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There is little direct evidence on the role ofmyosin regulatory
light chain phosphorylation in ejecting hearts. In studies
reported here we determined the effects of regulatory light
chain (RLC) phosphorylation on in situ cardiac systolicmechan-
ics and in vitro myofibrillar mechanics. We compared data
obtained from control nontransgenic mice (NTG) with a trans-
genic mouse model expressing a cardiac specific nonphospho-
rylatable RLC (TG-RLC(P�). We also determined whether the
depression in RLC phosphorylation affected phosphorylation
of other sarcomeric proteins. TG-RLC(P�) demonstrated
decreases in base-line load-independentmeasures of contractil-
ity and power and an increase in ejection duration together with
a depression in phosphorylation of myosin-binding protein-C
(MyBP-C) and troponin I (TnI). Although TG-RLC(P�) dis-
played a significantly reduced response to �1-adrenergic stimu-
lation, MyBP-C and TnI were phosphorylated to a similar level
inTG-RLC(P�) andNTG, suggesting cAMP-dependent protein
kinase signaling to these proteins was not disrupted. A major
finding was that NTG controls were significantly phosphoryla-
ted at RLC serine 15 following �1-adrenergic stimulation, a
mechanism prevented in TG-RLC(P�), thus providing a bio-
chemical difference in�1-adrenergic responsiveness at the level
of the sarcomere. Ourmeasurements of Ca2� tension andCa2�-
ATPase rate relations in detergent-extracted fiber bundles from
LV trabeculae demonstrated a relative decrease in maximum
Ca2�-activated tension and tension cost in TG-RLC(P�) fibers,
with no change in Ca2� sensitivity. Our data indicate that RLC
phosphorylation is critical for normal ejection and response to
�1-adrenergic stimulation. Our data also indicate that the lack
of RLC phosphorylation promotes compensatory changes in
MyBP-C and TnI phosphorylation, which when normalized do
not restore function.

Phosphorylation of sarcomeric proteins tunes the intensity
and dynamics of cardiac contraction and relaxation independ-
ent of membrane Ca2� fluxes to meet physiologic demands (1,
2). We focus here on ventricular myosin regulatory light chain,
which is phosphorylated in vivo (3–5) butwhose functional role
in control of cardiac dynamics has remained unclear. The iden-
tification of RLC2 mutations linked to familial hypertrophic
cardiomyopathy (6) underscores the importance of under-
standing its action as a regulator of contraction. Functionally, in
vitro cardiac RLC phosphorylation byMLCK produces a sensi-
tizing shift in the force-Ca2� relation in skinned fibers (7–11).
Moreover, studies show that RLCphosphorylationmanifests as
a gradient across the wall of the heart, which may be important
for both normalizing wall stress and for generation of torsion
about the long axis of the ejecting heart (12–14). Yet there
remains a lack of understanding of the in situ functional effects
of RLC phosphorylation and whether phosphorylation of RLC
influences other sarcomeric sites as substrates for kinases and
phosphatases.
Understanding the precise mechanisms by which phospho-

rylation of RLC affects function of ejecting ventricles is partic-
ularly important, because mechanisms downstream of Ca2�

fluxes at the level of the sarcomere appear to dominate ejection
and to sustain ventricular elastance (15). Myosin motors are
important in this, and RLC is well positioned at the S1-S2 junc-
tion to modulate myosin heavy chain directly by fine-tuning
lever arm motion and indirectly by interacting with the essen-
tial light chain, the thick filament backbone, and MyBP-C (16,
17). Accordingly, the hypothesis underlying this study was that
ablation of N-terminal RLC phosphorylation would elicit a
depression in ventricular ejection and compensatory changes
in phosphorylation of sarcomeric proteins neighboring RLC.
To understand the role of RLC phosphorylation in the ejec-

tion phase of the cardiac cycle, we determined in situ pressure-
volume functions in ejecting, auxotonically loaded ventricles
expressing either wild type RLC (NTG) or a nonphosphorylat-
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able RLC (TG-RLC(P�)) (10). Our experiments provide novel
data demonstrating the importance of RLC phosphorylation in
systolic pump function and provide new insights into how a
lack of phosphorylation of RLC induces a redistribution of
charge among myofilament proteins. Furthermore, our data
demonstrate an enigmatic blunting of TG-RLC(P�) functional
response to �1-adrenergic simulation despite a normal TnI and
MyBP-C phosphorylation profile. RLC serine 15 phosphoryla-
tion increased significantly in NTG controls but was not per-
mitted in TG-RLC(P�) (RLC S14/15/19/A), suggesting that a
change in RLC phosphorylation following �1-adrenergic simu-
lation may be critical for eliciting a normal response.

EXPERIMENTAL PROCEDURES

Animals—The experiments were carried out according to
guidelines instituted by theAnimal Care andUse Committee at
the University of Illinois at Chicago (ACC number 05-240).
TG-RLC(P�) were bred from Line 21 originally described by
Sanbe et al. (10) that expressed �2.5-fold transgenic mRNA
relative to endogenous transcript but resulted in stoichiometric
replacement of endogenous RLC.
Myofilament Enrichment and Sample Preparation—Subcel-

lular fractionation proceeded according to methods previously
described (18) withmodifications. The hearts were excised and
immediately placed on ice in relaxed buffer: 75mmol/liter KCl,
10mmol/liter imidazole (pH7.2), 2mmol/literMgCl2, 2mmol/
liter EDTA, 1 mmol/liter NaN3, with 1% Triton X-100, phos-
phatase inhibitor mixture I (Calbiochem, San Diego, CA), and
protease inhibitor mixture (Sigma-Aldrich). Tissue was
homogenized and centrifuged (18,000 � g, 10 min, 4 °C), and
the supernatant was removed. The subsequent pellet following
four extractions was washed, then extracted in isoelectric
focusing buffer (8 mol/liter urea, 2 mol/liter thiourea, 4%
CHAPS), and clarified, and the soluble fraction was frozen at
�80 °C until analysis.
Narrow Range Two-dimensional PAGE for RLC Phosphoryl-

ation Quantification—The hearts were fractionated as
described above, and the pellets were solubilized in isoelectric
focusing buffer plus 100 mmol/liter dithiothreitol, protease
inhibitor mixture (Sigma-Aldrich), and phosphatase inhibitor
mixture I (Calbiochem). Protein (75�g)was loaded on capillary
tube gels (7� 1mm, 6.8% acrylamide, pI 4.5–5.4), focused (300
V, 16 h), and separated using SDS-PAGE. The gels were stained
with ProQ Diamond (Invitrogen) followed by Sypro Ruby
(Invitrogen) according to themanufacturer’s protocol. The gels
were imaged on an Imager FX (Bio-Rad), and the spot densities
were quantified using ImageJ. The percentage of RLCphospho-
rylation was expressed as phospho-RLC/(unphospho-RLC �
phospho-RLC) � 100%.
In Situ Pressure-Volume Analysis—Methods followed (19)

withmodifications.Male and femalemice 13 weeks of age were
sedated with etomidate (8 �g/g of body weight) administered
intraperitoneally, intubated, and ventilated (100% O2, 1.5%
isoflurane). A 1.4 French pressure-volume catheter (Millar
Instruments, Houston, TX)was inserted retrograde into the LV
across the aortic valve, and steady-state hemodynamics were
recorded using Chart5 software (ADInstruments, Colorado
Springs, CO). A midline incision was made to locate the supra-

diaphragmatic inferior vena cava. Venous return to the heart
was briefly occluded to generate a series of descending loops for
deriving the slope of the end systolic pressure-volume relation-
ship. To acutely challenge the animals, dobutamine (5 ng/g of
body weight/min) was infused (1 �l/min) for 5 min intrave-
nously via the left femoral vein. Pressure-volume traces were
analyzed using PVAN 2.9 software (Millar Instruments). TG-
RLC(P�) and NTG animals had similar sized ventricular cavi-
ties and wall thickness; therefore volume measurements were
not corrected for parallel conductance. A series of loops was
selected during steady state, and the hemodynamic parameters
were averaged. For measures of contractility, loops from an
inferior vena cava occlusion were selected, and algorithms
inherent to PVAN 2.9 were used to calculate E(t) (time-varying
elastance), ESPVR, Emax (maximal elastance), and Tmax (time
from the onset of ejection to Emax). E(t), was calculated from
isochrones for R toR-wave time intervals usingP(t)/[V(t)�Vo],
withVo being theminimal volume required for the left ventricle
to generate supra-atmospheric pressure (20). The isochrone of
maximal steepness was deemed Emax. The time from the first
peak of E(t) trace (end of isovolumic contraction) to the maxi-
mal peak, Emax, was deemed Tmax. For dobutamine studies,
steady-state and occlusion data following dobutamine admin-
istration were normalized to base-line recordings from the
same animal; therefore each animal served as its own control to
calculate the percentage of change.
One-dimensional SDS-PAGE for Determination of Myosin

Isoforms—Myofilament-enriched samples from NTG and TG-
RLC(P�) mice were solubilized in 8 mol/liter urea, 2 mol/liter
thiourea, 50mmol/liter Tris (pH 6.8), 75mmol/liter dithiothre-
itol, 3% SDS. 12%one-dimensional SDS-PAGE (160� 180mm)
gels were prepared as described (21). The proteins were run at
16 mA for 4.25 h at 10 °C. The gels were fixed (50% methanol/
10% acetic acid), and stained for total protein with Sypro Ruby.
Fluorescence was detected using a Typhoon 9410 imager to
determine the presence or absence of �-myosin heavy chain.

�1-Adrenergic Receptor Density and Binding Assay—�1
receptor densities and ligand binding affinities were calculated
using methods previously described (22, 23) with modifica-
tions. The membranes were prepared from samples of LV
homogenized in ice-cold 10 mmol/liter Tris-HCl, pH 8.0, and
then incubation in 1 mol/liter KCl to dissolve the myofilament
proteins. The homogenatewas filtered through several layers of
cheesecloth, and the filtrate was centrifuged (43,900 � g, 4 °C,
20 min). The pellet was resuspended in Tris buffer, homoge-
nized, and sedimented. The final pellet was dispersed in ice-
cold 50 mmol/liter HEPES, pH 8.0, and immediately used for
the �1-receptor binding assay, which was performed under
equilibrium condition in various concentrations of [3H]dihy-
droalprenolol (specific activity, 117.8 Ci/mmol; PerkinElmer
Life Sciences). Nonspecific binding was analyzed in a parallel
set of experimentswith the addition of atenolol, a�1 antagonist.
Saturation binding was determined from the relationship
between specific binding and free ligand using nonlinear least
square regression analysis. Binding parameters, including the
density and dissociation constant of the receptors, were deter-
mined from a linear transformation of data to the Scatchard
plot of bound/free to bound form.
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Minimal Cy Dye Labeling and Broad Range Two-dimen-
sional PAGE for Global Myofilament Protein Assessment—
Myofilament-enriched fractions, as described above, were
labeled with fluorescent cyanine dyes (GE Healthcare) at 10
pmol/50�g protein for 3 h at 4 °C.NTGandTG-RLC(P�)were
labeled with Cy5 and Cy3, respectively, and in separate experi-
ments labels were reversed to ensure that differences detected
were biological and not due to dye affinity or sensitivity. The
reactions were quenched with 10 nmol/liter lysine and 40 �g
from each group was added to isoelectric focusing buffer plus
1.5% (v/v) Immobilized pH Gradient (IPG) 3-11 NL reagent
(GE Healthcare), 1% (v/v) Destreak (GE Healthcare), and 65
mmol/liter dithiothreitol. Focusing was performed in accord-
ancewithRef. 24withmodifications.Nonlinear 3-11 18 cm IPG
strips (GEHealthcare) were actively rehydrated for 12 h at 50 V
and 20y °C, and the proteins were focused in a Preotean isoelec-
tric focusing cell (Bio-Rad) using a linear method (250 V for 15
min, 10000 V for 3 h, and 10000 V for 60000 V/h). Strips were
laid on top of the 2% second dimension SDS-PAGE gels (21)
and run for 4 h at 30 mA constant amperage with cooling
(12 °C). The gels were imaged using a Typhoon 9410 (GE
Healthcare), with Cy3 images using a 532-nm laser/580-nm
BP 30 and Cy5 images using a 633-nm laser/670 BP30. The
gels were scanned at 100-�m resolution, and the photomul-
tiplier tube was set to obtain pixel intensity near 90,000 pix-
els. The images were analyzed using PDQuest v7.1.1 (Bio-
Rad). Spot intensities were normalized against total image
density to optimize gel to gel consistency and to correct for
small variations in sample loading or system gain. The per-
centage of phosphorylation of MyBP-C and TnI was calcu-
lated using ratiometric analysis (the percentage of total pro-
tein represented in spot A � density of spot A/total density
of protein A spots � 100%).
WesternBlotting forDetermination of Site-specific Changes in

TnI and RLC Phosphorylation—Myofilament-enriched NTG
and TG-RLC(P�) samples (10 �g) were dissolved in Laemmli
buffer (25) and separated using 12% one-dimensional SDS-
PAGE. The proteins were transferred to nitrocellulose mem-
branes (Bio-Rad) using a CAPS buffer system (26) at 20 V for 90
min. The membranes were blocked with 5% nonfat milk. The
following primary antibodies and dilutions were used: rabbit
anti-TnI phospho-22/23 (1:500; Cell Signaling), mouse anti-
TnI-C5 (1:5000; Fitzgerald Industries), rabbit anti-Ser(P)15
(1:2000; a most generous gift from Dr. Neal Epstein at the
National Institutes of Health), and mouse anti-RLC (1:1000;
Alexxis Biochemical) overnight at 4 °C. The membranes were
incubated with anti-mouse and anti-rabbit secondary antibod-
ies (1:50,000) for 1 h at room temperature, incubated in ECL
plus horseradish peroxidase substrate (GE Healthcare), and
developed using Hyperfilm ECL (GE Healthcare).
In Vitro Force-ATPase Rate Measurements—The Ca2� ten-

sion and Ca2�-ATPase rate were measured in skinned fiber
bundles from LV trabeculae, as previously described (27, 28).
Statistical Analysis—All data are expressed as the means �

S.E. of the mean. A t test was used to determine significant
differences between two means of TG-RLC(P�) and NTG
groups, and p � 0.05 was deemed significant.

RESULTS

TG-RLC(P�) Had a 34%Deficit in RLC Phosphorylation Rel-
ative to NTG Mice—TG-RLC(P�) were used at exactly 13
weeks, a prepathologic age in which there is nearly complete
RLC replacement (10). We measured the relative amount of
phosphorylation in preparations isolated from TG-RLC(P�)
versus NTG hearts with two-dimensional PAGE (Fig. 1A).
Staining with the phospho-specific stain Pro-Q Diamond
demonstrated that the two most acidic spots (P1 and P2)
were phosphorylated in vivo with 16% (P1�P2) of RLC pro-
tein in TG-RLC(P�) phosphorylated, as compared with 50%
in NTG (Fig. 1B).
TG-RLC(P�) Displayed Systolic Dysfunction—Fig. 2A shows

representative base-line pressure-volume loops during an infe-
rior vena cava occlusion. The slope of the ESPVR, a load-inde-
pendent index of cardiac contractility, was significantly
decreased in TG-RLC(P�) (Fig. 2B). End systolic volume was
significantly increased in TG-RLC(P�) (Fig. 2B); however the
decrease in stroke volume was not accompanied by an increase
in end diastolic volume. Furthermore, maximal power was
decreased in TG-RLC(P�) (Fig. 2B), presumably because of a
decrease in shortening velocity in combination with a decrease
in LV developed pressure (Fig. 2A). Moreover, stroke work was

FIGURE 1. 13-week-old RLC phosphorylation in TG-RLC(P�) and NTG
hearts. A, representative sections of narrow-range (pI 4.5–5.0) two-dimen-
sional PAGE gels showing two phosphorylated (P2 and P1) and one unphos-
phorylated spot (U) of RLC in NTG and TG-RLC(P�). The gels were stained with
the phospho-specific ProQ Diamond stain (top panels) and for total protein
with Sypro Ruby (bottom panels), thus clearly illustrating the significant
decrease in phosphorylation in TG-RLC(P�). B, percentage of RLC distribu-
tion quantified in a spot-specific manner demonstrating the significant
decrease in phospho-spots P2 and P1 and increase in unphosphorylated
spot U in TG-RLC(P�). The asterisk denotes statistical significance (p �
0.05; n � 3).
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decreased in TG-RLC(P�) with the greatest change occurring
in the end systolic (upper left-hand) portion of the loop (Fig.
2A) in the systolic ejection phase. Importantly, these differ-
ences between TG-RLC(P�) and NTG were not due to
changes in �-myosin heavy chain protein abundance
(Fig. 2C).
Time-varying LV Chamber Elastance and Ejection Duration

Were Altered in TG-RLC(P�)—To examine the kinetics of the
systolic dysfunction in TG-RLC(P�) over a cardiac cycle, we
determined the instantaneous pressure-volume ratio curve or
time-varying elastance. E(t) is a measure of LV systolic stiffen-
ing, independent of preload and afterload but exquisitely sensi-
tive to changes in inotropic state (29). Base-line E(t) curves for
TG-RLC(P�) (Fig. 3A) displayed an increase in Tmax (Fig. 3B),

the time tomaximal LV elastance, indicative of prolonged ejec-
tion duration. TG-RLC(P�) also showed a decrease inmaximal
elastance (Emax) (Fig. 3B), consistent with our measurement of
the end systolic pressure-volume relation (Fig. 2B). The pro-
longed time to end systole inTG-RLC(P�) suggested that these
hearts were stiffer in that actin-myosin cross-bridges sustained
pressure longer during systole; however TG-RLC(P�) hearts
were overall more compliant, which was evidenced by a greater
change in volume per unit pressure (decrease in Emax). Follow-
ing dobutamine stimulation, absolute contractility indexed by
Emax significantly increased in NTG animals and slightly
decreased in TG-RLC(P�); however, ejection time was accel-
erated in TG-RLC(P�) to match that of NTG, which did not
change with �-adrenergic stimulation, consistent with Ref. 30.
These data demonstrate that RLC phosphorylation correlates
with maximal ventricular elasticity, but not kinetics, during
ejection.
TG-RLC(P�) Displayed a Significantly Blunted Response to

Acute Dobutamine Infusion—Fig. 4 (A and B) illustrates pres-
sure-volume loops from NTG and TG-RLC(P�) at base line
and following dobutamine stress (5 ng/g of body weight/min)

FIGURE 2. LV Pressure-volume function and myosin heavy chain
expression in TG-RLC(P�) and NTG. A, base-line series of LV pressure-
volume loops of NTG and TG-RLC(P�) following an inferior vena cava
occlusion illustrating the significant decrease in contractility and ejection
fraction in TG-RLC(P�), without a significant change in preload. B, select
hemodynamic parameters quantifying the significant decrease in the
ESPVR, the increase in end systolic volume (ESV), and decrease in maximal
power in TG-RLC(P�), with no significant difference in end diastolic vol-
ume (EDV) (n � 8 –9). The asterisk denotes statistical significance (p �
0.05). C, selection from a 160 � 180-mm 12% SDS-PAGE gel illustrating the
separation of myosin heavy chain (MHC) protein in neonatal tissue (50%
�/50% � isoform) and the lack of �-myosin heavy chain protein expression
in the TG-RLC(P�) as in the NTG animals, indicating that the depression of
contractility and maximal power are not due to an isoform shift in myosin
heavy chain (n � 3).

FIGURE 3. Instantaneous pressure-volume ratio demonstrating impaired
systolic elastance and kinetics in TG-RLC(P�). A, representative time-vary-
ing elastance curves throughout a cardiac cycle in NTG and TG-RLC(P�) ven-
tricles at base line (left panel) and following 5 min of dobutamine stimulation
(right panel). Note the elongated ejection time (Tmax) in TG-RLC(P�) resulting
in an increased time to peak pressure at base line, which is accelerated to
normal following �1-adrenergic stimulation. Moreover, there is a dramatic
decrease in maximal elastance (Emax) at base line in TG-RLC(P�) that persists
following dobutamine stimulation, whereas that of NTG substantially
increases as expected. Emax and Tmax, both at base line and following �1-ad-
renergic stimulation, are quantified in B. The asterisk denotes statistical sig-
nificance (p � 0.05; n � 5– 6).
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for 5 min. NTG showed a significant left shift in their pres-
sure-volume relation and an increase in the slope of their
ESPVR (Fig. 4C). In contrast, TG-RLC(P�) demonstrated
little change with respect to load-independent measures of
contractility (ESPVR and Emax) andmaximal power (Fig. 4C).
This lack of response was not due to altered �-adrenergic
receptor density or binding affinity, which we determined to
be the same (Bmax � 256.0 NTG versus 259.7 fmol/mg TG-
RLC(P�), Kd � 5.46 NTG versus 5.43 nmol/L TG-RLC(P�);
Fig. 4, D and E). These data indicate that RLC phosphoryla-
tion may be critical in eliciting a functionally normal �1-ad-
renergic response.
Skinned FiberMechanicsWere Altered in TG-RLC(P�), Both

at Base Line and Following PKA Phosphorylation—Maximal
Ca2�-activated isometric tension in skinned fibers was lower in
TG-RLC(P�) (27.1 � 1.4 NTG, 21.6 � 0.7 TG-RLC(P�) mN
mm�2) with no significant change in Ca2� sensitivity (pCa50
(the negative log of the calcium concentration at half-maximal
tension) � 5.80 � 0.04 versus 5.82 � 0.01, TG-RLC(P�) and
NTG, respectively) (Fig. 5A). In addition, the economy of force

FIGURE 4. TG-RLC(P�) show a blunted response to dobutamine that is
not due to alterations in �1 receptors. A and B, representative pressure-
volume loops from NTG (A) and TG-RLC(P�) (B) at base line (solid lines) and

following dobutamine (5 ng/g of body weight/min (intravenously), dashed
lines). C, percent changes in contractile parameters from base line are shown
from paired experiments, n � 8 –11. D, comparison of the density (Bmax) and
dissociation constant (Kd) of cardiac �1-adrenergic receptors in LV membrane
preparations. E, saturation binding of [3H]dihydroalprenolol to cardiac sar-
colemmal membranes and the Scatchard plots of data prepared from NTG and
TG-RLC(P�) mice (n � 3). The asterisk denotes statistical significance (p � 0.05).

FIGURE 5. TG-RLC(P�) mice have altered in vitro mechanical properties
that are not normalized by PKA treatment. A, Ca2�-dependent tension
relationships of trabeculae from NTG (circles) or TG-RLC(P�) (squares) with
(open symbols) and without (filled symbols) PKA treatment (50 units, 1 h at
20 °C). Tension-calcium measurements fit to a modified Hill equation, deter-
mined decreased maximum Ca2�-activated tension (pCa � 4.5) production
in TG-RLC(P�), with similar Ca2� sensitivity (pCa50) to NTG. PKA treatment
decreased Ca2� sensitivity of both NTG and TG-RLC(P�). B, simultaneous
assessment of tension production and energy expenditure determined
decreased tension cost in TG-RLC(P�). PKA incubation significantly increased
tension cost in NTG, whereas significance was not reached in TG-RLC(P�)
preparations (n � 5–9).
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production, or tension cost (ATPase/force), was significantly
decreased in TG-RLC(P�) (5.8 � 0.5 pmol s�1 mm�1 mN�1)
trabeculae as compared with NTG (8.8 � 1.0 pmol s�1 mm�1

mN�1) (Fig. 5B). Following incubation with PKA, there was a
desensitization to Ca2� in both TG-RLC(P�) and NTG fibers,
�pCa50 � 0.05 and 0.05, respectively. Tension cost significantly

increased in NTG fibers (10.7 � 1.3 pmol s�1 mm�1 mN�1)
with PKA treatment; however, the increase in TG-RLC(P�)
fibers (6.2 � 0.4 pmol s�1 mm�1 mN�1) tension cost did not
reach significance.
TG-RLC(P�) Sarcomeres Had a Reduced Level of TnI and

MyBP-C Phosphorylation at Base Line That Rose to the Same
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Levels as NTG Controls with Dobutamine Treatment; thus, the
Only Sarcomeric Difference in Phosphorylation Following
�1-Adrenergic Stimulation Was at RLC Ser15—We compared
the global proteome of TG-RLC(P�) and NTG sarcomeres
using two-dimensional difference gel electrophoresis. Homo-
genates from hearts of NTG and TG-RLC(P�) were labeled
with fluorescent Cy dyes 5 and 3, respectively, and separated in
the first dimension over a broad pI range (3–11) to examine all
of the myofilament proteins simultaneously. Fig. 6A shows a
representative two-dimensional map of the cardiac sarcomeric
proteome. Labeled proteins were identified with mass spec-
trometry (data not shown) and were consistent with identifica-
tions made previously (24, 31). Increases in abundance of the
Z-disk protein, desmin, and the small heat shock protein, �-B
crystallin, were detected and are quantified in Fig. 6B. Both
proteins have been shown to be up-regulated in cardiac pathol-
ogy; however, the overexpression of neither desmin nor �-B
crystalline have generated an observable phenotype (32, 33);
therefore the significance of these results remains unknown.
There were decreases in base-line phosphorylation of both TnI
andMyBP-C in TG-RLC(P�) sarcomeres, whichmanifested as
a gradient of color in the trail of spots (Fig. 6C). MyBP-C
resolved as 10 distinct charged species, consistent with previ-
ous analysis (24), and TnI as four species consistent with previ-
ous analysis of mice at this age (34). Although we could not
unequivocally identify all 10 MyBP-C spots, we concluded that
there was a relative depression in MyBP-C phosphorylation
based upon the presence of more abundant NTG spots in the
acidic pole and the more abundant TG-RLC(P�) spots in the
basic pole of the spot trail. We have previously identified
unphosphorylated (U) and phosphorylated (P2, P4, and P5)
spots in TnI (34). In agreement with our previous observations
(34), TnI was highly phosphorylated at base line (88%) in NTG
and was significantly less (78%) in TG-RLC(P�). To determine
the specific site(s) of TnI de phosphorylation in TG-RLC(P�),
we probed myofibrillar proteins with a phospho-specific serine
22/23-TnI antibody and observed that TnI was dephosphoryl-
ated specifically at serines 22/23 (Fig. 6D). Importantly, dobu-
tamine administration abolished these differences indicating
the competency of MyBP-C and TnI as PKA substrates down-
stream of �1-adrenergic stimulation in TG-RLC(P�) (Fig. 6E).
To determinewhether RLCwas a specific target of phosphoryl-
ation involved in the attenuated functional response to dobu-
tamine, we probed RLC with a Ser(P)15-specific antibody. In
NTG animals, RLC showed a striking increase in phosphoryla-
tion following acute dobutamine stimulation, an effect signifi-

cantly blunted in RLC(P�) animals by the substitution of ala-
nine at this site (Fig. 6F). These data indicate that the lack of
phosphorylation potential in TG-RLC(P�) RLC contributes to
the blunted positive inotropic response of TG-RLC(P�) to
�1-adrenergic stimulation.

DISCUSSION

Our studies provide new insights into the significant role of
RLC phosphorylation in systolic mechanics in basal conditions
and in response to adrenergic stimulation. Although in basal
conditions the lack of RLC phosphorylation was associated
with relatively depressed phosphorylation of cTnI at serines
22/23 and MyBP-C, the lack of functional response to dobu-
tamine was not associated with differences in cTnI and
MyBP-C phosphorylation from controls. The functional deficit
may have been causally linked with the inability of
TG-RLC(P�) to increase phosphorylation of RLC at alanine-
substituted serine-15 following acute dobutamine stimulation,
because there was a parallel and robust increase in NTG con-
trols. A major conclusion from our studies is that phosphoryl-
ation of RLC is important to normal cardiac function.
Our hypothesis for the mechanism of the deficit in function

associated with lack of RLC phosphorylation is couched in
terms of our current understanding of the structural and func-
tional effects of RLC phosphorylation and current theories of
sarcomere-related mechanisms of ejection. RLC phosphoryla-
tion has been reported to induce a radial movement of myosin
heads away from the thick filament. This radial movement of
the myosin heads increases the local concentration of cross-
bridges at its interface with thin filaments and is presumably
responsible for an increase in the ratio of strong to weak force-
generating attachments (35, 36). In view of our findings with
regard to loss of systolic power and prolongation of ejection in
the absence of RLC phosphorylation, we think these changes in
the structure of RLC and cross-bridge actions indicate that reg-
ulation of ejection involves an essential role of mechanisms at
the level of the sarcomere. In support of this idea, MyBP-C
phosphorylation, which induces a strikingly similar structural
change as RLC phosphorylation (37), has been demonstrated to
be essential to normal systolic mechanics (30, 38). Moreover,
except for amousemodel with ablation ofMyBP-C (39) and the
TG-RLC(P�) studied here, time from onset of ejection to time
to end systole has been shown to be resistant to other sarcom-
eric protein modifications. Of particular interest were the
simultaneous acceleration of ejection time and decrease in
absolute contractility in TG-RLC(P�) following �1-adrenergic

FIGURE 6. Two-dimensional difference gel electrophoresis of the global myofilament proteome and Western blotting analysis reveal significant
changes in protein phosphorylation between TG-RLC(P�) and NTG mice. A, TG-RLC(P�) and NTG proteins were labeled with Cy3 and Cy5, respectively.
The proteins were focused in the first dimension using a broad 3-11, nonlinear isoelectric point range, and by 12% SDS-PAGE in the second dimension. The
proteins in yellow text were not different in abundance between TG-RLC(P�) and NTG, proteins in green text were more abundant in TG-RLC(P�), and proteins
in two-color text showed a difference in phosphorylation. Two-dimensional spots were quantified using PDQuest (Bio-Rad). Two-dimensional maps were
normalized against total spot density to eliminate differences in system gain. B, desmin and �-B crystallin abundance were both significantly increased in
TG-RLC(P�) at base line as indicated by the green color of these protein spots. C, MyBP-C and TnI were dephosphorylated at base line in TG-RLC(P�) (green)
relative to NTG (red). D, one-dimensional SDS-PAGE (12%) and Western blotting using anti-Ser(P)22/23 TnI antibody revealed that the specific sites at which TnI
is dephosphorylated in TG-RLC(P�) are in the N-terminal cardiac-specific region of TnI. Ser(P)22/23 densities were normalized against pan-TnI densities and
normalized densities are shown in the bar graph. E, following acute dobutamine stimulation, phosphorylation differences were abolished in both MyBP-C and
TnI; however, in comparing RLC phosphorylation in base line- and dobutamine-treated NTG and TG-RLC(P�) (F), it became apparent that although TG-RLC(P�)
were prevented from increasing ser15-RLC phosphorylation following dobutamine treatment (hatched bars), NTG animals demonstrated a robust increase
(solid bars), which may explain the dramatically blunted functional effect observed in TG-RLC(P�) following �1-stimulation. The asterisk denotes statistical
significance (p � 0.05; n � 5–7).
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stimulation. Although increased MyBP-C phosphorylation in
the cardiac-specific domain cannot for these observations (30),
TnI phosphorylation may be a likely candidate for regulating
ejection timing, whereas RLC phosphorylation may be more
critical for modulating maximal elastance. However, both RLC
(40) andMyBP-C phosphorylation (41) enhance stretch activa-
tion, a mechanical property inherent to the sarcomere and
thought to sustain power during cardiac ejection (42). Compu-
tational models, which support this important role of sar-
comere-based mechanisms in ejection and isovolumic relax-
ation, indicate that the time course of Ca2� bound to TnC is
nearly over at a time when ejection is ongoing and isovolumic
relaxation has not yet begun (15). RLC is a likely candidate for a
central role in these mechanisms based upon its position at the
fulcrumof the lever arm (S1-S2 junction ofmyosin heavy chain)
(16), its ability to be modulated by charge (43), and its close
proximity to another thick filament protein important in mod-
ulating cardiac mechanics, MyBP-C (44).
Our finding of a critical role of RLC phosphorylation in

hearts stimulated with dobutamine, which supports previous
studies of load-dependent parameters by Sanbe et al. (10), also
provides evidence of its vital role in regulation of cardiac con-
tractility. Our studies provide a novel biochemical mechanism
for the blunted response of TG-RLC(P�) hearts to dobutamine
by the demonstration of a substrate phosphorylation at RLC
serine 15 inNTG controls following dobutamine that could not
occur in TG-RLC(P�) hearts. Previous studies examined
whether �-adrenergic stimulation altered RLC phosphoryla-
tion in isolated, isovolumic Langendorff heart preparations (4,
43, 45–47), and most found little to no change. One major
difference between these studies and the current study was that
we used an in vivo model to scrutinize the systolic ejection
phase. Furthermore, most of the aforementioned studies
involved perfusion of hearts with a �-agonist for short periods
of time (20–40 s) to capture RLC phosphorylation levels that
paralleled peak LV pressure. Interestingly, Westwood and
Perry (47) compared RLC phosphorylation at 30 s (peak
response) and 5 min (post-peak response) and reported an
increase in RLC phosphorylation only when hearts were har-
vested at a time post-peak response. Consequently, we meas-
ured RLC phosphorylation at a later (5min post-onset of dobu-
tamine) time point at which LV pressure and first derivative of
the maximal rate of change in pressure divided by time (dp/dt)
were elevated but not maximal. We demonstrated that at this
time point RLC phosphorylation was increased at serine 15 and
therefore appeared to play a role in �1-adrenergic signaling
along with neighboring sarcomeric proteins TnI and MyBP-C.
To our knowledge, this is the first report demonstrating an
increase in RLC serine 15 phosphorylation in vivo in response
to dobutamine treatment. Importantly, in TG-RLC(P�) ani-
mals that could not be phosphorylated at serine 15, RLCwas the
only sarcomeric protein demonstrating a difference in phos-
phorylation following dobutamine treatment (Fig. 6F) and thus
stands as the sole sarcomeric link to the dysfunction observed.
The recent demonstration of a novel cardiac-specific MLCK

present at 10–20-fold greater than smooth muscle MLCK in
heart (48) offered further insight into our findings. Chan et al.
(48) reported that in response to phenylephrine treatment,

both cardiac MLCK and RLC were phosphorylated independ-
ent of Ca2� and calmodulin. This lack of control by Ca2� and
calmodulinmay explain the lack of increase in phosphorylation
of RLC observed in previous studies, which employed high per-
fusate Ca2� as a means of increasing RLC phosphorylation (45,
46). Additionally, cardiac-specific MLCK has a unique N-ter-
minal region housing multiple PKA consensus sites (our in
silico analysis), thereby providing a plausible link between
�-adrenergic receptor signaling, PKA activation, and down-
stream RLC phosphorylation.
Our studieswith skinned fibers also generated the novel find-

ing of a decreased economy of tension in TG-RLC(P�) fibers,
suggesting a critical role for RLC phosphorylation in modula-
tion of cardiac kinetics. In accordance with a simple two-state
model of muscle contraction (49), where non-force- and force-
generating states are determined by the rate constants of cross-
bridge attachment and detachment, f and g, respectively, a
decrease in tension cost suggests a decreased cycling kinetics in
TG-RLC(P�) because of a decrease in g. This decrease in g
supports our in vivohemodynamic finding of sustained ejection
time (increase in Tmax). Therefore, TG-RLC(P�) cross-bridges
may have a prolonged duty cycle, whichmanifests as slower and
less powerful ejection kinetics during systole. Additionally, TnI
phosphorylation at PKA sites (serine 22/23) has been shown to
increase tension cost (50), and therefore the observed decrease
in these sites at base line would assist in explaining the parallel
decrease in tension cost, irrespective of changes in RLC phos-
phorylation. Interestingly, although exogenous PKA treatment
increased tension cost in NTG animals as previously reported
(50), normalization to NTG values did not occur in
TG-RLC(P�), although achieving normal levels of TnI phos-
phorylation. This further suggests that phosphorylation levels
of RLC may play a coordinate role in modulating tension cost
with TnI. Our other measures of skinned fiber function gener-
ally agreed with earlier data from studies employing in vitro
MLCKphosphorylation, which induced increases in tension (8,
11, 40), and ATPase (10, 51). However, in contrast to reports of
an increase in Ca2� sensitivity with RLC phosphorylation (8,
51), we found no difference between TG-RLC(P�) and NTG,
most likely because of decreased TnI phosphorylation in the
TG-RLC(P�) fibers. Previous studies have also observed paral-
lel changes in TnI and RLC phosphorylation. For example, Pi et
al. (52) reported transgenic mice expressing nonphosphorylat-
able PKC sites on TnI (S43A/S45A/S144A) possessed a modest
decrease in RLC phosphorylation, and these fibers could not be
further sensitized to Ca2� by MLCK treatment. Our data also
showed an increase in TnI phosphorylation with PKA desensi-
tizesTG-RLC(P�) fiber tension toCa2�. In contrast toTnI, our
study is the first, to our knowledge, to report parallel changes in
RLC and MyBP-C phosphorylation.
Previous studies have supported the notion that the net neg-

atively charged phosphorylation of the RLC N terminus repels
the negatively charged myofilament backbone and positions
myosin heads away from the thick filament backbone, bringing
them in closer proximity to actin, thereby promoting the actin-
cross-bridge interaction (17). Thus, one might predict that in
TG-RLC(P�) animals, as the phosphorylatable RLC becomes
replaced with one rendered nonphosphorylatable, the resulting
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net positive charge on RLCmay promote a stronger interaction
with the negatively charged filament backbone, effectively
increasing the distance between myosin heads and actin. The
crystal structure of chicken skeletal myosin subfragment 1,
resolved by Rayment et al. (16), localized the phosphorylatable
N-terminal region of RLC near the fulcrum of the lever arm.
Interestingly, it has been demonstrated that the cardiac-spe-
cific, phosphorylatable region of MyBP-C binds S2 near this
hinge region of myosin (53). MyBP-C has been described as a
brake on myosin by creating an internal load on the cardiac
sarcomere (54). In studies where MyBP-C has been ablated,
isolated cardiac cells demonstrated increases in cross-bridge
cycling rate, shortening velocity, and power output (55). Impor-
tantly, and of particular relevance to our findings of altered
MyBP-C phosphorylation in TG-RLC(P�), the interaction of
MyBP-C and the S2 hinge were abolished by PKA-mediated
phosphorylation, thus effectively releasing the brake onmyosin
(53). It remains to be experimentally determinedwhether phos-
phorylatable N-terminal regions of RLC and MyBP-C interact
and jointly modulate the position of myosin heads with respect
to actin and the thick filament backbone, because it is highly
likely that these regions are not mutually exclusive.
The importance of RLC phosphorylation, particularly with

respect to heart failure, has been underscored in studies dem-
onstrating decreased levels of RLC phosphorylation associated
with a decline in function in failing human hearts (56–58).
Interestingly, the function of theTG-RLC(P�)mice used in our
study resembles that of a heart failure patient both at the ven-
tricular chamber and biochemical levels. Similarities at the
organ level include depressed in vivo function as indexed by
decreased contractility, ejection fraction, and LV pressure. An
interesting difference, however, is the lack of concomitant dil-
atation inTG-RLC(P�) hearts. Furthermore, as in heart failure,
TG-RLC(P�) hearts were insensitive to �-adrenergic stimula-
tion; however, we could not attribute the lack of response in
TG-RLC(P�) to a decreased �-receptor density as is observed
clinically. At the biochemical level, TnI phosphorylation was
decreased, which has been shown in human heart failure (57,
59), and MyBP-C phosphorylation was decreased as has been
shown in animal models of heart failure (38). The striking sim-
ilarities of the TG-RLC(P�) model with human heart failure
highlight the critical role of RLC phosphorylation in maintain-
ing normal cardiac function.
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