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Abstract

Nemaline myopathy (NM), the most common non-dystrophic congenital myopathy, is clinically
characterized by muscle weakness. However, the mechanisms underlying this weakness are poorly
understood. Here, we studied the contractile phenotype of skeletal muscle from NM patients with
nebulin mutations (NEM2). SDS-PAGE and Western blotting studies revealed markedly reduced
nebulin protein levels in muscle from NM patients, whereas levels of other thin filament-based
proteins were not significantly altered. Muscle mechanics studies indicated significantly reduced
calcium sensitivity of force generation in NM muscle fibers compared to control fibers. In
addition, we found slower rate constant of force redevelopment, as well as increased tension cost,
in NM compared to control fibers, indicating that in NM muscle the rate of cross bridge
attachment is reduced, whereas the rate of cross bridge detachment is increased. The resulting
reduced fraction of force generating cross bridges is expected to greatly impair the force
generating capacity of muscle from NM patients. Thus, the present study provides important novel
insights into the pathogenesis of muscle weakness in nebulin-based NM.
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INTRODUCTION

Nemaline myopathy (NM) is the most common non-dystrophic congenital myopathy, with
an estimated incidence of ~1 per 50,000 live births [1]. NM is characterized at the muscle’s
ultrastructural level by the presence of rod-shaped structures (nemaline rods) in affected
muscle fibers [2]. Clinically, the most prominent feature of NM is generalized muscle
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weakness that greatly affects the daily-life activities, and the quality of life of these patients

[3].

NM is a genetically heterogeneous disorder of the skeletal muscle thin filament caused by
mutations in any one of at least six different genes, all encoding thin filament proteins of the
sarcomere: ACTAL (actin), TPM3 and TPM2 (a and B tropomyosin), TNNT1 (troponinT),
CFL2 (cofilin-2), and NEB (nebulin), for a review see Sanoudou and Beggs [4]. Despite
detailed knowledge of the underlying genetic basis for NM in many patients, the
mechanisms underlying muscle weakness in NM patients are poorly understood.

Mutations in the nebulin gene are the most common cause of NM (patients referred to as
NEM?2), accounting for ~50% of all NM cases [5]. Nebulin is a giant protein (MW ~800
kDa) expressed at high levels in skeletal muscle. A single nebulin molecule spans the thin
filament with its C-terminus anchored at the Z-disk and its N-terminal region directed
towards the thin filament pointed end [6]. Previous studies [7;8] revealed that nebulin-
deficient murine muscle fibers have thin filaments that vary in length [7] and that are on
average shorter than in wildtype muscle [7;8], supporting the notion that nebulin is
important in establishing thin filament length. Thin filament length is an important aspect of
muscle function as the extent of overlap between thick and thin filaments determines the
sarcomere’s force generating capacity: short thin filaments reduce overlap and impair force
generation. In accordance with a role for nebulin in establishing thin filament length, we
have shown that similar to the nebulin knockout (KO) mouse model, human NM patients
with nebulin-deficiency also have shorter and non-uniform thin filament lengths, which can
partly account for the observed muscle weakness in nebulin-based NM [9].

Recent studies on nebulin knockout mouse models suggest that nebulin’s role in muscle
function extends beyond a purely structural one, and involves a role in the regulation of
cross bridge cycling kinetics and thin filament activation. It was found that nebulin increases
the fraction of force generating cross-bridges that is available in the overlap zone [10;11]
and enhances the force response to submaximal calcium concentrations [10]. Thus, in the
nebulin KO mouse model reduced active tension and calcium sensitivity of force generation
has been reported. Here we tested whether similar characteristics are present in muscle from
NM patients with nebulin gene mutations. We found a reduced rate of force development as
well as increased tension cost in nebulin-deficient muscle fibers from NM patients.
Moreover, force generation in response to submaximal calcium concentrations was
significantly decreased. These findings suggest altered cross bridge cycling kinetics and thin
filament activation in nebulin-deficient fibers from NM patients, and provide a novel
mechanism for muscle weakness in nebulin-based NM.

METHODS

Muscle biopsies from nemaline myopathy patients

Skeletal muscle specimens, remaining from diagnostic procedures or obtained during
clinically indicated surgical procedures, were collected from four nemaline myopathy
patients following informed consent supervised by the Children’s Hospital Boston
institutional review board, and from four unaffected control subjects, and stored frozen and
unfixed at —80°C until use (Table 1). All four NM patients had mutations in the nebulin
gene, including three patients who were homozygous for the previously described deletion
of exon 55 [12] and one patient with a heterozygous single base deletion
(p-Ser1908AlafsX8) resulting in a premature stop codon and an unidentified second
mutation. Two of the three patients with the exon 55 deletion (biopsies T11 and T12) were
included in the original report of this mutation by Anderson et al. [12] and all three patients
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with this deletion (biopsies T11, T12, and T124) were previously described by Lehtokari et
al. [13].

Gel electrophoresis and Western blotting

For nebulin expression, muscle samples were homogenized and analyzed on 2.6-7% SDS-
acrylamide gels [9]. To prevent protein degradation, all buffers contained protease inhibitors
(phenylmethylsulfonyl fluoride (PMSF), 0.5mM; leupeptin, 0.04mM; E64, 0.01mM). Gels
were scanned and analyzed with One-D scan EX (Scanalytics Inc., Rockville, MD, USA)
software. The integrated optical density of nebulin, myosin heavy chain (MHC), and actin
was determined. For Western blot analysis of the thin filament-based regulatory proteins,
3.75-12% acrylamide gels were used. For troponin expression patterns, Western blotting
was performed using fast-skeletal and slow-skeletal specific antibodies (ss-Tnl: cs-20645;
fs-Tnl: sc-8120; ssTnT: sc-28269; fs-TnT sc-8123), and a troponinC antibody (sc-8117) that
recognizes both slow- and fast-skeletal troponinC (Santa Cruz Biotechnology Inc, USA).
For tropomyosin expression, Western blotting was performed using an antibody directed
against both a- and pB-tropomyosin (CH1, Hybridoma Bank, University of lowa). Secondary
antibodies conjugated with fluorescent dyes with infrared excitation spectra were used for
detection. One or two-color infrared western blots were scanned (Odyssey Infrared Imaging
System, Li-Cor Biosciences, NE. USA) and the images analyzed with One-D scan EX. For
myosin heavy chain isoform composition, skeletal muscles were denatured by boiling for 2
min. The stacking gel contained a 4% acrylamide concentration (pH 6.7), and the separating
gel contained 7% acrylamide (pH 8.7) with 30% glycerol (v/v). The gels were run for 24h at
15°C and a constant voltage of 275V. Finally, the gels were silver-stained, scanned, and
analyzed with One-D scan EX software.

Immunofluorescence confocal scanning laser microscopy

Small strips were dissected from the biopsies and skinned overnight at ~4°C in relaxing
solution (in mM; 20 BES, 10 EGTA, 6.56 MgCl,, 5.88 NaATP, 1 DTT, 46.35 K-propionate,
15 creatine phosphate, pH 7.0 at 20°C) containing 1% (v/v) Triton X-100. To prevent
protein degradation, the solutions contained protease inhibitors (phenylmethylsulfonyl
fluoride (PMSF), 0.5mM; Leupeptin, 0.04mM; E64, 0.01mM). Immuno-labeling and
confocal scanning laser microscopy was performed essentially as described previously [9],
using Alexa Fluor 488 conjugated phalloidin (A12379, Invitrogen). Images were produced
using a Bio-Rad MRC 1024 confocal laser scanning microscope using the LaserSHARP
2000 software package (Hercules, CA, USA). From the acquired images, thin filament
lengths were determined using ImageJ software (National Institutes of Health).

Muscle mechanics

Small strips dissected from muscle biopsies were skinned overnight (as described above).
The skinning procedure renders the membranous structures in the muscle fibres permeable,
which enables activation of the myofilaments with exogenous Ca?*. Preparations were
washed thoroughly with relaxing solution and stored in 50% glycerol/relaxing solution at
—20°C for up to ~8 weeks. Small muscle bundles (diameter ~0.07 mm) were dissected from
the skinned strips, and were mounted between a displacement generator and a force
transducer element (AE 801, SensoNor, Norway) using aluminum T-clips. Sarcomere length
(SL) was set using a He-Ne laser diffraction system. Mechanical experiments on contracting
muscle were carried out at an SL of ~2.5 um for control muscle, and at just over slack length
for NM muscle: a length selected for the following reason. By constructing force-SL
relations we [9] previously showed that at an SL of 2.5 ym human muscle fibers from
controls produced maximal force, whereas nebulin-deficient muscle fibers from NM patients
produced maximal force just over slack length, due to their shorter thin filaments [9]. Thus,
by performing our mechanical studies on NM muscle set just over slack length, we aimed to
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minimize force differences due to shorter thin filament lengths. Fiber width and diameter
were measured at three points along the fiber and the cross-sectional area was determined
assuming an elliptical cross-section. Three different bathing solutions were used during the
experimental protocols: a relaxing solution, a pre-activating solution with low EGTA
concentration, and an activating solution. The composition of these solutions was as
described previously [14].

Force-pCa relations—To determine the force-pCa relation (pCa = —log of molar free
Ca?* concentration), skinned muscle fiber bundles were sequentially bathed in solutions
with pCa values ranging from 4.5 to 9.0 and the steady-state force was measured. Measured
force values were normalized to the maximal force obtained at pCa 4.5. The obtained force-
pCa data were fit to the Hill equation, providing pCasg (pCa giving 50% maximal active
tension) and the Hill coefficient, ny, an index of myofilament cooperativity.

K¢ measurements—To measure the rate of tension redevelopment (Ktr), we used the
large slack/release approach [15], to disengage force generating cross bridges from the thin
filaments, which were isometrically activated. Fast activation of the fiber was achieved by
transferring the skinned muscle fibers from the pre-activation solution containing a low
concentration of EGTA (pCa 9.0) to a pCa 4.5 activating solution. Once the steady-state was
reached, a slack equivalent to 10% of the muscle length was rapidly induced at one end of
the muscle using the motor. This was followed immediately by an unloaded shortening
lasting 30 msec. The remaining bound cross-bridges were mechanically detached by rapidly
(1 msec) restretching the muscle fiber to its original length, after which tension redevelops.
The rate constant of monoexponential tension redevelopment (Ky,) was determined by fitting
the rise of tension to the following equation: F:Fss(l—e‘K“-t), where F is force at time t and
kir is the rate constant of tension redevelopment.

Simultaneous force-ATPase measurement—\We used the system described by
Stienen et al [14]. To measure the ATPase activity, a near UV light was projected through
the quartz window of the bath (30 ul volume and temperature controlled at 20°C) and
detected at 340 nm. The maximum activation buffer (pCa 4.5) contained 10 mM
phosphoenol pyruvate, with 4 mg mI~1 pyruvate kinase (500 U mg™1), 0.24 mg mI~? lactate
dehydrogenase (870 U mg™1) and 20 uM diadenosine-5' pentaphosphate (A,Ps). For
efficient mixing, the solution in the bath was continuously stirred by means of motor-driven
vibration of a membrane positioned at the base of the bath. ATPase activity of the skinned
fiber bundles was measured as follows: ATP regeneration from ADP is coupled to the
breakdown of phosphoenol pyruvate to pyruvate and ATP catalyzed by pyruvate kinase,
which is linked to the synthesis of lactate catalyzed by lactate dehydrogenase. The
breakdown of NADH, which is proportional to the amount of ATP consumed, is measured
on-line by UV absorbance at 340 nm. The ratio of light intensity at 340 nm (sensitive to
NADH concentration), and the light intensity at 410 nm (reference signal), is obtained by
means of an analog divider. After each recording, the UV absorbance signal of NADH was
calibrated by multiple rapid injections of 0.25 nmol of ADP (0.025 pl of 10 mM ADP) into
the bathing solution, with a stepper motor-controlled injector. The slope of the [ATP] vs.
time trace during steady-state tension development of a calcium-induced contraction (see
figure 5A) was determined from a linear fit and the value divided by the fiber volume (in
mm3) to determine the fiber’s ATPase rate. ATPase rates were corrected for the basal
ATPase measured in relaxing solution. The ATPase rate was divided by tension (force/CSA)
to determine the tension cost.
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RESULTS

Nebulin protein levels in NEM2 patients and controls

We studied skeletal muscle of four NM patients with nebulin mutations and four control
subjects with no history of skeletal muscle disease (for control subject and patient
characteristics see Table 1). Three of the patients had homozygous deletions of exon 55 of
the nebulin gene and the fourth patient had a heterozygous single base pair deletion resulting
in a premature stop codon (p.Ser1908AlafxX8) and a second unidentified mutation.

To study protein levels of nebulin, as well as the levels of other sarcomeric proteins, we
used SDS-PAGE and Western blotting techniques on skeletal muscle fibers from NEM2
patients and control subjects. As shown in figure 2A, control muscle shows a clear nebulin
band at ~800 kDa, with an expression level of 0.070 £ 0.001 (nebulin/MHC ratio). SDS-
PAGE showed that nebulin in NEM2 patients has a mobility that is indistinguishable from
that of controls. Importantly, gel analysis indicated significantly reduced nebulin levels
relative to MHC in NM muscle (NM: 21 + 13% of controls, figure 2A, middle panel). The
actin/MHC ratio was significantly reduced as well, although to a lesser extent when
compared to the nebulin/MHC ratio (NM: 78 + 3% of controls, figure 2A, right panel).

To test for stoichiometric changes in other components of the thin filament we studied the
thin filament regulatory proteins Tnl, TnT, TnC and tropomyosin (Tm) and included in the
analysis slow and fast skeletal isoforms and both a- and B-Tm. Figure 2B indicates that the
total expression level of Tnl, TnT, and TnC, normalized to actin, were on average reduced in
NM compared to control muscle, although this reduction was not found to be significant.
Total tropomyosin was higher in NM than in control muscle (figure 2B), with no difference
in the relative expression of a- and -Tm (0.41 + 0.03 vs. 0.51 + 0.04, NM and control
respectively). Analysis of the slow and fast isoforms of the troponins revealed that the NM
patients express mainly slow skeletal (ss) isoforms, whereas controls express both slow and
fast skeletal (fs) isoforms (ss/fs, TnC: 4.5+ 1.2vs.0.5+0.2; Tnl: 4.6 + 1.7 vs. 0.09 + 0.01;
TnT:5.3+2.0vs. 0.4 0.1, NM vs. control respectively, for typical WB result see figure
2B).

As the contractile performance of skeletal muscle fibers might depend on the fibers” MHC
isoform composition, we used specialized SDS-PAGE to study MHC isoform expression in
NM and control muscle. As shown in figure 2C, control muscle expressed a mixture of
MHC I, 2A and 2X isoforms (49 + 3%, 33 + 3%, and 18 + 0.4%, respectively). In contrast,
muscle from the four NM patients contained only MHC type I, with one patient expressing a
minor band (~30% of total MHC) corresponding to MHC 2A, see figure 2C.

In summary, muscle of NM patients had greatly reduced nebulin protein levels relative to
MHC, whereas the expression level of actin was only slightly reduced. Nebulin protein
levels, relative to actin, were reduced to a larger extent than the relative levels of the other
thin-filament based proteins troponin and tropomyosin, which showed no or only slightly
reduced expression. Furthermore, consistent with pathological data on the biopsies
demonstrating a characteristic fiber type 1 predominance (Table 1), the muscle biopsies of
the NM patients mainly contained MHC type slow as well as slow Tn isoforms.

Muscle structure analysis by confocal microscopy

To study the effect of reduced nebulin levels on muscle structure and thin filament length we
used immunofluorescence confocal scanning laser microscopy with fluorescently labeled
phalloidin (which binds filamentous actin with high affinity) on NM and control muscle.
Both control and NM myofibrils showed the expected striated labelling patterns, although
the labelling appeared more variable and more diffuse in NM myofibrils. We also found
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dense actin accumulations in the NM muscle fiber (figure 3A), which most likely indicate
nemaline rods. Importantly, controls showed broad actin labeling with uniform density
(except for the Z-disk area where actin filaments overlap), whereas in NM myofibrils the
labelling was narrower with decreasing intensity from the Z-disk towards the middle of the
sarcomere (figure 3A). Densitometric analysis revealed that the width at half-maximal
intensity was significantly reduced in NM compared to control myofibrils (figure 3B&C).
Thus, these studies suggest shorter and non-uniform thin filament lengths in NM myofibrils.

Muscle fiber mechanics

As NM muscle expressed mainly MHC type | (figure 2C), and considering that a muscle
fiber’s contractile properties can depend on MHC isoform composition, the contractile data
from NM muscle preparations were compared to those from control fibers expressing solely
slow MHC. We found that the maximal Ca2*-activated active tension (tension at pCa 4.5)
was significantly reduced from 71 + 8 mN/mm? in control to 5 + 1 mN/mm? in the NM
muscle fibers. We also measured active force at a range of calcium levels and expressed
force relative to the maximal force. An example of active force development of a NM
muscle preparation in response to incremental calcium is shown in figure 4A. The obtained
force-pCa relations were shifted to the right in NM muscle fibers (figure 4B) with a pCasg
value of 5.67 £ 0.08 for control muscle fibers and 5.28 £ 0.07 for NM muscle fibers. NM
muscle fibers also had on average a reduced Hill coefficient (ny), a measure of the
cooperativity of myofilament activation, but this difference was not statistically significant
(figure 4B).

The tension cost was determined simultaneously by measurement of the breakdown of
NADH and force during contraction, with NADH levels enzymatically coupled to ATP
utilization (see Methods). An example of a maximally-activated NM muscle preparation
with [NADH] falling linearly during the tension plateau is shown in figure 5A. The slope of
the [NADH] vs. time curve was normalized by the fiber volume to obtain ATP consumption
rates that can be compared for differently sized muscle preparations. By normalizing ATP
consumption rates to the tension generated and fiber volume, the tension cost can be
determined. As shown in figure 5B, the tension cost was significantly higher in NM muscle
compared to control muscle (8.5 + 0.8 vs. 3.0 £ 0.2 pmol/mN/mm/s, NM vs. control
respectively).

We also measured the rate of tension redevelopment (K;). Muscle preparations were first
isometrically activated at pCa 4.5 and when a steady tension was reached, crossbridges were
disengaged by performing a quick release, a brief period of unloaded shortening, and then a
rapid restretch to the original length. Following restretch, tension rebuilds with a time course
that can be fit to a monoexponential with rate constant Ky.. Figure 6A illustrates a Ky,
measurement on an NM and control muscle preparation, revealing that tension recovers
slower in the NM than in the control muscle preparation. The averaged results from different
fibers are shown in figure 6B. Ky, is significantly lower in NM fibers compared to control
fibers (1.5+0.2vs. 2.2 £0.2s71).

DISCUSSION

Although mutations in six different genes have been implicated in NM, mutations in the
nebulin gene are the most common cause of NM [5]. Recent work indicated that in the
absence of nebulin in murine muscle, cross bridge cycling kinetics are altered to reduce
force production [10;11], and myofilament calcium sensitivity is reduced [10]. Here, we
have studied NEM2 patients who have NM caused by nebulin gene mutations, resulting in
severely reduced levels of nebulin protein compared to control muscles. Our findings
indicate that in these nebulin-deficient muscle fibers from NM patients, the cross-bridge
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attachment rate is slower and the cross-bridge detachment rate is faster. The resulting
reduction in the number of force generating cross bridges in muscle fibers from these
patients is expected to impair the force generating capacity of muscle. Furthermore, the
force response to submaximal calcium concentrations was blunted in nebulin-deficient
muscle fibers from NM patients, indicating reduced myofilament calcium sensitivity.

Sarcomeric protein levels in patients with NM

Nebulin is encoded by a single gene containing 183 exons in humans [16]. About 97% of
these exons are 100-120 bp in length and code for a highly modular structure, the so-called
SDXXYK-repeats (see figure 1). A total of 185 SDXXYK repeats have been identified in
the human nebulin mMRNA (M1 to M185); additional repeats were identified in the human
and murine genomic sequences [16;17]. The N-terminal modules of nebulin (M1-M8)
contain binding sites for the thin filament pointed-end capping protein tropomodulin, and
modules M163 through M185 are located in and near the Z-disk. The centrally located
modules, M9 to M162, are each thought to represent individual actin-binding motifs, and are
organized into seven-module super-repeats that match the repeat of the actin filament (see
figure 1). This precise arrangement is thought to allow each nebulin module to interact with
a single actin monomer and each nebulin super-repeat to associate with a single Tm/Tn
complex [18;19].

Nebulin’s large size has greatly hindered the identification of NM-causative mutations in the
nebulin gene. Although to date many of the human NEB mutations are predicted to introduce
nonsense codons or frame shifts [20], there are no proven “nebulin null” patients, and this
situation may in fact be a lethal condition in humans. Instead, virtually all NM patients
appear to produce reduced levels of a truncated nebulin, presumably due to an extensive and
complex pattern of alternative splicing [5;21]. We studied four NM patients with a nebulin
mutation: Three patients harbored a complete deletion of nebulin exon 55 on both alleles
and the fourth patient had a heterozygous single base-pair deletion in exon 45 with an
unidentified mutation on the second allele. Exon 55 codes for 35 amino acids that are part of
modules M69 and M70 of the ninth super-repeat (figure 1). This in-frame deletion of exon
55, causing a deletion of ~4 kDa at the protein level (which is far below the detection limit
of proteins in the (near) mega Dalton weight range), likely causes a mismatch between
nebulin and its actin binding sites, thereby reducing binding between nebulin and the thin
filament, which might increase nebulin’s vulnerability to proteolysis [12]. The single
mutation identified in the fourth patient causes a frameshift in exon 45 resulting in a
premature stop codon, predicted to lead to the production of a significantly shortened protein
with decreased function. Indeed, in line with previous work, our gel electrophoresis studies
on skeletal muscle from nebulin-based NM patients indicates that the mutations studied here
result in nebulin protein levels that were only ~20% of controls (figure 2).

Protein analysis of the thin filament regulatory proteins revealed significantly reduced actin
levels in NM muscle (to 78% of controls, figure 2) which is in line with the reduced thin
filament length in NM muscle fibers, as suggested by the confocal microscopy studies with
phalloidin (see figure 3 and Ottenheijm et al. [9]). Protein levels of the other major
components of the thin filament were, relative to actin, present at (close to) the normal levels
found in controls (figure 2B), with the exception that nebulin levels were significantly
reduced. These findings suggest that absence of nebulin does not inhibit binding of
tropomyosin and the troponin complex to the actin filament. Thus, the reduced nebulin
levels in muscle fibers from NEM2 patients result in shorter thin filaments, apparently
without major effects on the stoichiometry of other thin filament proteins.

Cross bridge cycling kinetics in nebulin-deficient muscle from NM patients—
A hallmark feature of NM is muscle weakness, which greatly impairs the quality of life of
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these patients [3]. Although NM is characterized at the muscle structure level by
pathological Z-disks, culminating in the formation of nemaline rods, the number of these
rods does not correlate with the severity of muscle weakness observed in these patients
[22;23]. This suggests that myofibrillar disarray and rod formation are a secondary
phenomenon and are not the main contributors to the development of muscle weakness in
NM.

Novel insights into the pathogenesis of NM-associated muscle weakness were obtained
recently by our lab. These results indicated that, in agreement with the proposed role of
nebulin in maintaining thin filament length, myofibrils from patients with nebulin-based NM
contain thin filaments that are shorter and non-uniform in length [9]. The concomitant
reduction in thin-thick filament overlap, at a given sarcomere length, was shown to partly
explain the force deficit observed in the muscle fibers from these patients. The data
presented in the current study provide evidence for the notion that, in addition to
dysregulation of thin filament length, altered cross bridge cycling kinetics contribute to
muscle weakness in patients with nebulin-based NM.

In skeletal muscle, thick and thin filaments are organized into symmetric arrays that
interdigitate and slide past each other as the muscle contracts. This muscle contraction is
driven by the cyclic interaction between the myosin-based cross bridges and actin. During
this cross bridge cycle, unbound non-force generating cross bridges move to an actin-bound
force generating state followed by ATP-driven cross-bridge release back to the non-force
generating state [24;25]. Thus, the force a muscle can generate is proportional to the force
generated per cross-bridge as well as to the fraction of cross-bridges that generate force.
Whether the fraction of force generating cross bridges is different between NM and control
muscle fibers can be evaluated from ktr and tension cost measurements. For such evaluation,
we used the analytical framework proposed by Brenner and co-workers [15] in which the
transition between the weakly and strongly bound cross bridges was described by two
apparent rate constants; one for cross bridge attachment (fapp) and one for cross bridge
detachment (gapp)- In this model the tension cost (ATP consumption rate normalized to
tension and fiber volume) is directly proportional to the detachment rate (gapp) Of myosin
cross bridges from actin. Thus, the increased tension cost in NM fibers (figure 5B) indicates
that the detachment rate is increased in NM fibers. In this framework, the rate constant of
force redevelopment (Ktr) is proportional to f,p, + gapp, and the fraction of cross bridges
attached to actin, to fapp/(fapp + Gapp)- Thus, the decrease in Ktr of NM fibers, together with
the notion that g,pp is increased, indicates that fapp must be reduced and that the reduction
must be larger than the increase in gapp. Combined, this leads to the conclusion that the
fraction of force generating cross bridges is reduced in NM fibers, contributing to the force
deficit observed in muscle fibers from these patients. It should be noted that in addition to
altered cross bridge cycling kinetics, the fast-to-slow fiber type switch in NM muscle (figure
2C) might also contribute to the observed muscle weakness in these patients (fast fibers
from the control subjects showed a trend towards higher force production when compared to
slow fibers, 88 + 5 vs. 71 + 8 mN/mm?, respectively.).

Reduced calcium sensitivity in nebulin-deficient muscle from NM patients—In
vivo, skeletal muscle typically does not perform maximum isometric contractions, but
shortens during submaximal activation. Thus, submaximal parameters of muscle function
provide relevant physiological information. To test whether submaximal force generation is
affected in nebulin-based NM, we exposed permeabilized muscle fibers to various calcium
concentrations and determined ensuing force level. As shown in figure 4, we found
significantly reduced calcium sensitivity of force generation in the nebulin-deficient fibers
from NM patients, suggesting that in addition to maximal force generation, the capacity for
submaximal force generation is greatly impaired.
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The molecular mechanism(s) underlying the changes in cross bridge cycling kinetics and
calcium sensitivity in NM muscle are unknown. We found that the biopsies from the tested
NM patients contained mainly fibers expressing slow MHC isoforms, which are known to
exhibit slow cross bridge cycling kinetics, whereas the control biopsies contained, in
addition to slow isoforms, also the faster 2A and 2X MHC isoforms (figure 2C). However,
as the NM fibers were compared to control fibers that exclusively expressed slow MHC
isoforms, it is unlikely that differences in MHC isoform composition play a role in the
observed changes in cross bridge cycling kinetics.

In addition to MHC isoforms, regulatory protein composition has been shown to impact
cross bridge cycling kinetics as well as the calcium sensitivity of force generation. However,
with the exception of nebulin, NM muscle showed no major changes in total protein content
of the regulatory proteins (i.e the troponin complex and tropomyosin). Although troponin
isoform expression was shifted towards expression of predominantly slow isoforms, this
reflects the shift towards slow MHC isoforms in NM muscle, and is unlikely to account for
the observed changes in contractile performance, as the NM data were compared to slow-
type control fibers.

It could be speculated that the changes in contractile performance in the NM fibers are a
direct effect of nebulin-deficiency. For instance, nebulin’s structure and protein binding
properties make it well suited to influence the calcium sensitivity of force generation.
Nebulin contains ~200 domains of ~35 amino acids that are characterized by the actin
binding sequence SDXXYK; these domains make up seven domain super repeats
characterized by the Tm/Tn binding motif, WLKGIGW [26]. Biochemical studies have
shown that a single nebulin module interacts with a single actin monomer and that each
nebulin super repeat interacts with a Tm—Tn complex of the thin filament [27]. The Tm-Tn
complex regulates skeletal muscle contraction by a steric blocking mechanism in which in
the relaxed state Tm blocks actin’s binding site for myosin, and the binding of Ca2* to Tn
induces a movement by Tm away from this blocked position [28]. Experimental evidence
for the notion that nebulin is involved in regulating the calcium sensitivity of force
generation was provided by recent work revealing that the calcium sensitivity of force
generation is reduced in nebulin-deficient murine skeletal muscle [10]: similar findings as
reported in the present study on nebulin-deficient NM fibers. In addition, studies on murine
skleletal muscle revealed that in the absence of nebulin, cross bridge cycling Kinetics is
altered to reduce the fraction of force generating cross bridges and reduce active force
generation [10;11]. It was speculated that the mechanism by which nebulin affects cross
bridge cycling might involve nebulin’s assocation with actin’s N-terminus in subdomain 1
[29], where the myosin cross bridge also binds. Thus, although the mechanisms underlying
the altered cross bridge cycling kinetics and the reduced calcium sensitivity of force
generation in skeletal muscle from the nebulin-based NM patients require further study, the
present work in combination with previous work on nebulin KO mouse models suggest an
effect of nebulin-deficiency on contractile performance.

Clinical relevance—The present study suggests that the muscle weakness observed in
patients with nebulin-based NM is likely to involve, in addition to dysregulation of thin
filament length [9], changes in cross bridge cycling kinetics and a reduction of the calcium
sensitivity of force generation (for a schematic, see figure 7). Although the mechanisms
underlying these changes in contractile performance are yet to be identified, nebulin-
deficiency is likely to play a role. Considering that mutations in the nebulin gene, which
typically cause nebulin-deficiency, are the main cause of NM, these findings provide
important novel insights into the pathogenesis of NM-associated muscle weakness, and
provide a scientific basis for therapeutics aimed at restoring contractile performance of
skeletal muscle in NM patients.
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Figure 1.

A) Schematic of a structural organization of skeletal muscle and sarcomere (bottom). B)
Schematic of the human nebulin sequence. Nebulin has a highly modular structure, with in
the central region (M9-M162) seven modular repeats arranged into twenty-two super-
repeats. The four NEM2 patients studied here harbor mutations in exon 45 (one patient) that
is part of super-repeat 7, and exon 55 (three patients) that is part of super-repeat 9.

J Struct Biol. Author manuscript; available in PMC 2011 May 1.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Ottenheijm et al. Page 13

A. CONNM
Nebulin 125+ 125+ =
p=0.017 p=0.02
o = 100+ = 100+
T2 o o
MHC «w w2 € 754 S € 75
c 0 = 0
= O €0
2% 501 56 50
2R IR
~ 254 ~ 254
Actin — 0_ 0-
Control NM Control NM
B. CON NM C.
T B 125+
m | .
SS % 1004
TnC fs - £ con NM con NM con NM con NM
° 754 2X — : 4 — o—
ss MHC 2a — == - — -
Tnlfsm“gso- slow/—_---——#
X
25 FR - - e
é'(\ é}(‘ (}0 ;0(‘ Q@
27\ W\ N\ \?
'\& «(‘o\ '\o\\ «é\o\&‘\\

()

<

Figure 2.

A) SDS-PAGE (for typical example gel result of a control and NM patient, see left panel;
NM patient ID: 174-1) revealed that nebulin protein levels (hormalized to MHC) in nebulin-
based NM muscle are reduced to ~20% of the nebulin levels found in control muscle
(middle panel). Actin protein levels in nebulin-based NM muscle are reduced to ~80% of
controls (right panel). B) Expression analysis of proteins regulating sarcomeric force
generation (left panel shows Western blot result for a control and NM patient; NM patient
ID: 4-5). Total protein levels of tropomyosin, relative to actin, were slightly increased in
NM. Total protein levels of troponin C, I, and T, relative to actin, were on average reduced
but this reduction was not statistically significant. In light grey bar the nebulin/actin ratio is
shown, illustrating the predominant decrease in nebulin protein level. Note that NM muscle
showed a shift towards slow isoforms of the troponins (see text for details). C) Specialized
SDS-PAGE to separate MHC isoforms in muscle from the four NM patients and four
control subjects. Note the strong predominance of myosin heavy chain slow in NM muscle,
whereas control muscle expresses slow, 2A, and 2X isoforms. NM patient 1Ds, from left to
right: 76-1, 4-5, 4-4, 174-1.
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Figure 3.

Myofibrils from controls and nebulin-based NM patients stained for actin. A) Actin staining
with phalloidin shows broad and homogenous staining in control myofibrils, whereas actin
staining intensity in NM myofibrils gradually decreases from Z-disk towards the middle of
the sarcomere. Analysis of phalloidin line scan intensities (B) revealed significantly reduced
average thin filament (TF) lengths in NM myofibrils (C).
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Figure 4.
Force-Ca2* characteristics of skinned muscle from NM and control muscle (note that the

results from NM muscle fibers were compared to those from control muscle fibers
expressing solely MHC slow). A) Typical chart recording showing the force response to
incremental CaZ* concentrations in a NM (174-1) fiber preparation B) Left panel: the force
generated in response to incubation with incremental increase of [Ca2*]; note the rightward
shift of the force-Ca2* relationship in NM vs control muscle. Middle panel, the Ca2*
concentration needed for 50% of maximal force generation was significantly higher (i.e.,
lower pCasg) in NM vs control muscle, whereas no difference was found in the Hill
coefficient (nH, right panel).
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Figure 5.

Tension cost of NM and control fibers. A) Example of a maximally activated NM (174-1)
fiber bundle (pCa 4.5) with developed force at bottom and [ATP] at the top. The slope of the
[ATP] vs time trace was divided by fiber volume (in mm3) to determine ATP consumption
rate. B) ATP consumption rate was normalized to tension to determine the tension cost.
Tension cost is significantly higher in NM fibers.
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K¢ measurements of NM and control fibers. A) Example of ki measurement at pCa 4.5 with
superimposed the results of a NM (174-1) and a control fiber. B) K is significantly lower in
NM compared to control fibers.
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Figure 7.

Schematic of the mechanisms underlying muscle weakness in NEM2 patients. In NEM2
patients, force is depressed by (1) decreased and non-uniform thin filament lengths to reduce
the amount on thin-thick filament overlap in a sarcomere length dependent manner (for
details see Ottenheijm et al. [9]); (2) altered cross bridge cycling kinetics to reduce the
fraction of force generating cross bridges; (3) a decrease of myofilament calcium sensitivity
to reduce submaximal force generation.
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