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A variety of neurohumoral factors are generated in

response to stress that result in profound changes in

cardiac function. For example, catecholamines elevated in

emergency situations increase heart rate (positive

chronotropy) and contraction strength (positive inotropy)

by stimulating b-adrenergic receptors (reviewed in Solaro,

2002). These receptors couple to intracellular cyclic AMP

and protein kinase A (PKA), which mediate changes in cell

and organ function. During stress, the heart also responds

to a host of factors released locally or globally that activate

intracellular protein kinase C (PKC; Endoh, 1995;

Sugden & Bogoyovitch, 1996). Endothelin-1, adenosine,

angiotensin II and opiates are among the stress-related

agonists that stimulate PKC in the heart. Generally, these

agents regulate cardiac contractility and can be protective

against ischaemic damage (Cohen et al. 2000), but the

mechanisms underlying these actions are poorly

understood.

Cardiac troponin I (cTnI) is a subunit of the

troponin–tropomyosin complex thought to be an

important substrate for both PKC and PKA. It is well

documented that the serine23/24 residues near the

N-terminus of cTnI are avidly phosphorylated by PKA

both in vitro and in vivo (Kranias & Solaro, 1982; Solaro,

2002). It is also recognised that phosphorylation of cTnI

upon b stimulation decreases the Ca2+ sensitivity of

myofilament activation (Robertson et al. 1982; Hofmann

& Lange, 1994; Strang et al. 1994; de Tombe & Steinen

1995; Noland et al. 1995; Zhang et al. 1995). However, the

roles played by cTnI phosphorylation in modulating

relaxation rate, twitch duration and crossbridge kinetics

remain controversial (Winegrad et al. 1986; Hofmann &

Lange, 1994; Strang et al. 1994; de Tombe & Steinen, 1995;

Zhang et al. 1995; Johns et al. 1997; Saeki et al. 1997; Li et al.
2000; Herron et al. 2001; Kentish et al. 2001; Patel et al.
2001; Pi et al. 2002a; Turnbull et al. 2002).

Among the preferred sites for PKC on cTnI are serines43/45

and threonine144 (Noland et al. 1995; Jideama et al. 1996),

and even less is known about the physiological

consequences of phosphorylation on these sites. Reasons

for this gap in understanding may include the fact that

PKC typically phosphorylates several myofilament

proteins in parallel and often on multiple sites. Moreover,

changes in the phosphorylation of any one protein can be
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rather modest, particularly with physiologically relevant

stimuli (Huang et al. 1997). To overcome these

limitations, we created transgenic mice expressing cTnI

with known PKC phosphorylation sites mutated to

alanine. Mutant cTnIs were expressed on a cTnI-null

background to eliminate contributions from native

phosphorylatable cTnI. The presence of even low levels of

phosphorylatable cTnI (< 15 %) could confound the

results due to the highly cooperative nature of the thin-

filament regulatory system.

PKC has been shown to inhibit actomyosin ATPase in

cardiac myofibrils and in reconstituted myofilaments

(Noland & Kuo, 1991; Noland et al. 1995; Jideama et al.
1996). This pioneering work demonstrated that PKC was

inhibitory towards ATPase activity, and suggested a

mechanistic link with PKC-mediated inhibition of

contraction strength (negative inotropy). However, recent

work has challenged the notion that PKC primarily

mediates negative inotropy in the heart (Huang et al. 1997,

2001; Pi et al. 1997; Pi & Walker 2000). PKC can induce

positive inotropy, but how this reconciles with the

inhibitory effects of PKC on actomyosin ATPase rates is

unknown. Moreover, the question arises whether PKC and

PKA pathways in the heart are redundant if both can

mediate positive inotropy.

To address these issues, the functional consequences of

PKC phosphorylation were examined in myofibrils from

transgenic mice. One mouse line expressed cTnI that

could not be phosphorylated on the classical PKA sites,

serines23/24. Use of this line permitted PKC sites to be

examined with a defined phosphorylation status of

PKA sites, and eliminated the possibility of cross-

phosphorylation of these sites by PKC (Swiderek et al.
1990; Noland et al. 1995, 1996; Jideama et al. 1996). Three

previously identified PKC sites were evaluated with the aid

of a second mouse line containing cTnI that could not be

phosphorylated on any of five total sites (serines23/24 (PKA

sites), and serines43/45 and threonine144 (PKC sites); Pi et al.
2002a). Here we report measurements of MgATPase

activity and isometric tension in myofibrils isolated from

these transgenic mouse hearts after stimulation of PKC

signalling pathways. Parallel measurements after stimulation

of PKA signalling pathways were also made. The data

provide evidence that phosphorylation of cTnI on either

PKC or PKA sites regulates myofilament Ca2+ sensitivity

and ATP hydrolysis rate, but in distinct ways. Some of this

work has been presented in preliminary form (Pi et al.
2002b; Zhang et al. 2002).

METHODS
Genetically modified mice
Mutated cDNA of cTnI was used as a transgene in which codons
for Ser23, Ser24, Ser43, Ser45 and Thr144 were converted into Ala
codons (cTnI-Ala5), or only Ser23 and Ser24 were converted into

Ala codons (cTnI-Ala2). The cardiac-specific a-myosin heavy
chain promoter was used to drive expression of the mutated cTnI
cDNA in mouse myocardium. By crossing mice heterozygous for
the cTnI-knockout allele (Huang et al. 1999) with cTnI transgenic
founders, mice expressing cTnI-Ala2 or cTnI-Ala5 on the null
background were generated (Pi et al. 2002a).

Preparation of cardiac myofibrils
All animals were handled in accordance with the guidelines of the
University of Wisconsin Research Animal Resource Committee.
Two different experimental protocols were employed.

Protocol 1. Hearts were rapidly excised following cervical
dislocation and were immediately homogenised in relaxing buffer
A containing (mM): 5 ATP, 100 KCl, 10 imidazole pH 7.0, 1
MgCl2, 2 EGTA, 1 phenylmethylsulphonyl fluoride (PMSF), 10
benzamidine, 1 DTT, 20 2,3-butanedione monoxime (BDM) and
75 mg 100 ml_1 protease inhibitor cocktail (Complete, Roche
Pharmaceuticals). Phosphatase inhibitor calyculin A (15 nM) was
added to maintain the phosphorylation status of the myofibrils.
The cardiac myofibrils were then skinned in relaxing solution
containing 0.33 % Triton X-100 and 1 mg ml_1 bovine serum
albumin (BSA). After 4 min of skinning, myofibrils were pelleted,
washed and resuspended in relaxing buffer A. Skinned myofibrils
were then split into two populations: one for MgATPase assays
and one for mechanical measurements. For MgATPase assays,
myofibrils were pelleted and resuspended in relaxing buffer B
(relaxing buffer A with 2 mM ATP and no BDM) immediately
before beginning the assay to reduce background inorganic
phosphate (Pi) levels. The protein concentration of the myofibrils
was determined after resuspension.

Protocol 2. Hearts were excised from mice anesthetised by
peritoneal injection of pentobarbital (20 mg kg_1 body weight)
and subjected quickly to aortic cannulation and retrograde
perfusion at 37 °C on a Langendorff apparatus with modified
Ringer’s buffer containing (mM): 125 NaCl, 5 KCl, 25 Hepes
pH 7.4, 5 pyruvate, 1.2 MgSO4, 11 glucose, 2 NaH2PO4, 1 CaCl2

and 1 mg ml_1 BSA. The buffer was gassed with 95 % O2 and 5 %
CO2. After autorhythmic beating was stabilised for 5 min, the
hearts were perfused with the designated concentration of agonist
for 15 min. Hearts were then divided into four groups based upon
the treatment received: control (modified Ringer’s buffer only);
isoproterenol (Iso, 10 nM); endothelin-1 (ET-1, 10 nM), and
phorbol-12-myristate-13-acetate (PMA, 100 nM). At the end of
the process, 15 nM calyculin A was added to the solution to
maintain the phosphorylation status of myofilament proteins.
Hearts were washed in ice-cold Ca2+-free Ringer’s buffer to
suppress beating, and homogenised in relaxing buffer A. Skinning
and splitting of myofibrils for ATPase assays and mechanical
measurements were carried out as described for protocol 1.

Myofibrillar MgATPase assays
Basal and Ca2+-stimulated myofibrillar MgATPase activities were
measured using a modification of the method of Swartz et al.
(1999). Incubations were performed in triplicate and Pi

measurements in duplicate. For each incubation, a 50 mg sample
of myofibrils was added to 1 ml of activation buffer (mM): 130
KCl, 20 Pipes pH 7.0, 4 EGTA, 4 MgCl2, 1 NaN3, 2 ATP, 1 DTT and
1 mg ml_1 BSA (to minimise sticking/clumping of myofibrils), at
pCa 9–4. The reaction was incubated at 30 °C for 10 min then
quenched with 0.5 ml ice-cold 25 % trichloroacetic acid. The
ATPase reaction was linear for at least 15 min under these
conditions (Fig. 1S, on-line supplement). Precipitated proteins
were pelleted at 4 °C, and 2 w 200 ml aliquots of the supernatant
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(containing Pi) were diluted to 1 ml with water and reacted with
44 mM molybdic acid and 1 % polyvinyl alcohol/0.042 %
malachite green for 2 min at room temperature. The reaction was
then bleached by adding 7.8 % H2SO4, and colour was read at
625 nm with a Beckman DU-620 spectrophotometer. MgATPase
activity is expressed as (nmole Pi) min_1 (mg protein)_1 by
comparison with a standard curve for phosphate, which was linear
to at least 500 nmole Pi in a 1 ml sample volume. Protein was
determined by the bicinchoninic acid assay (Pierce, Rockford, IL,
USA).

Phosphorylation assays
Myofilament protein phosphorylation was monitored by
different methods depending upon whether myocytes were
skinned (Figs 2B and 6C) or intact (Fig. 5C). Skinned myocytes
were incubated with a purified kinase and g-32P-ATP then
subjected to SDS-PAGE and autoradiography. Intact myocytes
were incubated in 32P-orthophosphate, stimulated with Iso,
endothelin or PMA, then subjected to SDS-PAGE and
autoradiography. Radioactive bands were quantified by use of a
UVP Transilluminator bioimaging system, or by excising bands
from the gel and counting in 5 ml of BioSafe scintillation cocktail
using a Beckman liquid scintillation counter. With skinned
myocytes, untreated controls typically showed little or no
radiolabel in the bands of interest, so kinase-treated samples were
normalised to the protein content of the phosphorylated band
(estimated by a standard curve of BSA loaded onto the gel). With
intact myocytes, untreated controls contained basal radiolabel in
the bands of interest, so phosphorylation of agonist-treated
samples was quantified as the percent increase in 32P content over
basal.

Skinned myocytes. A 200 mg sample of Triton X-100-treated
myofibrils was incubated for 60 min at 37 °C in 200 ml of solution
containing 100 mCi (where 1 Ci = 3.7 w 1010 Bq) g-32P-ATP
(Perkin Elmer, Boston, MA, USA) and (mM): 1 ATP, 100 KCl, 10
imidazole pH 7.0, 2 EGTA, 2 MgCl2, 1 PMSF, 10 benzamidine and
75 mg (100 ml of protease inhibitor cocktail)_1 (Complete, Roche
Pharmaceuticals). Samples contained either no added kinase, a
catalytic subunit of PKA (Sigma, St. Louis, MO, USA), or myosin
light chain kinase (MLCK). Each kinase reaction contained
0.05–0.1 units of activity (or 0.25–0.50 units ml_1, where
1 unit = nmoles phosphate transferred min_1). MLCK was
purified from chicken gizzard by the method of Adelstein & Klee
(1981) and activated by treatment of 50 ml of 0.34 mg ml_1

enzyme with 1 mg trypsin (Sigma) for 20 min at 25 °C followed by
1.5 mg soybean trypsin inhibitor. After treatment, MLCK activity
was 0.03–0.06 units mg_1 using synthetic smooth muscle myosin
regulatory light chain (LC2) peptide as a substrate. Myofibrils were
pelleted, washed and solubilised in 200 ml electrophoresis loading
buffer with boiling for 5 min. Myofibrillar proteins were
separated by SDS-PAGE on 12 % gels, then stained with
Coomassie blue, dried and then subjected to autoradiography
using X-OMAT film.

Intact myocytes. For 32P incorporation into intact myocytes,
freshly isolated mouse myocytes at approximately 106 cells ml_1

were incubated in phosphate-free 1 mM Ca2+ Ringer’s buffer
containing 1 mCi ml_1 32P-orthophosphate (Perkin Elmer) for 2 h
at 37 °C. A 200 ml sample of labelled myocytes was treated with the
various agonists for 15 min followed by washing and
solubilisation in gel sample buffer containing 50 nM calyculin A to
inhibit phosphatases. The method used was essentially as
described previously using rat myocytes (Huang et al. 1997), but
mouse myocytes are less tolerant to 32P-orthophosphate, so the

specific activity of the final labelled myocytes was reduced by
fourfold. Samples were prepared for SDS-PAGE by addition of
50 ml of 5 w sample buffer, boiled for 5 min, pelleted to remove
insoluble material and electrophoresed as described earlier.

Mechanical measurements in skinned cardiac myofibrils
Isometric force development in skinned myofibrils was measured
as described previously (Huang et al. 1999). In brief, the ends of
small myofibril bundles (containing 1–2 cardiac myocytes) were
glued to the tip of a piezoelectric translator (model 350, Physik
Instruments, Cambridge, MA, USA) and a force transducer
(Model 403, Cambridge Technology). Active force was recorded
at a sarcomere length of 2.2–2.3 mm by transferring the attached
myocytes into activating solutions ranging from pCa 9 to pCa 4.5.
Tension values were normalised to cross-sectional area by
measuring the width of a central segment of the attached myocyte
and assuming a rectangular cross-section with a 2:1 width:depth
ratio. Values for resting and maximum active tension were in the
range 1–2 mN mm_2 and 13–17 mN mm_2, respectively (Table 1).
Tension–pCa curves were constructed by subtracting the resting
tension (measured at pCa 9) from tension values measured over
the range pCa 6–4.5. Maximum active tension was taken as the
difference between the tension at pCa 4.5 and that at pCa 9.

Data analysis
The Ca2+ sensitivity of tension was determined by fitting
normalised tension–pCa curves with a Hill equation
(P = P0/(1 + K50

nH/[Ca2+]nH)), where P0 is maximum active tension,
K50 is the [Ca2+] at which 50 % of maximum active tension was
produced, and nH is the Hill coefficient. K50 values are reported as
pCa50, where pCa50 = _log K50. Data were analysed in two ways:
(1) by fitting the data obtained for each cell individually and then
averaging the derived Hill parameters and (2) by fitting averaged
data from many cells to obtain composite Hill parameters. The
final numbers derived by these two methods were comparable (see
on-line data supplement). MgATPase rates were measured at each
pCa value in triplicate and analysed by comparison with an
appropriate control treatment (typically wild-type, no agonist)
determined on the same experimental day. Basal MgATPase rate
measured at pCa 9 was subtracted from all values before analysis.
For both tension and MgATPase measurements, the data are
expressed as mean ± S.E.M. and were analysed using a one-way
ANOVA or a two-tailed unpaired t test after confirming that
variances in the two groups were similar. Values of P < 0.05 were
considered to be statistically significant.

RESULTS
Two transgenic mouse lines were used in the present study.

cTnI-Ala2 expressed cTnI, in which serines23/24 were

replaced with alanine, whereas cTnI-Ala5 expressed cTnI,

in which serines23/24, serines43/45 and threonine144 of cTnI

were all replaced with alanine. In general, the original

transgenic founders and their offspring expressed a

mixture of both mutant cTnI protein and native (wild-

type) cTnI (Pi et al. 2002a and see below). By crossing

transgenic mice with cTnI-knockout mice using the

breeding strategy described by Pi et al. (2002a), it was

possible to obtain mice expressing only the mutant cTnI

protein on a cTnI-null background. In the process, the

lethal cTnI-null phenotype (Huang et al. 1999) was

rescued by the presence of transgenic cTnI. Mice were

Kinase effects on troponin IJ Physiol 552.3 847
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Figure 1. Mouse genotyping
A, cardiac TnI constructs and the PCR
primers (horizontal arrows and trivial
names UTF, KK1, KK2, NP, PGK and
1IR) used to detect them. Genotyping
required four separate PCR reactions on
DNA isolated from mouse tails.
Reaction 1 (Rxn 1) generated a 390 base
pair (bp) fragment for the cTnI-
knockout allele (cTnI-KO). Reaction 2
(Rxn 2) generated a 630 bp fragment for
the wild-type cTnI gene (WT-cTnI).
The Ala2 and Ala5 transgenes containing
the a-myosin heavy chain (MHC)
promoter were both detected by
reaction 3 (Rxn 3; 304 bp fragment) and
reaction 4 (Rxn 4; 1041 bp fragment).
B, a typical agarose gel showing PCR
fragments for the four reactions
performed on three different mouse
lines. Mouse genotypes (indicated
above each set of four lanes) were
determined by the pattern of PCR
fragments. Ala5

nb/Ala2
nb mice were

positive for the transgene and the cTnI-
knockout allele but negative for wild-
type cTnI. MW = molecular weight.
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genotyped by amplifying three different alleles (cTnI-

knock out, cTnI-wild-type, and cTnI transgene) using four

separate PCR reactions (Fig. 1). Mice harbouring two

targeted native cTnI alleles (replaced with a neomycin-

resistance cassette) and rescued by a non-

phosphorylatable cTnI were designated cTnI-Ala2
nb or

TnI-Ala5
nb mice (nb indicating the null background).

Treatment of cardiac myofibrils with PKA in the presence

of 32P-g-ATP was used to determine whether or not native

cTnI was present in transgenic mouse hearts. For example,

in the case of cTnI-Ala2 mice, SDS-PAGE and

autoradiography revealed significant differences between

wild-type, cTnI-Ala2 and cTnI-Ala2
nb hearts (Fig. 2).

Myofibrils from each mouse line expressed similar

levels of PKA phosphorylatable C-protein, whereas

phosphorylatable cTnI was reduced in cTnI-Ala2 and

undetectable in cTnI-Ala2
nb. Our interpretation is that

cTnI-Ala2 mice express a mixture of endogenous

phosphorylatable cTnI (14 %) and transgenic alanine23/24

cTnI (86 %), whereas cTnI-Ala2
nb mice express only the

latter. A similar heterogeneity of cTnI expression was

observed for cTnI-Ala5 mice, and was abrogated by

crossing onto the cTnI null background (Pi et al. 2002a).

Because of this homogeneity and because cTnI-Ala2
nb and

cTnI-Ala5
nb mice were generally healthy, had normal litter

sizes and presented little or no cardiac pathology, these

lines were used for all of the experiments described here.

Myofibrils isolated from cTnI-Ala2
nb hearts hydrolysed

MgATP and generated tension in a Ca2+-dependent

Kinase effects on troponin IJ Physiol 552.3 849

Figure 2. Characterisation of TnI expression
A, Western blot of myofibrils from wild-type (WT), cTnI-Ala2

transgenic founder, and cTnI-Ala2
nb mice at 1 month of age.

Myofibrils from 15-day-old cTnI-KO mice (lane 2) and purified
bovine cTnI (std cTnI, lane 6) are included as controls. ssTnI is
slow skeletal TnI. B, autoradiogram of PKA-phosphorylated
myofilament proteins. Incorporation of 32P in the absence (left
three lanes, labelled _) and presence (right three lanes, labelled +)
of a PKA catalytic subunit. 32P-incorporation in cTnI of Ala2 was
14 ± 5 % that of wild-type and in Ala2

nb was undetectable. Tissue
samples were the same as in A.

Figure 3. Agonist effects on pCa versus MgATPase
activity
A, wild-type, B, cTnI-Ala2

nb and C, cTnI-Ala5
nb. Data points

represent the mean of six separate experiments in which the
ATPase activity at each pCa value was performed in triplicate. The
basal ATPase activity measured at pCa 9 was subtracted and the
activity at each pCa value was normalised to the maximum at pCa 4
for that experiment. Typical basal and maximum ATPase activities
are illustrated and summarised in the on-line data supplement.
Solid lines represent non-linear least-squares fits to the Hill
equation. pCa50 values are given in Table 2.
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manner similar to wild-type myofibrils (summarised in

Table 1). In both cTnI-Ala2
nb and wild-type myofibrils,

minimum MgATPase rates measured at pCa 9 were

approximately 70 (nmole Pi) min_1 (mg protein)_1 (data

not shown), whereas maximum rates measured at pCa 4

were approximately 200 (nmole Pi) min_1 (mg protein)_1.

Maximum isometric tension was also indistinguishable

between cTnI-Ala2
nb and wild-type myofibrils. The pCa50

values for half-maximal MgATPase activity and isometric

tension were also similar in the pCa range 5.74–5.78

(summarised in Table 2). On this basis, we conclude that

the serine to alanine mutations at residues 23 and 24 of

cTnI were relatively benign. Moreover, unlike many other

mutations in myofilament proteins (Seidman & Seidman,

2001), these changes in serines23/24 did not result in

detectable cardiac hypertrophy or cardiomyopathy. The

cTnI-Ala2
nb mice were used here to examine cTnI

phosphorylation by PKC without confounding variations

in the phosphorylation state of PKA sites.

The available evidence indicates that phosphorylation by

PKC decreases the MgATPase rate in cardiac myofibrils

(Noland & Kuo, 1991; Jideama et al. 1996; Noland et al.
1996; Pyle et al. 2001). To explore the involvement of cTnI,

we treated hearts with 10 nM ET-1 or 100 nM PMA, both of

which activate intracellular PKC pathways (Endoh, 1995).

The maximal MgATPase rate in wild-type myofibrils was

reduced by 8–16 % compared to untreated hearts

(Table 1), but only PMA-treated myofibrils achieved

statistical significance when data from 12 separate

experiments were pooled. A more substantial 25 %

reduction in MgATPase rate was observed in cTnI-Ala2
nb

myofibrils after treatment with ET-1 or PMA (Table 1).

This observed difference between wild-type and

cTnI-Ala2
nb suggests that changes in the phosphorylation

status of serines23/24 influences the myofibrillar response to

PKC. Regulation of MgATPase activity by PKC was then

tested in cTnI-Ala5
nb hearts that expressed cTnI with

the additional phosphorylation sites serines43/45 and

threonine144 mutated to alanine. PKC activators did not

inhibit MgATPase activity in cTnI-Ala5
nb mice (Table 1),

indicating that phosphorylation of these serine and/or

threonine residues plays a key role in the inhibition of

MgATPase activity.

The responsiveness of the thin-filament regulatory system

to Ca2+ is another parameter that is thought to be regulated

by a- and b-adrenergic agonists (Endoh & Blinks, 1988).

Treatment of hearts with the PKC activators ET-1 or PMA

caused changes in pCa50 values for both MgATPase activity

(Fig. 3) and isometric tension (Fig. 4). In this case, the Ca2+

sensitivity of the regulatory system increased (i.e. the

curves shifted to the left to lower values of [Ca2+]).

Generally, the direction of the change was the same for

PMA and ET-1, but the response to PMA was more

pronounced. In addition, changes in myofibrillar Ca2+

sensitivity following PKC agonists were typically more

readily detected in cTnI-Ala2
nb than in wild-type hearts

Y. Pi, D. Zhang, K. R. Kemnitz, H. Wang and J. W. Walker850 J Physiol 552.3
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(Table 2). This finding is consistent with the suggestion

made above that the effects of PKC are modified by

changes in the phosphorylation state of PKA sites.

Importantly, PKC activators modulated pCa50 values for

both MgATPase and isometric tension in the same

leftward direction, and these effects were eliminated

by mutation of the three primary PKC-directed

serine/threonine residues in cTnI (Figs 3 and 4; Table 2).

Treatment with 100 nM PMA or 10 nM ET-1 promoted

statistically significant changes in the phosphorylation of

cTnI, as determined by SDS-PAGE and autoradiography

of 32P-labelled myocytes (Fig. 5). These changes were

observed in wild-type and cTnI-Ala2
nb myocytes (Fig. 5),

both of which showed similar changes in myofibril

function (i.e. increased myofilament Ca2+ sensitivity and

decreased MgATPase rate). In cTnI-Ala5
nb myocytes, there

was no change in the phosphorylation of cTnI (Fig. 5),

demonstrating that the functionally relevant PKC sites

were no longer present. Interestingly, another myofilament

protein, LC2, showed increases in phosphorylation in all

three types of myocyte, but these changes were more

modest and did not achieve statistical significance (Fig. 5).

To explore the potential impact of LC2 phosphorylation

further, we exploited the substrate specificity of MLCK to

selectively phosphorylate ventricular LC2. Figure 6 shows

that wild-type myofibrils responded to MLCK treatment

with a 0.11 pCa unit increase in Ca2+ sensitivity, as

determined by the tension–pCa relationship. LC2 in wild-

type myocytes was strongly phosphorylated under these

conditions (Fig. 6C). In cTnI-Ala5
nb myocytes, the same

MLCK treatment had little or no effect on the tension–pCa

relationship (Fig. 6B), despite similar levels of LC2

phosphorylation in these myocytes (Fig. 6C). Therefore,

the influence of LC2 phosphorylation on myofilament Ca2+

sensitivity appears to depend markedly upon the

phosphorylation status of PKC sites on cTnI.

For comparison and to validate the mouse models, the

effects of b-stimulation on myofilament properties were

examined in parallel on each experimental day. Theb-adrenergic agonist Iso is known to increase the

phosphorylation of serines23/24 and cause a rightward shift

of the myofilament Ca2+ sensitivity (Solaro, 2002). In

measurements of either MgATPase activity (Fig. 3) or

isometric tension (Fig. 4), 10 nM Iso shifted the pCa50 to

higher values of [Ca2+] by 0.12 pCa units (Table 2).

Moreover, this pronounced rightward shift of Ca2+

sensitivity was not observed in myofibrils that could not be

phosphorylated on serines23/24, including cTnI-Ala2
nb and

cTnI-Ala5
nb (Figs 3 and 4; Table 2). These observations are

consistent with the results of reconstitution and subunit

exchange experiments that previously demonstrated the

importance of PKA phosphorylation of serines23/24

(Noland et al. 1995; Zhang et al. 1995, Solaro, 2002). We

also found no evidence that PKA could phosphorylate

other sites on cTnI, such as the PKC sites on cTnI-Ala2
nb

(Figs 2C and 5B). These observations also help to validate

the use of these transgenic mouse models for studies of

contractile regulation by cTnI.

The same 10 nM Iso treatment that reduced myofilament

Ca2+ sensitivity also increased MgATPase rates in wild-

type mouse myofibrils. The enhancement of the maximal

MgATPase rate was 38 % and statistically significant

(Table 1). Moreover, this effect of Iso was no longer
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Figure 4. Agonist effects on the pCa versus isometric
tension relationship
A, wild-type, B, cTnI-Ala2

nb and C, cTnI-Ala5
nb. Data points

represent the mean from six separate experiments in which active
tension was determined by subtracting the resting tension at pCa 9
from the measured tension at each pCa value. Active tension at
each pCa value was then normalised to maximum tension at pCa 4.5
for that experiment. Solid lines represent non-linear least-squares
fits to the Hill equation. pCa50 values are given in Table 2, and
maximum active tensions and resting tension are given in Table 1.
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observed in myofibrils that could not be phosphorylated

on serines23/24, including cTnI-Ala2
nb and cTnI-Ala5

nb.

Thus, under the conditions employed here, phosphoryl-

ation of cTnI by PKA resulted in a substantial increase in

the rate of MgATP hydrolysis at maximal Ca2+, and

mutation of the PKA sites to alanine eliminated this effect.

Overall, the results indicate that not only do PKA and PKC

have opposing effects on the Ca2+ sensitivity of the thin-

filament regulatory system, they also have opposing effects

on maximal MgATPase activity.

One of the rationales for creating cTnI-Ala2
nb mice was to

eliminate possible cross-phosphorylation of PKA sites by

PKC, a phenomenon that has been documented for cTnI

(Swiderek et al. 1990; Noland et al. 1995, 1996; Jideama et
al. 1996). In order to further test whether cross-

phosphorylation could influence myofibrillar Ca2+

sensitivity in our system, we treated wild-type hearts

simultaneously with ET-1 and Iso (10 nM each). The pCa50

value after this co-stimulation was 5.74 ± 0.03 (n = 5),

which is not statistically different from that measured in

untreated controls (5.76 ± 0.04, n = 5). This suggests that

cTnI phosphorylation on both PKA and PKC sites can

have offsetting effects. It also indicates that cross-

phosphorylation of PKA sites during intense PKC

stimulation can mask the effects of PKC on myofilament

Ca2+ sensitivity. Similar offsetting effects were observed

with MgATPase activity measurements, as co-stimulation

with ET-1 and Iso prevented the increase in MgATPase

rate observed with Iso alone (in (nmole Pi) min_1 (mg

protein)_1: unstimulated: 206 ± 13; 10 nM Iso: 286 ± 12;

10 nM Iso + 10 nM ET-1: 202 ± 10). These observations

suggest that the functional consequences of cTnI

phosphorylation on PKC sites depend critically upon the

phosphorylation status of PKA sites, and vice versa.

Therefore, cross-phosphorylation of PKA sites on cTnI by

PKC is likely to be a confounding factor in studies of the

kinase regulation of cardiac myofilaments.

Y. Pi, D. Zhang, K. R. Kemnitz, H. Wang and J. W. Walker852 J Physiol 552.3

Figure 5. Agonist effects on 32P-phosphate incorporation into myofilament proteins of intact
myocytes
A, autoradiograms of ventricular myocytes from wild-type, cTnI-Ala2

nb and cTnI-Ala5
nb mice treated with

standard doses of the indicated agonists. B, summary of data from a minimum of four autoradiograms. The
left panel summarises the effects of 10 nM Iso on cTnI phosphorylation. The other three panels summarise
the effects of 10 nM ET-1 on cTnI, LC2 and cardiac troponin T (TnT). The effects of PMA were similar to
those of ET-1. *P < 0.05 compared to untreated controls.
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DISCUSSION
The PKC family of kinases has received considerable

attention in the cardiovascular system in recent years

because of its potential role in contractile regulation,

cardioprotection, heart development and disease

progression (Endoh, 1995; Sugden & Bogoyevitch, 1995;

Cohen et al. 2000; Solaro, 2002). One of the well-

characterised PKC substrates in the heart is cTnI. Kuo and

co-workers (Venema & Kuo, 1993; Noland et al. 1995,

1996; Jideama et al. 1996) performed a systematic analysis

of cTnI phosphorylation in reconstituted myofibrils and

Kinase effects on troponin IJ Physiol 552.3 853

Figure 6. Effects of MLCK treatment on tension and myofilament protein phosphorylation
The data points represent the mean ± S.E.M. from six separate experiments, with solid lines (in A and B)
illustrating non-linear least-squares fits to the Hill equation. A, pCa–tension curves in wild-type myocytes
before and after MLCK (0.5 units ml_1, 10 min, room temperature). The pCa50 values were 5.56 ± 0.03
(control) and 5.67 ± 0.04 (MLCK). Maximum active tension and resting tension in mN mm_2 were 16.2 ± 2
and 1.1 ± 0.2, respectively (control), and 14.7 ± 2 and 1.5 ± 0.2, respectively (MLCK). B, pCa–tension curves
in cTnI-Ala5

nb before and after the same MLCK treatment. The pCa50 values were 5.24 ± 0.03 (control) and
5.2 ± 0.07 (MLCK). Maximum active tension and resting tension in mN mm_2 were 21.3 ± 3 and 1.0 ± 0.2,
respectively (control), and 20.3 ± 3 and 1.4 ± 0.3, respectively (MLCK). C, SDS-PAGE analysis of skinned
myocytes treated with MLCK. Lane 1: wild-type, no MLCK; lane 2: wild-type, with MLCK; lane 3:
cTnI-Ala5

nb, no MLCK; lane 4: cTnI-Ala5
nb, with MLCK. The right panel summarises data from four gels

obtained by excising LC2, counting and normalising to microgrammes of protein in the LC2 band.
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identified three PKC sites: serine43, serine45 and

threonine144. The results of the present study provide

evidence that phosphorylation of one or more of these sites

on cTnI plays a central role in depressing myofilament

ATPase activity and in enhancing myofilament Ca2+

sensitivity. The reduction of ATP hydrolysis rates with

PKC activation observed here confirm previous

measurements in other species (Winegrad et al. 1986;

Noland & Kuo, 1991; McClellan et al. 1996; Sakei et al.
1998; Pyle et al. 2001) and help to validate our

experimental system. Also supporting the validity of the

system was the observed decrease in myofibrillar Ca2+

sensitivity associated with the phosphorylation of

serines23/24, as reported in other species (Solaro, 2002).

Whether or not myofilament Ca2+ sensitivity can be altered

by PKC treatment has been controversial. It has been

reported that PKC activation causes an increase (Puceat et
al. 1990; Clement et al. 1992; Terzic et al. 1992; Noland &

Kuo, 1993; Pyle et al. 2001), a decrease (Gwathmey &

Hajjar, 1990; Takeishi et al. 1998; Bukhart et al. 2003) or no

change (Venema et al. 1993; Noland et al. 1995; 1996;

Strang & Moss, 1995; Jideama et al. 1996) in the Ca2+

responsiveness of the myofilaments in different

experimental contexts. Notably, it has been shown by

several investigators that certain PKC isoforms can mimic

PKA by phosphorylating serines23/24 (Swiderek et al. 1990;

Jideama et al. 1996; Noland et al. 1996), but this possibility

of cross-phosphorylation of serines23/24 by PKC was not

considered in most of the studies cited above. To address

this issue, we eliminated the possibility of cross-

phosphorylation of serines23/24 by mutating both to

alanine. We employed an agonist stimulation protocol

involving the perfusion of intact beating hearts to mimic

physiological conditions as much as possible. Using this

strategy, we were able to demonstrate reproducible

changes in both the MgATPase rate and Ca2+ sensitivity

upon stimulation of PKC pathways. Furthermore, these

changes were more consistently detected (and more

robust) when the possibility of cross-phosphorylation was

eliminated. These changes were then abolished by

mutation of three PKC sites on cTnI to non-

phosphorylatable alanine.

Our observations with PKC stimulation are probably not

unique to mice or to our experimental protocol because

qualitatively similar effects have been reported in rats

using phorbol ester treatment of isolated ventricular

myocytes. A PKC-mediated increase in the Ca2+ sensitivity

of force was reported by Terzic et al. (1992) and Puceat et
al. (1990), but these observations were not readily

reproduced (Solaro, 2002). By monitoring myofibrillar

ATPase activity, Pyle et al. (2001) observed a phorbol-

ester-mediated decrease in maximum ATPase rate and an

increase in Ca2+ sensitivity similar to that reported here.

Intriguingly, a recent report has described a similar

increase in myofilament Ca2+ sensitivity and a similar

decrease in crossbridge cycling rate due to troponin

modification in failing human hearts (Knott et al. 2002).

Moreover, these effects were reversed by treatment of

troponin with a phosphatase. Another study also showed

enhanced myofilament Ca2+ sensitivity in failing human

hearts that was reversed by phosphatase treatment (van

der Velden et al. 2003). This study found a poor

correlation between the level of LC2 phosphorylation and

myofilament Ca2+ sensitivity, leading to the conclusion

that other myofilament phosphoproteins must play a role.

To our knowledge, the results presented here provide the

first direct link between the enhanced Ca2+ sensitivity of

myofilaments and phosphorylation of cTnI on serines43/45

and/or threonine144.

PKC activation in the myocardium may lead to increased

phosphorylation of several myofilament proteins, notably

cTnI, cTnT and LC2 (Clement et al. 1992; Noland & Kuo,

1993; Huang et al. 1997; Montgomery et al. 2001). In our

hands, cTnI phosphorylation always showed the largest

changes in phosphorylation, cTnT the smallest and LC2

somewhere in between (Fig. 5; Huang et al. 1997).

Evidence has been presented from several laboratories

demonstrating parallel phosphorylation of cTnI and LC2

with PKC activation (Venema et al. 1993; Damron et al.
1995; Huang et al. 1997). In addition, LC2 phosphorylation

has been linked to a leftward shift of the Ca2+ dependence

of MgATPase or tension (Morano et al. 1985; Sweeney &

Stull, 1986; Clement et al. 1992; Noland & Kuo, 1993), an

effect that is potentiated in the presence of PKC (Clement

et al. 1992). LC2 phosphorylation on the order of a 15 %

increase has recently been shown to play a role in the

positive inotropic response to a-adrenergic stimulation

(Andersen et al. 2002).

The data presented here suggest the intriguing possibility

that cTnI and LC2 phosphorylation synergistically sensitise

the myofilaments to Ca2+. Evidence for this stems from the

observation that eliminating PKC sites on cTnI had two

rather dramatic effects. It prevented PKC activators from

sensitising the myofilaments to Ca2+, and it greatly blunted

the effects of LC2 phosphorylation on Ca2+ sensitivity. Such

a synergistic interaction between cTnI phosphorylation

and LC2 phosphorylation may also help to explain certain

characteristics of PKC phosphorylation sites on cardiac

myofilament proteins. First, many myofilament proteins,

including cTnI and LC2, appear to exhibit substantial pre-

existing phosphorylation of PKC sites under basal

conditions. Second, it has been difficult to correlate

functional changes with PKC phosphorylation of

myofilament proteins, in large part because following

agonist, kinase or phosphatase treatment, multiple

proteins change their phosphorylation state and these

changes are usually modest (substoichiometric; Damron

et al. 1995; Huang et al. 1997; van der Velden et al. 2003).

Y. Pi, D. Zhang, K. R. Kemnitz, H. Wang and J. W. Walker854 J Physiol 552.3
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The expression of non-phosphorylatable cTnI proteins on

a null background may afford significant advantages in

studies of the functional consequences of cTnI phosphoryl-

ation, by eliminating both basal and stimulated

phosphorylation of known sites and by eliminating the

uncertainty of low but possibly influential changes in

endogenous cTnI phosphorylation.

Considerable light has recently been shed on the relative

contributions of cTnI and TnT in mediating the effects of

PKC on altered contractile function (Montgomery et al.
2001). In this study, TnT phosphorylation could be

completely prevented by transgenic expression of fast

skeletal TnT in the mouse heart. This manipulation

abolished the decrease of maximum tension caused by

phorbol ester, suggesting that TnT phosphorylation

mediated this tension decline. Interestingly in these non-

phosphorylatable TnT transgenic mice, phosphorylation

of TnI increased with phorbol ester treatment in parallel

with an increase in Ca2+ sensitivity of tension (although the

data were not interpreted in this way). These authors

emphasised that the functional consequences of cTnI

phosphorylation were quite different in the presence

and absence of TnT phosphorylation, suggesting

interdependencies between these phosphoproteins

(Montgomery et al. 2001).

In our experiments, agonist treatment had no effect on

maximum isometric tension in any mouse lines

investigated in response to ET-1 or PMA. We cannot

completely rule out that such changes in maximum

tension occurred, because a change of <15 % could have

gone undetected in our experiments. However, we also did

not observe significant changes in TnT phosphorylation,

the parameter that Montgomery et al. (2001) correlated

with reduced tension. Reasons for differences in TnT

phosphorylation in the present study and the study of

Montgomery et al. (2001) are unknown. We did observe a

statistically significant 25 % decrease in maximum

MgATPase rate following PKC activation, and a

statistically significant 38 % increase following PKA

activation, but no change in maximum tension (< 15 %).

Other investigators have interpreted changes in

MgATPase rate that are uncoupled from changes in

isometric tension as reflecting modulation of the tension

cost of contraction (de Tombe & Steinen, 1995; Saeki et al.
1997). It is premature to interpret our results in this way,

because MgATPase rates and isometric tension were not

measured under the same conditions (e.g. sarcomere

length, crossbridge strain, ATP/ADP and Pi ratios). These

differences may also account for subtle differences in

the effects of agonist stimulation when measured by

MgATPase activity versus isometric tension.

The biological significance of the effects of PKC on

myofilament function is not yet completely clear. We

propose that PKC signalling reduces the expenditure of

ATP both by slowing crossbridge turnover (Venema &

Kuo, 1993; Strang & Moss, 1995; McClellan et al. 1996;

Lester & Hofmann, 2000; Pyle et al. 2001; Knott et al. 2002)

and by reducing the requirement for Ca2+ pumping. The

enhanced Ca2+ sensitivity may also be associated with a

slowing of Ca2+ dissociation from troponin C, and

prolongation of attached crossbridges during the force-

generating or work-performing cycle. All of these changes

could contribute to a more efficient working heart

(McClellan et al. 1996; Saeki et al. 1997), and possibly

represent a beneficial fine-tuning of contractile

performance under conditions of chronic stress. The two

transgenic mouse lines used here, cTnI-Ala2
nb and

cTnI-Ala5
nb, will be instrumental in testing this hypothesis

further with direct measurements of contractile efficiency

and economy.

The rate of ATP hydrolysis by actomyosin is related to

myosin crossbridge turnover dynamics, and the effects of

PKA on both MgATPase rate and crossbridge dynamics

are controversial (Winegrad et al. 1986; Hofmann &

Lange, 1994; Strang et al. 1994; de Tombe & Steinen, 1995;

Saeki et al. 1997; Herron et al. 2001; Kentish et al. 2001;

Patel et al. 2001; Turnbull et al. 2002). Some investigators

report an increase in maximum ATPase rate (Winegrad et
al. 1986), tension cost (Saeki et al. 1997) and crossbridge

cycling rate (Strang et al. 1994; Herron et al. 2001; Kentish

et al. 2001; Patel et al. 2001; Turnbull et al. 2002), whereas

others report no change in these parameters following

PKA activation (Hofmann & Lange, 1994; de Tombe &

Steinen, 1995; Noland et al. 1995). It may be that the

species or age of experimental animals and other

experimental conditions are critical factors. Nevertheless,

we observed a substantial (38 %) increase in maximal

MgATPase rate in wild-type mouse hearts that was absent

in both cTnI-Ala2
nb and cTnI-Ala5

nb hearts under the same

conditions. This indicates that in mice, at least under

some experimental conditions, b-adrenergic signalling

stimulates ATP turnover by the cardiac myofibrillar

apparatus as a result of phosphorylation of cTnI on

serines23/24.

In summary, expression of non-phosphorylatable cTnI

mutants in cTnI-null mouse hearts revealed that PKC

enhances myofilament Ca2+ sensitivity and depresses

MgATPase rates, at least in part by phosphorylation of

cTnI. These regulatory effects on cardiac myofibrils were

the opposite of the effects of PKA activation, which

resulted in a reduced myofilament Ca2+ sensitivity and

enhanced MgATPase rates. Thus, even though PKA and

PKC signalling may both promote positive inotropy under

some conditions, in part by stimulating L-type Ca2+

channels (He et al. 2000), their effects on myofilament

function are quite distinct. Phosphorylation of cTnI on

separate sites appears to be capable of upregulating or

downregulating ATP turnover rates as well as the amount

Kinase effects on troponin IJ Physiol 552.3 855
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of Ca2+ required for activation of cardiac myofilaments.

The significance of these findings may be related to the

involvement of neurohumoral factors in the response of

the heart to acute versus chronic stress. Activation of PKA

pathways in the heart during the fight-or-flight response

would increase crossbridge turnover (Strang et al. 1994;

Kentish et al. 2001), decrease myofilament Ca2+ sensitivity

and increase relaxation rate (Robertson et al. 1982; Zhang

et al. 1995; Li et al. 2000; Pi et al. 2002a). Each of these

changes would support the heart’s need for maximising

power output (Herron et al. 2001), which is energetically

costly but necessary in acutely stressful situations. In

contrast, we propose that under conditions of chronic

stress, PKC signalling reduces the consumption of ATP,

both by slowing crossbridge turnover (Venema & Kuo,

1993; Strang & Moss, 1995; McClellan et al. 1996; Lester &

Hofmann, 2000; Pyle et al. 2001; Knott et al. 2002) and by

reducing the requirements for pumping Ca2+. Enhanced

myofilament Ca2+ sensitivity may have the added

advantage of slowing Ca2+ dissociation from troponin C

(Robsertson et al. 1982), thereby prolonging attached

crossbridge lifetimes when the rapid shortening of heart

myofilaments is not necessary. The new data support the

concept that phosphorylation of cTnI on distinct sites is

instrumental in switching the heart from one type of stress

response to another. Finally, the mouse models used here

will provide an avenue for further investigation into the

role of cTnI phosphorylation in normal and pathological

processes at levels of organisation from molecules to cells

to organs.
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