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The transient change in tension development and length in a
working cardiacmyocyte during the heart beat reflects the inte-
grated effects of kinases in signaling cascades regulating mech-
anisms controlling the dynamics and intensity of a transient
increase in cytoplasmic Ca2� as well as the responsiveness of
the sarcomeres to Ca2�. Kinases modifying regulatory mem-
brane proteins represent a major mechanism for controlling
the coupling of transmembrane voltage to the release of Ca2�

into the cytoplasm that triggers contraction by binding to TnC2

and for regulating dynamics of the return of Ca2� to the dia-
stolic state by membrane transporters and exchangers (1).
Binding of Ca2� to TnC triggers a strong reaction of sarcomere
thick filament cross-bridges with the thin filament actins and
the promotion of force development and shortening (2, 3). Sar-
comeres are not passive responders to these transient changes
in cytoplasmic Ca2�. Protein-protein interactions downstream
of Ca2�-TnC are subject to functionally significant modifica-
tions by signaling cascades thatmodify the number and kinetics
of actin-cross-bridge reactions (Fig. 1).
I focus here on control mechanisms at the level of the sar-

comere and on kinases immediately upstream of sarcomeric
protein substrates. Major substrates are (i) thin filament pro-
teins TnI, TnT, and Tm, which are important in transducing
the Ca2�-TnC signal (4, 5); (ii) MyBP-C (6) and RLC (7), which
control the radial movement of cross-bridges from the thick
filament backbone; and (iii) titin, a giant third filament control-
ling diastolic tension as well as length-dependent radial move-
ment of cross-bridges (8, 9). Detailed discussion of how phos-
phorylation modifies the function of these proteins has been
reviewed elsewhere (2, 4–9). In general, phosphorylation of
thin filament proteins controls sarcomere Ca2� sensitivity,
kinetics of Ca2� binding to TnC (related to dynamics of relax-
ation), and the number and kinetics of cross-bridges reacting
with the thin filament (related to levels and rates of rise and fall
of tension). Phosphorylations of MyBP-C and RLC control
Ca2� sensitivity and rates of contraction/relaxation by modify-
ing the local concentration of cross-bridges at the interfacewith
actins. MyBP-C may also interact with and affect thin filament

activation. Cardiac but not skeletal isoforms of titin contain
phosphorylation sites within a unique sequence, located in the
elastic segment. Phosphorylation of a unique cardiac titin
reduces passive tension (8).
To appreciate the potential role of how kinases modify sar-

comeric function, it is important to consider the working car-
diacmyocyte operating in an environment influenced by imme-
diate prevailing mechanical (load and length), neural,
endocrine, autocrine, and paracrine control mechanisms and
by the short- and long-term history of this environment. Beat-
to-beat control mechanisms, which occur, for example, as
hemodynamic load rises with exercise or falls with rest, are
related to the immediate prevailing regulatory mechanisms.
Mechanisms occurring over the time scale of hours, days, and
longer are related to growth and remodeling in response to
chronic changes in load or chemical environment as occur with
sustained bouts of exercise, hypertension, or ischemia. Kinases
and phosphorylations play a significant role in compensation
and adaptation to beat-to-beat and chronic changes in hemody-
namic load. However, maladaptive kinase activation may induce
remodelingandphosphorylationsof sarcomericproteinswithcar-
diovascular disorders, leading to heart failure (10, 11).

Multiple Kinases and Hierarchical Phosphorylation of
Sarcomeric Proteins Control Beat-to-Beat Changes of
Cardiac Dynamics

Kinases acting via G protein-coupled receptors are among
the most extensively studied in control of short-term cardiac
dynamics (Fig. 1). PKA is themost studied and understood, but
other significant kinases are PKG, calmodulin kinase, and
MLCK as well as PKC. PKA-dependent phosphorylation of TnI
and MyBP-C appears to be dominant in control of sarcomeric
function by �-adrenergic stimulation. The special role of these
proteins is emphasized by the insertion of sequenceswith phos-
phorylation motifs that are unique to the cardiac variants
(4–8). TnI has anN-terminal extension of some 30 amino acids
that houses Ser23/Ser24; Ser24 is more rapidly phosphorylated
by PKA, but both Ser23/Ser24 sites must be phosphorylated to
depress sarcomere sensitivity to Ca2� and to enhance the off-
rate for Ca2� binding to TnC. This sort of hierarchy in kinase-
dependent phosphorylation is poorly understood in other sar-
comeric proteins. CardiacMyBP-C has a unique insertion at its
N-terminal region that has multiple phosphorylation sites.
Together with PKA phosphorylation of membrane proteins,
PKA phosphorylation of both TnI andMyBP-C at these sites is
critical to the reduction in cycle time of the heart beat required
to tune the cycle to the increased frequency in exercise (12–14).
What is not clear is the exact role of the multiple phosphoryla-
tions and the multiple kinases potentially involved.
Beat-to-beat regulation of cardiac function is likely to involve

paracrine effects involving NO. Effects of NO on cardiac myo-
cytes provide an interesting example of kinase signaling to car-
diac sarcomeres in which the same signal engages distinct
cAMP- and cGMP-dependent pathways.Whereas low levels of
NO increase cardiac contraction, relatively high levels of NO
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activate guanylate cyclase and induce activation of PKG, which
in turn is responsible for a Ca2�-independent depression in
cellular mechanics (15). Themechanism involves depression of
the response of the sarcomeres to Ca2�, but the substrates
modified remain unclear. One likely substrate is TnI, which has
been known for some time as a substrate for PKG at Ser23/Ser24
(4). The PKGpathway is also downstreamof natriuretic peptide
receptors, and recent data support a role of the NO-cGMP-
PKG pathway in effects of �3-adrenoreceptors in controlling
cardiac relaxation dynamics; a role for sarcomeric protein
phosphorylation remains unclear (16).
The role of other kinases in short-term regulation of cardiac

dynamics appears likely, but remains poorly understood.Gpro-
tein signaling through �1-adrenergic receptors with activation
of PKC potentially induces phosphorylation of a number of
sarcomeric proteins, including TnI, TnT, RLC, MyBP-C, and
titin. The PKC sites in TnI are the best studied and serve to
illustrate what may be general properties of proteins with mul-
tisite isoform-specific phosphorylations by different kinases.

PKC cross-phosphorylates TnI Ser23/Ser24 and induces the
same functional effects as PKA phosphorylation (17, 18). There
is also PKCphosphorylation of TnI Thr144, whichmay sensitize
(19) or desensitize (20) the myofilaments to Ca2�, and TnI
Ser43/Ser45, which depresses maximum tension and desensi-
tizes the sarcomeres to Ca2�. Thr144 is the most accessible of
the sites, but site-specific phosphorylation has not been deter-
mined under physiological conditions during short-term
control of cardiac function. Isoform specificity in the phos-
phorylation of these sites was demonstrated by Noland et al.
(17), who reported that PKC� preferentially phosphorylated
TnI Ser23/Ser24, whereas PKC� preferentially phosphorylated
TnI Ser43/Ser45. Moreover, the substrate specificity of TnI
Ser23/Ser24 for PKC isoformsmay depend on the state of down-
stream phosphorylation sites. In vitro studies with reconsti-
tuted preparations demonstrated enhanced kinetics of phos-
phorylation of Ser23/Ser24 in Tn complexes containing TnI
T144A (17). In transgenic mice expressing TnI S43A/S45A in the
heart, there was significantly enhanced phosphorylation of TnI

FIGURE 1. Kinases affecting sarcomeric proteins. Major substrates for these kinases are illustrated in a region of overlap between thin actin-containing and
thick myosin-containing filaments. Also shown is a portion of the network of proteins at the Z-disk, which houses docking sites (e.g. ZASP) for kinases. Thin
filaments terminate in the Z-disk and are capped by CapZ; thick filaments connect to the Z-disk network via the giant elastic (PEVK region) protein, titin. See text
for details. ANP, atrial natriuretic peptide; �-AR, �-adrenergic receptor; LPA, lysophosphatidic acid; S1P, sphingosine 1-phosphate; ET-1, endothelin-1; Ang II,
angiotensin II; BK, bradykinin; ACh, acetylcholine; ECC, excitation-contraction coupling; CaMK, calmodulin kinase; MHC, myosin heavy chain; MLC, myosin light
chain.
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Ser23/Ser24 (21). A hierarchy in the phosphorylation of TnI has
been demonstrated in experiments testing the effects of endo-
thelin on dynamics of contraction of cardiacmyocytes.Westfall
et al. (22) reported that activation of PKC by endothelin
induced an acute and prolonged enhancement of relaxation
rate associated with a time-dependent phosphorylation of dif-
ferent sites on TnI. Thr144 was phosphorylated early after
administration of endothelin, and Ser23 and Ser24 were phos-
phorylated after prolonged administration of endothelin-1.
Phosphorylation at specific Tyr residues associated with oxida-
tive stress-related activation of Src induces a change in sub-
strate specificity of PKC� (23). Studies in our laboratories indi-
cate that the specificity for phosphorylation of sites on TnI is
also subject to PKC� Tyr phosphorylation (24).

Although likely to be highly significant, the functional signif-
icance of PKC-dependent phosphorylation of sarcomeric pro-
teins other than TnI remains poorly understood. MyBP-C has
long been known to be a substrate for PKC, but the functional
significance of these sites in short-term control of cardiac func-
tion remains unclear (4). Cross-phosphorylation by PKA and
PKC sites ofMyBP-C appears possible, and interplay among the
phosphorylation sites is likely. These possibilities have not been
rigorously investigated. Myosin RLC2 is also a substrate for
PKC (4), but its role in beat-to-beat regulation is not apparent.
Andersen et al. (25) reported that the positive inotropic effect of
acute �1-adrenergic stimulation involved PKC-independent
phosphorylation of RLC. In their studies, Ca2�-calmodulin-de-
pendent phosphorylation through MLCK was the main factor
responsible for the increase in left ventricular function. How-
ever, Wang et al. (26) reported that, unlike the case with left
ventricular muscle preparations, inhibitors of MLCK did not
abrogate the response to �1-adrenergic stimulation in right
ventricular preparations. This result agreed with earlier studies
(4) using right ventricular muscle preparations from transgenic
mouse models, which indicated that �1-adrenergic and PKC-
mediated phosphorylation of Ser43/Ser45 of TnI plays an impor-
tant role in regulating force development in the intact myocar-
dium. Species-specific differences and variations in signaling
complexity need to be taken into account when assessing the
role of �1-adrenergic agonists.

Kinases Engaged in Cardiac Stress and Growth Signaling
Phosphorylate Sarcomeric Proteins

Kinases that couple extracellular stimuli to the promotion of
cell growth or maladaptive responses with stresses on the heart
also have the potential to modify function by phosphorylating
sarcomeric proteins. Common long-term stresses on the heart
include ischemia/hypoxia, hypertension, altered redox envi-
ronment, and elaboration of cytokines. These stresses activate
PKC isoforms differentially in the same animalmodels andmay
activate PKC isoforms differentially in different animal models
(27, 28). For example, in guinea pig hearts, ischemia/hypoxia
activated PKC�, PKC�2, PKC�, and PKC�. Oxidative stress
simulated by H2O2 induced activation of PKC�, PKC�2, and
PKC�, which, in contrast to the case with ischemia/hypoxia,
was not blocked by inhibitors of tyrosine kinase or phospho-
lipase C (27). Although it is certain that there are multiple
effects of the activation of these isoforms of PKC, they all appar-

ently affect sarcomere response to Ca2�. Interest in PKC� and
PKC�2 increased greatly with the demonstration that these iso-
forms are up-regulated in end-stage heart failure (29). Other
PKC isoforms reported to be expressed in human myocardium
are PKC�, PKC�1, PKC�, and PKC�, with PKC� and PKC�
missing (27)Whatever the case, the effects of PKC�2 activation
are not clear. Compared with controls, skinned fiber prepara-
tions isolated from hearts harboring an inducible PKC�2 that
was turned on at 10 weeks of age and remained on for 10
months demonstrated a reduction in maximum tension with
no change in Ca2� sensitivity (30). This result agreed with data
of Takeishi et al. (28), who concluded that TnI phosphorylation
was associated with depression in cardiac function in a mouse
model overexpressing PKC�2, yet one study has concluded that
PKC�2 phosphorylation of TnI enhanced myofilament Ca2�

sensitivity (19). However, detailed studies of sites of phospho-
rylation were not carried out.
The results of studies on the role of altered kinase activity in

disease models and on human heart samples are conflicting
and, in some cases, difficult to interpret. Studies on detergent-
extracted (skinned) myocytes from rat models of hypertrophy/
failure (myocardial infarction and pressure overload) demon-
strated a depression in maximum tension and Ca2� sensitivity
and indicated a causal role of Tn phosphorylation (31). More-
over, in these models, these effects appear likely to be induced
not by activation of PKC�2 but by PKC�. Thus, the relative role
of PKC�2 and PKC� in human heart failure requires further
study. PKC�, as well as heart failure, induces an increase in
highly charged TnI species, but the exact sites have not been
determined. It is also significant that PKC� preferentially
phosphorylates a TnT site (Thr206, mouse sequence) over
PKC�2. Phosphorylation of TnT Thr206 significantly de-
presses force and Ca2� sensitivity of skinned fibers (32).
Notably, there are other PKC sites on TnT, and phosphoryl-
ation of these sites influences the functional effects of Thr206
phosphorylation.
The role of sarcomeric protein alterations associated with

the effects of novel Ca2�-independent isozymes PKC� and
PKC� has been studied, and although there is much additional
work to be done, the results appear significant in relation to the
complex effects of these kinases. Constitutive, relatively long-
term activation of both PKC� and PKC� induces a hypertrophy,
and eventually dilated cardiomyopathy, that is apparently
indistinguishable with regard to histology and markers (33).
Evidence that the effects of long-term activation of PKC may
involve sarcomeric protein phosphorylation comes from stud-
ies demonstrating a resistance to development of dilated car-
diomyopathy in hearts of double-transgenic mice expressing
mutant TnI S43A/S45A as well as elevated levels of PKC� (34),
yet acute activation of PKC� protects against, whereas PKC�
exacerbates, injury associated with ischemia/reperfusion (33).
Phosphorylation of sarcomeric proteins, which may be impor-
tant in these differential responses, has not been studied in
detail, but multiple effects of these kinases may be involved.
Phosphorylation levels of MyBP-C have been explicitly identi-
fied as a significant factor in acute (35) and chronic (36) low
flow ischemia, with a calmodulin kinase site appearing to be of
significance (37).
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Although there is much work to be done to understand the
role of the atypical PKC� in control of cardiac function, there
are data providing clues as to its significance. Signaling to PKC�
occurs by various extracellular stimuli such as nerve growth
factor and interleukin-1 (38), and there is evidence that stresses
on the myocardium such as myocardial infarction and volume
overload lead to increased expression of PKC� (39). We (40)
reported that the atypical PKC� isoform associates specifically
with TnI in adult rat ventricular cardiac myocytes and modu-
lates myofilament protein phosphorylation. Using mutant
forms that mimic PKC� activation, we demonstrated an
increase in Tm phosphorylation and MyBP-C, but, surpris-
ingly, there was a dephosphorylation of Thr residues in TnI
andTnT in cardiacmyocytes. One active formof PKC� exists in
complex with Pak1 (p21-activated kinase 1) and PP2A (protein
phosphatase 2A).
In addition to evidence of direct phosphorylation of sarcom-

eric proteins by PKCs, downstream effectors of PKCs are also
involved in multiple signaling cascades, which modify phos-
phorylation of sarcomeric proteins (Fig. 1). These downstream
kinases include p38 MAPK (41) and PKD (42). Constitutive
activation of p38MAPK in conditional transgenicmouse hearts
induces a depression in myocyte mechanics with no effects on
Ca2� fluxes. Skinned fibers from these hearts demonstrated a
depression in tension and a decrease in Tm phosphorylation
apparently due to activation of a phosphatase by p38 (41). Iden-
tification of TnI as a prominent binding partner of PKD led to
the demonstration that PKD phosphorylates TnI Ser23/Ser24.
Although PKD activation is poorly understood, there is evi-
dence in rat ventricular myocytes that it is downstream of PKC
activation, particularly PKC� (42). Moreover, endothelin-1-in-
duced activation of PKD appears to be suppressed by concom-
itant activation of PKA (42). This finding, which indicates a
counter-regulatory role for these two kinases inmodification of
cardiac Tn function, provides evidence of the complexity of
control mechanisms of sarcomeric function. Along these lines,
PKD activation was demonstrated to be increased in associa-
tion with the increased glucose uptake and increased GLUT4
activation associated with contractile activity of cardiac myo-
cyte suspensions (43). This change occurred independently of
AMP kinase activation and suggests a potential role for PKC/
PKD in linking increased energy demands to increased energy
supply. PKD may also coordinate cell growth and function
through its phosphorylation of HDAC5 (44). In neonatal rat
ventricular myocytes, PKC activation appears sufficient and
apparently necessary for phosphorylation and nuclear export of
HDAC5. Export of HDAC5 releases its effects on chromatin
and its repression of genes that induce growth andmaladaptive
remodeling.
As illustrated in Fig. 1, kinases activated through small G

protein (Rac, RhoA, and Ras) signaling also modify sarcomeric
protein phosphorylation. RhoA signaling through ROCK (Rho-
activated kinase) has been reported to not only influence RLC
phosphorylation through inhibition of myosin phosphatase (4)
but also to directly phosphorylate TnI and TnT (45). Evidence
still evolving indicates that Pak1, which is downstream of Rac
and Cdc42, induces dephosphorylation of TnI and MyBP-C by
PP2A (46). Ras signaling through ERK1/2 to p90RSK (ribosomal

S6 kinase) induces phosphorylation of TnI Ser23/Ser24 (47).
Specific inhibitors of PKC�2 also suppressed the effects of
H2O2 in activating p90RSK and in phosphorylation of TnI
Ser23/Ser24.

Sarcomeric Proteins Serve as Scaffolds for Kinases That
May Serve to Link Kinase Activity and Localization to
Mechanical State

Sarcomeric proteins not only are substrates for kinases acti-
vated by remote receptor-activated signaling cascades but also
participate in instigation of local signaling. Kinases and phos-
phatases are known to dock at sarcomeric sites, notably the
Z-disk protein network and its linkage to costameres, and to be
released from these sites in a process likely to be related to
mechanical state (48, 49). Fig. 1 indicates a few examples. There
is limited appreciation in the literature of the localization of
PKCs and MAPKs in non-membrane structures of the
sarcomere.

Major Challenges and Therapeutic Implications

Apart from what kinases do in the heart to regulate contrac-
tility, we need to know when and where they do it. This brief
review reflects our ignorance of these aspects of the role of
kinases in cardiac contractility. Together with complex hierar-
chical phosphorylations controlling sarcomeric function, the
complexity of potential intramolecular and intermolecular
interactions among multisite- and multikinase-dependent
phosphorylations in sarcomeric proteins poses considerable
challenges to the quest to understand relations between normal
and disordered cardiac function and protein phosphorylation.
The significance of kinase activation in the heart beat needs to
be studied in preparations that are as close to the physiological
state and as close to the physiological signaling environment as
possible. We need to fully integrate functional effects of phos-
phorylation of sarcomeric and membrane proteins into adapt-
ive signaling as well as maladaptive signaling that triggers and
sustains the growth and remodeling processes leading to heart
failure and sudden death. This understanding is especially crit-
ical in the search for therapies for heart failure and sudden
death (50).
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