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Defective regulation of contractile function in muscle
fibres carrying an E41K 3-tropomyosin mutation
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Anovel E41K B-tropomyosin (3-Tm) mutation, associated with congenital myopathy and muscle
weakness, was recently identified in awoman and her daughter. In both patients, muscle weakness
was coupled with muscle fibre atrophy. It remains unknown, however, whether the E41K 3-Tm
mutation directly affects regulation of muscle contraction, contributing to the muscle weakness.
To address this question, we studied a broad range of contractile characteristics in skinned muscle
fibres from the two patients and eight healthy controls. Results showed decreases (i) in speed of
contraction at saturated Ca®* concentration (apparent rate constant of force redevelopment (ki,)
and unloaded shortening speed (V)); and (ii) in contraction sensitivity to Ca?* concentration, in
fibres from patients compared with controls, suggesting that the mutation has a negative effect on
contractile function, contributing to the muscle weakness. To investigate whether these negative
impacts are reversible, we exposed skinned muscle fibres to the Ca?* sensitizer EMD 57033. In
fibres from patients, 30 pem of EMD 57033 (i) had no effect on speed of contraction (k. and V)
at saturated Ca®* concentration but (ii) increased Ca>* sensitivity of contraction, suggesting a

potential therapeutic approach in patients carrying the E41K 3-Tm mutation.

(Received 7 March 2008; accepted after revision 16 April 2008; first published online 17 April 2008)
Corresponding author J. Ochala: Department of Neuroscience, Clinical Neurophysiology, University Hospital,
Entrance 85, 3rd floor, SE-751 85 Uppsala, Sweden. Email: julien.ochala@neurofys.uu.se

Tropomyosin (Tm) is expressed in all cardiac and skeletal
muscle cells. In adult humans there are three major Tm
isoforms, «-Tm, 8-Tm and y-Tm, which are encoded by
the TPM1, TPM2 and TPM3 genes, respectively (Perry,
2001). Numerous mutations have been reported in these
genes (Fig. 1). Mutations in the TPM I gene, which encodes
the «-Tm isoform, are associated with cardiomyopathies
(Thierfelder et al. 1994; Nakajima-Taniguchi et al. 1995;
Yamauchi-Takihara et al. 1996; Regitz-Zagrosek et al. 2000;
Karibe et al. 2001; Olson ef al. 2001; Jongbloed ef al.
2003). Mutations in the TPM2 gene, which encodes the
B-Tm isoform, are associated with skeletal myopathies
such as nemaline myopathy (Donner et al. 2002), distal
arthrogryposis (Sung et al. 2003; Tajsharghi et al. 2007a)
and cap disease (Lehtokari et al. 2007). Mutations in
the TPM3 gene, which encodes the y-Tm isoform, are
associated with nemaline myopathy (Laing et al. 1995; Tan
et al. 1999; Penisson-Besnier et al. 2007) and congenital
fibre type disproportion (Clarke et al. 2008). Mutations in
the TPM2 or TPM3 genes are also usually accompanied by
muscle weakness. However, multiple mechanisms under-
lie this phenomenon and appear to be mutation specific
(Bottinelli et al. 1998; Michele et al. 1999a,b; Karibe et al.
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2001; Heller et al. 2003; Mirza et al. 2005; Ochala et al.
2007; Robinson et al. 2007).

A novel 8-Tm mutation (E41K) located on the TPM?2
gene was recently identified in a woman and her daughter
(Tajsharghi et al. 2007b). This mutation was associated
with muscle weakness, nemaline myopathy and cap disease
(Tajsharghi et al. 2007b). In both patients there were
signs of muscle fibre atrophy, but it is not known
whether the atrophy is solely responsible for the muscle
weakness or whether the E41K 8-Tm mutation induces
additional alterations in the regulation of contraction.
It is well documented that Tm plays an integral role
in muscle contraction, as it ‘relays’ information from
the Ca*" sensor, the troponin (Tn) ternary complex,
to the actin—-myosin interactions, i.e. the cross-bridges.
However, Tm is believed to be involved in the regulation
of contraction not only by modulating the propagation
of Ca’" signals along the thin filament, i.e. by controlling
Ca?* sensitivity (Brandt et al. 1987; Schachat et al. 1987),
but also by modulating cross-bridge cycle kinetics, i.e. by
altering the rate of movement of myosin from an attached
non-force-generating state to states that generate force
(Homsher et al. 2003). We hypothesized that the E41K
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B-Tm mutation has significant effects on (i) the speed of
contraction and (ii) the Ca*" sensitivity of contraction.
To verify these effects, we have used skinned muscle fibre
preparations and a single muscle fibre in vitro motility
assay to study the regulation of muscle contraction in the
two patients carrying the E41K B-Tm mutation and in
eight healthy controls. Different contractile parameters
have been assessed, including force and stiffness in
solutions with varying Ca’" concentrations (pCa),
allowing construction of relative force—pCa and relative
stiffness—pCa relationships, maximal Ca*"-activated force
normalized to fibre cross-sectional area (CSA), stiffness,
the apparent rate constant of force redevelopment (k),
and maximum unloaded shortening velocity (V,) at
saturated Ca?* concentration. Significant (i) decreases in
ki and Vo and (ii) rightward shifts of the relative force—pCa
and relative stiffness—pCa curves were observed in fibres
from patients compared with controls. The in vitromotility
speed of unregulated actin did not differ between fibres
carrying the E41K B-Tm mutation and control fibres,
indicating that the altered k. and V, were not related to
a modified myosin function. Therefore, the E41K 8-Tm
mutation directly alters regulation of muscle contraction,
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contributing to the muscle weakness experienced by the
patients.

We have also tested the reversibility of the strong
negative effects of the mutation on the speed of
contraction and Ca®" sensitivity by using the Ca®*
sensitizer EMD 57033. This has previously been shown (i)
to modulate k, (Lipscomb et al. 2005) and (ii) to increase
the sensitivity of force to Ca’* concentration (Solaro
et al. 1993; Kraft & Brenner, 1997; Vannier et al. 1997;
Lipscomb et al. 2005). Exposure to EMD 57033 reversed
the negative effects of the E41K B-Tm mutation on the
relative force—pCa and relative stiffness—pCa relationships.
The Ca*" sensitizer is proposed as a potential therapeutic
strategy in patients carrying the E41K B-Tm mutation,
but this needs to be tested in vivo in animals carrying this
mutation.

Methods

Subjects

The study was conducted on two patients with congenital
myopathy, i.e. a woman, aged 66 years, diagnosed with
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Figure 1. Tm mutations

A, position of Tm mutations in the primary structures of a-, 8- and y-Tm. B, position of Tm mutations in the

heptad repeat of «-, 8- and y-Tm.
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nemaline myopathy and her daughter, aged 35 years,
diagnosed with cap disease. An E41K S-Tm mutation
on exon 2 was found in both patients. The mutation
was not found in healthy family members. Both patients
had neonatal onset of muscle symptoms, delayed motor
milestones and a slowly progressive muscle weakness.
At the time of the investigation, they had weakness in
both proximal and distal muscles. The mother was still
ambulant but the daughter had difficulties in walking
and used a wheelchair. They both received ventilatory
support at night due to nocturnal hypoventilation. There
were no signs of cardiac involvement and ECG and
echocardiography were normal. Clinical history, muscle
morphology and genotype analysis of the two patients
have been described in detail elsewhere (Tajsharghi et al.
2007b). Eight healthy men and women (26-67 year),
with no history of neuromuscular disease, served as
controls. Informed consent was obtained from the patients
and control subjects enrolled in the present study. The
ethics committee at Gothenburg University approved the
protocol and the experiments were carried out according
to the guidelines of the Declaration of Helsinki.

Muscle biopsies and muscle fibre membrane
permeabilization

Open muscle biopsies of the tibialis anterior or deltoid
muscle were performed in patients (one biopsy per
patient), under local anaesthesia. Fresh percutaneous
conchotome muscle biopsy specimens were obtained
from controls’ tibialis anterior or vastus lateralis muscles,
under local anaesthesia. The biopsy specimens were
dissected into two parts. One part was frozen in liquid
nitrogen—chilled propane and stored at —80°C. The other
was placed in relaxing solution at 4°C, and bundles
of ~50 fibres were dissected free and then tied with
surgical silk to glass capillary tubes at slightly stretched
lengths. The muscle bundles were then treated with
skinning solution (relaxing solution containing glycerol,
50% v/v) for 24 h at 4°C, after which they were trans-
ferred to —20°C. The muscle bundles were treated with
sucrose, a cryo-protectant, within 1-2 weeks for long-term
storage (Frontera & Larsson, 1997). Muscle bundles were
detached from the capillary tubes and snap frozen in liquid
nitrogen—chilled propane and stored at —160°C.

Single muscle fibre experimental procedure

On the day of an experiment, a fibre segment 1-2 mm
long was left exposed to the experimental solution between
connectors leading to a force transducer (model 400A,
Aurora Scientific) and a lever arm system (model 308B,
Aurora Scientific) (Moss, 1979). The total compliance of
the attachment system was carefully checked and remained
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similar for all the single muscle fibres tested (5= 0.5%
of the fibre length). The apparatus was mounted on the
stage of an inverted microscope (model IX70; Olympus).
While the fibre segments were in relaxing solution, the
sarcomere length was set to 2.75-2.85 um by adjusting
the overall segment length (Larsson & Moss, 1993). The
diameter of the fibre segment between the connectors
was measured through the microscope at a magnification
of x320 with an image analysis system prior to the
mechanical experiments. Fibre depth was measured by
recording the vertical displacement of the microscope
nosepiece while focusing on the top and bottom surfaces of
the fibre. The focusing control of the microscope was used
as a micrometer. CSA was calculated from the diameter
and depth, assuming an elliptical circumference, and was
corrected for the 20% swelling that is known to occur
during skinning (Moss, 1979).

Relaxing and activating solutions contained (mm):
4 Mg-ATP, 1 free Mg*", 20 imidazole, 7 EGTA, 14.5 creatine
phosphate, and KCl to adjust the ionic strength to 180 mm.
The pH was adjusted to 7.0. The concentrations of free
Ca?* were 107° M (relaxing solution) and 1073, 1075,
1072, 107>, 107*? and 107*° m (activating solutions),
expressed as pCa values (i.e. —log [Ca®*]). Apparent
stability constants for Ca*"-EGTA were corrected for
temperature (15°C) and ionic strength (180 mm). The
computer program of Fabiato (Fabiato, 1988) was used
to calculate the concentrations of each metal, ligand and
metal-ligand complex. EMD 57033 was a gift from Dr N.
Beier (E. Merck Pharmaceuticals). It was prepared as a
10 mm stock solution in DMSO and was diluted in relaxing
solution to obtain a final EMD 57033 concentration of
30 um, and a DMSO concentration of 0.3% (v/v). Control
solutions were prepared with an equivalent volume of
DMSO, which had no effect on the fibres.

At 15°C, immediately preceding each activation, the
fibre was immersed for 10-20s in a solution with a
reduced Ca’>"-EGTA buffering capacity. This solution was
identical to the relaxing solution except that the EGTA
concentration was reduced to 0.5 mm, which results in
more rapid attainment of steady-state force during sub-
sequent activation.

Force

This was calculated as the difference between the
steady-state isometric force in activating solutions and
the resting force measured in the same segment while in the
relaxing solution. Force was adjusted for CSA, i.e. specific
force (SF).

Stiffness

Once steady-state isometric force was reached,
small-amplitude sinusoidal changes in length (AL:
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£0.2% of fibre length) were applied at 500 Hz at one
end of the fibre (Martyn et al. 2007). The resultant
force response (AF) was measured, and the mean of 20
consecutive readings of AL and AF was used to determine
stiffness. The actual elastic modulus (E) was calculated
as the difference between E in activating solutions and
resting E measured in the same segment in the relaxing
solution. E was determined as follows (McDonald & Fitts,
1995):

E = (AF/AL) x (fibre length/CSA)

Relative force-pCa and stiffness—pCa relationships

Each fibre was exposed to different solutions with pCa
values varying from 9.0 to 4.5. Force and stiffness were
normalized to maximum force and stiffness at pCa 4.5,
allowing the construction of relative force—pCa and relative
stiffness—pCa curves. To determine the midpoint (termed
pCasg) and the Hill coefficient () from the pCa curves,
data were fitted (SigmaPlot 5.0 and Origin 6.1 Professional
software; Jandel Scientific) using a three-parameter Hill
equation in the following form:

X = [Ca® )™ /{[Casy]™ +[Ca*"]™)

where X is the relative force or relative stiffness, —log[Cas]
is the midpoint (pCasg) and ny is the Hill coefficient.

Apparent rate constant of force redevelopment

Once steady-state isometric force was reached, a slack by
20% of the original fibre length was introduced within
1-2ms at one end of the fibre, resulting in a rapid
reduction of force to near zero. This was followed by a brief
period of unloaded shortening (20 ms), after which the
preparation was quickly restretched to its original length
and the force recovered to its original steady-state value.
As previously described (Brenner & Eisenberg, 1986), the
apparent rate constant of force redevelopment (k) was
estimated by linear transformation of the half-time of force
redevelopment (t;,,) as follows (Regnier et al. 1998):

ke = 0.693/1,)

Unloaded shortening velocity

At pCa 4.5, once steady-state isometric force was reached,
nine slacks of various amplitudes were rapidly introduced
(within 1-2 ms) at one end of the fibre (Edman, 1979).
Slacks were applied at different amplitudes ranging from
7 to 13% of the fibre length. The fibre was re-extended
between releases while relaxed in order to minimize
changes in sarcomere length. During the slack test, the
time required to take up the imposed release was measured
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from the onset of the length step to the beginning of the
tension redevelopment. A straight line including four or
more data points was fitted to a plot of release length versus
time, using least-squares regression. The slope of the line
divided by the fibre segment length was recorded as the
maximum unloaded shortening velocity (V) for that fibre
segment.

For contractile measurements, strict acceptance criteria
were applied. First, the sarcomere length was checked
during the experiments, using a high-speed video analysis
system (model 901 A HVSL, Aurora Scientific). A muscle
fibre was accepted and included in the analyses: (i) if
the sarcomere length of a single muscle fibre changed by
< 0.10 um between relaxation and maximum activation,
(ii) if maximal force changed by < 10% from first to final
activation, and (iii) if r of the slope (plot of release length
versus time) for V calculation was > 0.96.

After the mechanical measurements, each fibre was
placed in urea buffer (120 g urea, 38 g thiourea, 70 ml H,O,
25 g mixed bed resin, 2.89 g dithiothreitol, 1.51 g Trizma
base, 7.5 g SDS, 0.004% bromophenol blue) in a plastic
microcentrifuge tube and stored at —80°C.

In vitro motility assay

The unregulated actin used was purified from rabbit
skeletal muscle essentially and was fluorescently labelled
with rhodamine—phalloidin (Molecular Probes). The
single fibre in vitro motility system has been described
in detail elsewhere (Hook et al. 1999; Hook & Larsson,
2000). In brief, a short muscle fibre segment was
placed on a glass slide between two strips of grease,
and a nitrocellulose-coated coverslip was placed on top,
creating a flow cell with a volume of ~5 ul volume.
Myosin was extracted from the fibre segment through
addition of a high-salt buffer (0.5M KCl, 25 mm Hepes
(pH 7.6), 4 mm MgCl,, 4 mm EGTA, 2 mm ATP and 1%
2-mercaptoethanol). After 30 min incubation on ice, a
low-salt buffer (25 mm KCl, 25 mm Hepes (pH 7.6), 4 mm
MgCl,, 1 mMm EGTA and 1% 2-mercaptoethanol) was
applied, followed by BSA (1 mgml™'). Non-functional
myosin molecules were blocked with fragmentized F-actin,
and rhodamine—phalloidin-labelled actin filaments were
subsequently infused into the flow cell, followed by
motility buffer (2 mm ATP, 0.1 mgml~' glucose oxidase,
23 ugml™! catalase, 2.5 mg ml~! glucose and 0.4% methyl
cellulose in low-salt buffer) to initiate movement. The pH
of the buffers was adjusted with KOH, and the final ionic
strength of the motility buffer was 71 mm. The flow cell
was placed on the stage of an inverted epifluorescence
microscope (model IX 70; Olympus) and thermostatically
controlled at 25°C. Actin movements were filmed with an
image-intensified SIT camera (SIT 66; DAGE-MIT) and
recorded on tape with a video-cassette recorder. From
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each single fibre preparation, 20 actin filaments moving
at constant speed in an orientated motion were selected
for speed analysis. Recordings and analysis were only
performed from preparations in which > 90% of the
filaments moved bi-directionally. A filament was tracked
from the centre of mass, and the speed was calculated
from 20 frames at an acquisition rate of five or one
frame(s) per second, depending on the fibre type, using
an image-analysis package (Image-pro Plus Version 6.0,
Media Cybernetics). The mean speed of the 20 filaments
was calculated. Since the standard deviation in this group
of filaments was small (between 10 and 15% of the mean),
the average speed was taken as representative for the muscle

fibre (V).

Protein isoform expression and quantification

The MyHC isoform composition of single fibres
was determined by 6% SDS-PAGE. The acrylamide
concentration was 4% (wt/vol) in the stacking gel and
6% in the running gel, and the gel matrix included 30%
glycerol. Sample loads were kept small (equivalent to
~0.05 mm of fibre segment) to improve the resolution of
the MyHC bands (types I, Ila and IIx). Electrophoresis
was performed at 120V for 24h with a Tris—glycine
electrode buffer (pH 8.3) at 15°C (SE 600 vertical slab
gel unit, Hoefer Scientific Instruments). The gels were
silver-stained and subsequently scanned in a soft laser
densitometer (Molecular Dynamics) with a high spatial
resolution (50 pm pixel spacing) and 4096 optical density
levels.

Tm isoform expression was determined and quantified
in single muscle fibres by 12% SDS-PAGE. The acrylamide
concentration was 4% (wt/vol) in the stacking gel and
12% in the running gel, and the gel matrix included
10% glycerol. The gels were stained with Coomassie blue
(0.5 g Brilliant Blue, 225 ml MeOH, 225 ml distilled H,O
and 50 ml acetic acid). The relative contents of «- and
B-Tm isoforms in each single muscle fibre were then
calculated from the densitometric scanning (see above).

Statistical analysis

Data are presented as means =+ standard error of the means
(s.e.M.). Sigma Stat software (Jandel Scientific) was used
to generate descriptive statistics. Given the small numbers
of hybrid (type I/Ila and IIa/IIx) and pure type Ila and IIx
fibres observed in these experiments, comparisons were
restricted to fibres expressing the B/slow (type I) MyHC
isoform. To evaluate the effects of the E41K 8-Tm mutation
on contractile characteristics, an unpaired Student’s # test
was applied, and in cases where the data did not meet
the criteria of normality (Kolmogorov—Smirnov test,
P <0.05), a non-parametric Mann—Whitney rank-sum
test was performed. To assess the impacts of EMD 57033
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on contractile properties of fibres from both patients and
controls, one-way repeated measures ANOVA was applied,
and in cases where the data did not meet the criteria of
normality, one-way repeated measures ANOVA on ranks
was performed. For ANOVA analysis, when differences
were significant, post hoc analysis was carried out by
Tukey’s test. Otherwise, regressions were performed and
relationships were considered significantly different from
zero at P < 0.05.

Results

A total of 83 fibres expressing the type I MyHC isoform
from the two patients carrying the E41K 8-Tm mutation
and 98 type I fibres from the eight controls were included
in the analyses (33 and 34 type I fibres, respectively,
were rejected because they did not meet the criteria for
acceptance). The characteristics did not differ between
fibres from the two patients and fibres have therefore been
pooled.

Muscle fibre size and Tm isoform expression

Severe atrophy was confirmed in fibres from patients
compared with controls (P < 0.001). The mean CSA
of muscle fibres was 730450 um’ in patients and
2570 £ 110 um? in controls (Fig. 2). It should be noted
that (i) the mean CSA of fibres from a patient’s tibialis
anterior was similar to that of fibres from a patient’s deltoid
muscle (740 & 60 um? and 710 & 30 um?, respectively)
and (ii) in the controls, the mean CSA of fibres from
tibialis anterior was not significantly different from that
of fibres from the vastus lateralis (2330 4 100 um? and
2790 + 130 um?, respectively).

A shift from «- to 8-Tm isoform was observed in fibres
from patients compared with controls, as demonstrated
by the significant increase (P < 0.01) in the 8- to a-Tm
isoform ratio in patients (4.18 &= 0.43; n = 24) compared
with controls (2.21 & 0.47; n = 22) (Fig. 3).

Specific force, stiffness, rate constant of force
redevelopment, maximum velocity of unloaded
shortening and in vitro motility speed

At pCa 4.5, SF and stiffness did not differ significantly
between patients’ and controls’ fibres. Mean SF was
18.10 & 1.30 N cm ™2 in fibres from patients (n= 62) and
21.30+0.60 Ncm™? in control fibres (n=84). Mean
stiffness was 2.20 + 0.40 kN cm ™2 in fibres from patients
(n=20) and 3.10 + 0.50 kN cm~? in those from controls
(n=18).

The E41K B-Tm mutation was associated with a
significant negative effect on shortening speed. Both k,
and V, values at pCa 4.5 were lower in fibres from
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patients compared with controls. The mean k, values
were 53% lower (P < 0.001) in patients (9.80 & 1.20s™%;
n=231) than in controls (21.00+£1.40s7'; n=26).
The mean V, was 47% lower (P <0.01) in patients
(0.46 & 0.06 Muscle lengths s™! (ML s™!); n=24) than in
controls (0.87 & 0.06 ML s™}; n = 30).

In an attempt to test whether these changes were due
to the mutation itself or to a secondary modification of
the motor protein myosin, the single muscle fibre in vitro
motility assay was used in which the motor protein is
extracted from muscle fibre segments 1-2 mmlongand the
interactions with unregulated thin filaments are measured
(Hook et al. 1999). The in vitro motility speed (Vy), i.e.
the molecular analog of V, at the cellular level, of actin
filaments propelled by myosin did not differ between fibres
containing the E41K B-Tm mutation (0.54 & 0.01 um s~ ';
n=21) and control fibres (0.53 & 0.03 ums~'; n=14).

Ca?* sensitivity and Hill coefficient

A decreased Ca’" sensitivity of force was observed in
fibres carrying the E41K B-Tm mutation, i.e. pCasg
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(5.31 £ 0.04; n=50) was lower (P < 0.01) in fibres from
patients compared with controls (5.66 & 0.05; n=54;
Fig. 4). However, the Hill coefficient did not differ
significantly between patients’ and controls’ fibres, i.e.
mean ny was 4.28 + 0.77 in fibres from patients (n = 50)
and 3.70 = 0.49 in controls (n = 54).

The Ca*" sensitivity of stiffness was also found to
be lower (P <0.01) in fibres from patients (pCasg:
5.27 £ 0.08; n=20) than in those from controls (pCaso:
5.77 £0.13; n=18; Fig. 5). Nevertheless, n;; was similar
between fibres from patients (4.66 + 1.34; n=20) and
control fibres (3.43 £ 0.79; n=13).

Stiffness is dependent on the number of attached
cross-bridges, the force/compliance of each cross-bridge,
and the compliance of the structures in series with the
cross-bridges (the thick filament, proteins along the thin
filament and probably also Z-discs) (Higuchi et al. 1995;
Seow et al. 1997; Galler & Hilber, 1998). The strong linear
relationship between the relative stiffness and the relative
force in fibres from both patients and controls (Fig. 6)
demonstrates that stiffness is primarily dependent on the
number of attached cross-bridges at all levels of Ca**

CTL

Figure 2. Fibre cross-sectional area

MUT

A, image of a fibre from a patient. B, image of a fibre from a control. C, CSA of fibres from patients carrying the
E41K B-Tm mutation (open bar, n = 62) and control subjects (hatched bar, n = 84). Values are means =+ S.E.M.s.
Asterisk indicates significantly different from controls. Vertical and horizontal bars denote 50 um.
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A, electrophoretic separation of actin, and «- and 8-Tm isoforms in fibres from patients (MUT) and controls (CTL).
B, B-to a-Tm isoforms ratio in fibres from patients carrying the E41K g-Tm mutation (open bar, n = 24) and control
subjects (hatched bar, n = 22). Values are means = s.e.M. Asterisk indicates significantly different from controls.

activation (Regnier et al. 2004). The SF/stiffness ratio may
therefore be closely related to the force/compliance of each
cross-bridge (McDonald & Fitts, 1995). The maintained
SF/stiffness—pCa relationships in fibres from patients
(Fig. 7), suggest that the force/compliance of each
cross-bridge is preserved at all Ca** concentrations.

Effects of the Ca%* sensitizer

Out of the 83 analysed type I fibres from patients, 27 fibres
were further exposed to the Ca*" sensitizer EMD 57033.
Of the 98 type I fibres from controls, 16 were exposed
to EMD 57033. At pCa 4.5, SF, stiffness and shortening
speeds (k. and V) did not differ when patients’ fibres were
exposed to 30 um EMD 57033. When treated with 30 um
EMD 57033, mean SF was 22.20 £2.10 Ncm™2 (n=27),
mean stiffness was 2.40 £ 0.30 kN cm ™2 (n=11), mean
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Q
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o % :
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0.2 1 E I

6 5

pCa

Figure 4. Relative force—pCa relationships

Relative force—pCa curves of fibres from patients (v, n = 50), fibres
from patients exposed to the Ca%t sensitizer (A, n = 20), fibres from
controls (@, n = 54) and fibres from controls exposed to EMD 57033
(0, n=11). All values are means =+ s.E.M.
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k, was 13.00£1.10s7! (n=9), and mean V, was
0.54 4+ 0.08 MLs™! (n=7). When control fibres were
exposed to the same concentration of EMD 57033, k;, and
V', were maintained; however, SF and stiffness increased
(P <0.01, P<0.05, respectively). When treated with
30 um EMD 57033, mean SF was 26.50 & 1.20 N cm 2
(n = 16), mean stiffness was 3.70 £ 0.60 kN cm ™2 (n = 6),
mean k,, was 21.60 & 3.40s~! (n=5), and mean V, was
0.80 4 0.08 MLs~! (n=5).

The relative force—pCa relationship was affected
by 30 um EMD 57033 exposure, and increased Ca*"
sensitivity was observed both in fibres containing the
E41K B-Tm mutation (P < 0.001) and in control fibres
(P < 0.01; Fig. 4). When treated with 30 um EMD 57033,
mean pCasy was 6.18 £0.19 in fibres from patients
(n=120) and 6.00 & 0.06 in fibres from controls (n=11).
The Hill coefficient did not differ significantly, i.e. mean

Relative force

pCa

Figure 5. Relative stiffness—pCa relationships

Relative stiffness—pCa curves of fibres from patients (v, n = 20), fibres
from patients exposed to the Ca%t sensitizer (A, n = 11), fibres from
controls (@, n = 18) and fibres from controls exposed to EMD 57033
(0, n = 6). All values are means + S.E.Mm.
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ng was 2.82 +0.91 in fibres from patients (n=20) and
3.18 £ 0.97 in controls (n = 11), when exposed to 30 um
EMD 57033.

The relative stiffness—pCa relationship was also affected
by the sensitizer and an increase (P < 0.01) in pCasy was
observed in the patients’ fibres (Fig. 5). The same trend
was observed in controls’ fibres, but did not reach the
level of statistical significance. When exposed to 30 um
EMD 57033, mean pCaso was 6.04 = 0.17 in fibres from
patients (n=11) and 5.89 £ 0.09 in fibres from controls
(n=6). ny was similar in fibres from patients (3.32 & 0.93;
n=11) and from controls (3.34 £+ 1.29; n=6).

The linear relative stiffness versus relative force
relationship was not affected by exposure to 30 um
EMD 57033 in either patient or control fibres (Fig. 6),
demonstrating that strong dependence of stiffness on
the number of attached cross-bridges was maintained
at all levels of Ca*" activation under all conditions.
The SF/stiffness—pCa relationships were also unchanged
(Fig. 7), suggesting that the force/compliance of each
cross-bridge was preserved at all Ca>™ concentration under
all conditions.

Discussion

In this study we explored a broad range of contractile
parameters in muscle fibres from patients carrying the
E41K B-Tm mutation. This mutation directly reduces
(i) the shortening speeds and (ii) the Ca’>" sensitivity
of contraction, suggesting that it has negative effects on
contractile function contributing to the muscle weakness
in the patients. Some of these negative effects of the
mutation are reversible. Muscle fibres from patients
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Figure 6. Relative stiffness-relative force relationships
Relative stiffness—relative force curves of fibres from patients (v,
n = 20), fibres from patients exposed to the Ca?* sensitizer (A,
n = 11), fibres from controls (®, n = 18) and fibres from controls
exposed to EMD 57033 (0, n = 6). All values are means =+ S.E.M.
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exposed to the Ca?* sensitizer EMD 57033 exhibited an
increased Ca?" sensitivity of contraction, indicating a
potential therapeutic role of this drug in patients carrying
the E41K 8-Tm mutation.

Effects of the E41K 3-Tm mutation on contractile
function

Maximal Ca*"-activated force normalized to fibre
cross-sectional area (specific force, SF), stiffness and
SF/stiftness ratio at pCa 4.5 were preserved in fibres from
patients carrying the E41K B-Tm mutation. Hence, this
mutation does not appear to have a direct impact on
the total number of cross-bridges recruited or on the
force/compliance per cross-bridge at a saturated Ca®t
concentration. These findings are in line with those in
other @-Tm and y-Tm mutations (Bottinelli et al. 1998;
Michele et al. 1999a,b; Mirza et al. 2005). However,
fibres from the patients carrying the mutation showed
reductions in contractile speed, i.e. both the apparent
rate constant of force redevelopment (k) and maximum
velocity of unloaded shortening (V) at saturated Ca**
concentration, indicating that Tm directly modulates
contractile speed by regulating kinetic steps of the
cross-bridge cycle without affecting the total number
of cross-bridges recruited or the force/compliance per
cross-bridge. Similar observations have been reported for
other «-Tm mutations associated with dilated cardio-
myopathy (E40K) (Mirza et al. 2005) or hypertrophic
cardiomyopathy (V95A) (Karibe et al. 2001). At pCa
4.5 (i) k¢ reflects f.p, + gapp defined as the cross-bridge
attachment and detachment rates, respectively (Brenner &
Eisenberg, 1986); (ii) V is mainly limited by g,,, (Edman,
1979); and (iii) force is proportional to fapp/(fapp + Sapp)
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Figure 7. SF/stiffness—pCa relationships

SF/stiffness—pCa curves of fibres from patients (v, n = 20), fibres from
patients exposed to the Ca2* sensitizer (A, n = 11), fibres from
controls (@, n = 18) and fibres from controls exposed to EMD 57033
(0, n=6). All values are means = s.e.M.
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(Brenner & Eisenberg, 1986). Hence, changes in k,, and V,
are expected to be related to changes in force and vice versa.
However, changes in f,,, and g,,, are more sensitively
detected by force development kinetics than by the force
itself (Kruger et al. 2005) and we suggest this to be the
most likely reason why we did not observe any significant
changes in SF between fibres from patients and controls.
A desensitization of force to Ca’" concentration was
found in fibres from patients carrying the E41K B-Tm
mutation compared with controls (Fig. 4). This is
in accordance with other o-Tm and y-Tm mutations
(Michele et al. 1999b; Mirza et al. 2005) and underlines
the predominant role of Tm in regulating the propagation
of Ca?* signals along the thin filament from the Tn
complex to the cross-bridges (Brandt et al. 1987; Schachat
et al. 1987). It remains unclear how the E41K B-Tm
mutation leads to a Ca’' desensitization of force. To
investigate whether this effect was related to a decrease
in the number of cross-bridges recruited or in the strong
binding of each cross-bridge, i.e. force/compliance per
cross-bridge, at submaximal Ca?" concentrations, the
relative stiffness—pCa and SF/stiffness—pCa relationships
were constructed, respectively. The relative stiffness—pCa
curve showed desensitization to the Ca** concentration
in fibres from the patients compared with the controls
(Fig. 5), whereas the SF/stiffness—pCa relationship was
maintained (Fig. 7). These observations indicate
that the present mutation decreases the relative
number of cross-bridges recruited at submaximal Ca®*
concentrations without altering the force/compliance per
cross-bridge. The E41K B-Tm mutation is located in the
outer domain of the strand in the ‘f position of the heptad
repeat. It therefore appears unlikely that the mutation
lowers the Ca®t sensitivity by altering the chain—chain
interaction between the two Tm strands that wind around
each other, and a direct Tm—actin interaction appears
more likely. According to the steric blocking model (Poole
et al. 1995; Vibert et al. 1997), the mutation-induced
switching from a negative to a positive charge may produce
a local inflexibility, which is expected to change Tm—actin
affinity (Brown et al. 2001; Singh & Hitchcock-DeGregori,
2003, 2006), destabilizing the On states, i.e. increasing the
probability of being in the Off state (Cammarato et al.
2005), and lowering the On—Off equilibrium as shown
with the neighbour E40K «-Tm mutation associated with
dilated cardiomyopathy (Mirza et al. 2007). Higher Ca**
concentrations may be needed to switch Tm to the On
state, leading to a decrease in the relative number of
cross-bridges recruited and in the relative force produced
at submaximal Ca** concentrations. In addition to a
possible change in Tm—actin interaction, the mutation may
affect the Tn—Tm interface. The E41K S-Tm mutation
is located in the N-terminal region of the Tm segment,
close to one TnT-anchoring region. TnT contributes
to the inhibition of muscle contraction via Tm in the
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absence of Ca** (Tobacman et al. 2002). If the mutation
enhances TnT ability to promote stabilization of the
Off state, then cross-bridge attachment may be partially
prevented (Chang et al. 2005). Future experiments are
needed to improve our understanding of how the E41K
B-Tm mutation alters actin and TnT interactions.

Surprisingly, the 8- to @-Tm isoform ratio was increased
in fibres carrying the E41K S-Tm mutation (Fig. 3). This
may potentially result in an increased effect of the 8-Tm
isoform on function in muscle cells carrying the present
mutation. Over-expression of §-Tm is known to induce an
increase in Ca®" sensitivity of force (Palmiter et al. 1996;
Wolska et al. 1999) and a decrease in specific force (Wolska
et al. 1999). It is therefore unlikely that the altered Ca*"
sensitivity in fibres carrying the E41K S-Tm mutation is
related to the higher 8- to «-Tm isoform ratio.

Effects of the Ca2* sensitizer on contractile function

SE, stiffness, SF/stiffness ratio, k, and V, at pCa 4.5
were all preserved when fibres from patients carrying the
E41K B-Tm mutation were exposed to 30 um EMD 57033.
These observations differ from those from controls,
where only SF and stiffness increased in response to
30 um EMD 57033. The effects of EMD 57033 may be
mitigated by the present mutation at saturated Ca®t
concentration, resulting in maintenance of the total
number of cross-bridges recruited, the force/compliance
per cross-bridge and the kinetic steps of cross-bridge
cycle. Further experiments are needed to clarify the
mechanisms underlying the differences between fibres
carrying the E41K B-Tm mutation and controls in
response to EMD treatment.

Hypersensitization of force and stiffness to Ca®"
concentration was found in fibres both from patients
carrying the E41K -Tm mutation and from controls,
exposed to the Ca®* sensitizer (Figs 4 and 5). EMD 57033
is effective in fibres carrying the E41K §-Tm mutation;
it completely counterbalances the negative action of
the mutation at submaximal Ca®' concentrations. It
increases the relative number of cross-bridges recruited
at various submaximal pCa values without modifying
the force/compliance per cross-bridge, as attested by
the SF/stiffness—pCa curves (Fig. 7). The causes of such
phenomenon remain unclear. Nevertheless, EMD 57033
is known to bind directly to TnC and thereby to increase
the affinity of TnC for the inhibitory region of Tnl (Wang
et al. 2001). This displaces the inhibitory region of Tnl
from actin towards TnC, thereby inducing Tm movement
towards the inner domain of actin, i.e. from the Off
state to the On states, facilitating cross-bridge recruitment
(Lipscomb et al. 2005).

In conclusion, in this study we addressed the effects
of a novel B-Tm mutation on the contractile function.
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The E41K B-Tm mutation mainly causes reductions
in (i) the speed of contraction and (ii) the sensitivity
of contraction to Ca*" concentration, thus negatively
affecting muscle function in these patients. The Ca**
sensitizer EMD 57033 partially reversed these effects of
the mutation on regulation of muscle contraction and it
may represent a potential therapeutic strategy in patients
carrying the E41K 8-Tm mutation. However, this potential
therapeutic strategy needs to be evaluated in vivo in
animals carrying the E41K 8-Tm mutation.
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