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Abstract

We studied differential splicing of nebulin, a giant filamentous F-actin binding protein (M, ~700-
800 kDa) that is found in skeletal muscle. Nebulin spans the thin filament length, its C-terminus is
anchored in the Z-disc, and its N-terminal region is located toward the thin filament pointed end.
Various lines of evidence indicate that nebulin plays important roles in thin filament and Z-disc
structure in skeletal muscle. In the present work we studied nebulin in a range of muscle types
during postnatal development and performed transcript studies with a mouse nebulin exon
microarray, developed by us, whose results were confirmed by RT-PCR. We also performed
protein studies with high-resolution SDS-agarose gels and Western blots, and structural studies
with electron microscopy. We found during postnatal development of the soleus muscle major
changes in splicing in both the super-repeat region and the Z-disc region of nebulin; interestingly,
these changes were absent in other muscle types. Three novel Z-disc exons, previously described
in the mouse gene, were upregulated during postnatal development of soleus muscle and this was
correlated with a significant increase in Z-disc width. These findings support the view that nebulin
plays an important role in Z-disc width regulation. In summary, we discovered changes in both the
super-repeat region and the Z-disc region of nebulin, that these changes are muscle-type specific,
and that they correlate with differences in sarcomere structure.

Introduction

Major changes in the structural and functional characteristics of skeletal muscle take place
during postnatal development, as reflected by the altered expression of isoforms of many of
the sarcomeric proteins (1). Recently it was shown that during postnatal development of
skeletal muscle, passive stiffness increases through a decrease in titin isoform size, due
mainly to a marked restructuring of its spring region (2). Because it is likely that the
function of titin is coordinated with that of nebulin, we focused here on nebulin expression
during postnatal development of various skeletal muscles of the mouse.
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Nebulin is a giant filamentous F-actin binding protein (M, ~700-800 kDa) that is one of the
least well understood major muscle proteins (3,4). Nebulin spans the thin filament length,
with its C-terminus anchored in the Z-disc, and its N-terminal region located toward the thin
filament pointed end (5,6). The majority of nebulin’s sequence is comprised of ~35 aa
modules, with the central M9 through M162 modules arranged into seven-module super-
repeats (figure 1) (7-10). This arrangement enables a single nebulin module to interact with
a single actin monomer, and each nebulin super-repeat to associate with a single
Tropomyosin(Tm)/Troponin(Tn) complex (4,11-13). Evidence for a role for nebulin in
establishing thin filament length was obtained in earlier studies that revealed that the
electrophoretic mobility of nebulin from different muscle types correlates with thin filament
length (5,6). The subsequent analysis of nebulin’s cDNA sequence corroborated this notion
because it revealed that the bulk of the molecule is comprised of modules that are organized
into super-repeats that match the repeat of the actin filament (8). Further support was
obtained in studies on nebulin knockout (KO) mice that had thin filament lengths that were
shorter than normal (14,15).

Immunoelectron-microscopy has shown that the C-terminal ~30 kDa of nebulin integrates
into the Z-disc lattice and c-DNA sequencing of rabbit nebulin has demonstrated that the Z-
disc region of nebulin is differentially expressed (16). Several different isoforms were
identified that result from the skipping of various combinations of the modules M176 to
M182 (16). It has therefore been suggested that nebulin is one of several proteins that are
important for Z-disc width regulation (16).

Recent work revealed that mutations in the nebulin gene are a common cause of nemaline
myopathy (NM), accounting for ~50% of all NM cases (17), further supporting the
importance of nebulin in muscle function. We have shown that similar to the nebulin KO
mouse model, human NM patients with nebulin-deficiency also have shorter and non-
uniform thin filament lengths, and that this can partly account for the observed muscle
weakness in nebulin-based NM (18-21). Considering the evidence of nebulin’'s importance
in thin filament and Z-disc structure in skeletal muscle, and the possibility for extensive
differential splicing, we studied in the present work nebulin during postnatal development,
using a range of muscle types. We performed transcript studies with a novel mouse nebulin
exon microarray, validated results with quantitative real time PCR (qPCR), carried out
protein studies with high-resolution SDS-agarose gels and Western blots, and performed
structural studies with electron microscopy.

Tissue harvesting

BL6 mice of various ages were anesthetized using isoflurane and the m. soleus (SOL),
tibialis cranialis (TC), extensor digitorum longus (EDL), gastrocnemius (GAST), quadriceps
(QUAD), and diaphragm (DIAPH) were rapidly dissected. For microarray and gPCR
studies, muscles were dissected and stored in RNAlater (Ambion Inc., Austin, TX, USA);
for gel-electrophoresis studies, muscles were quick-frozen in liquid nitrogen and stored at
—80°C. For electron microscopy studies the soleus and TC were rapidly dissected in
oxygenated HEPES (NaCl, 133.5 mM; KCI, 5mM; NaH,POy, 1.2mM; MgSQOy, 1.2mM,;
HEPES, 10mM). The tissue was skinned in relaxing solution (BES 40 mM, EGTA 10 mM,
MgCl, 6.56 mM, ATP 5.88 mM, DTT 1 mM, K-propionate 46.35 mM, creatine phosphate
15 mM, pH 7.0) (chemicals from Sigma-Aldrich, MO, USA) with 1% Triton-X-100 (Pierce,
IL, USA) overnight at 4°C. Muscles were then washed thoroughly with relaxing solution
and stored at —20°C in relaxing solution containing 50% (v/v) glycerol. All solutions
contained protease inhibitors (phenylmethylsulfonyl fluoride (PMSF), 0.5 mM; Leupeptin,
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0.04 mM; E64, 0.01 mM). All experiments were approved by IACUC and followed the NIH
Guidelines “Using Animals in Intramural Research” for animal use.

Gel-electrophoresis

SDS-agarose electrophoresis was performed as previously described (22,23). Briefly,
muscle samples were solubilized in a urea and glycerol buffer and analyzed by vertical SDS-
agarose electrophoresis. The 1% agarose gels were run at 15mA per gel for 3 hours and 20
minutes. The gels were stained with coomassie brilliant blue (CBB), and subsequently
scanned and analyzed using One-D scan EX (Scanalytics Inc., Rockville, MD, USA)
software. To determine the molecular weights of nebulin isoform and stoichiometry,
samples of interest were co-electrophoresed together with titin, nebulin and myosin heavy
chain (MHC) of known sizes from human soleus (titin 3.82 MDa; nebulin; 773kDa, MHC
223kDa (top MHC seen on the agarose gels) and human left ventricle (N2B titin 2.97 MDa)
samples. Plotting the logarithm of the molecular weight vs. migration distance on the gel
yields a linear relationship, as shown previously(24,25), and allowed us to estimate the Mw
of the proteins of interest from their migration distance (see Figure 2 for further
explanation). The integrated optical density of nebulin and MHC was determined as a
function of the volume of solubilized protein sample that was loaded (a range of volumes
was loaded on each gel). The slope of the linear range of the relationship between integrated
optical density and loaded volume was obtained for each protein. To verify the nebulin
mobility differences that were found, samples were fluorescently labeled using Amersham
CyDye DIGE Fluors (GE healthcare). Two samples of interest, with different fluorescent
labels, were run side-by-side as well as mixed on a 1% agarose gel; the gel was scanned
using a Typhoon 9400 Scanner (GE Healthcare).

Western Blot

For Western blotting of nebulin’s M176-M181 (exons 151-158), soleus samples were run
on 1% agarose gels, and transferred to PVDF membrane using a semi-dry transfer unit (Bio-
Rad, Hercules, CA). The blots were stained with Ponceau$S to visualize total transferred
protein. The blots were then probed with rabbit polyclonal antibodies against M176-M181
which corresponds to exons 151-158 and antibodies against the serine rich domain exon 164
(9,16) To normalize for loading differences, M176-M181 labeling was normalized to total
nebulin protein, determined from the PonceauS-stained membrane. Secondary antibodies
conjugated with fluorescent dyes with infrared excitation spectra were used for detection.
One-color IR western blots were scanned (Odyssey Infrared Imaging System, Li-Cor
Biosciences, NE. USA) and the images analyzed with One-D scan EX.

Microarray studies

We dissected mouse soleus and TC muscles from neonatal (day 5) and adult (typically day
100). Due to the small size of the soleus muscle it was not practical to use mice younger
than 5 day. We pooled muscles from 6 mice and did this 4 times (total number of mice 24)
to provide us 4 independent pools per age group for soleus and 4 pools for TC. The
microarray experiments were performed as described previously (2). Briefly, RNA was
isolated using the Qiagen RNeasy Fibrous Tissue Mini Kit. RNA was amplified using the
SenseAmp kit from Genisphere and Superscript 111 reverse transcriptase enzyme from
Invitrogen. Reverse transcription and dye coupling (Alexa Fluor 555 and Alexa Fluor 647
were used) was done using Invitrogen’s superscript plus indirect cDNA labeling module.
Half of each sample was incorporated with Alexa Fluor 555 and the other with Alexa Fluor
647. All the mouse nebulin (50mer oligonucleotides) were spotted in triplicate on Corning
Ultra GAPS glass slides. Note that the arrays were made prior to the discovery by Donner et
al(26) of a new exon, and that this exon is therefore not represented on the microarray.
Donner et al. (26) numbered this exon 127 and incremented all upstream exon numbers by
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one. In this work we first show the old exon numbering based on Kazmierski et al (9)and in
parenthesis the new numbers based on Donner et al. Slides were then baked at 90°C for 90
minutes and stored in a nonelectric desiccator. For each sample 750ng of cDNA (Nanodrop,
Thermo scientific) from each sample was hybridized (Ambion: Slide-Hyb buffer #1) for 16
hours at 42°C after which slides were scanned at 595 nm and 685 nm with an Array WoRXx
scanner. Spot finding was done with SoftWoRx Tracker and spot analysis with CARMA
(27). The analysis detects relative changes in the fluorescence of a probe (adult as compared
to neonate). These changes are represented as a fold-difference and reflect the ratio of adult
exon expression to neonate exon expression. A positive fold change (shown in the Results in
green) indicates an increase in expression in adult relative to the neonate. A negative fold
change (shown in the Results in red) indicates an increase in expression in neonate relative
to the adult sample. To calculate the predicted molecular weight difference caused by the up/
down regulated exons we assumed that the exon is expressed in both neonate and adult but
at different levels, i.e., some of the nebulin molecules in a particular sample have the exon
expressed and others do not (Western blots studies confirm this assumption, see Results).
We set the expression level at 100% for the sample with the highest expression and
calculated the expected molecular weight difference accordingly. For example, an exon that
is two-fold upregulated in the adult and that encodes a 4 kDa protein results in a predicted
molecular weight increase in the adult of 2 kDa, (i.e., 1.0 x 4 kDa — 0.5 x 4 kDa). (In
contrast, if the exon were to be ‘on-off’ it would cause a molecular weight difference of 4
kDa.) Table 1 shows both the ‘on-off change in molecular weight and the predicted change
in molecular weight following the calculation explained above.

Primers were designed to single exons of nebulin. Other than a smaller product size range of
60bp to 100bp, the standard settings were used with Primer3 software (Code available at
http://www-genome.wi.mit.edu/genome_software/other/primer3.html.). Amplified RNA
(prepared in the same way as microarray) was converted to cDNA using SuperScript™ I11
First-Strand Synthesis System (Invitrogen). The cDNA was used in the gPCR reaction kit,
Maxima SYBR Green qPCR (Fermentas), and placed in the Roto Gene Q machine (Qiagen).
Roto Gene 6000 software (Qiagen) was used to process the gPCR reactions and results. The
standard software settings were used for all reactions and GAPDH was used as a reference
to normalize each reaction set.

Electron Microscopy

Skinned skeletal muscle bundles were stretched (at ~0.25 pm/sarcomere) in relaxing
solution to 120% of their original length, held in that state for 5 minutes and then fixed,
embedded, and processed for electron microscopy as explained earlier (28,29). Briefly, the
samples were fixed in 3% paraformaldehyde/PBS solution for 30 minutes at 4°C, then
washed in PBS plus inhibitors for 3 x 15 minutes at 4°C. The samples were then fixed in 3%
glutaraldehyde + 2% tannic acid in PBS for 1 hour at 4°C, rinsed in PBS 3 times for 5
minutes each, then washed in PBS + inhibitors overnight again at 4°C. The next morning,
samples were postfixed in 1% OsO, in PBS for 3 minutes at 4°C and then washed and
embedded in araldite. Sections were cut using a Leica microtome, stained with 2%
potassium permanganate and lead citrate, and imaged at 88,000-110,000X using a Phillips
CM-12 electron microscope. Z-disc width measurements were made by importing the Z-disc
image into ImageJ and generating a histogram plot of the grey value versus the distance in
pixels. The histogram was then fit by a Gaussian curve in a program created in LabView.
The full width at the baseline of the Gaussian curve was determined to be the Z-disc width.
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Data are presented as mean £ SEM. Significance was defined using the Student’s t-test and
probability values <0.05 were taken as significant and are indicated on Figures as: * p<0.05;
** p<0.01; *** p<0.001. ANOVA with a linear model that incorporates terms to account for
experimental variability was used in analysis of microarray data (for details see(27)).

Recently it was discovered that large changes take place in transcript splicing of the
sarcomeric protein titin (2). Like titin, nebulin is a candidate for functional modification
through differential splicing (the nebulin gene contains 166 exons in mouse (9) and 183 in
human (10)); here we address whether changes in nebulin due to differential splicing take
place during neonatal development (this is when extensive changes in splicing takes place in
titin). For this work we developed a microarray which represents all of the murine nebulin
exons. The layout of nebulin in the sarcomere is shown in figure 1. (The color coding of the
various regions in the schematic are carried over to colored areas of Table 1, for easier
identification.) We first studied the soleus muscle and compared 5 day old neonatal with
adult mice. The array included probes that represent the nebulin binding proteins, CapZ,
desmin, myopalladin and tropomodulin (both tropomodulin 1 and tropomodulin 4). None of
these were significantly up/down regulated. Of the nebulin exons, we observed 25 exons
with significantly different expression levels expression levels all of which were >2 fold
different between neonatal and adults (table 1). This indicates that the adult expression
relative to the neonate expression is 2 or more times greater (indicated by positive values,
exons are highlighted in green) or 2 or more times less (exons indicated in red). The
differential exons appear to be grouped in clusters with a cluster of exons down regulated in
the adult, demarcated by exons 13 and 26, encoding exons for super repeat 1 and 2, and
several clusters up regulated in the adult, exons 133 — 138(139), exons 153(154)-155(156),
and 163(164)-165(166), encoding super repeat 22, Z-disc repeats, and serine rich/SH3
domains respectively (Table 1). (The first shown exon number is based on Kazmierski et al
(9) and the number in parenthesis is based on Donner et al. (26), see Methods for details).

gPCR was used to validate representative results obtained in the microarray studies. (To
keep the experiments manageable we studied 8 exons, representing exons that were
unchanged, reduced, or increased on the microarray). Obtained results were overall similar
to those obtained with the microarray (Figure 2). Of the tested exons, upregulated in the
adult were exons 154(155), 155(156), 163(164), 164(165), and 165(166). We further
verified these findings at the protein levels by performing Western Blot studies with an
antibody raised against nebulin repeats M176-181 (encoded by Z-disc repeat exons) and the
serine-rich domain. Results reveal significant upregulation in the adult (Fig. 3), consistent
with the transcript findings.

Although it is difficult to correlate transcript changes with changes in protein, if we assume
that the differential exons are ‘on-off’ in the protein, the combined predicted effect of the
identified differentially expressed exons is 20.4 kDa. However the measured expression
ratios are only 2—4 fold (‘on-off” would result in much larger ratios) and therefore we
calculated the change in molecular weight taking the measured expression ratio into account.
We obtained a 13.1 kDa larger protein in the adult (Table 1). This value was calculated
assuming that exons are expressed in both neonate and adult but at different levels (Western
blots studies confirm thus assumption, see below), with the calculation carried out as
explained in the Methods section (under heading Microarray studies). Thus the effect of the
identified exons with different expression levels in neonate and adult is 20.4 kDa when
assuming that in the protein they are ‘on-off’ and 13.1 kDa assuming that in the protein they
have an expression ratio as identified for the transcript.
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Next, we investigated whether the changes in transcript found in the soleus also occur in
different muscle types, and studied the tibialis cranialis (TC) muscle, a fast twitch muscle.
Surprisingly, only exon 127 (128) was upregulated (~7 fold) in the adult vs 5 day old TC
mice (figure 1C, bottom).

The transcript results suggest that differential splicing of nebulin has a limited effect on the
molecular mass of nebulin. Because this contrasts with previous protein work where large
differences in the size of nebulin were detected (5), we also performed a protein analysis of
nebulin expression, using 1% agarose gels. We co-electrophoresed human soleus (HS) and
human heart (HH) standards on the same gel because they express titin and nebulin of
known molecular weights, providing molecular weight markers. Figure 4 shows an example
of a gel used for analysis of nebulin expression in mouse soleus (MS) muscle (additional
examples are shown in the supplemental figure S1 and figure S2). Note that at day 1, MS
titin has a mobility that is indistinguishable from adult HS titin and that MS titin has a much
faster mobility than HS in adults (reflecting massive differential splicing in titin’s spring
region(2)). Nebulin of both neonatal and adult mice was much smaller in size than HS
nebulin, with little difference visually noticeable between day 1 and adult MS muscles.
Densitometry, however, revealed that the adult soleus nebulin had a slightly lower mobility
than neonatal samples. Additionally, neonatal day 1 and adult (4 mo.) were fluorescently
labeled with Cy 3 and Cy 5, respectively, and co-electrophoresed on a 1% agarose gel. Two
distinct nebulin bands were observed (Fig. 5A). Analysis of neonatal and adult samples
revealed that this slight mobility difference corresponds to a molecular mass difference
between the neonatal and adult muscles of 16 kDa (Table 2) which is slightly larger than
that predicted from the transcript data (see Discussion for details). We also studied several
other skeletal muscle types and included the TC (studied by microarray), as well as the
extensor digitorum longus (EDL), gastrocnemius (GAST), quadriceps (QUAD), and
diaphragm (DIAPH). We found that all of the muscle types had only small differences is
molecular weight when comparing adult vs. neonatal samples and that they were typically
10-20 kDa smaller in the adult (Table 2; supplementary figure 3 ??). It is also of interest to
note that in adult mice, TC, EDL, GAST, QUAD, muscles all express nebulin that is similar
in size (~700-710 kDa) but that nebulin size in the slow twitch soleus muscle and the
DIAPH is somewhat larger (740-750 kDa). This can be visualized in figure 5B which shows
a co-electrophoresis of Cy3 labeled adult soleus and Cy2 labeled adult EDL.

We also analyzed the width of the nebulin bands to infer changes in isoform composition in
the neonatal and adult muscle (with the idea that changes in band width reflect changes in
isoform composition). We fitted the bands in soleus and TC muscle (n=4 each) with a
Gaussian and determined the width at half height and at the base. No significant differences
in the width were found between neonatal and adult muscle samples (results not shown).
These results do not rule out that the band contains different isoforms and that during
development the composition changes but the width stays the same.

The agarose gel based data indicate that at the protein level soleus and TC are 16 kDa larger
and 8 kDa smaller in the adult than the neonate, respectively. The transcript data predict 13
kDa larger and 3.6 kDa larger, respectively. One hypothesis for the difference in the
observed molecular weight on protein gels versus the expected molecular weight observed
from our microarray is that the difference in size of the protein is due to post-translational
modifications. Phosphorylation is a good starting point for this hypothesis as the nebulin
sequence is predicted to have ~200 phosphorylation sites (Buck et al. unpublished
observations). To determine if some of the discrepancies in the molecular weight might be
due to differences in phosphorylation we evaluated the phosphorylation status of nebulin
using the ProQ Diamond stain. In both soleus and TC muscle there was a significant
decrease in the relative level of phosphorylation in the adult versus the neonate (Figure 6).
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This decrease can partially explain why in the TC muscle the estimated molecular weight of
nebulin is slightly less in the adult than in the neonate (Table 2), whereas transcript data
predict a slight increase (Table 1, bottom). However, for the soleus muscle the reduced
phosphorylation of the adult is expected to decrease the molecular weight of the adult
protein and, thus, phosphorylation can not explain why the protein-based increase (16 kDa)
is larger than that based on the microarray (13 kDa). Thus, changes in phosphorylation
status do not provide a unifying explanation for the protein and transcript differences.

Finally, we also used gel electrophoresis to determine the expression ratio of nebulin relative
to MHC (the main protein visible on the agarose gels; actin was run off). This was explored
in the muscle types of soleus, TC, EDL, GAST, QUAD, and DIAPH and in various ages day
1 to adult (~10 ages). We found that the nebulin:MHC ratio was not dependent on age or on
muscle type (Supplemental figure 3) and that the ratio was on average 0.06. Thus our protein
analysis revealed only minor differences in nebulin size during neonatal development, that
in the adult animal nebulin size is similar in fast twitch (EDL), slower twitch (DIAPH), and
mixed muscles (QUAD and GAST), but slightly larger in slow twitch muscle (soleus) and
that the stoichiometry of nebulin does not vary with development stage nor with muscle

type.

Since we had found differential splicing in the Z-disc region of nebulin in soleus muscle,
and because it had been previously proposed that nebulin plays a role in setting the width of
the Z-disc (16), we performed electron microscopy on soleus muscle from neonatal day 1, 5,
and adult mice and measured Z-disc widths. Representative results are shown in figure 7A,
left and analyzed results in 7B. Interestingly, the soleus Z-disc is wider in the adult than in
the neonates, see example micrographs of figure 7A bottom and the histograms of
measurements in figure 7B. The mean width of the Z-disc increased from 151 nm in day 1
soleus to 156 nm in day 5 soleus and 170 nm in the adult (p<0.001) (Table 3). To further test
the correlation between differential Z-disc exon splicing and Z-disc width we also studied
the TC muscle, where few differences exist in Z-disc exon composition when comparing
neonates with adult muscle (see above). Data are shown in figure 7A right, figure 7C and
Table 2. The TC muscle had a mean Z-disc width of 120 nm in the day 1 neonate, 120 nm in
the day 5 neonate and 117 nm in the adult (differences are not significant). This data
therefore confers a correlation between Z-disc width and the isoform shift in nebulin
consistent with previous work.

Discussion

We recently reported that due to extensive differential splicing during postnatal development
of skeletal muscle, titin is ~50 exons smaller (representing ~200 kDa in protein) in adult
mice than in neonates (2). Similar to titin, nebulin also contains a large number of exons
(166 in mice) and here we studied differential splicing of nebulin during skeletal muscle
development, using a novel home-made nebulin exon microarray. We focused on two
different muscle types, the soleus and tibialis cranialis (TC) muscles, representatives of slow
and fast twitch muscle types, respectively, and studied muscles from neonatal and adult
mice. The soleus muscle had 25 exons differentially spliced between 5 day old neonates and
adults, with differences in the super-repeat region and the Z-disc region of nebulin. Far
fewer changes were found in the TC muscle where only one exon was differentially spliced
(comparing 5 day old and adult mice). These differences in splicing between soleus and TC
muscle during development correlate with changes in Z-disc width, as shown by electron
microscopy. Below we discuss these findings in detail.

Nebulin’s N-terminal modules (M1-M8) contain binding sites for the thin filament pointed-
end capping protein tropomodulin, and the C-terminal modules M163 through M185 are
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located in and near the Z-disc (4). The large central region of the nebulin gene contains
exons that code for a highly modular structure, the so-called SDXXY K-repeat modulus that
are each thought to represent individual actin-binding motifs. These motifs are organized
into seven-module super-repeats (figure 1A), characterized by the Tm/Tn binding motif,
WLKGIGW, that match the 38.5 nm repeat of the actin filament (4,8-10).

This arrangement enables a single nebulin module to interact with a single actin monomer,
and each nebulin super-repeat to associate with a single Tm/Tn complex (4,11,13). We
found that most of the exons that code for super-repeat 1 and 2 are down regulated in adult
soleus muscle (figure 1C), suggesting that the N-terminal end of nebulin’s super-repeat
region might be 2 x 38.5 nm shorter in the adult soleus muscle. On the other hand, most
exons that represent super-repeat 22 are upregulated in adult soleus muscle (figure 1C),
indicating that the near Z-disc region of nebulin’s super-repeat region is 38.5 nm longer. The
combined effect of these two differentially spliced regions is a super-repeat region that is
expected to be 38.5 nm shorter in adult soleus muscle.

The differences in the super-repeat region of soleus nebulin suggest that the thin filaments
are slightly shorter in adult soleus muscle. Thin filament length is not an intrinsic property
of actin filaments (actin monomers assemble in vitro to highly variable polymer lengths),
and nebulin has been long considered a likely candidate that is involved in thin filament
length control (6,7). Evidence for a role for nebulin in establishing thin filament length was
obtained in earlier studies that revealed that the electrophoretic mobility of nebulin from
different muscle types correlates with thin filament length (5). The recent work on nebulin
KO models revealed that in nebulin-deficient muscle the thin filaments are on average
shorter, thus further supporting a role for nebulin in the in vivo regulation of thin filament
length (14,15). Thin filament length is a key aspect of muscle function and the extent of
overlap between thick and thin filaments determines the sarcomere’s force generating
capacity (30,31). For muscles that work on the descending limb of the force-sarcomere
length relationship short thin-filaments reduce overlap and this lowers force generation,
which is disadvantageous(31). However for muscles that work on the ascending limb,
shorter thin filaments can increase force production, because the overlap zone of thin
filaments in the center of the sarcomere will be reduced (force production is greatly reduced
in the thin filament overlap region, see(31)). Thus, the reduction in thin filament length
during postnatal development of soleus muscle, that is implied by our microarray data,
might reflect a reduction in the working range of the sarcomere (note that a reduction in
working range is consistent with the reduction in the length of the titin’s spring region that
occurs during postnatal development (2)). Whether these changes in nebulin also relate to
the changes in myosin isoform expression which take place during postnatal development
(32) remains to be established.

Because no major changes were found in the super-repeat region of the nebulin gene in the
TC muscle changes in thin filament length during postnatal development are unlikely to take
place in this muscle type. It is noteworthy that exon 127(128) was greatly upregulated (>7-
fold) in adult TC when compared to neonatal TC, and that this was absent in the soleus. This
exon was also identified by Donner et al (26) as differentially spliced during murine muscle
development. Donner et al (26) refer to this exon as exon 128 (their numbering is shown in
our manuscript in parenthesis), because of a new exon that they identified and numbered
exon 127. (Note that their exon 127 is not represented on our array because it was
discovered after the array was designed.) Donner et al (26) showed that exon 127(128) in
TC muscle is >10-fold increased during the first 6 weeks after birth, whereas in the soleus it
is less than 2-fold increased. Our microarray findings are consistent with the proposal of
Donner et al. that exon 127(128) has a muscle-specific regulatory function that is utilized
during muscle development.
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Additionally, we found that the stoichiometry of nebulin was independent of muscle type
and developmental stage, and that the nebulin:MHC ratio was on average 0.06
(supplemental Fig. 3). Considering that there are 300 MHC molecules per half sarcomere
(33), the measured nebulin:MHC ratio of 0.06, the 223 kDa molecular mass for MHC and
~710 kDa for nebulin (Table 1), and that there are twice as many thin than thick
filament(33), makes it possible to calculate that there are ~2.8 nebulin molecules per thin
filament. Because of the two-fold symmetry of F-actin (33) it seems likely that the number
of molecules of nebulin bound to F-actin is an even number and we assume therefore that
the real number is 2 (the somewhat higher value that we found could be explained by, for
example, a binding affinity for Coommassie Blue that is higher for nebulin than MHC, or by
a thin:thick filament ratio that is slightly higher than 2). Our finding of a nebulin
stoichiometry that is independent of muscle type and developmental stage is consistent with
a structural function for nebulin that needs to be constant during muscle development.

We found a ~20 nm increase in the Z-disc width during postnatal development of soleus
muscle, but no changes in the Z-disc of the TC muscle (Table 2). Nebulin’s Z-disc modules
M176 to M181 are known to be differentially spliced and different isoforms have previously
been identified that result from the skipping of various combinations of the M176-181
modules(16). Importantly, the number of modules has been shown to be positively
correlated with the Z-disc width of different rabbit and human muscle types (16). We earlier
proposed that these nebulin modules play a role in terminating the Z-disc structure and
establishing the transition to the I-band region of the sarcomere (16). In this differentially
spliced region, the mouse nebulin gene has 3 additional exons inserted that have been named
M177/M178b, M177/M178c, and M177/M178d(9). Interestingly all three novel exons are
upregulated in the adult soleus relative to 5 day old neonates (table 1), whereas they are not
differential in the TC. These findings are consistent with our earlier reported positive
correlation between the number of M176-M82 modules and the Z-disc width. Thus our
present findings support the view that differentially expressed Z-disc modules of nebulin
play a critical role in determining the Z-disc width of the sarcomere. Future work is needed
to directly test this by gene targeting experiments that delete nebulin Z-disc modules.

Both microarray analysis and qPCR show an increase in expression of the SH3 domain in
the adult soleus muscle. Interestingly, a mouse model in which the SH3 domain is deleted
shows that the SH3 domain is dispensable for muscle development and isometric stress
production (34). The functional significance for the altered expression during development
remains to be established.

The Z-disc plays a fundamental role in transmission of active and passive forces that are
generated within the sarcomere; differences in Z-disc width in different muscle types have
been proposed to reflect differences in mechanical stress levels experienced by their Z-discs
(35). It seems likely therefore that the increase in the Z-disc width of the soleus muscle (Fig.
7) reflects the weight bearing function of this muscle and the increasing stress exerted on
this muscle due to the rapid increase in body weight during postnatal development.
Furthermore, these stresses have to be withstood for long periods of time and, thus, the
‘stress-time integral’ is high for the soleus muscle, in contrast to fast twitch muscles such as
the TC which are typically active for short periods only. Thus we propose that the increased
Z-disc width of the soleus muscle that we found reflects the increasing mechanical demands
on solues muscle during postnatal development.

In summary, transcript studies with a newly developed mouse nebulin exon microarray and
the supportive gPCR, revealed during postnatal development muscle-type specific changes
in splicing in both the super-repeat region and the Z-disc region of nebulin. Three novel Z-
disc exons were upregulated during postnatal development of soleus muscle and this was
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correlated with a significant increase in Z-disc width. These findings suggest that nebulin
plays an important role in Z-disc width regulation by terminating the Z-disc and establishing
the transition to the I-band region of the sarcomere. Consistent with this view are the
pathologically wide Z-discs found in muscle from nebulin deficient mice(14) and nebulin
deficient nemaline myopathy patients (36). Thus, we discovered during postnatal
development changes in both the super-repeat region and the Z-disc region of nebulin, that
these changes are muscle-type specific, and that they correlate with differences in sarcomere
structure.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

Top: Layout of nebulin in the sarcomere. Bottom: domain composition of nebulin.

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



1duosnuey JoyIny vd-HIN 1duosnuey JoyIny vd-HIN

1duosnuey JoyIny vd-HIN

Buck et al.

6.0

g
o

N
=

Fold Difference Adult vs. Neonate
R o
(@) (@]

A
&

1
o
o

kkk

Page 13
NS NS NS% |‘
T .
oL

*%

Exon Number

Figure 2.

ORT-PCR

'O Microarray

gPCR experiments to validate microarray results. Exon 1 and 21 were selected for g°PCR
analysis because microarray analysis revealed no difference (exon 1) or down regulation in
the adult vs. neonate (exon 21). Exons encoding the z-disc repeat (153-155), serine rich
(exon 163 and 164), and SH3 (exon 165) domains were chosen because the microarray had
revealed upregulation in the adult. Results with the two techniques are similar. (n=3 for

neonate and adult).
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Figure 3.

Western blot against A) nebulin Z-repeats M176—-M181 and B) serine rich domain,
performed on neonatal day 5 samples (n=4) versus adult (4 mo. n=6). Both M176-181 and
the serine rich domain are significantly upregulated in the adult. Shown are results
normalized to the nebulin protein level, as obtained by the PonceauS-stained membrane (see
Methods), with the average value for the neonates set to 100%. Example results are shown
in insets. N = neonate, A = adult.
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Figure 4.

Nebulin size analysis. Left Panel) SDS-agarose gel electrophoresis from day 1 (d1) and

adult (d300) mouse soleus. The sample was co-electrophoresed with human soleus titin and
human heart to compare nebulin isoform size. Right panel) Densitometry scan of two lanes
(shown at the left) superimposed. Adult soleus nebulin (broken line) is larger in size than the

neonate soleus (solid line) as observed by the reduced distance to human soleus nebulin.

Bottom: distance of protein bands from top of gel vs log Mw. The known co-

electrophoresed standards were used to determine the shown calibration line and this line

was then used to estimate the Mw of the mouse soleus (MS) nebulins.
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Co-electrophoresis of two samples with different fluorescent labeling. A) Day 1 neonatal
soleus (green) and adult soleus (red) were co-electrophoresed, and two distinct nebulin
isoforms were observed with adult nebulin having a lower mobility than neonatal nebulin
(see enlarged inset). B) Adult (4 month) soleus and EDL which have the highest and lowest
nebulin molecular weight of the studied muscle types, respectively, were co-electrophoresed
and show distinct differences in nebulin mobility.
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Phosphorylation analysis using ProQ Diamond stain. The ratio of ProQ Diamond
florescence staining over total nebulin protein staining (with coomassie blue) in the soleus
and TC muscle indicate that there is a significantly higher level of phosphorylation in the
neonates as compared to the adults. (n=4 neonates, n=5 adults.)
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Figure 7.

Z-disc width measurement in neonatal (day 1 and day 5) and adult mice. A) Examples of
micrographs for soleus (left) and TC (right) muscle. Bar is 100 nm. B and C) histograms of
Z-disc width measurements. Data were binned in 10 nm wide Z-disc bins and each value
represents the number of measurements that falls within the bin. (The values are expressed
as a fraction of the value of the bin with the most measurements).
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Table 1

Transcript analysis in soleus and TC muscle. Adult expression is shown relative to that of the neonate with
exons that are up-regulated shown in green (and with positive values) and exons that are down-regulated in
red (and with negative values). The protein modules encoded by the exons colored in correspondence to the
regions of nebulin in Figure 1 bottom; their molecular weights are shown in kDa. Nomenclature adapted from
(37) and(9). (Exon numbers in parenthesis are according to (26), see Methods for details.) The expected
differences in the average molecular weight of adult nebulins is calculated based on the fold difference (See
Methods for details). According to these results, the nebulin transcript is larger in the adult than in the neonate
and is predicted to result in a nebulin protein that is 13.1 kDa larger in the soleus and 3.6 kDa in the TC.

SOLEUS
Expected Contrbution to Mw
Exon # Encodes Mw (kDa) Fold (kDa) Ad vs neonate

8 M3/M4 4.08 2.199 2.23

11 M6/M7 411 2.063 2.12

13 M8/S1R1 441 -2.199 —2.40

14 S1R1/R2 4.20 -2.301 —2.38

18 S1 R5/R6 4.08 -2.180 -2.21

19 S1 R6/R7 4.04 —2.324 -2.30

21 S2 R1/R2 4.86 -2.336 —2.78

25 S2 R5/R6 4.02 —2.166 -2.16

26 S2 R6/R7 4.04 —2.053 -2.07

33 S3 R7/ S4 R1/R2/R3 12.33 -2.136 —6.56

45 S6 R7/ S7T/R1/R2/R3 12.12 2.191 6.59
133 (134) S22 R3/R4 4.09 2.031 2.08
134 (135) S22 R4/R5 3.92 2.098 2.05
135 (136) S22 R5/R6 4.32 2.527 2.61
136 (137) S22 R6/R7 4.33 2.101 2.27
137 (138) S22 R7/M163 3.79 2.000 1.90
138 (139) M163/M164 391 2.307 2.22
145 (146) M170/M171 4.34 —2.336 —2.48
146 (147) M171/M172 3.96 -2.213 -2.17
153 (154) M177/M178b 3.58 2.428 2.10
154 (155) M177/M178c 3.55 2.617 2.19
155 (156) M177/M178d 3.48 2.084 1.81
163 (164) M185/Ser 531 2.373 3.07
164 (165) Ser 3.82 3.309 2.67
165 (166) SH3 6.32 4.034 4.75

Cummulative Difference: 13.1 kDa
TC
Expected Contrbution to Mw
Exon # Encodes Mw (kDa) Fold (kDa) 5d/Ad

127 (128) S21 R5/R6 4.16 7.465 4.72
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Expected Contrbution to Mw
Exon # Encodes Mw (kDa) Fold (kDa) Ad vs neonate
Cummulative Difference: 3.6 kDa
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Table 2

Molecular weight estimates based on gel electrophoresis.

Muscle Type Neonate (d1) Adult (d300) A Mw
SOLEUS 732224 7s8413% 16
TC 72312 715410* -8
GAST 71935  7090+18* -19
EDL 72642  701+30% —25
QUAD 71804  710+13% -10
DIAPH 731+43 740+ 1.1 9

*
P<0.05 neonates versus adults. (n=3-5 for neonatal samples; n=5-6 for adult samples).
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Table 3

Z-disc width measurements in soleus and TC muscles.

Sample  Z-disc Width N Size
SOLEUS Dayl q51+28nm™* 139
Day5  156+20nm™** 280
Adult 170 £ 20 nm 179
TC Dayl 120 +24nm 138
Day5 120 +26 nm 124
Adult 117 £ 14 nm 164

Fok

3
P<0.001 neonates (day 1 or 5) versus adults.
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