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Approximately one billion people worldwide are homozygous for a stop codon polymorphism in the ACTN3
gene (R577X) which results in complete deficiency of the fast fibre muscle protein «-actinin-3. ACTN3 geno-
type is associated with human athletic performance and a-actinin-3 deficient mice [Acin3 knockout (KO)
mice] have a shift in the properties of fast muscle fibres towards slower fibre properties, with increased
activity of multiple enzymes in the aerobic metabolic pathway and slower contractile properties. a-Actinins
have been shown to interact with a number of muscle proteins including the key metabolic regulator glyco-
gen phosphorylase (GPh). In this study, we demonstrated a link between «-actinin-3 and glycogen meta-
bolism which may underlie the metabolic changes seen in the KO mouse. Actn3 KO mice have higher
muscle glycogen content and a 50% reduction in the activity of GPh. The reduction in enzyme activity is
accompanied by altered post-translational modification of GPh, suggesting that a-actinin-3 regulates GPh
activity by altering its level of phosphorylation. We propose that the changes in glycogen metabolism
underlie the downstream metabolic consequences of «-actinin-3 deficiency. Finally, as GPh has been
shown to regulate calcium handling, we examined calcium handling in KO mouse primary mouse myoblasts
and find changes that may explain the slower contractile properties previously observed in these mice. We
propose that the alteration in GPh activity in the absence of «-actinin-3 is a fundamental mechanistic link
in the association between ACTN3 genotype and human performance.

INTRODUCTION

a-Actinin-3 is a structural fast skeletal muscle protein encoded
by the ACTN3 gene (1). A common polymorphism in this
gene, R577X, results in a premature stop codon in the place
of an arginine residue at position 577. Individuals with two
copies of the X allele (4CTN3 577XX genotype) are comple-
tely deficient in a-actinin-3 (2). Although 577XX genotype
frequencies differ between human populations, it is estimated

that 16% of individuals worldwide, or approximately one
billion people, are deficient in a-actinin-3 (3). Hence under-
standing the consequences of a-actinin-3 deficiency in
humans may have wide-reaching implications.

ACTN3 genotype has been linked with elite athletic per-
formance in humans. The 577XX genotype is under-
represented in Australian Caucasian sprint athletes and slightly
over-represented in endurance athletes compared with non-
athlete controls (4). This association has been independently
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replicated in six European, Israeli and North American athlete
cohorts (5—10). The 577XX genotype is also associated with
muscle performance in non-athletes; 577XX women demon-
strated significantly lower voluntary elbow contraction force
than 577RR women (11) and 577XX Greek adolescent boys
recorded significantly slower 40 m sprint times than 577RR
individuals (12). In combination, these data provide strong
evidence that a-actinin-3 deficiency is detrimental to sprint
and power performance. The expression of «-actinin-3 is
restricted to fast type 2 muscle fibres in mouse and humans
(3,13) suggesting that it plays a specific role in these muscle
fibres which are responsible for forceful and rapid contraction.
We have previously shown that the region around the R577X
polymorphism bears low genetic variation and recombination,
suggestive of positive selection on the X allele during recent
human evolution (14).

We have generated a knockout (KO) mouse model in order
to analyse the effects of a-actinin-3 deficiency on skeletal
muscle function (14). ‘Fast’ muscles in the KO mice display
slower muscle properties, including slower contractile proper-
ties, providing a potential explanation for the low frequency of
a-actinin-3 deficiency among sprint athletes. Interestingly, KO
mice displayed a number of metabolic differences to wild-type
(WT) littermates, with increases in the maximal activity of key
enzymes of glycolysis and aerobic metabolism, but decreases
in maximal activity of an anaerobic metabolism enzyme (15).
These metabolic differences may underlie the selective advan-
tage of the 577X allele during recent human evolution, poss-
ibly through increased metabolic ‘thriftiness’ or improved
cold tolerance (14).

a-Actinin-3 and the highly homologous protein a-actinin-2
cross-link actin and are major protein components of the
Z-line in the skeletal muscle contractile apparatus. The mam-
malian sarcomeric a-actinins, a«-actinin-2 and -3 have been
shown to interact with a large number of structural muscle
proteins in addition to actin including myotilin (16), dystro-
phin (17), actin-associated LIM protein (18,19), nebulin-
related anchoring protein (20), enigma homologue (21), titin
(22) and Z-band alternatively spliced PDZ motif (23). Thus,
a-actinin-2 and -3 are considered to be structural muscle pro-
teins. The majority of these interactions have been demon-
strated using either a-actinin-2 or purified a-actinin from
muscle (a mixture of a-actinin-2 and -3); however, due to
the high sequence homology within the a-actinins, many inter-
actions are likely to also occur with a-actinin-3. Binding part-
ners such as the signalling proteins calsarcin 1, 2 and 3 (24)
and protein kinase N (25), voltage gated ion channels Kvl.4
and Kvl1.5 (26,27) and metabolic enzymes glycogen phos-
phorylase (GPh) (28) and fructose-1,6-bisphosphatase (29)
suggest additional roles for the sarcomeric a-actinins beyond
their characterized structural role.

Fast muscle fibres in which «-actinin-3 is normally
expressed are particularly reliant on mobilization of intracellu-
lar glycogen stores to provide the energy required for contrac-
tion. A change in the ability of the muscle to utilize glycogen
as an energy source could be expected to alter the metabolic
state of the muscle as the cells strive to produce energy
using alternate pathways. We have previously shown that
our KO mice have increased marker enzyme activities for
the glycolysis and aerobic metabolism pathways but decreased

anaerobic metabolism. We hypothesized that the reported
interaction of «-actinins with GPh (28) could relate to the
metabolic effects seen in the KO mice—a hypothesis that
we aimed to test in this study. We demonstrate that there is
increased glycogen content in KO muscle and that GPh
activity is reduced in KO muscle but that this is not associated
with a gross alteration in the localization of GPh. We detect
cytoplasmic inclusions in KO muscles which contain GPh.
We also show that GPh co-localizes with a-actinin-3 at the
Z-line in skeletal muscle. To strengthen the link between
a-actinin-3 deficiency and lower activity of GPh, we demon-
strate that the post-translational modifications of GPh are
altered in KO muscle. The onset of glycogen metabolism per-
turbation occurs concomitantly with the increased glycolysis
and aerobic metabolism during post-natal development
suggesting that these consequences of a-actinin-3 deficiency
may be linked. Finally, due to a previously reported associ-
ation between GPh activity and calcium release, we test
calcium handling in primary mouse myoblast cultures from
WT and KO mice and show that calcium handling is altered.
Our data support a role for a-actinin-3 in the regulation of
the phosphorylation of GPh and suggest that alterations in
GPh activity in the absence of a-actinin-3 underlie the meta-
bolic and contractile changes seen in KO mouse muscle.

RESULTS

Glycogen content is higher in a-actinin-3 deficient muscles

We initially hypothesized that glycogen metabolism is altered
in a-actinin-3 deficient muscle, based on the known interaction
between the sarcomeric a-actinins and GPh (28). To test this
hypothesis, we examined the glycogen content of WT and
KO mouse muscles by periodic acid-Schiff (PAS) staining.
PAS staining was visibly more intense in KO muscle sections
than WT, indicating higher glycogen content (Fig. 1A), and
quantitative pixel intensity was significantly higher in KO
than WT muscle (data not shown). To quantitate glycogen
content more precisely, glycogen assays were performed on a
range of KO and WT muscles (Fig. 1B). Glycogen content
was significantly higher in KO tibialis anterior, gastrocnemius,
quadriceps and spinalis muscles. The extensor digitorum longus
muscle showed a trend towards higher glycogen content but this
did not reach significance. No differences in glycogen content
were seen between WT and KO mice in the soleus muscle, a
slow muscle with very few of the fast-type 2B fibres in which
a-actinin-3 is normally expressed, or in the heart (data not
shown) where a-actinin-3 is not expressed. This suggests that
the higher glycogen content in KO mice is a specific effect of
a-actinin-3 deficiency. To further examine the glycogen
content, we performed dual axis electron microscopic tomogra-
phy on 300 nm thick sections of KO and WT samples. Glycogen
was readily visualized in the tomograms and an estimate of gly-
cogen content was obtained by quantitation of glycogen on mul-
tiple planes of the tomogram (Supplementary Material,
Fig. S1). Glycogen volume as a percentage of the cytoplasmic
volume was ~1.9% in KO as opposed to ~1.0% in WT mice.
Taken together, these three lines of evidence strongly suggest
that glycogen content is higher in KO than WT muscles.
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Figure 1. Actn3 KO mice have more muscle glycogen. (A) Representative
PAS staining images of 8-week-old male mouse quadriceps muscle cross-
sections demonstrate that glycogen levels are higher in KO than WT
muscle. (B) Glycogen assays on lower hind leg muscles tibialis anterior
(TA), extensor digitorum longus (EDL), soleus (SOL) and gastrocnemius
(GST), the upper hind leg muscle, quadriceps (QUAD) and the back
muscle spinalis thoracis (SPN) from 8-week-old female WT (n = 9) and KO
(n =9) mice. Mean + 95% CI, *P < 0.05, **P < 0.01, ***P < 0.001.

To determine whether glycogen content is altered in
a-actinin-3  deficient humans, we performed glycogen
content assays on human quadriceps muscle samples. The
human muscle was obtained from people undergoing testing
for malignant hyperthermia and the muscle used was from
those who tested negative on all tests. The human cohort con-
tained 26 individuals, of which 10 were males and 16 were
females, with 9 of ACTN3 577RR genotype, 12 of 577RX gen-
otype and 5 of 577XX genotype. The age range for the indi-
viduals was 11-67 years at date of biopsy with mean age of
40.1 years and median age of 37.2 years. No biometric data
or information on the exercise status of these individuals
was available. The glycogen content was significantly higher
in the 577XX individuals than in the 577RX individuals and
there was a trend towards higher glycogen content in the
577XX individuals compared with the 577RR individuals
(Supplementary Material, Fig. S2). These results suggest that
the higher muscle glycogen content observed in a-actinin-3
deficient mice also occurs in a-actinin-3 deficient humans.

Glycogen phosphorylase activity is lower in muscles in the
absence of a-actinin-3

The differences in glycogen content seen in our KO mice
could result from either an increase in the level or activity
of the key regulatory enzyme of glycogen synthesis, glycogen
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synthase (GS), or a decrease in the levels or activity of the key
regulatory enzyme of glycogen degradation, GPh, or in phos-
phorylase kinase (PK) which phosphorylates and activates
GPh (Fig. 2A).

There were no differences in the total expression levels of
GS, GPh or PK in WT and KO muscle by western blot
(Fig. 2B). However, both GS and GPh are regulated by revers-
ible phosphorylation and, as such, the activity of these enzymes
can vary without any change in the total levels. We assayed GS
and GPh activity in WT and KO muscle both in the absence and
presence of allosteric activators of these enzymes, glucose-6-
phosphate and AMP, respectively. The activity measurement
of each enzyme in the absence of the allosteric activator
allows the level of the enzyme that is active to be determined.
This value can be compared with the activity measurement in
the presence of the allosteric activator, which stimulates the
inactive portion of the enzyme into activity and hence allows
the total enzyme level to be assessed. While we saw signifi-
cantly higher levels of both active and total GS in the KO
muscles, there was no significant difference in the percentage
activity of this enzyme between the WT and KO mice
(Fig. 2C). The lack of differences in the percentage activity
suggests that the regulation of GS activity is not altered by
the absence of a-actinin-3. However, the increase in the total
level of GS seen in the mouse muscle could contribute to the
increased glycogen content seen in KO mice.

The level of active GPh and the percentage activity of GPh
was significantly lower in the KO (26%) when compared with
53% in the WT mice, whereas the total amount of the enzyme
was unchanged (Fig. 2C). This suggests that the regulation of
GPh activity is altered in muscle in the absence of a-actinin-3.
Such a large decrease in the activity of GPh (~50% of WT)
would be predicted to reduce the ability of muscle to
degrade glycogen, and likely contributes substantially to the
increased glycogen content in KO muscle.

To determine whether the GPh activity was altered in
a-actinin-3 deficient humans, muscle from the cohort of 26
individuals described earlier was examined for GPh activity.
There was a trend towards an increase in total GPh and for
a decreased GPh % activity in the 577XX (a-actinin-3
deficient) group when compared with the RR or RX groups
(Supplementary Material, Fig. S2). Due to the inherent varia-
bility in human samples and the small number of individuals
in our human cohort, a larger group of age, gender and exer-
cise status matched individuals would be required to investi-
gate the relationship between a-actinin-3 and GPh activity
in humans conclusively.

Glycogen phosphorylase forms cytoplasmic inclusions
in KO muscle

Next we examined the expression of GPh in WT and KO
muscle by immunohistochemistry (IHC). In cross-sectional
muscle, we detected cytoplasmic inclusions of GPh in the
KO muscle only (Fig. 3A, top row). We performed this analy-
sis with two different GPh antibodies, one provided by Sanger
and co-workers (28) (Fig. 3A) and one provided by Carlson
(30) (data not shown). Only the Sanger GPh antibody
stained the cytoplasmic inclusions; the lack of detection of
these inclusions by the Carlson antibody may be due to an
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Figure 2. KO mice have lower active GPh. (A) Schematic diagram identifying key players in muscle glycogen metabolism. (B) There is no detectible difference
in the levels of GS, GPh or PK proteins as assessed by western blot. Quadriceps muscle homogenates from four WT and four KO female mice have been com-
pared with antibodies to a-actinin-3, GS, GPh and PK. Samples were loaded for equal myosin and actin content as shown by western blot and Coomassie blue
stain, respectively. (C) Activities of GS and GPh were assessed in WT and KO quadriceps muscles from 8-week-old male mice. GS and GPh activities were
measured in the absence, ‘active GS/GPh’, and presence, ‘total GS/GPh’, of 10 mm glucose-6-phosphate or 2.5 mm AMP, respectively, which allosterically acti-
vates the inactive portion of the enzyme allowing the total amount of enzyme to be assessed. Mean + 95% CI, *P < 0.05, **P < 0.01, ***P < 0.001.

unusual conformation of GPh in the inclusions resulting in
epitope masking. These inclusions are only found within
fast-type 2B muscle fibres (as shown by IHC of sequential
muscle sections with myosin heavy chain 2B which defines
these fibres, Fig. 3A, bottom row), the fibres that normally
express a-actinin-3 in WT mice.

In order to develop a more detailed picture of these
inclusions, we performed electron microscopy (EM) on WT
and KO muscle (Fig. 3B). No gross differences were seen in
the sarcomeric structure between KO and WT muscles.
However, concentric ring-like structures were seen in all of
the KO samples but none of the WT samples. These rings are
reminiscent of ‘concentric laminated bodies’ which can be
seen in a variety of muscle disorders and are thought to be of
myofibrillar origin (31-33). The concentric ring-like structures
in the KO muscle were surrounded by and filled by glycogen
particles (Fig. 3B). GPh is known to co-localize with glycogen
particles. The nature of the link between the altered regulation
of GPh and its localization in cytoplasmic aggregates is
unclear; however, the formation of these inclusions in
a-actinin-3 deficient muscle provides an additional line of evi-
dence that these two proteins are functionally related.

a-Actinin and glycogen phosphorylase co-localize at the
Z-line in KO and WT muscle

To further define the relationship between GPh and a-actinin-3,
we examined the localization of these proteins in longitudinal
sections of stretched muscle. The use of stretched muscle
allows separation between adjacent Z-lines so that localization
can be determined with precision. Previous reports have provided
contradictory information about the localization of GPh in

muscle with studies suggesting that GPh localization is sarco-
meric and intermyofibrillar (34), I-band and M-line (35),
M-line and Z-line (36) or Z-line (28,37). Our staining suggested
Z-line localization of GPh, and partial co-localization between
GPh and a-actinin (Fig. 4A). We observed no difference in the
localization of GPh in WT and KO muscle, aside from the cyto-
plasmic inclusions (Fig. 3). The co-localization of these proteins
provides further evidence that they are functionally related.

We also examined the localization of PK, the enzyme that
phosphorylates and activates GPh. While the total amount of
this enzyme was unaltered in KO muscle (Fig. 2B), we hypoth-
esized that differences in the localization of PK in the KO
muscle could lead to lower activity of GPh. The PK localization
in WT muscle is broadly Z-line, but the PK and «-actinin stain-
ing do not co-localize (Fig. 4B). We did not detect any differ-
ence in PK localization between WT and KO muscle.

Glycogen phosphorylase displays altered post-translational
modification in the absence of a-actinin-3

Global proteomic analysis was performed to detect proteins
differentially expressed between WT and KO mouse muscle.
a-Actinin-2 was up-regulated in the KO muscle consistent
with our previously published western blot analysis (Fig. 5,
spot A) (14). Interestingly, three spots within a chain of pro-
teins which were differentially expressed between WT and
KO muscle were identified by mass MALDI TOF/TOF mass
spectrometry as GPh (Fig. 5, spots C, D and E). This chain
of spots is likely to represent post-translationally modified
forms of GPh and the particular pattern of spots (increase in
pl with no change in size, known as a charge train) is consist-
ent with differentially phosphorylated forms of GPh. Since
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Figure 3. Cytoplasmic inclusions containing GPh are found in KO mouse
muscle. (A) Representative ITHC images of cross-sections of quadriceps
muscles from 8-week-old male WT and KO mice. Images were taken on a flu-
orescent microscope. GPh (top panel) localizes to cytoplasmic inclusions in
the KO muscle. A sequential section stained for myosin heavy chain 2B ident-
ifies the 2B fast fibres in which a-actinin-3 is expressed in the WT (bottom
panel). An asterisk has been used on each of the WT and KO images to
allow individual fibres to be readily compared between images. Scale bars
are 50 pm wide. (B) EM was performed on 50 nm longitudinal sections of
vastus lateralis muscles from three WT and three KO 8-week-old female
mice. Representative images from 1 WT and KO have been shown with
two higher magnification images from the KO below. Concentric ring-like
structures are highlighted with black asterisks in the KO panels. Glycogen par-
ticles (electron dense circular structures) surround and are contained within the
concentric ring-like structures. Scale bars are 500 nm wide.

phosphate groups are negatively charged, if the post-
translational modification on GPh is phosphorylation then
the spots towards the left of the chain would represent GPh
with more phosphate groups. GPh was the first protein
shown to be regulated by reversible phosphorylation (38).
The phosphorylation of GPh has been extensively studied
but to date there has only been one reported phosphorylation
site, at serine 14, which is phosphorylated by PK to activate
GPh (39). Hence we would expect to see only two post-
translational forms of GPh in a 2D gel, one representing the
inactive un-phosphorylated form and one representing the
active serine 14 phosphorylated form. The identification of
seven to eight spots in this GPh charge train suggests
that the post-translational modification, and possibly the

Human Molecular Genetics, 2010, Vol. 19, No. 7 1339

regulation, of this archetypal phosphoprotein is more
complex than has been previously reported. Furthermore, our
results suggest that «-actinin-3 is involved in the post-
translational modification of GPh.

We used the program FindMod with the list of peptide
masses and intensities identified in the above mass spec-
trometry experiment as the input, but were unable to identify
any phosphorylated peptides and, as such, are unable to ident-
ify which residues may be being phosphorylated to give rise to
the charge train that we observe. Using the protein sequence of
mouse GPh, the program NetPhos 2.0 predicts eight high-
confidence phosphorylation sites, including the known serine
14 site. The number of sites predicted by NetPhos 2.0 corre-
sponds well to the seven to eight different forms of GPh that
we observed in the 2D Gel.

KO muscle is deficient in the spots towards the left of the
charge train, likely representing more highly phosphorylated
forms of GPh. As the only known phosphorylation of GPh
results in an increase in enzyme activity, this lack of phos-
phorylated GPh may account for the decreased activity of
this enzyme in KO muscle.

We have shown here that, in the absence of a-actinin-3, the
key glycogen degradation enzyme GPh displays decreased
enzymatic activity and is found in cytoplasmic inclusions.
GPh and o-actinins co-localize at the muscle Z-line and
a-actinin-3 deficiency results in altered post-translational modi-
fication of GPh. Added to the fact that GPh has been previously
reported to interact with sarcomeric a-actinins, we hypoth-
esized that a-actinin-3 deficiency may alter muscle metabolism
and function via direct effects on GPh activity. Such a finding
would also suggest that a-actinin-3 plays a role in the regulation
of GPh in normal muscle, a function that had not previously
been proposed for this structural protein.

Diverse metabolic effects appear concomitantly in the
absence of a-actinin-3

We have reported a range of metabolic phenotypic conse-
quences of a-actinin-3 deficiency including decreased GPh
activity (this manuscript) and increased activities of glycolytic
and mitochondrial enzymes (14). To investigate how these phe-
notypes are related and which phenotypes are primary versus
downstream consequences of a-actinin-3 deficiency, we ana-
lysed the metabolic phenotypes of WT and KO muscle during
early postnatal development. We compared WT and KO mice
at 0, 1, 2 and 4 weeks of age with our existing 8-week-old
mouse data to determine the order in which the phenotypic
differences between WT and KO mice became apparent. We
reasoned that phenotypes that manifest earlier may lie upstream
of later phenotypes but that later phenotypes would be unlikely
to lie upstream of earlier phenotypes, although we acknowledge
that the phenotypes may not be causally related.

We were unable to detect a-actinin-3 expression in newborn
mice (Fig. 6A). Expression of a-actinin-3 was barely detectable
in muscle at 1 week, but increased over time until the final
8-week time-point. a-Actinin-3 had previously been reported
to be expressed in mice from embryonic day 14.5 by IHC,
although it was not detectable in skeletal muscle at this time
point (3). Thus, it is likely that a-actinin-3 is expressed at
birth in mice but at levels undetectable by western blot. The
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Figure 4. GPh and PK localize to the skeletal muscle Z-line. IHC was performed on single longitudinal sections of stretched vastus lateralis muscles from 8-week-old
WT and KO male mice using antibodies to (A) GPh (Alexa 488, green) and a mouse a-actinin antibody which recognizes both a-actinin-2 and -3 (Cy3, red, to mark
Z-lines) or (B) phosphorylase kinase (PK, Alexa 488, green) and a-actinin (Cy3, red as above). Representative images have been shown. Images were taken on a
confocal microscope at the same Z-plane and were overlayed in Photoshop to create merge images. Co-localization is seen as yellow in the merge images.

increase in a-actinin-3 expression over time in the WT mice is
demonstrated in Figure 6A. As expected, «a-actinin-3
expression was not detected in KO muscle at any age.
Increase in glycogen content and reduction in the activity of
GPh (Supplementary Material, Fig. S3, summarized in
Fig. 6B), and increase in the activity of glycolytic and mito-
chondrial enzymes (Supplementary Material, Fig. S4, sum-
marized in Fig. 6B) were only apparent in the KO muscle
from 4 weeks of age. The concomitant appearance of these

two phenotypes is consistent with the hypothesis that
changes in GPh metabolism are related to the other metabolic
effects seen in KO muscle.

Differentiated primary mouse myoblasts from KO mice
have altered calcium handling

It has previously been reported that GPh-a (the serine-14
phosphorylated, active form of GPh) acts as a negative
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Figure 5. GPh is differentially post-translationally modified in the KO mouse. (A—D) A proteomic analysis was performed on TA muscle extracts from four WT
and four KO 8-week-old male mice. The composite WT sample was labelled with a Cy5 DIGE label and the composite KO sample was labelled with a Cy3
DIGE label (A and C). The dye-swap experiment was also run (B and D). Second dimension SDS—PAGE gels from isoelectric focussing strips [pl 4—7 in (A)
and (B) and pI 611 in (C) and (D)] are shown. Yellow spots indicate proteins which are equally expressed in the WT and KO. Green spots in (A) and (B) and
red spots in (C) and (D) indicate proteins that are more abundant in the KO. (E) Area of gels C and D (white boxes) have been enlarged to allow a series of spots
to be examined. These spots are differentially expressed in the KO and WT with lower levels of the more acidic (left hand side of the gels) spots in the KO
sample. (F) A number of spots were excised from the gel and the identities of these proteins were determined by MALDI TOF/TOF mass spectrometry.
The excised spots have been demarcated by white circles in the gel images and the identities of the proteins have been shown. Three spots in the chain of
spots in (E) were identified as muscle GPh with two of the more acidic spots (C and D) being markedly reduced in the KO muscle.

regulator of sarcoplasmic reticulum calcium release in muscle fatigue when compared with WT fibres (15). Since
muscle (40). We have previously demonstrated that isolated muscle contraction and relaxation are greatly reliant on
muscle fibres from the Actn3 KO mice have altered contrac- the rapidity of calcium release and uptake from the sarco-
tile properties: KO fibres have longer half-relaxation times, plasmic reticulum, we were interested in whether the
generate less force and have enhanced recovery following changes in GPh activity reported here could underlie the
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Figure 6. The onset of metabolic phenotypes in the KO mouse over time. (A)
Western blots were performed using extracts from 0-, 1-, 2-, 4- and 8-week-old
WT and KO mouse muscles. Levels a-actinin-3 as detected by specific anti-
body was examined over time. Samples were loaded for equal myosin and
actin content as shown by western blot and Coomassie blue stain, respectively.
(B) Summary of the onset of various metabolic consequences of a-actinin-3
deficiency over time (from Supplementary Material, Figs S3—S4).

differences in contractile properties seen between our KO
and WT mice.

We assessed intracellular calcium transients in differen-
tiated primary WT and KO cultured myotubes; WT myotubes
express a-actinin-3, and study of myotubes allows us to deter-
mine properties intrinsic to the muscle itself, in isolation from
other variables that may influence results in vivo. We loaded
the myotubes with Fura-2AM, a dye that alters its excitation
wavelength when bound to calcium. Upon electrical stimu-
lation, calcium is released into the cytoplasm through the acti-
vation of the dihydropyridine receptor and the opening of the
ryanodine receptors in the sarcoplasmic reticulum is bound
briefly by Fura-2AM, then rapidly dissociates from the dye
as calcium is re-sequestered by the sarcoplasmic reticulum
or becomes bound to calcium binding proteins such as calmo-
dulin in calcium signalling, or troponins to initiate muscle con-
traction. Intracellular calcium transients can therefore be
determined from the ratio of bound versus unbound
Fura-2AM to calcium by measuring its emission spectra at
different excitation wavelengths.

Comparison of mature, contracting WT and KO myotube
cultures showed significant differences in calcium handling
between the different genotypes (Fig. 7). KO myotubes have
significantly higher peak height ratio values, suggesting
greater calcium release in the KO upon electrical stimulation,
although the percentage increase in intracellular free calcium
between WT and KO is not significantly different. KO myo-
tubes also showed significantly higher departure and return
velocities, indicating that calcium in KO cells is released
and sequestered more rapidly than in WT cells.

DISCUSSION

Although the sarcomeric a-actinins have been considered to
be primarily structural proteins, the dominant phenotype in

the Actn3 KO mouse is an alteration in the metabolic profile
of fast glycolytic muscle fibres, with normal sarcomere for-
mation (14,15). The switch towards aerobic metabolism in
a-actinin-3 deficient muscle provides a logical explanation
for the reported associations between ACTN3 genotype and
human skeletal muscle performance. However, the link
between a-actinin-3 deficiency and its metabolic and func-
tional consequences has not yet been defined.

Due to the previously reported interaction of GPh and sar-
comeric «-actinins, we investigated glycogen content in our
KO muscles and show that the levels of glycogen are signifi-
cantly higher in KO than WT muscles by several methods. The
glycogen content was also shown to be higher in 577XX
(a-actinin-3 deficient) humans when compared with 577RX
humans. An increase in the activity of GS or a decrease in
the activity of GPh, the key regulatory enzymes in glycogen
synthesis and glycogen degradation, respectively, could
account for this finding. Here we demonstrate that there is a
marked (~50%) decrease in the activity of GPh in muscle
in a-actinin-3 deficient mice, as well as an increase in the
total amount (but not percentage activity) of GS, both of
which are likely to contribute to increased glycogen content.
GPh and a-actinins co-localize in skeletal muscle and cyto-
plasmic inclusions contain GPh form in a-actinin-3 deficient
muscle. The glycogen pathway is tightly controlled and it is
thus possible that the up-regulation of GS is a downstream
compensatory consequence of decreased GPh activity. GPh
is regulated by reversible phosphorylation (38), and phos-
phorylation by PK leads to the activation of GPh. We demon-
strate differences in the levels of putative phosphorylation in
WT and KO mice that correspond to reduction in the activity
of GPh associated with a-actinin-3 deficiency. Taken together,
these lines of evidence strongly suggest that a-actinin-3 plays
a role in the post-translational regulation of GPh.

Regardless of the mechanism by which GPh activity is
altered in a-actinin-3 deficient muscle, a reduced capacity to
break down glycogen for energy would be likely to have
direct effects on muscle function. a-Actinin-3 deficiency is
detrimental to sprint and power activity in human athlete
and non-athlete populations (4). We demonstrate that the
lower GPh activity and higher muscle glycogen content
occur simultaneously with the onset of higher activity of gly-
colytic and mitochondrial enzymes in «-actinin-3 deficient
mouse muscle in a developmental time course. A reduced
ability to access muscle glycogen would be disadvantageous
to sprint athletes, who rely on endogenous fuels such as
muscle glycogen to rapidly produce energy for contraction.
Reduced availability of glucose may, in turn, result in a com-
pensatory shift towards aerobic metabolism, as observed in
KO mice. Such changes could be advantageous to endurance
athletes, allowing them to preserve muscle glycogen and
preferentially use other fuels such as fatty acids for energy
generation.

Interestingly, the decrease in GPh activity caused by
a-actinin-3  deficiency may provide a mechanism for
changes in the contractile properties, in addition to metabolic
differences, seen in Actn3 KO mice. Actn3 KO muscles
display longer twitch half-relaxation times, lower force gener-
ation and greater fatigue resistance than WT muscles (15).
Serine-14-phosphorylated GPh, but not the un-phosphorylated
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Figure 7. KO myotubes have altered calcium dynamics. KO myotubes showed higher free intracellular calcium levels at baseline (A), as well as greater calcium
release in response to a single 30 V stimulus (1 ms, 0.33 Hz), as shown by higher peak calcium (B) and peak height (D), though percentage increase was not
significantly different (E). KO myotubes also had a faster departure and return velocity than WT myotubes, suggesting faster calcium release and uptake in cells
in the absence of a-actinin-3 (C). Myotubes were pooled from post-differentiation days 4, 5 and 6. Only contracting myotubes were included in this study.

Mean + 95% CI, *P < 0.05, **P < 0.01, ***P < 0.001.

form, has been shown to be a negative regulator of calcium
release from the sarcoplasmic reticulum, a critical step in
the regulation of muscle contraction mediated by ryanodine
receptors (40). We have demonstrated that GPh activity is
lower in Actn3 KO muscles and that this is likely due to
lower levels of GPh phosphorylation; so decreased GPh
activity in KO muscles may result in reduced inhibition of
the ryanodine receptors leading to greater rates of calcium
release. We tested this hypothesis, and indeed observe
changes in calcium regulation in isolated myotubes that
likely contribute to the changes in contractile properties seen
in a-actinin-3 deficient muscle.

We propose the following working model: «-actinin-3
deficiency results in altered regulation of GPh, leading to an
increase in muscle glycogen content, and decreasing the
capacity of muscle to use glycogen as a fuel. This, in turn,
results in a switch in preferred fuel source, with a decrease
in anaerobic metabolism and an increase in oxidative meta-
bolism as seen in KO mice. The alterations in muscle contrac-
tile properties could be a direct consequence of the reduction
in active GPh altering calcium regulation, could be due to the
switch towards aerobic metabolism or, more likely, represent a
combination of the two processes.

Here we present the first direct evidence, to our knowledge,
for a role of a-actinin-3 in the regulation of glycogen metab-
olism and provide biochemical insight into how a common
human null polymorphism in ACTN3 in humans leads to
changes in muscle metabolism and function. The X allele
has undergone positive selection during recent human evol-
ution (14), suggesting that the effects of a-actinin-3 deficiency
on muscle metabolism and muscle contraction provided a
fitness advantage in response to environmental stressors. For
example, it is possible that a switch from glycogen to fatty

acids as a preferred fuel source in skeletal muscle is protective
during times of famine. As a consequence of this positive
selection, «-actinin-3 is deficient in ~16% of modern
humans worldwide, and the study of this protein is relevant
to the understanding of normal human variation in skeletal
muscle performance in health and disease, as well as adap-
tation to alterations in the environment and diet.

MATERIALS AND METHODS

Animals

This study was approved by our local Animal Care and Ethics
Committee. All tests were performed on N4 mice of 129
genetic background, as described previously (14). All mice
were fed food and water ad libitum, and were maintained on
a 12:12 h cycle of light and dark.

Human samples

This study was approved by the ethics committees of The
Children’s Hospital at Westmead, Sydney, Australia, and
informed consent for tissue and DNA samples was obtained
from all participating individuals.

Tissue collection

Mice were euthanized immediately prior to muscle collection.
Eight- and 4-week-old mice were euthanized by cervical dis-
location, whereas newborn (0 week), 1- and 2-week-old
mice were euthanized by decapitation. Individual muscles
were harvested from the 8- and 4-week-old mice. For
newborn, 1- and 2-week-old mice, the upper hind limb (the
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section between the hip and knee, mainly quadriceps muscle)
was removed and skinned. Muscles were immediately snap-
frozen in liquid nitrogen for metabolic enzyme analysis or
covered in cryo-preservation medium (Tissue-Tek) and
frozen in partly thawed isopentane. The vastus lateralis
muscle was dissected away from the other quadriceps
muscles and stretched longitudinally, clamped and fixed in
3% paraformaldehyde for 10 min before clamps were released
and muscle was coated in cryo-preservation medium and
frozen. Tissue was stored in liquid nitrogen.

Human quadriceps muscle biopsies were obtained from
patients undergoing testing for malignant hyperthermia and
were all from individuals who tested negative and thus were
control individuals. Biopsies were covered in cryo-
preservation medium (Tissue-Tek) and frozen in partly
thawed isopentane. Tissue was stored in liquid nitrogen.

Histochemistry

Transverse 8 wm sections were cut from the mid-section of
frozen quadriceps muscles. PAS stains were performed using
standard protocols (see Supplementary Methods for details).

Antibodies

An antibody (Ab) to a-actinin-3 was a gift from A. Beggs
(Children’s Hospital Boston) and a-actinin-3 rabbit Ab 5B3
was used at 1:12000 for WB. A mouse sarcomeric a-actinin
(Sigma A5044) Ab (recognizing both «-actinin-2 and -3)
was used at 1:400 for IHC. An antibody to a-sarcomeric
actin (5C5, mouse Ab, Sigma, WB 1:2000) was used. Two
different antibodies to muscle GPh (PYGM) were used; the
rabbit amorphin Ab (amorphin is GPh) provided by
J. Sanger (University of Pennsylvania School of Medicine)
(28) for IHC at 1:100 and a rabbit GPh Ab provided by
G. Carlson (University of Kansas Medical Centre) and
A. DePaoli-Roach (Indiana University School of Medicine)
(30) at 1:50 for ITHC and 1:5000 for WB. A rabbit Ab to GS
(no. 3893, Cell Signalling) was used for WB at 1:1000. Two
different antibodies to a subunit of PK (PHKA1) were used.
A rabbit Sigma PHKA1 Ab was used at 1:50 for IHC. A
mouse Abnova PHKA1 Ab was used at 1:2000 for WB. For
details of immunoblotting and IHC methods, please see Sup-
plementary Methods.

Electron microscopy (EM) and tomography

EM blocks were prepared from spinalis thoracis muscles from
WT and KO 8-week-old male mice and vastus lateralis
muscles from WT and KO 8-week-old female mice. These
muscles were cut into strips in glutaraldehyde-based fixative
and then minced into cubes with the smallest dimension
being less than 1 mm. Processing was done using standard
methods. For electron tomography, 300 nm sections of
vastus lateralis muscles were stained and labelled with
15 nm gold as a fiducial marker. Dual axis tilt series from
460 to —60 degrees were obtained in a Tecnai F30 300 kV
TEM using the SerialEM software package. An estimate of
glycogen content was obtained by point counting using stan-
dard stereological techniques. Points over glycogen particles

were related to the cytoplasmic volume on at least 10
images from each of the tomograms.

Total glycogen assays

Total glycogen assays were performed essentially as pre-
viously described (41). For a detailed description of the
method, see Supplementary Methods.

Glycogen synthase and glycogen phosphorylase assays

GS and GPh assays were performed using modifications of
existing prototols (42,43). For a detailed description, see Sup-
plementary Methods.

Enzyme assays

The activities of the enzymes hexokinase (HK, EC 2.7.1.1),
citrate synthase (EC 4.1.3.7), lactate dehydrogenase (EC
1.1.1.27), 3-hydroxyacyl-CoA dehydrogenase (BHAD, EC
1.1.1.35), phosphofructokinase (2.7.1.11) and succinate dehy-
drogenase (SDH, 1.3.5.1) were determined spectrophotometri-
cally in homogenized muscle extracts from WT and KO mice
using methods described previously (15). Assays were per-
formed at 30°C in duplicate and values were averaged. Activi-
ties were corrected for total protein content as measured using
the BioRad Protein Assay (500-0006), according to the manu-
facturer’s instructions, for BSA standards and extracts in
duplicate. The mg protein in each extract was used to
convert the activities of each enzyme (mU) to specific activi-
ties (mU/mg or nmol/min/mg protein).

Proteomic analysis

A proteomic analysis was performed on tibialis anterior
muscles from 8-week-old male WT and KO mice by the
Australian Proteome Analysis Facility using standard proto-
cols. For a detailed description, see Supplementary Methods.

Measurement of intracellular Ca>* transients

For a detailed description of the establishment of the primary
mouse myoblast cell lines, see Supplementary Methods. To
determine baseline differences in calcium handling, WT and
KO myotubes were plated on glass coverslips and differen-
tiated in low serum media (1:1 DMEM:HAMS FI12, 3%
horse serum, 1% Insulin-Selenium-Transferrin (Invitrogen),
10 mg/ml gentamycin). From differentiation days 4 to 7, cov-
erslips were rinsed with standard external 1.8 Ca®" solution
(130 mm NaCl, 5.4 mm KCI, 1.8 mm CaCl,, 0.8 mm MgCl,,
10 mm HEPES, 5.6 mm d-glucose, pH 7.4 with NaOH) and
incubated: first for 40 min at room temperature, then for
5 min at 37°C in the same solution supplemented with 3 pMm
(final concentration) fura-2 AM (Invitrogen, Australia). After
fura-2 loading, cells were again washed with 1.8 Ca®" sol-
ution, and the coverslip transferred to a perfusion chamber
(CSTRGPKG-Culture/Stim remove glass PKG; SDR Clinical
technology, Australia) filled with 1.8 Ca*" solution. Fura-2-
loaded cells were excited at 340 and 380 nm with a TonOptix
hyperswitch light source (the excitation wavelength was
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rapidly switched at a rate of 250 ratios/s), and emission fluor-
escence was monitored at 510 nm using an Intensified
MyoCam CCD video camera (IonOptix, USA) attached to a
Nikon TE2000-U microscope (x40 oil immersion fluor-
escence objective) (Coherent Scientifique, Australia). Myo-
tubes were field stimulated using platinum electrodes
(MyoPacer field stimulator, IonOptix, USA). The variation
of fluorescence was recorded and analysed with the TonOptix
Digital Image Acquisition Software (IonOptix, USA). Statisti-
cal analysis was performed with Origin 5.0 software (Origi-
nLab, Northampton, MA, USA).

Statistics

All comparisons reported in this study involved small sample
sizes to which standard tests for normality could not be
applied. As such, all comparisons of means were performed
using the non-parametric Mann—Whitney U test. All histo-
grams show mean values, with error bars indicating 95% con-
fidence intervals (95% CI) unless otherwise stated.

SUPPLEMENTARY MATERIAL
Supplementary Material is available at HMG online.
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