
(smMLCK) is ubiquitous in many adult tissues and represents a major MLCK detectable in
the cardiac muscle, in contrast to skeletal and cardiac MLCK which are probably tissue
specific [4]. The smMLCK is better conserved among different species than the cardiac and
skeletal muscle forms [5]. A short form (130 kDa) smMLCK was expressed in the heart at
lower levels compared to those detected in smooth muscle-rich organs [6]. Skeletal muscle
MLCK (skMLCK) was also reported to be present in the heart but at an abundance too low
to maintain basal RLC phosphorylation [7]. A cardiac MLCK (cMLCK) has been proposed
to be the predominant protein kinase that maintains the basal RLC phosphorylation required
for normal physiological cardiac performance in vivo [8]. There are reports suggesting that
cardiac RLC is not a good substrate for the smMLCK present in the cardiac myocytes [9;
10].

We show here that the 130 kDa smMLCK specifically and efficiently phosphorylates the
isolated human ventricular myosin regulatory light chain (MYL2) at S15 in vitro. Identical
specificity and similar efficiency for RLC phosphorylation by smMLCK was also obtained
for RLC in porcine ventricular myosin and gizzard smooth muscle myosin. These results
establish smMLCK as a useful reagent for phosphorylation of various RLCs including
MYL2 and opens the possibility that cardiac phosphorylation in vivo could be dependent on
activity of the 130 kDa smMLCK.

MATERIALS AND METHODS
Expression and purification of wild-type MYL2

The cDNA of MYL2 was a generous gift from Dr. D. Szczesna-Cordary, University of
Miami. MYL2 was cloned into the pET-3d plasmid vector (EMD Chemicals, NJ) and
transformed into Escherichia coli BL21 (DE3) competent cells (Agilent Technologies, Santa
Clara, CA). Protein expression was induced with isopropyl β-D-1-thiogalactopyranoside
(IPTG) (Roche, Mannheim, Germany) at a final concentration of 1 mM. After induction the
cells continued to grow for 17–18 hours and then collected, pelleted, washed with PBS,
pelleted and frozen in lysis buffer (20 mM Tris pH 7.5, 2 M urea, 0.1 mM PMSF, 1 μg/mL
leupeptin and 1 mM dithiothreitol (DTT)) at −20°C . The cells were thawed and lysed by
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sonication and pelleted. The protein extract was incubated with SP Sepharose beads (Sigma,
St. Louis, MO) for 3 hours with continuous rotation at 4°C. MYL2 was eluted from the
beads in lysis buffer containing 50–500 mM KCl. Protein purity was checked using a 12%
SDS-PAGE gel and stained with Coomassie Blue. Fractions containing pure protein were
combined and protein concentration was determined by using the Bradford assay with
bovine serum albumin as the protein standard [11]. Protein samples were stored at −20°C.

Cloning, expression and purification of MLCK and smooth muscle HMMs
The short smooth muscle variant of MLCK (isoform 5) was obtained from a human MLCK
full-length cDNA clone (a generous gift from Dr. A. Bresnick, Albert Einstein College of
Medicine, New York, NY). The recombinant short (130 kDa) smMLCK was constructed
with six N-terminal histidine residues inserted between M1 and D2 (Swiss-Prot # Q15746
isoform 5). Expression and purification of smMLCK was described previously [12].

A pFastBac construct plasmid containing cDNA of recombinant WT chicken gizzard
smooth muscle heavy meromyosin (HMM) heavy chain and cDNA of the WT chicken
gizzard smooth muscle RLC and ELC were generous gifts from Dr. Hirofumi Onishi (Mayo
Clinic Rochester). The recombinant HMM heavy chain has a myc-tag at its C-terminus and
a His-tag at its N-terminus as described previously [13]. Expression and purification of the
smooth muscle HMM, including both light chains, was described [12].

Tissue purified myosins
Cardiac myosin was prepared from porcine heart ventriculum as described earlier for bovine
cardiac myosin [14]. Rabbit skeletal myosin was prepared from back and leg muscles by the
method of Tonomura et al. [15].

Phosphorylation of regulatory light chains
MYL2 (55 μM) was phophorylated with 1.2 μM smMLCK in a low ionic strength buffer
containing 30 mM KCl, 25 mM Tris-HCl buffer pH 7.6, 12 mM MgCl2, 0.2 mM CaCl2, 2
mM DTT, 0.1 mM PMSF, 1 μg/mL leupeptin, 5 mM ATP, and 1.0 μM calmodulin. The
reaction was carried out at room temperature for 10 minutes. 3 mM EGTA was added to
stop the reaction and protein was precipitated with ice cold acetone. Precipitated MYL2 was
dissolved in 8 M urea sample buffer and run on a 10% Tris-Glycine polyacrylamide gel
(Invitrogen, Carlsbad, CA). The gel was first treated with Pro-Q Diamond phosphoprotein
stain to detect phosphoproteins and then with SYPRO Ruby stain to detect total protein in
the sample (Invitrogen).

MYL2, cardiac or skeletal myosins or smooth muscle HMM at various concentrations were
phosphorylated with 1.2 μM smMLCK at room temperature in a low ionic strength buffer
containing 30 mM KCl, 25 mM Tris-HCl buffer pH 7.6, 12 mM MgCl2, 0.2 mM CaCl2, 2
mM DTT, 0.1 mM PMSF, 1 μg/mL leupeptin, 5 mM ATP, and 1.0 μM calmodulin. MYL2
and HMM are soluble but myosin forms filaments in these conditions. Small aliquots were
taken during the incubation to assess time-dependence of the phosphorylation. The
phosphorylation reaction was terminated by adding 3 mM EGTA, aliquot proteins
precipitated with ice cold acetone, and precipitates dissolved in a sample buffer containing 8
M urea then subjected to 10% Tris-Glycine polyacrylamide gel electrophoresis [16]. Protein
bands were stained with SYPRO-Ruby and the fluorescence quantitated with ImageJ (NIH,
USA).

We analyzed phosphorylation kinetics using a Michaelis-Menten scheme:
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Scheme 1.
where C is MLCK, R the RLC (either on myosin heavy chain or free in solution), and Rp the
phosphorylated RLC. ATP binding is saturated in our conditions. Rates k+1 and k−1 with
equilibrium constant K1 represent the MLCK/RLC binding step and rates k+2 and k−2
catalysis. We assume catalysis is irreversible (Michaelis-Menten assumption) hence k−2 ≈ 0
and that K1 ≈ 1/KM (Michaels-Menten KM) because k−1 ≫ k2. The latter implies the
reasonable assumptions that the binding step is rapidly reversible while catalysis is slow
compared to other steps in Scheme 1.

Mass Spectrometry
Phosphorylated proteins were subjected to gel electrophoresis [17], followed by staining
with Sypro Ruby. The PAGE gel bands were destained with 15 mM potassium ferricyanide
and 50 mM sodium thiosulfate in water until clear and rinsed with water several times to
remove all the color [18]. The bands were reduced with 50 mM TCEP/50 mM Tris pH 8.1 at
55ºC for 40 min and alkylated with 40 mM iodoacetamide at room temperature for 40 min in
the dark. Proteins were digested in-situ with 30 μl (0.005μg/μl) trypsin (Promega
Corporation, Madison, WI) in 25 mM Tris pH 8.1 / 0.0002% Zwittergent 3–16, at 37°C
overnight followed by peptide extraction with 10 μl 2% trifluoroacetic acid, followed by 60
μl of acetonitrile. The peptide extracts was concentrated to less than 5 μl on a SpeedVac
spinning concentrator (Savant Instruments, Holbrook NY) and then brought up in 0.15%
formic acid/0.05% trifluoroacetic acid for protein identification by nano-flow liquid
chromatography electrospray tandem mass spectrometry (nanoLC-ESI-MS/MS) using a
ThermoFinnigan LTQ Orbitrap Hybrid Mass Spectrometer (Thermo Fisher Scientific,
Bremen, Germany) coupled to an Eksigent nanoLC-2D HPLC system (Eksigent, Dublin,
CA). The digested peptide mixture was loaded onto a 250 nl OPTI-PAK trap (Optimize
Technologies, Oregon City, OR) custom packed with Michrom Magic C8 solid phase
(Michrom Bioresources, Auburn, CA). Chromatography was performed using 0.2% formic
acid in both the A solvent (98%water/2%acetonitrile) and B solvent (80% acetonitrile/10%
isopropanol/10% water), and 5%B to 50%B gradient over 60 min at 325 nl/min through a
hand packed PicoFrit (New Objective, Woburn, MA) 75 μm × 200 mm column (Michrom
Magic C18 3μm). The LTQ Orbitrap mass spectrometer experiment was set to perform a
Fourier Transform (FT) full scan from 375–1600 m/z with resolution set at 60,000 (at 400m/
z), followed by linear ion trap MS/MS scans on the top five ions. Dynamic exclusion was set
to 1 and selected ions were placed on an exclusion list for 15 sec. The lock-mass option was
enabled for the FT full scans using the ambient air polydimethylcyclosiloxane (PCM) ion of
m/z = 445.120024 or a common phthalate ion m/z = 391.284286 for real time internal
calibration [19].

Database Searching—Tandem mass spectra were extracted by BioWorks version 3.2.
All MS/MS samples were analyzed using Mascot (Matrix Science, London, UK; version
2.2.04) set up to search the Swiss-Prot database (699052 entries) assuming full trypsin
digestion with a fragment ion mass tolerance of 0.80 Da and a parent ion tolerance of 10.0
PPM. Oxidation of methionine, iodoacetamide derivative of cysteine, and phosphoserine,
phosphothreonine, and phosphotyrosine were specified as variable modifications. Any
phosphopeptide identifications were manually validated. For MYL2, post tryptic digestion

Josephson et al. Page 4

Biochem Biophys Res Commun. Author manuscript; available in PMC 2012 December 16.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



“AGGANSNVFSMFEQTQIQEFK” peptide was the only phosphopeptide match found
from the data base search. Related phosphopeptides were likewise identified for RLC in
porcine ventricular myosin and chicken gizzard myosin. No trypsin fragment of
phosphorylated skeletal RLC was identified.

RESULTS
In vitro smMLCK phosphorylation of MYL2

Phosphorylated and unphosphorylated MYL2 were separated on a urea-PAGE gel where
mobility varies with charge. Figures 1B and 1A compares the same gel area successively
treated with Pro-Q Diamond phosphoprotein and Sypro-Ruby total protein stains. Lane 1
contains unphosphorylated MYL2 while lane 2 contains phosphorylated MYL2.
Phosphorylated MYL2 has the added negative charge of the acidic phosphate group attached
to the serine and migrates faster than the nonphosphorylated form (Figure 1A). Pro-Q allows
direct, in-gel detection of phosphate groups attached to protein thereby confirming that the
MYL2 protein was phosphorylated (Figure 1B).

Specificity of MYL2 phosphorylation by smMLCK determined with mass spectrometry
MYL2 was phosphorylated by smMLCK in vitro. Trypsin digestion and nanoLC-tandem
mass spectrometry with an Orbitrap was used for phosphopeptide analysis. The only
phosphopeptide detected was a singly phosphorylated version of the sequence
AGGANS15NVFS19MFEQTQIQEFK containing an oxidized methionine. This peptide
contains two serines and a threonine that are at positions S15, S19, and T24 in the MYL2.
Supplementary Figure S1, shows the corresponding [M+2H]+2 precursor ion of this peptide
from the Orbitrap full scan with a delta mass within 1 ppm of the theoretical (theoretical
mass is molecular mass divided by charge Z=2). Supplementary Figure S2, shows the ion
trap collision induced dissociation (CID) MS/MS spectrum illustrating detection of the Y-
ion series. In a phosphorylated species, CID causes loss of H3PO4 (including O from the
host residue) resulting in a 98 Da mass reduction. This was not observed in S19 or T24. The
y16 ion mass corresponding to phosphorylation at S15 minus the 98 Da from loss of H3PO4,
1961 Da, is present confirming phosphorylation of S15. Supplementary Table S2, shows the
theoretical y-ion series ions with the phosphorylation at three possible sites for this
sequence. The S19 or T24 positions are not phosphorylated, as there are no corresponding y
or y-H3PO4 ions present in the CID MS/MS spectra.

Phosphorylation kinetics of MYL2, porcine ventricular myosin, chicken gizzard HMM, and
rabbit skeletal muscle myosin

Figure 2 shows the time course for smMLCK phosphorylation of MYL2 (Panel A), porcine
ventricular myosin (Panel B), rabbit skeletal myosin (Panel C), and chicken gizzard HMM
(Panel D) on a urea-PAGE gel where mobility varies with charge. Mass spectrometry
analysis on several of the gel bands shown in Figure 2 was identical to that performed on
MYL2 as described in the previous section. The mass spectrometry indicated specific
phosphorylation of S15 (S20 for smooth muscle) in the myosins tested except for skeletal
myosin where no phosphorylation was detected. Mass spectrometry also indicated that the
gel band appearing below the main RLC band in porcine ventricular myosin (Panel B) at the
zero time point is an unphosphorylated RLC with altered charge due to methylation or other
post translational modification.

Panel B containing porcine ventricular myosin shows a residual slowly phosphorylated
component of ~38% of the total RLC content (comparing RLCp to the sum of RLC and
RLCp band intensities). MYL2 and smooth muscle HMM do not have a slowly
phosphorylated component. The slowly phosphorylated RLC component apparently contains
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a less accessible S15 to MLCK. In porcine ventricular myosin, synthetic filament formation
probably sterically inhibits MLCK from the vicinity of some of the S15’s. Overnight (24 hr)
RLC phosphorylation at 4 °C eliminates the unphosphorylated component. We assume the
0–30 min time points correspond to 100% phosphorylation of S15 accessible RLC when
fitting the time dependent curves as described below.

Figure 3 shows the MYL2 phosphorylation time course for three substrate concentrations
[MYL2]0 = 55, 25, and 12.5 μM. Time point used in the analysis are: t = 0.25, 0.5, 0.75, 1,
1.5, 2, 2.5, 3, and 10 min after mixing smMLCK and MYL2. At t = 0.25 min an
anomalously large phosphorylated RLC component was detected probably due to the finite
time needed to stop the reaction (detection dead-time). We renormalized data by taking the t
= 0.25 min point as the reaction initiation and subtracting the phosphorylated band density at
t = 0.25 min from all phosphorylated band densities. We adjusted [MYL2]0 to 36, 16, and 8
μM to remove the substrate already converted to product (RLCp) at t = 0.25 min. The
Scheme 1 model generates the best fitting curves shown giving KM = 1.5 μM, k+2 = 5.8
min−1, and Vmax = k+2[MLCK]0 = 7.0 μM/min (Table 1).

We also measured RLC phosphorylation time course for smooth muscle HMM and porcine
ventricular myosin at single substrate concentrations. Smooth muscle myosin data (Figure 2
Panel D) is consistent with k+2 = 2.5 min—1, KM = 5.2 μM, and Vmax = 3.0 μM/min in
agreement with k+2 = 2.7 min−1 and KM = 5.2 μM measured previously for this system [20].
Porcine ventricular myosin data (Figure 2 Panel B) is consistent with k+2 = 1.0 min−1, KM =
1.5 μM, and Vmax = 1.2 μM/min. Hence the myosin bound porcine RLC is somewhat less
active than MYL2 probably because the porcine substrate is bound to the myosin lever arm
and aggregated into filaments. These comparisons show that smMLCK is a specific and
efficient kinase of both smooth muscle and cardiac myosin light chains.

DISCUSSION
MLCK is a family of Ca2+/calmodulin dependent protein kinases present in smooth [21],
skeletal [22], and cardiac muscle [10], and nonmuscle cells [23]. In smooth muscle, MLCK-
mediated phosphorylation of RLC is responsible for regulating contraction; in skeletal and
cardiac muscle, its role is more subtle and less understood but likely affecting the Ca2+

sensitivity of contraction in addition to the Ca2+ dependent regulation exerted by the actin
filament regulatory proteins [5; 24]. In the present work we have used the 130 kDa
smMLCK.

Reports of the identity and amount of the RLC kinases present in the heart are variable
although smMLCK has been consistently detected in the heart. Tissue distribution of sk-, c-,
and smMLCK expression showed specificity for the sk- and c-MLCK isoforms but
ubiquitous expression (including the heart) of smMLCK [9; 25]. Immunoblotting using a
specific antibody against chicken gizzard MLCK and indirect immunofluorescent
microscopy found the 130 kDa smMLCK in various chicken muscle and nonmuscle tissues
including the I-band region of isolated cardiac and skeletal myofibrils [26].

It was proposed that the cardiac RLC was not effectively phosphorylated by smMLCK and
that the R17 residue preceding S20 in smooth muscle RLC (G12 and S15 in MYL2) was a
key determinant for smMLCK specificity [8]. Using mass spectrometry we demonstrated
conclusively that smMLCK specifically phosphorylates S15 in MYL2, porcine cardiac
myosin, and gizzard myosin (MYL2 mass spectrometry data shown in Supplementary
Figures S1 and S2, and Supplementary Table S3). Phosphorylation kinetics, measured using
a novel fluorescence method eliminating radioactive isotopes, indicates smMLCK
phosphorylates MYL2 at a rate exceeding even smooth muscle RLC (Table 1). In cardiac
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RLC, R17 is replaced by glycine conserving neither the side chain size nor charge,
nevertheless, smMLCK is similarly effective at phosphorylating smooth muscle or cardiac
RLC. Sequence comparison suggests that the S15 proximity to A13 may promote smMLCK
specificity, catalytic efficiency, or both for cardiac and smooth muscle RLC.

Others have suggested that smMLCK could serve as a backup kinase in the heart mitigating
age or disease related decline in cMLCK expression [27]. Our data is consistent with this
role for smMLCK since we showed it efficiently phosphorylates MYL2 and because the
lower expression level for smMLCK compared to cMLCK could be compensated by
smMLCK’s more favorable kinetics [28]. It seems likely that smMLCK participates in
cardiac muscle regulation or in cardiac muscle response to disease causing stimulus.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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HIGHLIGHTS

Cardiac myosin regulatory light chain (MYL2) is phosphorylated at S15

Smooth muscle myosin light chain kinase (smMLCK) is a ubiquitous kinase

It is a widely believed that MYL2 is a poor substrate for smMLCK

In fact, smMLCK efficiently and rapidly phosphorylates S15 in MYL2

Phosphorylation kinetics measured by novel fluorescence method without
radioactivity
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Figure 1.
Phosphoprotein and total protein detected in unphosphorylated (RLC, lane 1) and
phosphorylated (RLCp, lane 2) MYL2. Images are made from the same 10%
polyacrylamide gel successively treated with Pro-Q Diamond phosphoprotein and Sypro-
Ruby total protein stains. Panel A: SYPRO Ruby stain for total protein detection. Panel B:
Pro-Q Diamond stain for phosphoprotein detection.

Josephson et al. Page 10

Biochem Biophys Res Commun. Author manuscript; available in PMC 2012 December 16.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 2.
Time course for smMLCK phosphorylation of RLC from various myosin isoforms.
Unphosphorylated (RLC) and phosphorylated (RLCp) forms of the regulatory light chain are
indicated. ELC, LC1, and LC2 are the essential light chains. Panel A: MYL2. Time points
shown for lanes 1–6 are 0, 0.25, 0.5, 0.75, 1, and 10 min. Time points 1. and 10 minutes are
separated on the gel by time points 2, 2.5, 3, 4, 5 min (not shown). Panel B: Porcine
ventricular myosin. Time points shown for lanes 1–6 are 0, 10, 20, 40, 60, and 120 min.
Panel C: Rabbit skeletal myosin. Time points identical to Panel B. Panel D: Chicken
gizzard (smooth muscle) HMM. Time points shown for lanes 1–4 are 0, 5, 15, and 25 min.
Running conditions are 10% polyacrylamide and 8M urea. Panels B–D show only the
section of the gel with myosin ELC and RLC. The myosin heavy chain does not enter into
the 10% polyacrylamide-urea gel. Phosphorylation rates are roughly similar for all samples
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tested except for skeletal myosin where smMLCK is unable to phosphorylate the RLC (see
Table 1).
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Figure 3.
Time course for MYL2 phosphorylation by smMLCK at 3 MYL2 initial concentrations.
Fitted curves were derived using Scheme 1. Initial concentrations for MYL2 given in the
legend are after renormalization to account for detection dead-time. Original MYL2
concentrations are 12.5, 25, and 55 μM that correspond to 8, 16, and 36 μM, respectively,
after renormalization. Kinetic constants are summarized in Table 1.
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Table 1

Michaelis-Menten kinetic constants for MLCK and RLC1

k+2 (min−1) KM (μM) Vmax (μM/min)

smMLCK(hu)/MYL22 5.8 ± 0.8 1.5± 1 7.0± 1

smMLCK(hu)/smRLC(ch)3 2.5 5.2 3.0

smMLCK(hu)/cRLC(pig)4 1.5 1.5 1.2

cMLCK(hu)/ MYL25 0.041 4.3 0.05

1
Abbreviations used: human (hu), chicken gizzard (ch), smooth muscle (sm), and cardiac (c).

2
Calculated from data in Figure 3. Standard errors are indicated.

3
Consistent with k+2 = 2.7 min−1 and KM = 5.2 μM measured in [20].

4
Consistent with data in Figure 3.

5
From [27] and for our MLCK concentration of 1.2 μM.
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