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Mutations affecting the seemingly unrelated gene products,
SepN1, a selenoprotein of unknown function, and RyR1, the major
component of the ryanodine receptor intracellular calcium release
channel, result in an overlapping spectrum of congenital myopa-
thies. To identify the immediate developmental and molecular
roles of SepN and RyR in vivo, loss-of-function effects were ana-
lyzed in the zebrafish embryo. These studies demonstrate the two
proteins are required for the same cellular differentiation events
and are needed for normal calcium fluxes in the embryo. SepN is
physically associated with RyRs and functions as a modifier of the
RyR channel. In the absence of SepN, ryanodine receptors from
zebrafish embryos or human diseased muscle have altered bio-
chemical properties and have lost their normal sensitivity to redox
conditions, which likely accounts for why mutations affecting
either factor lead to similar diseases.

congenital myopathy � disease model � intracellular calcium release

Congenital myopathies comprise a genetically and clinically
heterogeneous group of muscle disorders typically associ-

ated with weakness early in life and often exhibiting only mild
progression (1). Many of these diseases demonstrate abnormal
sarcomere structure and disruption of the aligned organization
of neighboring myofibrils, leading to ultrastructurally recognized
irregularities such as ‘‘Z-band streaming’’ (2). Mutations affect-
ing sarcomere components underlie some of the diseases, but
other genes not clearly related to myofibril assembly also have
been linked to them. Whether these genes regulate few or many
pathways that contribute to the disease state has been difficult
to ascertain and holds relevance for the development of
treatments.

Several factors, including the long interlude between disease
onset and diagnosis, make it difficult to recognize the initial
defects leading to the disease state and may magnify the
appearance of phenotypic heterogeneity among related diseases
(3). Genetic heterogeneity may also contribute to phenotypic
variability, because almost all identified mutations associated
with the myopathies are specialized missense alleles (4). To
detect primary cellular pathways regulated by disease-associated
genes and to determine whether loss of function of seemingly
unrelated genes might affect common processes, we analyzed
gene function in the zebrafish embryo. Although the loss-of-
function phenotype in the zebrafish embryo may not precisely
recapitulate the prevalent human disease phenotype, modeling
muscle disorders in the zebrafish can uncover the primary
cellular functions of disease genes (5).

We first analyzed Selenoprotein N (SepN), a member of the
selenocysteine-containing protein family, because complete loss
of SEPN1 gene function results in classical congenital myopathy
phenotypes (6–10). Whereas no biochemical activity has been
linked to SepN, its function appears conserved, because reduced

expression in zebrafish causes muscle abnormalities resembling
those observed in diseased tissue (11). Because loss of SepN is
a viable condition in humans, we postulated it might modulate
a molecular pathway required for myofibril formation. Here, we
show SepN and the ryanodine receptor (RyR) intracellular
calcium release channel are both required for normal muscle
development and differentiation and for some calcium mobili-
zation events in the embryo. The two proteins are physically
associated in vivo, where SepN is required for full activity of the
RyR channel.

Results
SepN Is Required Cell-Autonomously for Muscle Formation. The
zebrafish sepN orthologue was identified by the multiple distin-
guishing primary sequence and gene organization features it
shares with its human counterpart, SEPN1 (11, 12) [see sup-
porting information (SI) Fig. S1]. In the embryo, sepN transcripts
are expressed at high levels in the notochord, the tailbud, the
presomitic mesoderm, and the emerging somites (Fig. 1 A, B, D,
and E; refs. 11 and 12), precursors of tissues affected in
individuals with SEPN1-associated disease. As the notochord
and somitic muscle differentiate overtly, sepN expression in these
tissues is greatly reduced (Fig. 1C), paralleling its down-
regulation in differentiating mammalian muscle cells (13).

Formation of mature sepN transcripts was completely inhib-
ited by injecting embryos with combinations of two splice-
blocking morpholino oligonucleotides (sbMOs) complementary
to exon–intron junctions present in nascent sepN transcripts (Fig.
S1). SepN-depleted embryos invariably exhibited diminished
spontaneous and touch-induced movements normally displayed
by 24- to 72-hour postfertilization (hpf) embryos (Fig. 1 F and
G). Patterning and differentiation of many neural cell types were
unaltered by lack of SepN (Fig. S2). In contrast, newly formed
somitic muscle of SepN-depleted 24-hpf embryos exhibited
distinct structural abnormalities (11). Ultrastructural analysis of
the deeper and more prevalent fast fibers of the somite revealed
that SepN-depleted muscle exhibited myofibril disorganization
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with prominent Z-band anomalies not seen in WT muscle (Fig.
1 H and I).

Overall muscle cell morphology was also perturbed in SepN-
depleted embryos. Individual slow muscle fibers at the superfi-
cial surface of the somite can be readily visualized in the 24-hpf
embryo (14). In control embryos, the slow muscle fibers extend
continuously from the anterior to the posterior border of the
somite, with nearly uniform thickness along their entire length
(Fig. 1J). In contrast, slow fibers of SepN-depleted embryos were
often distended or broken (Fig. 1K). Loss of SepN1 function in
humans has also been associated with hypotrophic slow twitch
(type 1) fibers (6).

To determine which fibers directly require sepN function, we
analyzed development of SepN-depleted muscle fibers in WT
hosts. SepN-depleted gastrula-stage precursors of the slow (Fig.
1 L and M) or fast (Fig. 1 N and O) muscle cells were transplanted
homotopically (15) into WT host gastrulae, and mosaic embryos

were analyzed at 24 hpf. Individual SepN-depleted slow or fast
muscle fibers exhibited discontinuities and morphological anom-
alies even when differentiating in a generally WT somitic
environment. For example, among mosaic embryos in which slow
muscle cell differentiation was analyzed, none of the 10 slow
fibers analyzed in five WT3WT transplants were dysmorphic,
whereas 74% (n � 23) of the slow fibers analyzed in 15 sepN
MO3WT transplants were dysmorphic. The muscle fiber ab-
normalities can be detected very shortly after cellular differen-
tiation, indicating they likely do not result from aberrant muscle
cell function.

SepN Is Required for Development of the Slow Muscle Fiber Lineage.
SepN-depleted embryos were defective also in generating em-
bryonic slow muscle cells, a finding that differs from the
conclusions of a study in which SepN expression was only
partially inhibited (11). SepN-depleted embryos had a significant
reduction in the number of all slow muscle fibers, identified by
expression of the S58 antigen, and the 4D9� subclass of ‘‘pio-
neer’’ slow muscle fibers that reside at the horizontal myoseptum
(14) (Fig. 2 A–D; Fig. S3). Consistent with the loss of these fibers,
somites of embryos lacking SepN exhibited the ‘‘u-shaped’’
phenotype (Fig. 2 E and F), a tell-tale indicator of slow muscle
cell deficiencies.

All embryonic slow muscle cells derive from an identifiable
precursor population, the adaxial cells, which arise as continuous
rows of cells that border the notochord (14). In response to
signals from the notochord, adaxial cells up-regulate expression
of muscle lineage genes (Fig. 2 G and I) and subsequently
migrate radially away from the notochord to generate the slow
muscle fibers at the surfaces of the somites. In SepN-depleted
embryos, myogenic gene expression in the adaxial region was
reduced and discontinuous, interrupted by patches of cells that
expressed the genes at low or undetectable levels (Fig. 2 H and
J). Loss of SepN did not affect viability or organization of cells
surrounding the notochord (Fig. S4). In sum, complete loss of
SepN results in a diminution of the expression of myogenic
lineage genes in slow muscle cell precursors and a reduction in
the generation and development of the slow muscle cell
population.
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Fig. 1. Loss of sepN function disrupts muscle differentiation in the zebrafish
embryo. (A–E) sepN is expressed transiently in newly formed somites, adaxial
cells (ad), presomitic mesoderm (PSM), and the notochord (ntc). sepN expres-
sion in (A and D) 10.5 hpf (two-somite stage), (B and E) 16 hpf, and (C) 24 hpf
WT embryos. (A and B), Dorsal views with rostral up; (C) lateral view with
rostral left. (D and E) Transverse sections through embryos at the levels
indicated in B and C, respectively. (F and G) Three sequential frames illustrate
that morphants, unlike WT embryos, rarely move �0.5 cm in response to
touch. (H and I) Transmission electron micrographs of fast muscle fibers of 24
hpf (H) WT and (I) sepN morphant embryos indicate disruption of sarcomere
organization in morphants. (J and K) Superficial slow muscle fibers of 24-hpf
embryos stained with S58 antibody. (L–O) Development of sepN-depleted
muscle fibers in WT hosts. sepN-depleted slow (L and M) or fast (N and O)
dye-labeled muscle cells (red) were analyzed in mosaic embryos at 24 hpf
stained with F59 or F310 antibody (green), respectively. (L and N) Dye-labeled
donor cells; (M and O) merged views. *, normal-appearing fibers; arrows,
dysmorphic donor fibers.
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Fig. 2. Slow muscle fiber formation is reduced in sepN morphants. (A–F)
Somitic muscle in midtrunk region of 24-hpf WT and sepN morphant embryos.
(A and B) S58� slow muscle fibers and (C and D) 4D9� slow muscle pioneer fiber
nuclei are present in reduced numbers in sepN morphants. Staining for
dystrophin expression (E and F) reveals ‘‘u-shaped’’ somites in sepN morphant
embryos. (G–J) Expression of myogenic lineage genes in adaxial cells of
three-somite stage embryos. myoD (G and H) and �-cardiac actin (aca; I and J)
are expressed discontinuously and at reduced levels in the adaxial cell popu-
lation of sepN morphants. (A–F) Lateral views, rostral left. (G–J) Dorsal views,
rostral left.
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RyRs and SepN Have Similar Developmental Functions. Because
altered function of the RyR calcium release channel causes
defects that resemble the effects of loss of sepN function (4,
16–19), we investigated whether SepN and RyRs contribute to
similar cell events in the zebrafish embryo. Two ryr homologues
are expressed in the zebrafish embryo throughout somitogenesis
in patterns that overlap sepN expression (18, 20). ryr1a is
expressed at high levels in the adaxial cells during somitogenesis;
later, at 24 hpf, ryr1a transcripts are abundant in the pioneer slow
muscle fibers and present at low levels throughout the somite
(Fig. 3 A and C). In contrast, ryr3 is expressed in many tissues at
somitogenesis stages and continues to be expressed broadly in
the somites of 24 hpf embryos (Fig. 3 B and D). Depletion of
RyR1a or RyR3 with sbMOs (Fig. S5) caused slow muscle
defects similar to those seen after loss of SepN function.
RyR-depleted embryos had ‘‘u-shaped’’ somites (data not
shown), severely reduced expression of muscle lineage genes in
adaxial cells (Fig. 3 E–H) and reduced numbers of 4D9� pioneer
(Fig. 3 I–L) and F59� nonpioneer (Fig. 3 M–P) slow muscle cells.
The activity of each RyR contributes to development of the slow
muscle lineage (Fig. 3 K, L, O, and P; Fig. S5).

RyR1a and RyR3 activities are also required for the formation
of normal-appearing slow muscle cells. Reduction of RyR1a or
RyR3 resulted in disrupted, nonuniform slow muscle fibers (Fig.
3 N and O) producing a phenotype closely resembling that seen
after complete depletion of SepN (Fig. 2F). In addition, muscle
differentiation appeared to be sensitive to the combined levels
of SepN and RyRs (Fig. S6 and Table S1), consistent with the
possibility that they function in a common molecular pathway.

SepN and RyRs Are Required for Calcium Flux Activity. To determine
whether SepN, like the RyRs, contributes to calcium mobiliza-
tion in the embryo, we examined free calcium levels around the
Kupffer’s Vesicle (KV), a site at which calcium fluxes have been
measured in the zebrafish embryo and where sepN and ryr3 (but

not ryr1a) are expressed (Fig. 4 A and B). The KV is a small
structure at the base of the elongating notochord with similar-
ities to the mammalian node (21). Basal levels of calcium flux are
detectable all around the KV. However, at midsomitogenesis, in
a process that may be linked to the patterning of left–right
asymmetries, prolonged elevated levels of free calcium can be
detected on the left side of the KV (22). We asked whether sepN
and ryr3 gene functions were required for calcium signaling at
the KV.

Embryos were injected at the one-cell stage with the calcium-
sensitive fluorescent dye indicator Oregon green 488 BAPTA-1
dextran, f luorescence levels surrounding the KV of 5- to
8-somite stage embryos were analyzed by confocal microscopy,
and left–right relative fluorescence was determined for each
embryo. Every WT embryo (n � 17) exhibited higher levels of
f luorescence on the left side of the KV; in addition, elevated
levels were always seen at the base of the notochord (Fig. 4 D and
G). The asymmetric levels of f luorescence reflected the true
distribution of calcium as no signal was detected in the absence
of dye (Fig. 4C), and dextran-linked dyes were delivered uni-
formly around the KV (Fig. 4G). Upon loss of RyR3, little
calcium-dependent signal was observed (Fig. 4 E and G).
Significantly, upon depletion of SepN, the left-side-specific
elevation of calcium appeared blocked (Fig. 4F), and levels of
left- and right-side calcium-dependent signal were consistently
similar in each SepN MO-treated embryo (Fig. 4G). Both SepN
and RyR3 are needed for calcium mobilization around the KV.

SepN Is Stably Associated with RyRs. Previous studies indicated
SepN is a transmembrane protein of undetermined topology,
likely to be ‘‘part of an integral protein complex’’ associated with
the SR (13). Several lines of evidence indicated RyR and SepN
are physically associated in vivo. Stratification of the SR from
adult rabbit skeletal muscle by differential centrifugation (23)
revealed the two proteins were colocalized and highly enriched
in terminal cisternae (Fig. 5A). SepN was immunoprecipitated

Fig. 3. Ryanodine receptors and SepN have similar functions in muscle
formation. (A–D) Expression of ryr1a and ryr3 transcripts in 15-somite (A and
B) and 24 hpf (C and D) embryos. (E–H) Expression of the myogenic lineage
genes, myoD and �-cardiac actin, is greatly reduced in the adaxial cell popu-
lation of ryr1a; ryr3 double morphants. (I–L) 4D9� slow muscle pioneer fiber
nuclei and (M–P) F59� slow muscle fibers are reduced in number and irregu-
larly shaped in 24-hpf embryos depleted for RyR1a, RyR3, or both RyRs. (A)
Dorsal view, rostral up. B–D and I–P, lateral views, rostral left. (E–H) Dorsal
views, rostral left.
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Fig. 4. SepN and RyR3 are required for calcium signaling at the KV. (A and
B) sepN and ryr3 transcripts are present in and around the KV (indicated by
arrow) at the base of the notochord (ntc). (C–F) Visualization of free calcium
in the region of the KV in 5- to 8-somite embryos. Images shown represent a
single confocal section, taken from a dorsal view at the plane of the maximal
apparent diameter of the KV. (C) Without calcium-sensitive dye, fluorescence
is not detected. (D) Elevated levels of free calcium are detected on the left
compared with the right side of the KV in WT embryos. (E) Loss of ryr3 function
results in a dramatic overall reduction of free calcium. (F) Loss of sepN function
results in complete loss of asymmetric distribution of free calcium. (G) For
quantitative analyses, left- and right-side intensity values were determined
for each embryo by integrating pixel values within symmetric boxed areas
abutting the KV midline as indicated in C-F. Left/right intensity ratios were
determined for each embryo [WT controls, n � 17; rhodamine dextran-
injected (RD), n � 11; sepN MO-injected, n � 22; ryr3 MO-injected, n � 19] and
average ratios are graphed. *, significant difference from WT ratio (P � 0.001
using paired Student’s t test). Error bars are � SD.
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from rabbit muscle homogenate with an antiserum recognizing
all isoforms of RyR (Fig. 5B). Similarly, RyR proteins were
immunoprecipitated from the homogenate with an anti-SepN
antibody generated against a peptide derived from human
SepN1 protein (Fig. 5B). Inclusion of the SepN1 peptide as a
competitor in the reaction blocked recovery of the RyR proteins.
Moreover, RyR proteins were coimmunoprecipitated with C
terminus-FLAG-tagged zebrafish SepN that had been expressed
in embryos (Fig. 5C and data not shown). Although these
experiments support association of SepN and RyRs in vivo, they
do not indicate the stoichiometry of the association nor whether
the proteins are always complexed.

SepN Is Required for Normal RyR Activity. Because neither the
expression patterns nor the overall levels of RyR proteins in
zebrafish embryos were altered detectably by loss of SepN (Fig.

S7), we examined the activity of RyRs in SepN-depleted em-
bryos. High affinity binding of the plant alkaloid ryanodine
strongly correlates with the activity of the Ca2� release channel,
and an increase in ryanodine binding is an indicator of enhanced
channel activity (24). Protein homogenates were prepared from
independently generated paired groups of control or SepN-
depleted 14–18-somite stage embryos and concentration-
dependent equilibrium binding of [3H]ryanodine to protein was
determined. SepN-depleted tissue had decreased ryanodine
binding capacity (control tissue Bmax � 0.52 � 0.01 pmol/mg vs.
SepN-depleted tissue Bmax � 0.42 � 0.02 pmol/mg) and de-
creased binding affinity for ryanodine (control tissue Kd �
37.2 � 1.9 nM vs. SepN-depleted tissue Kd � 49.9 � 6.2 nM) (Fig.
6A). Although a decrease in Bmax in the SepN-depleted samples
could reflect a loss of RyR or some additional RyR-complexed
protein, the observed increase in Kd indicates a fundamental
functional change in the RyRs after loss of SepN. Moreover,
because the SepN-depleted homogenates were derived from
thousands of MO-injected embryos, they likely contained some
residual WT SepN protein, resulting in underestimation of the
true effect of complete loss of SepN.

The homotetrameric RyR channel contains �400 cysteines
and its activity is exquisitely sensitive to redox regulation (25–
27). Because several selenoproteins mediate redox reactions (28)
and selenium-containing compounds stimulate the calcium re-
lease channel by oxidizing endogenous thiols on the RyR (29),
we tested whether loss of SepN affected the responsiveness of
RyRs to the redox state of the environment.

The initial rate of ryanodine binding to WT zebrafish embryo
homogenates was found to be strongly dependent on the redox
potential of the aqueous environment, which was manipulated by
the GSSG/GSH2 ratio in the binding buffer (Fig. 6B). As critical
thiols on the channel were oxidized in controls, binding of
ryanodine was enhanced. The redox potential of the zebrafish
RyR (the midpoint of the redox titration) was approximately
�150 mV, similar to that observed with preparations from rabbit
skeletal muscle SR (26). In contrast, the RyRs of SepN-depleted
embryos exhibited greatly diminished responsiveness to the
redox potential of the environment (Fig. 6B). These results

Fig. 5. SepN and RyRs are physically associated. (A) Immunoblotting (IB) of
fractionated SR indicates SepN and RyRs are colocalized in terminal cisternae.
C, crude membranes; SR, crude SR; r1, longitudinal SR/t-tubules/plasma mem-
brane; r2, longitudinal SR; r3, longitudinal SR/terminal cisternae; r4, terminal
cisternae. (B) Coimmunoprecipitation (IP) of RyR and SepN from rabbit skel-
etal muscle SR protein homogenates. (C) Coimmunoprecipitation of RyR and
SepN-FLAG from homogenates of zebrafish embryos expressing SepN-FLAG.

Fig. 6. Ryanodine receptor activity depends on SepN. Concentration-dependent (A and C) and redox potential-dependent (B and D) binding of [3H]ryanodine
to homogenates prepared from control (A) or sepN MO-injected (B) 14- to 18-somite stage zebrafish embryos, and from muscle biopsies from control (C) or SEPN1
mutant (D) individuals. Concentration-dependent equilibrium binding was performed in quadruplicate by using three independent matched sets embryo
homogenates or one matched set of biopsies; error bars are � SEM. The redox potential-dependent initial rate of ryanodine binding to protein from human
control or SEPN1-diseased muscle tissue was determined in two independent experiments. In one set of experiments, diseased homogenate was supplemented
with in vitro-synthesized zebrafish SepN protein.
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indicate that a fundamental physiological mechanism by which
RyR activity is regulated is blocked upon loss of SepN.

As an independent test of the role of SepN, we examined the
properties of RyRs isolated from human muscle tissue lacking
SepN1. Homogenates were prepared from muscle biopsies ob-
tained from an individual with congenital myopathy who was
homozygous for a SepN1 mutation (R466Q) and from age- and
sex-matched controls. The R466Q allele results in absence of
significant expression of the SepN1 protein and therefore ap-
parently is a functional null allele (M.T.H. and K.M.F., unpub-
lished work). Equilibrium binding analyses (Fig. 6C) indicated
protein from SepN1-deficient tissue had dramatically diminished
capacity for ryanodine binding (control tissue Bmax � 3.77 � 0.19
pmol/mg vs. SEPN1-diseased tissue Bmax � 0.84 � 0.07 pmol/
mg). Although the reduced binding of ryanodine to RyRs of
diseased tissue made it difficult to measure Kd with certainty,
SepN-depleted tissue displayed a small decrease in affinity for
ryanodine (data not shown). These results are consistent with a
requirement for SepN1 in the maintenance of normal levels
and/or activity of RyR in human muscle.

In contrast to control homogenates, positive (oxidizing) redox
potentials failed to stimulate binding of human RyRs from
SEPN1-diseased muscle (Fig. 6D). We tested whether the RyR
activity from the SEPN1-diseased patient could be restored by
addition of WT SepN protein. Full-length zebrafish SepN pro-
tein was synthesized in vitro, purified, and added to muscle
homogenates prepared from the SEPN1-diseased patient. Ad-
dition of exogenous SepN partially restored the binding capacity
of the human RyRs from SEPN1-diseased tissue (Bmax � 1.43 �
0.19 pmol/mg). Most strikingly, addition of zebrafish SepN
restored the ability of human RyRs from diseased tissue to
respond to changes in the redox potential of the binding envi-
ronment (Fig. 6D), indicating that RyR channel behavior is
modulated by the presence of SepN protein. Further studies are
required to determine the biochemical mechanism by which
SepN affects RyR activity.

Discussion
We show here that two previously unrelated gene products,
Selenoprotein N and ryanodine receptor, each of which is
associated with an overlapping spectrum of congenital muscle
disorders, are physically associated in vivo where they contribute
to a single biochemical pathway regulating intracellular calcium
release. The phenotypic analyses presented here revealed that
SepN and RyRs contribute to common developmental events
and provided a rationale for examining how they might share
biochemical function. Loss of function analysis in the zebrafish
embryo served to simplfy conceptualization of diseases that
appeared to have heterogeneous etiologies.

We note that the zebrafish embryonic phenotypes do not
precisely recapitulate the human disease phenotypes. Two fac-
tors likely contribute to the differences. First, whereas a limited
set of RYR1 mutant alleles are associated with disease in humans
(4), we analyzed the effects of combined loss of ryr1a and ryr3,
with the purpose of generally identifying RyR-dependent pro-
cesses in the zebrafish embryo. Second, the human and zebrafish
orthologues may not be used in precisely the same developmen-
tal contexts (30). Thus, although sepN is required for calcium
mobilization at the KV, another selenoprotein gene may provide
an equivalent role at the mammalian node.

Whereas diseases associated with SEPN1 or RYR1 mutations
are generally viewed as affecting subcellular aspects of muscle
fiber formation, our analyses indicate the possibility that SepN
and RyRs also have roles in fiber specification. Other studies
have implicated SepN and RyRs in muscle fiber generation. A
previous study of sepN function in zebrafish also appeared to
indicate deficits of muscle fibers in embryos, although this was
not quantified (11). In addition, mice homozygous for the human

disease-associated RYR1I4895T allele have reduced muscle pro-
duction (19).

RyRs are best known for their roles in the excitation–
contraction (EC) coupling pathway that mediates muscle func-
tion (31). However, EC coupling does not appear critical for the
normal assembly of muscle fibers in the zebrafish somite (32).
Thus, RyR channels are likely to be used in additional contexts.
The defects caused by loss of SepN or RyR in the present study,
reduction in the generation of slow muscle fibers, and aberrant
myofibrillogenesis, may in fact represent two distinct require-
ments for calcium mobilization during muscle development.

Increasing evidence supports a model in which regulation of
the redox state of critical thiol groups of the ryanodine receptor
is a major physiological pathway by which calcium flow is
regulated (27, 33, 34). Oxidation of selected ‘‘hyperreactive’’
cysteines can occur through formation of disulfides, by S-
nitrosylation, or by S-glutathionylation, and the redox state of
these cysteines correlates closely with the open state of the
calcium release channel (35, 36). Redox modification of specific
cysteine residues also affects the ability of calcium release
channel components to maintain their association with the RyR
core protein (37). Moreover, well characterized modulators of
calcium release channel activity affect the redox potential of the
channel, whether through direct or indirect means (26, 38). Thus,
the RyR channel is a ‘‘redox sensor’’ regulated by a number of
associated proteins including SepN.

Only some selenoproteins have proven biochemical activity,
but among these, several are associated with protein folding,
disulfide bond shuffling, or other redox activities in biosynthetic
pathways (3, 39). Here, we show that SepN is a modulator of RyR
activity, affecting the ability of the calcium release channel to
function as a redox sensor. The finding that SepN is required for
normal RyR activity is consistent with the presence in SepN
orthologues of a CxxS domain that has been linked to redox
activity (40). Given the viability of apparent null SEPN1 muta-
tions in humans, it is likely that the central function of Seleno-
protein N is as a facilitator of RyR function. The finding that the
RyR activity of one SEPN1-mutant muscle can be partially
rescued by addition of exogenous SepN in vitro to muscle
homogenates suggests the interaction between SepN and RyR is
highly specific and efficient. Furthermore, it demonstrates that
RyR activity may not be irreversibly damaged in patients with
SEPN1-associated disease and might provide a target for ther-
apeutic intervention. Analysis of additional biopsy samples is
required to establish whether RyR activity is generally depressed
in SEPN1-diseased muscle.

Materials and Methods
Preparation of Embryo and Muscle Homogenates. Live 14–18-somite stage
embryos were rinsed twice and dounce-homogenized (15 strokes) in muscle
buffer (see SI Methods), flash-frozen in liquid N2, and stored at �80°C. Each
homogenate was prepared from 1,000–1,500 pooled injected or control
embryos (600–700 embryos/ml homogenate; 10–12 mg of protein/ml homog-
enate). Approximately 100 mg (wet weight) of diseased or age-/sex-matched
control muscle biopsy (MB) material, snap-frozen in liquid nitrogen-cooled
isopentane (2) and stored at �80°C, was processed similarly in MB buffer.
Diseased tissue was from a 12-year-old girl with a rigid spine syndrome
phenotype who was homozygous for a mutation in exon 11 of the SEPN1 gene
(c.1397G3A; R466Q).

Ryanodine-Binding Analyses. Equilibrium and redox-sensitive ryanodine bind-
ing was measured as in ref. 26 with slight modifications (see SI Methods). For
the SepN protein add-back experiment, 8X His-tagged zebrafish SepN was
synthesized in vitro (see SI Methods) and SepN protein (0.2 �g/ml) was added
to SEPN1 mutant human muscle homogenates before binding studies.

Additional Materials and Methods. Additional materials described in the SI
Methods include: Animals and embryo manipulations; sequences of antisense
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MOs and primers for RT-PCR; sources of antibodies and gene probes; proce-
dures for in situ hybridization, immunohistochemistry, immunoprecipitation,
and protein synthesis; and details of ryanodine-binding conditions.
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