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Myosin light chain phosphorylation enhances
contraction of heart muscle via structural changes
in both thick and thin filaments

Thomas Kampourakis?, Yin-Biao Sun?, and Malcolm Irving®"

?Randall Division of Cell and Molecular Biophysics and British Heart Foundation Centre of Research Excellence, King's College London, London SE1 1UL,

United Kingdom

Edited by James A. Spudich, Stanford University School of Medicine, Stanford, CA, and approved April 13, 2016 (received for review February 23, 2016)

Contraction of heart muscle is triggered by calcium binding to the
actin-containing thin filaments but modulated by structural changes
in the myosin-containing thick filaments. We used phosphorylation
of the myosin regulatory light chain (cRLC) by the cardiac isoform of
its specific kinase to elucidate mechanisms of thick filament-
mediated contractile regulation in demembranated trabeculae from
the rat right ventricle. cRLC phosphorylation enhanced active force
and its calcium sensitivity and altered thick filament structure as
reported by bifunctional rhodamine probes on the cRLC: the myosin
head domains became more perpendicular to the filament axis. The
effects of cRLC phosphorylation on thick filament structure and its
calcium sensitivity were mimicked by increasing sarcomere length or
by deleting the N terminus of the cRLC. Changes in thick filament
structure were highly cooperative with respect to either calcium
concentration or extent of cRLC phosphorylation. Probes on unphos-
phorylated myosin heads reported similar structural changes when
neighboring heads were phosphorylated, directly demonstrating
signaling between myosin heads. Moreover probes on troponin
showed that calcium sensitization by cRLC phosphorylation is
mediated by the thin filament, revealing a signaling pathway
between thick and thin filaments that is still present when active
force is blocked by Blebbistatin. These results show that coordinated
and cooperative structural changes in the thick and thin filaments are
fundamental to the physiological regulation of contractility in the
heart. This integrated dual-filament concept of contractile regulation
may aid understanding of functional effects of mutations in the
protein components of both filaments associated with heart disease.
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ontraction of heart muscle is initiated by an intracellular

Ca** transient followed by binding of Ca** to troponin in the
thin filaments. The resulting change in thin filament structure
allows myosin heads or motor domains from the thick filaments
to bind to actin in the thin filaments, and a change in the con-
formation of the actin-attached head domain linked to ATP
hydrolysis drives force generation and filament sliding (1-3).
During this “working stroke,” small conformational changes in
the catalytic domain of the myosin head associated with release
of ATP hydrolysis products are amplified by its light chain do-
main, containing the essential and regulatory light chains (4), to
produce a nanometer-scale displacement at the connection of
the head to the thick filament backbone.

Contractility of heart muscle is also controlled by multiple
posttranslational modifications of both thick and thin filament
regulatory proteins, and these changes in filament proteins have
been widely implicated in the modulation of cardiac output in
health and disease (5-7). In the present study, we focused on
phosphorylation of the cardiac isoform of the regulatory light
chain (cRLC) as a well-characterized and experimentally acces-
sible example of modification of a thick filament component.
cRLC is at the thick filament end of the myosin head, where it
joins the coiled—coil tail that forms the thick filament backbone.
cRLC is partially phosphorylated in vivo under basal conditions
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(8-12), and changes in its phosphorylation level are linked to
heart disease (8, 11, 13, 14). cRLC mutations associated with
hypertrophic cardiomyopathy abolish cRLC phosphorylation in
vitro (15), and mice expressing nonphosphorylatable cRLCs
show severe cardiac dysfunction (10, 16). In the vertebrate heart,
cRLCs are phosphorylated almost exclusively by the cardiac
isoform of myosin light chain kinase (cMLCK) (17, 18), and
c¢MLCK gene ablation leads to severe cardiac hypertrophy (19).
The mechanisms responsible for the regulation of cardiac func-
tion by cRLC phosphorylation are poorly understood at the mo-
lecular, cellular, and organ levels. Mechanistic hypotheses at the
molecular level have been largely based on studies of smooth and
skeletal muscle RLCs, which have similar molecular structures and
contain phosphorylatable serines analogous to that (Serl5) in
cRLC (4, 20-22). Phosphorylation of the analogous serine in
smooth muscle RLC (smRLC) is the primary mechanism of
contractile regulation in that tissue. Phosphorylation of skRLC
plays a similar role in some invertebrate skeletal muscles (23, 24)
and enhances contractility in mammalian skeletal muscle (25).
Electron microscopy studies of isolated myosins and thick
filaments from all these sources (21, 26, 27) suggest a conserved
molecular mechanism in which RLC phosphorylation activates
or potentiates contractility by disrupting a compact OFF con-
formation of myosin in which the myosin heads are folded back
on the myosin tail (20, 21, 28) (Fig. 1LA4). In striated muscles, this
folded OFF conformation is linked to the formation of an or-
dered helical lattice of myosin head domains on the surface of
the thick filaments, with the long axis of the head roughly
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OFF and ON conformations of the thick and thin filaments in heart

Fig. 1.
muscle. (A) OFF conformations at low [Ca®*] in the absence of phosphorylation
of the cRLC (blue). (B) ON conformations with calcium (green) bound to tro-
ponin C (pink/red) and cRLC phosphorylated (yellow circle, P). Troponin |,
troponin T, and tropomyosin are yellow, blue, and sepia, respectively. Essential
light chain is brown. BC-cRLC probe dipole is indicated by red double arrows.

parallel to the filament axis. This surface lattice of myosin heads
is stabilized by intermolecular interactions between adjacent
myosin molecules and possibly between myosin and two other
thick filament components, titin, and myosin-binding protein C
(MyBP-C). This characteristic folded OFF state of myosin is also
present in the C-zone of cardiac thick filaments: the region that
contains MyBP-C (26, 27). Phosphorylation of skRLC in isolated
thick filaments of skeletal muscle disrupts the lattice, releasing
the myosin heads from the filament surface (Fig. 1B). These
structural studies on isolated proteins and filaments led to the
hypothesis that RLC phosphorylation potentiates contractility in
skeletal and cardiac muscle by increasing the number of myosin
heads available for actin interaction.

The aim of the present work was to understand the role of
interactions between thick and thin filament-based regulatory
mechanisms in a heart muscle cell, in which the normal structure,
organization, and interrelationship of the filaments is preserved.
We measured the structural changes in the thick filaments of
ventricular trabeculae by polarized fluorescence from bifunctional
probes attached to the cRLC, exploiting the fact that the native
cRLCs in demembranated trabeculae can be efficiently replaced
by labeled cRLCs with negligible effect on trabecular function (29,
30). We used in situ phosphorylation of cRLC by an expressed
c¢MLCK to control the regulatory state of the thick filament and
further exploited the cRLC exchange protocol to introduce cRLC
mutants for mechanistic studies. We studied the relationship be-
tween thick and thin filament regulation using calcium titrations
with probes on both the cRLC in the thick filaments and troponin
in the thin filaments. The results presented below show that in-
tegration of thick and thin filament-based signaling pathways is
essential for the normal regulation of contractility in the heart.

Results and Discussion

c¢MLCK Phosphorylates cRLC Specifically in Rat Heart Muscle. We
showed previously that recombinant human cMLCK phosphor-
ylates serine 15 of isolated human or rat cRLC in a Ca®* and
calmodulin (CaM)-dependent manner (30). Here we tested the
specificity of cMLCK in rat cardiac myofibrils by incubation in
1 pmol/L ¢cMLCK in the presence of Ca** and CaM (1 pmol/L),
using 2,3-butanedione-monoxime (BDM; 30 mmol/L) to prevent
contraction. cRLC was specifically phosphorylated by cMLCK in
situ to about 0.5 mol/mol in a 60-min incubation as indicated
by Pro-Q Diamond phospho-protein stain and Western blot
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(ST Appendix, Figs. S1 and S2). Similar results were obtained in iso-
lated demembranated trabeculae from rat ventricle (SI Appendix, Fig.
S3). cRLC phosphorylation was undetectable before cMLCK
treatment (<0.05 mol/mol), and the extent of phosphorylation after
treatment depended on the preparation and protocol as reported in
detail below. The phosphorylation profiles of myosin binding pro-
tein-C (cMyBP-C) and troponin I (cTnl) were not altered by in-
cubation in ¢cMLCK/Ca®*/CaM in these conditions (SI Appendix,
Figs. S1 and S3-S5). In vitro kinase assays using cMyBP-C isolated
from rat ventricle confirmed that cMLCK does not phosphorylate
this protein (SI Appendix, Fig. S4). These results are consistent with
previous reports that cTnl and cMyBP-C phosphorylation levels in
intact rodent cardiomyocytes are unaffected by conditional cMLCK
gene ablation (12).

cRLC Phosphorylation Increases Ca?* Sensitivity of Isometric Force in
Ventricular Trabeculae. cRLC phosphorylation was undetectable
(<0.05 mol/mol) in freshly demembranated trabeculae from rat
ventricle (30). After a 1-h incubation in cMLCK/CaM/Ca*, the
cRLC phosphorylation level was 0.49 + 0.10 mol/mol (mean +
SEM, n = 8; SI Appendix, Fig. S6). Isometric force during max-
imal Ca®* activation from a relaxed sarcomere length of 1.9 um
was slightly increased by cRLC phosphorylation (Fig. 24, Inset),
and normalized force at submaximal [Ca**] was clearly increased
(Fig. 24 and SI Appendix, Table S1). Hill equation fits to the
force-pCa data indicated that cRLC phosphorylation increased
pCa for half-maximal force (pCasy) by 0.07, consistent with
previous reports (25, 31-33), with no significant change in the
Hill coefficient ny (SI Appendix, Table S1). Treatment of rat
trabeculae with in situ phosphorylation buffer lacking cMLCK
did not change Ca”" sensitivity, cooperativity, or maximum
Ca**-activated force (SI Appendix, Fig. S7), and the cRLC phos-
phorylation level in these trabeculae was 0.02 + 0.01 mol/mol
(mean + SEM, n = 4).

cRLC Phosphorylation Alters the Orientation of the Myosin Light-
Chain Domain. A bifunctional sulforhodamine (BSR) probe cross-
linking helices B and C in the N-terminal lobe of the cRLC
(BSR-cRLC-BC), roughly perpendicular to the long axis of the
myosin head (Fig. 1), provides a sensitive signal for the change in
orientation of the RLC region of the myosin heads in cardiac thick
filaments induced by cRLC phosphorylation (29, 34). In the
phosphorylated state of the thick filament, the light chain domains
of the myosin heads are more perpendicular to the filament axis,
and the dipole of the BC probe (red arrow) becomes more parallel
to the filament axis (Fig. 1B) (29, 34). In the polarized fluores-
cence technique used here, this is reported as a more positive
value of the order parameter <P,>, which measures the time-
averaged orientation of the BC probe dipole with respect to the
filament axis (35). <P,> can take values between +1 for a dipole
parallel to the filament axis and —0.5 for a perpendicular dipole.

In the present experiments, about 40% of the native cRLCs in
demembranated trabeculae were replaced by BSR-cRLC-BC (S7
Appendix, SI Methods). Incubation of the trabeculae in cMLCK
led to in situ phosphorylation of these BSR-cRLC-BCs to 0.50 +
0.05 mol/mol (mean + SEM, n = 10; SI Appendix, Fig. S6), the
same as the fraction observed for native cRLC in the same
protocol. The effect of cRLC phosphorylation on the Ca®*
sensitivity and cooperativity of isometric force in trabeculae
containing BSR-cRLC-BC was also similar to that observed for
native cRLC (SI Appendix, Table S1).

cRLC phosphorylation increased <P,> for the BSR-cRLC-BC
probe at all [Ca®*] (Fig. 2B). The higher value of <P,> indicates
that the probe dipole has become more parallel to the filament
axis and therefore that the light chain domain of the myosin
heads is more perpendicular (Fig. 1B). Calcium activation of the
thin filament produced a further increase in <P,>, but the effect
of RLC phosphorylation on probe orientation was greater at
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Fig. 2. cRLC phosphorylation controls myosin head conformation. Calcium-dependence of force (A) and BSR-cRLC-BC probe orientation measured as the
<P,> order parameter (B) before (®) and after (O) incubation with cMLCK at 1.9-um sarcomere length. Maximal isometric force before (black bars) and after
cMLCK treatment (open bars) are shown in the Inset in A. Means + SEM (n = 5). The pictograms on the right indicate the orientation of BSR labeled (red) and
phosphorylated (yellow circle; P) cRLCs before (Lower) and after cMLCK treatment (Upper) with respect to the filament axis (vertical arrow). The angular
changes are exaggerated for clarity.

lower [Ca**]. The Ca®* dependence of probe orientation be-
tween pCa 6.5 and pCa 4.5 was well fitted by the Hill equation,
both before and after cMLCK incubation. In the unphosphory-
lated state (@), pCasy for probe orientation was 5.61 + 0.01 and
ny was 8.1 + 0.8 (means + SEM, n = 5; SI Appendix, Table S1;
sarcomere length 1.9 pm). Both these parameters are larger than
the corresponding values for force (SI Appendix, Table S1), as
reported previously (29). cRLC phosphorylation induced a re-
producible increase in pCas, for probe orientation by 0.10 pCa
units with no significant change in ny (SI Appendix, Table S1).

cRLC Phosphorylation Induces a Structural Change in Unphosphorylated
Myosins by Signaling Between Myosin Head Domains. In the protocol
used for Fig. 2, myosin heads carrying the BSR-cRLC-BC probe
and unlabeled myosin heads were phosphorylated equally. To
investigate whether phosphorylated myosin heads can influence
the conformation of neighboring unphosphorylated heads in the
trabeculae, we attached the probe to myosin heads containing a
cRLC that could not be phosphorylated because its serine 15 had
been replaced by alanine. We confirmed that this labeled cRLC,

referred to as S15A-BSR-cRLC-BC, was not phosphorylated by
c¢MLCK in vitro (SI Appendix, Fig. S8). Moreover these SISA-BSR-
cRLC-BGs, identified in Phostag gels by their BSR fluorescence,
were not phosphorylated by cMLCK treatment in trabeculae (S
Appendix, Fig. S8). cRLC phosphorylation of the endogenous un-
labeled heads in this protocol corresponded to 0.23 + 0.03 mol/mol
of total trabecular cRLC content (SI Appendix, Fig. S8).

This extent of in situ phosphogylation of the unlabeled cRLCs
produced similar effects on Ca**-activated force as those de-
scribed in the previous section for labeled cRLCs with a phos-
phorylatable Ser-15. In particular, pCasy for force increased by
0.10 pCa units with no significant change in ny (Fig. 34 and SI
Appendix, Table S2). Moreover, despite the fact that the myosin
heads carrying the cRLC probe were not phosphorylated in this
experiment, the effect of cMLCK incubation on probe orientation
(Fig. 3B) was similar to that observed for labeled cRLCs with a
phosphorylatable Ser-15 (Fig. 2B). cRLC phosphorylation in-
creased <P,> at all [Ca®*], corresponding to a more perpendicular
orientation of the myosin heads, although the effect of phos-
phorylation was more prominent at low [Ca**]. Moreover pCas
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Fig. 3. cRLC phosphorylation controls the conformation of unphosphorylated myosin heads via interhead signaling. (A and B) Calcium dependence of force
(A) and <P,> (B) in trabeculae exchanged with nonphosphorylatable S15A-BSR-cRLC-BC before (@) and after (O) cMLCK treatment. (C and D) Calcium de-
pendence of force (C) and <P,> (D) in trabeculae coexchanged with BSR-cRLC-BC and either unphosphorylated (®; cRLCwt) or phosphorylated WT cRLC (O;
CcRLCwt-S15-P;). Sarcomere length, 1.9 pm. Means + SEM (n = 5).
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for the orientation change of the labeled unphosphorylated my-
osin heads was still increased by 0.12 pCa units by cMLCK
treatment (SI Appendix, Table S2). These results show that cRLC
phosphorylation by cMLCK induces a cooperative change in the
structure of the thick filament that allows a relatively low level of
cRLC phosphorylation (about 20%) to alter the orientation of
unphosphorylated myosin heads.

To further test this conclusion and to eliminate any residual
uncertainty about the specificity of in situ phosphorylation by
c¢MLCK, we introduced a mixture of labeled unphosphorylated
and unlabeled phosphorylated cRLCs by an independent pro-
tocol. Unphosphorylated BSR-cRLC-BC was mixed with either
purified in vitro-phosphorylated unlabeled cRLC (cRLCwt-S15-P;)
or unphosphorylated unlabeled cRLC (cRLCwt) as a control and
coexchanged into trabeculae. This protocol produced roughly
the same distribution of labeled/phosphorylated cRLC species
in the trabeculae as the S15A method described above. None of
the labeled cRLCs were phosphorylated (SI Appendix, Fig. S8),
and 0.20 + 0.05 mol/mol of total cRLC in the exchanged tra-
beculae was phosphorylated in this protocol (SI Appendix, Fig.
S8). Ca®* sensitivity of both isometric force (Fig. 3C and SI
Appendix, Table S2) and probe orientation (Fig. 3D and SI Ap-
pendix, Table S2) were reproducibly increased by about 0.04 pCa
units by the inclusion of cRLCwt-S15-P;, and <P,> was higher
at all [Ca®*] (Fig. 3D), corresponding to a more perpendicular
orientation of the myosin heads. These results strongly support
the conclusion of the experiments described in the previous
paragraph that a relatively low molar ratio of cRLC phos-
phorylation (about 0.2 mol/mol) influences the orientation of
unphosphorylated myosin heads through cooperative interac-
tions between myosin heads.

The Parallel Orientation of the Myosin Heads Requires the N-Terminal
Extension of the cRLC. As a step toward dissecting the molecular
mechanism of the control of the orientation of the myosin heads
in cardiac thick filaments by cRLC phosphorylation, we followed
an approach previously applied to smooth muscle, which is regu-
lated by phosphorylation of an analogous serine near the N ter-
minus of its RLC (smRLC) (36). The folded OFF conformation of
smooth muscle myosin heads in the unphosphorylated state is
stabilized by this N-terminal region of the smRLC, and deletion of
this region mimics the structural and regulatory effects of phos-
phorylation. We therefore prepared a truncated version of cRLC
by deleting its first 12 amino acids (SI Appendix, Fig. S9) and la-
beled the BC helix of this truncated cRLC with BSR. This labeled
truncated cRLC is subsequently referred to as Ndel-BSR-cRLC-
BC. Although Ndel-BSR-cRLC-BC retains a serine in the position
analogous to the native Ser-15 phosphorylation site, it is a poor
substrate for cMLCK in vitro (SI Appendix, Fig. S9).
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Replacement of 30-40% of the native cRLC of ventricular
trabeculae by Ndel-BSR-cRLC-BC increased the calcium sensi-
tivity of isometric force production at sarcomere length 1.9 pm
by 0.10 pCa units compared with the BSR-cRLC-BC control
(Fig. 44, dashed and dotted lines show effect of phosphorylation
of full-length cRLC from Fig. 2, and SI Appendix, Tables S1 and
S3). Thus, deletion of the N terminus of cRLC sensitizes force
production by about the same amount as phosphorylation of WT
cRLC, consistent with the hypothesis that the N terminus of
cRLC is required for stabilization of the heads-parallel state of
the thick filament. Moreover there was no further significant
change in pCasq for force on in situ cRLC phosphorylation of
trabeculae containing Ndel-BSR-cRLC-BC (Fig. 44 and SI Ap-
pendix, Table S3), despite a total cRLC phosphorylation level of
0.79 + 0.02 mol/mol in these experiments (SI Appendix, Fig. S9).
The Hill coefficient () for the Ca** dependence of isometric
force was reduced by in situ cRLC phosphorylation in the
presence of Ndel-BSR-cRLC-BC (Fig. 44 and SI Appendix,
Table S3), suggesting that the N-terminal extension of the cRLC
is required for full cooperativity of the structural change in the
thick filament in response to Ca** activation.

<P,> for the BC probe was increased by deletion of the
N-terminal extension of cRLC (Fig. 4B), indicating that the myosin
heads in trabeculae containing Ndel-BSR-cRLC-BC become
more perpendicular to the thick filament axis at all [Ca**]. Ad-
dition of [Ca®*] in the absence of cRLC phosphorylation (Fig.
4B) induced a further increase in <P,>, and pCas, for this ori-
entation change was 5.76 + 0.03 (SI Appendix, Table S3), much
higher than that observed for control BSR-cRLC-BC. In situ
phosphorylation of trabeculae containing Ndel-BSR-cRLC-BC
produced an even more parallel orientation of the BC probes,
which also became almost insensitive to [Ca**], suggesting that,
when about 80% of the cRLCs are phosphorylated in the pres-
ence of about 40% Ndel-BSR-cRLC-BC, thick filament struc-
ture as reported by the BC probe becomes almost insensitive to
[Ca®*]. Full Ca®* control of isometric force is retained in these
conditions, albeit with lower cooperativity (Fig. 44 and SI Ap-
pendix, Table S3).

These results show that the N-terminal extension of the cRLC
is required for stabilization of the OFF state of the unphos-
phorylated thick filament and for physiological cooperativity of
calcium activation in heart muscle.

Calcium Sensitization by cRLC Phosphorylation Is Mediated by
Structural Changes in the Thin Filament. The results described
above demonstrated a functional coupling between the structure
of the thick filament and the sensitivity of that structural change
and of isometric force to [Ca**]. Because the calcium sensitivity
of isometric force is primarily determined by the regulatory
proteins of the thin filament, we used a bifunctional rhodamine
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Fig. 4. The cRLC N-terminal extension is required for the OFF conformation of the myosin head. Calcium dependence of force (A) and <P,> (B) in trabeculae
exchanged with N-terminal deleted Ndel-BSR-cRLC-BC before (@) and after (O) cMLCK treatment. The Hill equation fits from Fig. 2 for BSR-cRLC-BC exchanged
trabeculae before and after incubation with ¢cMLCK are shown as dashed and dotted lines, respectively. Sarcomere length, 1.9 um. Means + SEM (n = 5).
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(BR) probe on troponin to investigate the role of the thin fila-
ments in calcium sensitization by cRLC phosphorylation. This
probe (BR-cTnC-E) is parallel to the E helix in the C-terminal
lobe of troponin C (TnC) and signals the regulatory state of the
thin filament (29, 37). In this set of experiments, in situ cMLCK
treatment led to cRLC phosphorylation of about 0.8 mol/mol (S
Appendix, Fig. S10) and enhancement of isometric force at pCa
4.5 of about 25% (Fig. 54 and SI Appendix, Table S4). The pCasq
for isometric force increased by 0.10 pCa units on cRLC phos-
phorylation at 1.9-ym sarcomere length with no change in ng (SI
Appendix, Table S4), reproducing the effect observed in experi-
ments with probes on the cRLC (Fig. 2 and SI Appendix,
Table S1).

In control trabeculae, with very low levels of cRLC phos-
phorylation, the orientation of the BR-TnC-E probe has a bi-
phasic dependence on [Ca®*] (36), although the data for pCa < 6
were reasonably well fitted by the Hill equation (Fig. 5B, @). In
situ cRLC phosphorylation by cMLCK increased <P,> for BR-
¢TnC-E slightly at both high and low [Ca®*], with no effect on
the overall Ca®*-dependent change in probe orientation (Fig. 5B,
O). pCas for probe orientation increased by 0.08 pCa units, with
no significant change in ny (SI Appendix, Table S4), similar to
the effect on isometric force. These results show that phos-
phorylation of cRLC in the thick filament changes the Ca*"
sensitivity of force by altering the Ca®* sensitivity of structural
changes in the thin filament rather than by simply increasing the
availability of myosin heads for thin-filament binding.

To investigate the mechanism of this effect, we inhibited active
force generation using 25 pmol/L Blebbistatin (38). Addition of
Blebbistatin after cRLC phosphorylation reduced the overall
amplitude of the change in BR-cTnC-E orientation and reversed
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Fig. 5. Phosphorylation of cRLC increases the calcium sensitivity of the thin filament. (4) Calcium-dependence of force before (@) and after (O) cMLCK
treatment of BR-cTnC-E exchanged trabeculae. (B) Calcium dependence of <P,> for the BR-cTnC-E probe before (@) and after (O) cMLCK treatment and after

the increase in pCas, induced by cRLC phosphorylation (Fig. 5B,
gray triangles and inset histogram, and SI Appendix, Table S4).
We confirmed the antagonistic effects of cRLC phosphorylation
and Blebbistatin on the Ca®* sensitivity of the thin filament in a
separate set of experiments in which Blebbistatin was added to
trabeculae containing unphosphorylated cRLC, causing a de-
crease in pCasg by 0.09 units (Fig. 5D, O, inset histogram, and
SI Appendix, Table S3). Subsequent in situ phosphorylation of
cRLC to 0.86 mol/mol (SI Appendix, Fig. S10) by cMLCK in the
presence of Blebbistatin caused a significant but smaller increase
in pCasy for the BR-cTnC-E orientation change by 0.05 pCa
units (Fig. 5D, inverted triangles, inset histogram, and SI Ap-
pendix, Table S4).

These results show that phosphorylation of cRLC in the thick
filaments alters the Ca®*-sensitivity of the thin filament. The
effect is still present when active force generation and strong
binding of myosin heads to the thin filaments are abolished
by Blebbistatin.

Length-Dependent Activation and cRLC Phosphorylation May Use the
Same Dual-Filament Signaling Pathway. Length-dependent activa-
tion, the sarcomere-level phenomenon that is thought to underlie
the Frank-Starling relationship between systolic contractility and
end diastolic volume in the heart (39), is characterized by
increases in both maximum Ca®*-activated force and Ca®*
sensitivity over the physiological range of sarcomere length,
effects that are also produced by cRLC phosphorylation (Fig.
2), suggesting that the two effects might share part of a sig-
naling pathway. To test this idea, we measured the sarcomere
length dependence of the effects of cRLC phosphorylation. In
situ phosphorylation of cRLC by cMLCK to about 0.5 mol/mol
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inhibition of active contraction by Blebbistatin (gray triangles). (C and D) Calcium dependence of force (C) and <P,> (D) in the absence of Blebbistatin (@), in
the presence of Blebbistatin (O), and after cMLCK treatment in the presence of Blebbistatin (gray triangles). Fitted pCaso parameters for B and D are shown in
the Insets. Sarcomere length, 1.9 pm. Means + SEM (n = 6-7). Paired two-tailed Student t test: **P < 0.01; ***P < 0.001.
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(SI Appendix, Table S1) increased maximum Ca®'-activated
force at sarcomere length 2.3 pm by about 12% and pCas, by
0.09 (Fig. 64 and SI Appendix, Table S1). Comparison with the
results obtained at sarcomere length 1.9 pm (Fig. 2 fits repro-
duced as the dashed and dotted lines in Fig. 64) shows that the
effects of cRLC phosphorylation and increased sarcomere length
are additive. However, the Hill coefficient ny was significantly
reduced by cRLC phosphorylation at the longer sarcomere
length (Fig. 64 and SI Appendix, Table S1), in agreement with
some previous reports (32, 33).

Increasing sarcomere length from 1.9 to 2.3 pm significantly
increased <P,> for the BSR-cRLC-BC probe at all activating
[Ca®*] in the cRLC-unphosphorylated state (Fig. 6B, compare
filled circles with dashed line) and at all [Ca®*] in the phos-
phorylated state (open circles and dotted line). Thus, increased
sarcomere length, like cRLC phosphorylation, is associated with
a more perpendicular orientation of the light chain domains of
the myosin heads (Fig. 6B). Moreover both interventions lead to
an increase in calcium sensitivity, and these effects are also ad-
ditive; increasing sarcomere length from 1.9 to 2.3 pm increased
pCasy from 5.56 to 5.63 in one set of trabeculae; cRLC phos-
phorylation at the longer sarcomere length in another set of
trabeculae increased it further from 5.65 to 5.74 (SI Appendix,
Table S1). However, at the longer sarcomere length, the phos-
phorylation-dependent increase in Ca** sensitivity was accom-
panied by a decrease in ny (Fig. 6B), as also observed for the
isometric force (SI Appendix, Table S1).

The similar changes in thick filament structure and calcium
sensitivity induced by cRLC phosphorylation and length-dependent
activation suggest the involvement of a common mechanistic
pathway.

Two Regulatory States of the Thick Filament in Heart Muscle. Many
aspects of the above results can be integrated and explained in
terms of the concept of a regulatory transition in the confor-
mation of the myosin heads in the thick filaments of heart muscle
analogous to that in smooth muscle myosin (20, 28) and the thick
filaments of skeletal muscle (21, 40). By analogy with those other
muscle types and with direct support from EM reconstructions of
isolated thick filaments from cardiac muscle (26, 27), we may
consider an OFF state of the cardiac thick filament (Fig. 14) in
which the long axes of the myosin heads, and those of their light
chain domains, are roughly parallel to the filament axis. The
myosin heads are folded back onto the subfragment-2 region of
the myosin tail, and this OFF structure is likely to be stabilized
by intramolecular head-tail and head-head interactions, in-
termolecular interactions between myosins in adjacent layers
along the filaments, and probably additional interactions with
other thick filament components, myosin binding protein C
(MyBP-C), and titin. Although many structural details of these
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interactions remain unclear, their effect is to stabilize a pop-
ulation of myosin heads, probably the majority of heads in the
region of the filament containing MyBP-C, in a roughly helical
lattice on the surface of the thick filaments (Fig. 14), in which
they are unavailable for binding to actin in the thin filaments or
hydrolyzing ATP (41, 42), features that define this as a functional
OFF state. These interactions between filament components are
lost in the ON state of the thick filament (Fig. 1B), in which the
myosin heads are released from the filament surface, and their
light chain domains become more perpendicular to the filament
axis. The ON heads are available for actin binding provided that
the thin filament has been switched on by calcium binding
to troponin.

The BC-cRLC probe provides a sensitive and reproducible
measure of the transition between these OFF and ON states of the
thick filaments in ventricular trabeculae. Because the BC probe
dipole is parallel to the short hook helix of the myosin heavy chain
in the N-terminal lobe of the cRLC, which itself is perpendicular
to the long axis of the light chain domain (4), the order parameter
<P,> for BC-cRLC probe orientation, calculated from the po-
larization of its fluorescence, is higher for the ON (heads-per-
pendicular) than for the OFF (heads-parallel) state. In general, a
probe in the light chain or lever-arm domain of the myosin head
might also be expected to be sensitive to changes in the orientation
of the light chain domain associated with the force-generating
working stroke in the myosin head (43, 44). However, the BC-
cRLC probe is relatively insensitive to active force generation per
se, as shown by the very small orientation changes reported by this
probe on maximal calcium activation of myosin heads with phos-
phorylated and N-terminal deleted cRLCs (Fig. 4B, O). This in-
sensitivity of BC-cRLC orientation to active force generation is
likely to be related to the filament-docking function of the
N-terminal lobe of the cRLC and the relatively low fraction of
myosin heads bound to actin during active contraction in heart
muscle, as discussed previously (34).

The present results show that the regulatory transition in the
N-lobe of cRLC reported by the BC-cRLC probe is controlled by
cRLC phosphorylation, by calcium activation, and by sarcomere
length. All three interventions promote a more ON state of the
cRLC N-lobe and by implication of the cardiac thick filaments, but
their effects are additive; no single intervention can produce the
fully ON state. These results provide strong support for the proposal
that a pool of noncycling or “superrelaxed” myosin cross-bridges is
retained during physiological activation of cardiac muscle (41).

The Regulatory Transition in the Thick Filament Is Highly Cooperative.
Several independent lines of evidence indicate that the regula-
tory transition in the thick filament is highly cooperative. First,
calcium activation from the most OFF state of the filament we
studied, that with dephosphorylated cRLC at sarcomere length
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Fig. 6. cRLC phosphorylation and increased sarcomere length have synergistic effects on myosin head conformation. Calcium dependence of force (A) and
BSR-cRLC-BC probe orientation (B) before (@) and after (O) incubation with cMLCK at 2.3-pm sarcomere length. Maximal isometric force before (black bars)
and after (open bars) cMLCK treatment shown in the Inset in A. Dashed and dotted lines represent the Hill equation fits before and after cMLCK incubation,
respectively, at sarcomere length 1.9 pm; data from Fig. 2. Means + SEM (n = 5).

E3044 | www.pnas.org/cgi/doi/10.1073/pnas.1602776113

Kampourakis et al.


http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1602776113/-/DCSupplemental/pnas.1602776113.sapp.pdf
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1602776113/-/DCSupplemental/pnas.1602776113.sapp.pdf
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1602776113/-/DCSupplemental/pnas.1602776113.sapp.pdf
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1602776113/-/DCSupplemental/pnas.1602776113.sapp.pdf
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1602776113/-/DCSupplemental/pnas.1602776113.sapp.pdf
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1602776113/-/DCSupplemental/pnas.1602776113.sapp.pdf
www.pnas.org/cgi/doi/10.1073/pnas.1602776113

L T

/

1\

=y

1.9 um (Fig. 24, @), is associated with a structural change in the
thick filament with a Hill coefficient (ng) of about 8, much
higher than that for active isometric force or for the structural
change in the thin filament under the same conditions (SI Ap-
pendix, Tables S1 and S4). This high value of ny suggests that the
regulatory structural transition in the thick filament is even more
cooperative than that in the thin filament. Neither cRLC phos-
phorylation nor increasing sarcomere length alone alters the
cooperativity reported by ny for the structural change in the
thick filament (SI Appendix, Table S1), but a combination of
cRLC phosphorylation and deletion of the cRLC N terminus or
increased sarcomere length reduces it (SI Appendix, Tables S1
and S2). Thus, calcium-dependent cooperativity is attenuated as
the low-calcium structure of the thick filament is displaced to-
ward the ON state.

Second, the series of experiments in which the orientation of
the cRLC regions of unphosphorylated heads was measured in
response to the phosphorylation of neighboring heads (Fig. 3)
showed directly that the regulatory transition in the thick fila-
ment reported by the BC-cRLC probe is transmitted between
myosin heads, as expected for a cooperative transition in the
filament mediated by head-head interactions.

Finally, both the regulatory structural transition in the thick
filament (Fig. 74) and the change in calcium sensitivity of iso-
metric force (Fig. 7B) have a highly nonlinear dependence on the
extent of cRLC phosphorylation. Although these data show
considerable scatter associated with the fact that each point comes
from a different trabecula, it is clear that the full effect of cRLC
phosphorylation on both the structural change in the thick fila-
ments (Fig. 74) and the change in calcium sensitivity (Fig. 7B) is
attained with cRLC phosphorylation of less than 0.2 mol/mol. This
marked nonlinearity may be responsible for the observation that
both ny; and calcium sensitivity (pCasg) are larger for the change
in thick filament structure than the corresponding parameters for
force or thin filament structure (SI Appendix, Tables S1 and S4). A
low level of partial activation of the thin filament, allowing binding
of a very small fraction of the myosin heads, leads to a larger
fractional activation of the thick filament. Cooperative activation
of the thick filament is likely to have more general significance in
the regulation of contraction in heart muscle, for example, in
transmitting the effects of cMyBP-C in the C zone to the remainder
of the thick filament (29).

The highly nonlinear response to cRLC phosphorylation of
thick filament structure and calcium sensitivity is in marked con-
trast with the roughly linear dependence of the maximum iso-
metric force enhancement on extent of cRLC phosphorylation in
the same experiments (Fig. 7C). The difference suggests that
cRLC phosphorylation has two distinct functional consequences: a
highly cooperative effect on thick filament structure linked to the
change in calcium sensitivity and a linear increase in isometric
force that corresponds to 35 + 11% (95% CI) for full (1 mol/mol)
cRLC phosphorylation as indicated by linear regression of the
data in Fig. 7C. This value is in the middle of the wide range

p
o)

reported by previous studies on heart muscle preparations that
used noncardiac isoforms of MLCK (25, 31-33) and similar to the
value (30-40%) reported for B-cardiac myosin in vitro (45). En-
hancement of maximum isometric force by cRLC phosphorylation
is also observed for skeletal muscle myosin (25), and the effects of
RLC phosphorylation on the motor function of a range of muscle
myosin isoforms have been attributed to an increase in the myosin
lever arm stiffness (46, 47) or step size (48).

Signaling Between Thick and Thin Filaments in the Heart. The reg-
ulatory structural change in the thick filament described above is
closely coupled to the change in the calcium sensitivity (pCasg)
for active force; pCas for the structural change in the thick fil-
ament is higher in the ON state. pCasy and the orientation of
the BC-cRLC probe have the same nonlinear dependence on the
extent of cRLC phosphorylation (Fig. 7 A and B). Finally, the
other two interventions that were found to stabilize the ON state
of the thick filament, deletion of the N terminus of the cRLC and
increased sarcomere length, also increased pCasg (SI Appendix,
Tables S1 and S2). However, probes on troponin in the thin
filament showed essentially the same change in pCasy on cRLC
phosphorylation as that reported for the thick filament by the
BC-cRLC probe (Fig. 5 and SI Appendix, Table S4). Thus,
phosphorylation of cRLC in the thick filament alters the calcium
sensitivity of troponin in the thin filament.

The interfilament signaling pathway responsible for this effect
does not seem to involve binding of force-generating myosin
heads to the thin filaments, because cRLC phosphorylation can
still increase pCasy when active force is completely abolished by
Blebbistatin (Fig. 5D). The change in pCas, observed in the
presence of Blebbistatin is smaller than that in its absence, but
this difference is probably due to stabilization of the OFF
structure of the thick filament by Blebbistatin, which abolishes
the effect of calcium on the orientation of the BC-cRLC probe
(29). Moreover the effect of Blebbistatin on pCas, for the thin
filament (37) (SI Appendix, Table S4) may be explained by
communication of this more OFF thick filament structure to the
thin filament by the same interfilament signaling pathway oper-
ating in the opposite direction from the ON/calcium sensitization
effect induced by cRLC phosphorylation, in contrast with mech-
anisms based on removal of the force generating myosin heads
that have been considered previously.

Thus, it seems unlikely that signaling between thick and thin
filaments is wholly mediated by the interaction between myosin
heads and actin, suggesting the existence of an additional signaling
pathway. Although other pathways cannot be excluded, an at-
tractive candidate mechanism, suggested by the observation that
N-terminal fragments of MyBP-C can alter the structure of the
thin filaments and stimulate active force generation in the absence
of calcium (29, 49), is that the N terminus of MyBP-C is bound to
the thick filament surface in its OFF state, but binds to the thin
filament and sensitizes it to calcium when the thick filament is
ON. Because the interaction of the N terminus of MyBP-C with
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actin is inhibited by MyBP-C phosphorylation (29, 50), such a
mechanism would also provide a potential pathway for con-
tractile modulation by kinases that act through MyBP-C (5, 51).
The direct action of MyBP-C as an interfilament signaling protein
would be confined to the C-zone, the central one-third of each
half filament to which MyBP-C is confined, but cooperative in-
termolecular interactions in both the thin and thick filaments are
expected to spread the signal from the C zone toward the rest of the
sarcomere (29). Functional differences between the C-zone and
non-C-zone of the sarcomere may remain, however, and this may
explain the observation that, despite the highly cooperative effect
of cRLC phosphorylation on thick filament structure, calcium
activation of the thin filament, which mobilizes myosin heads
throughout the sarcomere, has an additional effect (Fig. 2).

Length-Dependent Activation. The mechanism by which increased
sarcomere length enhances force generation of heart muscle—
length-dependent activation—has been the subject of many
previous studies, although the molecular and cellular basis of the
effect has been unclear (39). The present results suggest that the
regulatory state of the thick filament is an intermediate step in
the mechanism of length-dependent activation, a step that would
then be followed by transmission of the signal to the thin fila-
ment as discussed above.

Moreover recent X-ray studies on skeletal muscle (52) have
demonstrated a mechano-sensing signaling mechanism that cou-
ples increased thick filament stress to the transition to its ON
state, which is also associated with a slightly longer periodicity of
packing of the myosin tails in the filament backbone. Because
the thick filaments of skeletal and heart muscle contain similar
isoforms of the same proteins with a similar structural organi-
zation, this mechano-sensing mechanism may also be present in
heart muscle. Moreover, heart muscle has a much higher resting
stiffness than skeletal muscle, associated with its shorter titin
isoform, so an increase in the sarcomere length of ventricular
trabeculae from 1.9 to 2.3 pm, as in the present experiments, is
associated with an increase in resting force (53), which is trans-
mitted to the thick filaments by the titin links between the tips of
the thick filaments and the end of the sarcomere. X-ray mea-
surements on resting skeletal (54) and cardiac muscle (55) pro-
vide further support for the hypothesis of a titin- and resting
stress-mediated change in the structure of the thick filament.

The combination of the present results with those of the X-ray
studies mentioned above suggests the following hypothesis for
the signaling pathway underlying length-dependent activation.
Increasing sarcomere length stretches the stiff titin links at the tips
of the thick filaments, resulting in increased thick filament strain
and the transition to the longer thick filament periodicity. The
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latter weakens the intermolecular interactions between myosin
molecules along the thick filament, promoting the transition to its
ON state. Finally, interfilament signaling mechanisms, possibly
involving MyBP-C, transmit the ON signal to the thin filament,
increasing its calcium sensitivity as described in the previous sec-
tion. Other mechanisms, for example, involving posttranslational
modifications of thin filament regulatory proteins (56), may
modify or extend this hypothetical signaling pathway.

Implications for the Physiology and Pathology of Contractile Regulation
in the Heart. In the conventional paradigm for contractile reg-
ulation in striated muscles, including the heart, the thick fil-
aments are not usually considered to have a primary role,
although it is well established that posttranslational modification
of or mutations in thick filament components including cRLC
can modulate contractility. The results presented above reveal
some of the mechanisms by which contractility is controlled by
cRLC phosphorylation, including the strong cooperativity of the
effect, the role of the N terminus of cRLC in stabilizing the OFF
state of the thick filament, and the role of signaling between
thick and thin filaments in mediating calcium sensitization.
However, they also show that these features are not specific to
cRLC phosphorylation; similar effects seem to be involved in
length-dependent activation. The cooperative structural change
in the thick filament induced by either cRLC phosphorylation or
increased sarcomere length is therefore likely to be an intrinsic
component of the normal physiological control of cardiac con-
tractility. Regulation of contractility in the heart involves the
coordinated activation of both thick and thin filaments, although
many of the underlying molecular mechanisms are still poorly
understood. This concept of dual filament regulation may be
useful in understanding the origins of impaired contractility as-
sociated with pathological changes in both thick and thin fila-
ment proteins.

Methods

All experiments involving animals were performed under the Schedule 1
procedure in accordance with UK Animal Scientific Procedure Act, 1986
(please see SI Appendix, SI Methods), and therefore this work has no li-
censing or approval requirements. Protein production, preparation of
cardiac trabeculae, protein exchange protocols, and fluorescence polarization
experiments were performed according to routine protocols published else-
where. Details of materials and methods are provided in S/ Appendix,
SI Methods.
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