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Abstract

Dilated cardiomyopathy (DCM) can be caused by a Glyl59Asp mutation in cardiac troponin C (cTnC). Our previous work found
that partial replacement of endogenous troponin in skinned muscle fibres with human cardiac troponin containing Gly159Asp ¢TnC had
no significant effect on maximum force generation, Ca*"-sensitivity or cooperativity, but halved the activation rate. In order to examine
whether the mutant affected contractility when troponin was phosphorylated, Gly159Asp ¢cTnC was introduced in the presence of a phos-
phomimic of protein kinase A phosphorylation of troponin I (Ser23Asp,Ser24Asp). The increased force production of the muscle fibres
caused by this phosphomimic was significantly depressed. Furthermore, in the presence of the protein kinase C phosphomimic of tro-
ponin T (Thr203Glu), Glyl59Asp mutant significantly reversed the decrease in Ca*"-sensitivity. We conclude that this DCM mutant

significantly blunts the contractile response to phosphorylation and this novel mechanism may contribute to its pathogenic effect.

© 2007 Elsevier Inc. All rights reserved.
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Dilated cardiomyopathy (DCM) is characterized by a
thinning of the left ventricular wall and dilation of the ven-
tricles, resulting in impaired systolic contractility and a
reduction of ejection volume from the heart. This leads to
serious arrhythmias and thromboembolic events, explain-
ing the substantial level of premature death from this dis-
ease [1]. Inherited DCM has been estimated to account
for at least 20% of cases [2] and is most commonly an auto-
somal dominant trait with most of the identified DCM-
causing genes encode components of either the cytoskeleton
or the sarcomere [3]. Of the latter, DCM-causing mutations
have been identified in genes encoding thin filament pro-
teins including a-actin [4], a-tropomyosin [5], cardiac tropo-
nin T (cTnT) [6,7] and cardiac troponin C (cTnC) [7].

The trimeric troponin complex (subunits C, I, and T)
and the o-helical coiled coil tropomyosin dimer located
on the thin filament constitute the principal mechanism
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by which cardiac contractility is regulated in response to
sarcoplasmic Ca®" concentration [8]. During activation,
¢TnC binds Ca*" at its single low affinity, regulatory, site
I1, bringing about conformational changes within the tro-
ponin—tropomyosin that result in the cooperative activa-
tion of the thin filament. Troponin subunits are also an
important target of a number of protein kinases within
the cardiomyocyte that act to modify the response to
Ca”". The best characterized of these is the B-adrenergic-
induced phosphorylation of cardiac troponin I (cTnl) at
serines 23 and 24 by cAMP-dependent protein kinase
(PKA). PKA phosphorylation reduces the affinity of tropo-
nin for Ca**, causing a rightward shift in the force—pCa
curve and an increased crossbridge cycling rate and
unloaded shortening velocity [9] contributing to increased
inotropy [10]. More recently, it has been shown that ¢cTnT
is a target for protein kinase C (PKC). PKC phosphoryla-
tion of ¢cTnT also results in decreased Ca”"-sensitivity [11].

Current biochemical and physiological studies have
shown that DCM mutations in thin filament regulatory
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proteins generally result in a decrease in the Ca®"-sensitiv-
ity of contractility [12,13]. However, we have previously
shown that the unique DCM mutation in cTnC,
Gly159Asp, when exchanged into rabbit skinned muscle
fibres had no effect on isometric force generation, though
it caused a significant decrease in the rate of activation
and apparent thin filament cooperativity [14]. Existing
studies have not examined the effect of DCM-causing
mutations in conjunction with the modification of contrac-
tile behavior through the phosphorylation of the thin fila-
ment proteins. In this study, we generated recombinant
human cardiac Tnl and TnT containing acidic residues at
the known PKA and PKC phosphorylation sites (Ser23,
Ser24 of c¢Tnl, and Thr203 of ¢TnT) in order to mimic
the addition of a phosphate group at these residues. We
then measured the effect of Glyl59Asp ¢cTnC on the gener-
ation of steady state force in whole cardiac troponin
exchanged into rabbit skinned muscle fibres, when com-
plexed with the phosphomimics Ser23Asp/Ser24Asp c¢Tnl
or Thr203Glu cTnT, compared with Gly159Asp cTnC
complexed with the wild-type troponin subunits. We found
that Gly159Asp ¢TnC blunted some of the effects of both
phosphomimic proteins on contractile regulation and we
suggest that this may contribute to the pathogenic effect
of this DCM mutation.

Materials and methods

Expression and purification of recombinant proteins. Site-directed
mutagenesis was used to introduce adidic residues at the phosphorylatable
serine and threonine residues to mimic phosphorylation of ¢cTnl by PKA
(Ser23Asp,Ser24Asp) and phosphorylation of cTnT by PKC (Thr203Glu).
Recombinant wild-type and mutant human troponin subunits were
overexpressed in BL21(DE3)pLys Escherichia coli and subsequently
purified as previously described [15,16]. Trimeric troponin complexes were
reconstituted using our established protocol involving extensive dialysis
and gel filtration [12].

Force measurements. All relaxing and activating solutions contained a
final concentration (in mM) of: 2 free Mg”", 4.4 free MgATP, 14.5 crea-
tine phosphate, 7 EGTA, and 10 imidazole. Ionic strength was adjusted to
0.18 mM with potassium propionate, and pH adjusted to 7.0 using
potassium hydroxide (calculated at 20 °C). Activating solutions were made
by adding CaCl, to give final free Ca®>" concentrations of pCa values
between 6.4 and 4.5. Pre-rigor solution contained (in mM): 10 imidazole,
2.5 EGTA, 15 EDTA, pH 7.0. Rigor solution contained (in mM): 10
imidazole, 2.5 EGTA, 2.5 EDTA, pH 7.0. The whole troponin exchange
solution contained (in mM): 10 imidazole, 170 NaCl, 5 MgCl,, 5 EGTA, 5
dithiothreitol, pH 6.8.

Steady state force measurements were carried out on troponin-
exchanged psoas fibres from female New Zealand White rabbits (killed by
lethal injection of barbiturate in accordance with UK Home Office
guidelines) as previously described [14,17]. Briefly, glycerinated fibre
bundles (4 mm long by 0.15-0.2 mm in diameter) were attached at one end
to an Akers 801 piezo-electric force transducer and at the other to a
moving-coil galvanometer. All measurements were made using a rotating
chamber assembly [18] at 20 °C. The fibre bundle was skinned for 2 min in
relaxing solution containing 1% v/v Triton-X100, and then immersed in
relaxing solution. The initial sarcomere length was set to 2.5 um and force/
pCa relationships were determined by immersing the fibre bundle alter-
nately between activating solutions of increasing calcium concentration
(pCa 6.4-4.5) and relaxing solution, and the isometric tension generation
recorded.

Whole troponin replacement was achieved using our modification of
the method first described by Brenner and colleagues [19]. Briefly, fibres
were brought to rigor through washes in ATP-free pre-rigor solution and
rigor solution. The fibres were then incubated in 2.2 mg/ml recombinant
human cardiac troponin exchange solution for 2 h at 20 °C. Following this
fibres were washed in fresh exchange buffer and relaxing solution to
remove excess protein. The proportion of human cardiac troponin
incorporated into the psoas fibre was determined by SDS-PAGE and
immunoblotting as previously described.

Maximum Ca®"-activated force is expressed as % of force prior to
troponin exchange. Both force and pCas, data are expressed as mean-
s + SEM Student’s ¢ test was used for statistical analysis of the data. A P
value of <0.05 was set as the confidence level.

0,

Results

Exchange of recombinant whole troponin into rabbit skinned
muscle fibres

In order to study the combined effects of the
Gly159Asp cTnc DCM mutant and troponin phosphory-
lation, six different troponin complexes were reconstituted
for this study: wild-type human cardiac troponin com-
posed of all three wild-type subunits; DCM mutant tropo-
nin consisting of Glyl159Asp ¢TnC and wild-type cTnl and
c¢TnT; ¢cTnl PKA phosphomimic troponin composed of
Ser23Asp,Ser24Asp c¢Tnl and wild-type ¢cTnC and c¢TnT
along with DCM/cTnl phosphomimic troponin contain-
ing Glyl59Asp c¢TnC, Ser23Asp,Ser24Asp cTnl and
wild-type cTnT; ¢cTnT PKC phosphomimic troponin com-
posed of Thr203Glu ¢TnT and wild-type cTnC and c¢Tnl
along with DCM/cTnT phosphomimic troponin contain-
ing Glyl59Asp ¢TnC, wild-type cTnl and Thr203Glu
c¢TnT. Each troponin was reconstituted as a 1:1:1 complex
by our established protocol [12] and the presence of the
mutant subunits was found not to have a significant effect
on troponin assembly. To study the effects of Glyl159Asp
c¢TnC on the modification of muscle contractility by thin
filament phosphorylation in situ, we exchanged endoge-
nous troponin in rabbit skinned psoas muscle fibres for
recombinant human cardiac troponin using our recently
described method [14]. The total mass of troponin relative
to actin was not altered following the exchange process.
Wild-type troponin was incorporated at 55.0% % 1.3%
(n = 6) of total troponin after exchange and the incorpo-
ration of each of the other five complexes was not signif-
icantly different.

The increase in maximum Ca’*-activated force (but not the
decrease in Ca’*-sensitivity) caused by the ¢cTnl PKA
phosphomimic is attenuated by Glyl59Asp cTnC

Incorporation of human cardiac troponin containing
the Ser23Asp,Ser24Asp c¢Tnl phosphomimic into rabbit
skinned fibres was found, in comparison to the exchange
of wild-type human cardiac troponin, to cause a signifi-
cant reduction in the Ca”-sensitivity (WT Tn pCas
5.64 £0.03 vs. Ser23Asp/Ser24Asp c¢Tnl pCasg
543 4+0.01 P<0.0001) and significant increase in the
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cooperativity (WT Tn nH 2.03 & 0.21 vs. Ser23Asp/Ser24-
Asp cTnl nH 5.31 £0.24 P <0.0001) of isometric force
production (Fig. 1). Incorporation of Ser23Asp/Ser24Asp
c¢Tnl also resulted in a significant increase in maximal
Ca’*-activated force at pCa 5.0 (WT Tn 62.5% =+ 7.7%
vs. Ser23Asp/Ser24Asp Tnl 101.0% £ 13.6% P <0.05)
(Fig. 2).

We have previously shown that unlike other DCM-
causing mutations Glyl159Asp cTnC has no significant
effect on the Ca”"-sensitivity of force production, coop-
erativity in muscle fibres or the maximum isometric
force generation per cross-sectional area of the fibres
[14]. When troponin containing both Ser23Asp/Ser24Asp
c¢Tnl and Glyl59Asp ¢cTnC was exchanged into fibres,
the Ca®*-regulation of isometric force was indistinguish-
able from cTnl phosphomimic troponin and similar
changes in comparison to wild-type in pCa50 (Ser23-
Asp/Ser24Asp ¢Tnl, WT cTnC pCasy 5.43 +£0.01 vs.
Ser23Asp/Ser24Asp c¢Tnl, Glyl59Asp c¢TnC pCasg
5.42 £0.01) and cooperativity (Ser23Asp/Ser24Asp cTnl,
WT ¢TnC nH 5.31 £0.24 vs. Ser23Asp/Ser24Asp c¢Tnl,
Glyl59Asp c¢InC nH 599 4+0.24) were observed
(Fig. 1). However, the presence of the Glyl59Asp cTnC
abolished the significant increase in maximal force that
resulted from the incorporation of the c¢Tnl phospho-
mimic in the presence of wild-type ¢cTnC (Fig. 2). There-
fore we conclude that the DCM-causing mutation
Glyl159Asp cTnC blunts the effect of PKA phosphoryla-
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Fig. 1. Ca®" regulation of isometric force in fibres containing human
cardiac troponin composed of c¢Tnl phosphomimic and DCM mutant
c¢TnC. Force—pCa curves of rabbit psoas fibres following whole troponin
exchange with either wild-type human cardiac troponin or troponin
containing ¢Tnl phosphomimic and/or Gly159Asp c¢TnC. Individual
points represent mean + SEM (n = 8); curves were normalized to pCa4.0

and fitted to a standard log-sigmoidal curve using the equation 1/
(1 + 10((pCa-pCa50) X nH)).
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Fig. 2. Maximum Ca>"-activated force in fibres containing human cardiac
troponin composed of c¢Tnl phosphomimic, ¢TnT phosphomimic and
DCM mutant ¢cTnC. Maximum Ca®*-activated force expressed as % of
force prior to exchange for fibres containing human cardiac troponin
composed of either cTnl phosphomimic, cTnT phosphomimic or DCM
mutant ¢cTnC. Error bars show SEM.

tion of Ser23/Ser24 ¢Tnl on maximum Ca’'-activated
force in muscle fibres.

The presence of Glyl59Asp ¢cTnC blunts the Ca’*-sensitivity
decrease caused by Thr203Glu ¢TnT

In order to mimic PKC phosphorylation of cTnT, tro-
ponin containing Thr203Glu ¢TnT was exchanged into
rabbit skinned muscle fibres. Compared with wild-type tro-
ponin, Thr203Glu TnT significantly reduced the Ca*"-sen-
sitivity of isometric force production (WT troponin pCasg
5.64 +0.03 vs. Thr203Glu TnT pCas, 5.32+0.02,
n=12, P <0.0001), and significantly increased the cooper-
ativity (WT troponin nH 2.03 4+ 0.21 vs. Thr203Glu TnT
nH 4.61 +0.29 P <0.0001) (Fig. 3). No significant effect
by Thr203Glu TnT was seen on restored P, force
(Fig. 2). In comparison with these data, troponin complex
containing both Thr203Glu ¢TnT and the DCM mutant
Gly159Asp TnC significantly reversed the fall in Ca*"-sen-
sitivity caused by the PKC phosphorylation-mimic
Thr203Glu TnT, restoring significantly the pCas, towards
the value observed for the wild-type troponin complex
(Thr203Glu TnT pCasy 5.31 £ 0.03 vs. Thr203Glu TnT,
Gly159Asp TnC pCasy 5.43 £0.01 vs. WT troponin
pCasg 5.64 +0.03). Additionally Thr203Glu TnT,
Glyl159Asp TnC significantly increased the cooperativity
of the fibres compared with Thr203Glu TnT on its own
(Thr203Glu TnT »H 4.61 +0.29 vs. Thr203Glu TnT,
Gly159Asp TnC nH 7.74 + 0.55 P <0.0001) (Fig. 3).
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Fig. 3. Ca?* regulation of isometric force in fibres containing human
cardiac troponin composed of ¢cTnT phosphomimic and DCM mutant
c¢TnC. Force—pCa curves of rabbit psoas fibres following whole troponin
exchange with either wild-type human cardiac troponin or troponin
containing ¢TnT phosphomimic and/or Glyl59Asp ¢TnC. Individual
points represent mean + SEM (n = 8); curves were normalized to pCa4.0

and fitted to a standard log-sigmoidal curve using the equation 1/
(1 + 10((pCa-pCaSO) X nH)).

Discussion

This study has examined how isometric force production
regulated by reconstituted recombinant human cardiac tro-
ponin incorporating mimics of either PKA phosphoryla-
tion of ¢cTnl or PKC phosphorylation of ¢TnT is affected
by the DCM mutant ¢cTnC Glyl159Asp. We have shown
that Gly159Asp cTnC, when exchanged into rabbit skinned
psoas muscle fibres blunts both the observed increase in
maximum force caused by Ser23Asp,Ser24Asp c¢Tnl, and
the reduction in Ca”'-sensitivity brought about by
Thr203Glu ¢TnT. This novel finding provides important
functional information on this DCM mutant protein and
suggests a likely mechanism that may contribute to its
pathogenic action.

The modification of ¢Tnl by PKA has been extensively
investigated and the principal sites of phosphorylation
shown to be Ser23 and Ser24 of human cTnl, present in
the cardiac-specific 30 amino acid N-terminal extension
[20]. It has been shown that phosphorylation of Ser23
and Ser24 of ¢Tnl reduces the Ca®"-sensitivity of the myo-
filament and increases crossbridge cycling [21-23]. Further-
more, such modification results in increased power output
at both the myocyte [10] and whole heart levels [24].
Replacing a phosphorylatable serine or threonine with an
acidic amino acid can serve to mimic the incorporation
of negative charge that occurs upon phosphorylation and
this approach has proved successful in studies of troponin
phosphorylation. Many studies have used the double

aspartate mutant at serines 23 and 24 to mimic PKA phos-
phorylation of ¢Tnl and it has been shown to reduce the
Ca”*-sensitivity (compared with wild-type cTnlI) of skinned
fibres by a similar amount to actual PKA phosphorylation
[25]. In agreement with previously published data, the work
presented here demonstrates that incorporation of recom-
binant human cardiac troponin containing Ser23Asp/
Ser24Asp Tnl into skinned fibres resulted in a fall in the
Ca’"-sensitivity compared with the presence of wild-type
cardiac troponin (Fig. 1). The PKA phosphomimic also
enhanced cooperativity (Fig. 1) and produced a significant
increase in the maximum Ca”"-activated force when mea-
sured as a proportion of pre-exchange force (Fig. 2). It
has been unclear as to whether PKA phosphorylation of
c¢Tnl contributes to the positive inotropic response
in vivo, or whether this was solely the effect of the phos-
phorylation of the sarcolemmal L-type Ca®"-channels in
generating an increased inward Ca”"-current. The present
results however support a recent study of transgenic mice
with pseudo-phosphorylated cTnl PKA sites that had sig-
nificantly enhanced systolic function at baseline, and
greater frequency-dependent enhancement of systolic func-
tion in vivo [24]. When the cTnl PKA phosphomimic was
investigated in combination with the Glyl59Asp ¢TnC
DCM mutant, the Ca*"-sensitivity decrease was unaffected
but the observed increase in maximum force was sup-
pressed. This suggests that the DCM c¢TnC mutant is likely
to suppress B-adrenergic stimulation of systolic function.
Structural studies have suggested that the N-terminal
extension of ¢Tnl binds to and stabilizes the Ca*" bound
N-terminal domain of TnC and that bisphosphorylation
interferes with this interaction leading to reduced Ca®"
affinity [26]. This may provide a structural basis for our
observation that the DCM mutation, present in the C-ter-
minal domain of ¢TnC, does not affect the alteration of
Ca’"-sensitivity by the ¢Tnl phosphomimic but does per-
turb the effect on maximum force, the latter effect likely
to be transmitted to the whole thin filament via the interac-
tion of the C-terminal cTnC domain with ¢TnT and hence
to tropomyosin.

PKC phosphorylation of ¢TnT has been reported to
cause depression in maximum actomyosin ATPase rate
in vitro [27] and the principal phosphorylation site identi-
fied as residue Thr206 in mouse ¢TnT (equivalent to
Thr203 in the human sequence) [28]. Mutating this residue
to Glu resulted in a decrease in the Ca*"-sensitivity, coop-
erativity, and maximum Ca®*-activated force in permeabi-
lized mouse left ventricular papillary muscle fibre bundles
[11]. In our troponin-exchanged fibre experiments, the
PKC phosphorylation mimic Thr203Glu ¢cTnT caused a
significant decrease in Ca®'-sensitivity of force production
compared to wild-type troponin (Fig. 3), though with no
change in cooperativity (Fig. 3) or maximum force
(Fig. 2). The additional presence of Glyl59Asp ¢TnC par-
tially reversed the decrease in Ca”*-sensitivity generated by
the PKC phosphomimic and also increased the cooperativ-
ity of force generation. Glyl59Asp TnC had no significant
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effect however on the maximal tension developed in the
muscle fibres containing Thr203Glu ¢TnT. Thr203 is
within the C-terminal T2 domain that interacts with both
c¢Tnl and ¢TnC and the crystal structure of human cardiac
troponin reveals that this residue lies within a short helix
202-227 [29]. NMR studies have shown that this region
binds to the C-lobe of ¢TnC, including ¢TnC residue
Gly159 [30], and this interaction hence may be involved
in the transduction of the Ca®* signal. PKC phosphoryla-
tion of ¢cTnT may therefore alter this interaction and thus
decrease the Ca*"-sensitivity of force production and the
Gly159Asp DCM mutation may further modulate the
effect.

Although to date Glyl59Asp cTnC is only DCM
mutant to be tested in combination with troponin phos-
phorylation, studies on mutations in cTnl that cause hyper-
trophic cardiomyopathy (HCM) have revealed additional
effects of troponin modification. The presence of the
HCM cTnl mutation Argl45Gly has been shown to antag-
onize both PKA and PKC phosphorylation of ¢Tnl [31,32].
These published results and the data presented here empha-
sise that different phosphorylation states of the thin fila-
ment should be examined when evaluating the functional
effects of disease-causing mutations in thin filament regula-
tory proteins. The results obtained with Glyl159Asp ¢TnC
suggest that this DCM mutant may act to blunt the effects
of both PKA and PKC phosphorylation in vivo and this
may contribute to its pathogenic mechanism.
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