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Myotubularin (MTM1) and amphiphysin 2 (BIN1) are two
proteins mutated in different forms of centronuclear myopathy,
but the functional and pathological relationship between these
two proteins was unknown. Here, we identified MTM1 as a novel
binding partner of BIN1, both in vitro and endogenously in
skeletal muscle. Moreover, MTM1 enhances BIN1-mediated
membrane tubulation, depending on binding and phosphoinosi-
tide phosphatase activity. BIN1 patient mutations induce a
conformational change in BIN1 and alter its binding and
regulation by MTM1. In conclusion, we identified the first
molecular and functional link between MTM1 and BIN1,
supporting a common pathological mechanism in different forms
of centronuclear myopathy.
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INTRODUCTION
Centronuclear myopathies (CNM) define a heterogeneous group
of inherited muscular disorders characterized by muscle weak-
ness, fibre atrophy and abnormal localization of nuclei and other
organelles [1]. Mutations in the phosphoinositides phosphatase
myotubularin (MTM1) lead to a significant decrease of the
protein level [2] and cause the X-linked form of CNM, also
called myotubular myopathy [3]. MTM1 dephosphorylates
phosphatidylinositol-3-phosphate (PtdIns3P) and PtdIns(3,5)P2

and produce PtdIns5P [4–6] and both phosphatase-dependent

and independent functions of MTM1 are necessary for normal
skeletal muscle function [7]. Mutations in amphiphysin 2 (AMPH2
or BIN1) cause an autosomal recessive form of CNM [8]. BIN1 is a
protein belonging to the BAR (BIN/Amphiphysin/Rvs) domain
protein family and involved in both curvature sensing and
membrane bending [9,10]. In addition to its N-BAR domain,
BIN1 has a SH3 domain that binds proline-rich domain containing
proteins. The muscle-specific isoform (isoform 8) contains an
additional PI motif composed of a stretch of polybasic residues
that binds phosphoinositides as PtdIns4,5P2 and promotes
membrane tubulation [11].

In this study, we investigated the potential functional link
between MTM1 and BIN1 to identify a common pathological
mechanism underlying CNM.

RESULTS AND DISCUSSION
MTM1 and BIN1 interact in skeletal muscle
To address the potential molecular interaction between MTM1 and
BIN1, several constructs expressing tagged BIN1 domains and full-
length (FL) protein (Fig 1A) were used. GFP-tagged BARþ PI, BAR,
SH3 and BIN1 FL co-immunoprecipitated with B10-MTM1 (Fig 1B).
Similar results were obtained when the co-immunoprecipitation
was performed in the reverse direction (supplementary Fig S1
online). Moreover, GST-tagged BIN1 full length, BAR and SH3,
produced in bacteria, were able to pull down in vitro-translated
B10-MTM1 (Fig 1C), suggesting that MTM1 interacts directly with
BIN1. The stronger interaction observed after co-immunoprecipi-
tation and pull-down with BAR and SH3 domains compared with
BIN1 FL (Fig 1B,C; supplementary Fig S1 online) suggested MTM1
interaction depends on BIN1 conformation. Indeed, it has been
proposed that BIN1 has a dual open/closed conformation
controlled by the interaction of the SH3 domain with the BARþ
PI domain of BIN1 and regulating its interaction with proteins
like dynamin 2 [12]. No interaction of B10-MTM1 with GFP-
BIN1DPI was detected after co-immunoprecipitation (Fig 1B;
supplementary Fig S1 online). Because of its localization between
the SH3 and the BAR domains, the PI motif could modulate the
relative position of these two domains within the BIN1 protein,
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and by this way control MTM1 interaction. In addition, as BIN1
undergoes complex tissue-specific splicing events and the
PI motif is mainly found in skeletal muscle isoforms of
BIN1 [13,14], we propose that the precise regulation of BIN1
conformation and its membrane tubulation properties is
particularly important in this tissue.

To test the existence of this interaction at the endogenous level,
MTM1 was immunoprecipitated from muscle protein extracts.
Several BIN1 specific bands were detected by western blot

(Fig 1D), corresponding to the BIN1 isoforms already described in
muscle [8]. Moreover, a doublet corresponding to muscle MTM1
(70 kDa; [15]) was also detected after BIN1 immunoprecipitation
(Fig 1D), confirming that MTM1 and BIN1 interact at the
endogenous level in the skeletal muscle. Immunofluorescence
experiments performed on isolated murine muscle fibres showed
that MTM1 and BIN1 partially colocalized on the same structures
(Fig 1E). Partial colocalization in isolated muscle fibres of both
proteins with triad markers RYR1 and DHPRa, as previously
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shown in murine muscle sections [13,14,16], and no extensive
colocalization of BIN1 with sarcomeric actin and the Z-line
marker a-actinin, point to a localization of BIN1 and MTM1
mainly at triads next to the Z-line, in the I-band of the sarcomere
(supplementary Fig S2 online). Moreover, after subcellular
fractionation of rabbit skeletal muscle, MTM1 and BIN1 were
both enriched in RYR1 positive fractions (3 and 4) representing
junctional sarcoplasmic reticulum and triads (Fig 1F). Overall, we
propose that a fraction of MTM1 and BIN1 is in complex at the
triad. Triads are structures composed by sarcoplasmic reticulum
cisternae connected to a plasma membrane invagination, the
T-tubule (supplementary Fig S2 online); they are involved in
the excitation–contraction coupling in muscle cells. BIN1, on the
basis of its role in membrane tubulation, was proposed to
participate to T-tubule formation [11,17]. In addition to a role at
the triad, BIN1 could have a pleiotropic role in the organization/
functioning of the sarcomere, as it was proposed to mediate
interaction with proteins of the structure of the sarcomere, actin
and myosin [18].

MTM1 enhances BIN1-mediated membrane tubulation
As BIN1 has been shown to trigger membrane tubulation in
cells [8,11], the impact of MTM1 on this function was tested
in C2C12 myoblasts. In these cells, B10-BIN1 expression induced
short membrane tubules (Fig 2A,B; supplementary Fig S3B online).
Ectopic co-expression of MTM1 altered BIN1 tubulation
pattern leading to longer and more reticulated tubules in about
50% of tubule-positive cells (Fig 2A,B; supplementary Fig S3A,B
online). This impact was confirmed in COS-1 cells, in which co-
expression of B10-MTM1 with GFP-BIN1 increased the number of
tubulating cells and the length of the tubules (Fig 2C,D;
supplementary Figs S4A and S5A online). These data suggest that
MTM1 enhances the membrane tubulation function of BIN1.

Catalytically inactive MTM1 mutants were then used to
determine the importance of the phosphatase activity in the
regulation of BIN1-mediated membrane tubulation. In contrast to
wild-type MTM1, ectopic expression in C2C12 of p.C375S,
p.D278A and p.R421Q MTM1 inactive mutants did not enhance
BIN1 tubulation (Fig 2A,B; supplementary Table SI online). The
majority of these mutants pulled down with the BAR domain
of BIN1 (supplementary Fig S3C), suggesting that they fail to

enhance BIN1 membrane tubulation due to a lack of catalytic
activity rather than a decreased binding. The p.C375S MTM1
mutant was not able to pull down with GST-BIN1 BAR, contrary to
other inactive MTM1 mutants tested (supplementary Fig S3C
online). This suggests that the p.C375S mutation affects the
interaction, for example through the regulation of MTM1 structure
or oligomerization. The inability of the p.C375S MTM1 mutant
to fully rescue all Mtm1-null mice phenotypes, as previously
shown [7], could then be due either to lack of enzymatic activity
or to decreased BIN1 binding.

To further study the regulation of BIN1-mediated membrane
tubulation, MTM1 homologues that are catalytically active
(MTMR1 and MTMR2) or inactive (MTMR10 and MTMR11) were
then used. Ectopic expression of these MTM1 homologues in
COS-1 cells also failed to enhance BIN1-mediated membrane
tubulation (Fig 2C; supplementary Fig S4A; supplementary
Table SI online), indicating that the catalytic activity of MTMR1
and MTMR2, that is similar to MTM1, is not sufficient.
MTM1 homologues did not pull down with GST-BIN1
(supplementary Fig S4B online), suggesting that the binding of
MTM1 to BIN1 is also important for the regulation of membrane
tubulation. However, a difference in phosphoinositides sub-pools
dephosphorylated by MTMR1/2 and MTM1 cannot be excluded.

To clarify the importance of binding, we mapped the binding
domain of MTM1 to BIN1. GST-tagged MTM1 full length and
DGRAM were able to pull down B10-BIN1, whereas binding of
B10-BIN1 to GST-MTM1GRAM and GST-MTM1Cter was very
weak (supplementary Fig S5B online), suggesting that BIN1
interacts with the phosphatase domain, between the GRAM
and Cter domains (Fig 1A). The MTM1DGRAM protein has
impaired catalytic activity (supplementary Fig S5C online), and
does not significantly enhance BIN1-mediated membrane
tubulation (Fig 2D; supplementary Fig S5A; supplementary
Table SI online). Taken together, these results sustain the
conclusion that MTM1 specifically enhances BIN1 membrane
tubulation and that the enzymatic activity and to some extent
the binding are needed for this role. MTM1 might therefore
regulate BIN1-mediated membrane curvature at the triad via
regulation of phosphoinositide levels or protein binding, but
further analysis will be needed to address their actual role in
triad formation and maintenance.

Fig 1 | MTM1 and BIN1 interact in vitro and in vivo and partially colocalize in skeletal muscle. (A) Representation of domains of BIN1 (isoform 8) and

MTM1 proteins. (B) Co-immunoprecipitation assays using anti-B10 antibodies on lysates from COS-1 cells expressing B10-MTM1 and GFP-fused BIN1

domains. Top panel: immunoblot hybridized with anti-GFP antibodies. Bottom panel: immunoblot hybridized with anti-MTM1 antibodies. (C) MTM1

and BIN1 interact directly. GST (negative control), GST-BIN1, GST-BAR and GST-SH3 recombinant proteins were used to pull down B10-MTM1

produced by in vitro translation. Top panels: immunoblot hybridized with anti-B10 antibody. Bottom panel: Coomassie blue staining showing

recombinant proteins used for the pull-down. (D) BIN1 and MTM1 interact in vivo. Co-immunoprecipitation assays on membrane-enriched fractions

from mouse muscle homogenates using anti-MTM1 (left panel) or anti-BIN1 (right panel) antibodies. Immunoblots were hybridized with anti-BIN1

or anti-MTM1 antibodies. Non-conjugated beads and IgG were used as controls. (E) MTM1 and BIN1 partially localize on the same subcellular

structure in isolated muscle fibres. Muscle fibres isolated from 5-week-old wild-type mouse were stained with anti-MTM1 and pan-isoform anti-BIN1

antibodies. Confocal planes in the middle of fibres. Scale bar, 10mm (top panel), 1mm (middle panel). Quantitative measurement of BIN1 and MTM1

fluorescence intensity (bottom panel). (F) MTM1 and BIN1 are both enriched at the triads. Subcellular fractionation of membranes from rabbit skeletal

muscle on the basis of a discontinuous sucrose gradient, as in Amoasii et al [7]. Longitudinal sarcoplasmic reticulum membranes were enriched in

fractions F1 and F2 (SERCA1), and triad membranes were enriched in fractions F3 and F4 (RYR1). Caveolin-3 was used as a sarcolemmal marker.

BAR, BIN/Amphiphysin/Rvs; BIN1, amphiphysin 2; GFP, green fluorescent protein; GST, glutathione S-transferase; IgG, immunoglobulin G;

IP, immunoprecipitation; M, microsome; MTM1, myotubularin; P, pellet.
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MTM1 regulates BIN1-membrane structures in muscle
It was previously reported that T-tubules are altered in the mature
muscles from Zebrafish, mouse and human with impaired or
mutated MTM1 [14,19,20]. We took advantage of C2C12

myotubes to follow BIN1 localization in normal and MTM1-
depleted cells. BIN1-positive tubules were longitudinally
oriented in normal cells as previously described [11,21], but
also in Mtm1 knockdown myotubes (Fig 3A), supporting that
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endogenous BIN1 tubules in immature muscle cells do not
depend on MTM1. Conversely, both longitudinal and transversal
pattern of BIN1 were observed in isolated muscle fibres from
5-week-old Mtm1 knockout mice whereas BIN1 was present

only as a transversal doublet at the triads in wild-type fibres
(Fig 3B). These findings point to a role of MTM1 for the
transversal positioning of BIN1-positive membrane structures
during maturation.

BIN1 does not regulate MTM1 phosphatase activity
To investigate if BIN1 impacts on MTM1 function, the phos-
phatase activity of MTM1 on its phosphoinositide substrates was
tested in vitro in the presence or absence of BIN1. The
recombinant GST-MTM1 produced PtdIns and PtdIns5P from
PtdIns3P and PtdIns(3,5)P2, respectively, contrary to GST-BIN1 or
GST alone (supplementary Fig S6A online). The addition of GST-
BIN1 to GST-MTM1 did not alter the quantity of PtdIns or PtdIns5P
produced relative to PtdIns3P and PtdIns(3,5)P2, respectively
(Fig 4A). These results show that BIN1 has no impact on the
phosphatase activity of MTM1 in vitro, which was confirmed by
malachite green assay using a wide range of BIN1 concentration
(Fig 4B). This absence of effect is not due to the lack of interaction
of BIN1 with MTM1, as showed by co-immunoprecipitation
performed after the malachite green assay (Fig 4B).

Patient mutations alter BIN1 conformation
To get more insight on the pathological relevance of the
MTM1–BIN1 interaction in CNM, we addressed the impact of
several BIN1 patient mutations on MTM1 binding. The mutations
p.K35N and p.D151N located in the BAR domain of BIN1 did not
alter the co-immunoprecipitation of B10-MTM1 either with GFP-
BIN1 full length or with GFP-BAR (supplementary Fig S7A online).
On the contrary, B10-MTM1 co-immunoprecipitated more
efficiently with GFP-BIN1 full length encompassing patient
mutations in the SH3 domain (p.Q573X and p.K575X) than with
wild-type GFP-BIN1 (Fig 5A). Similar results were observed after
reverse co-immunoprecipitation (supplementary Fig S7B online).
As the p.Q573X and p.K575X mutations did not alter the affinity of
the individual SH3 domain for MTM1 compared with wild type
(Fig 5A; supplementary Fig S7B online), the difference in binding
observed with the full-length protein is more likely due to a
difference in conformation between wild-type and mutant BIN1.
Accordingly, the ability of GST-SH3 to pull down the GFP-BARþ
PI domain was abolished by the p.Q573X and p.K575X mutations
(Fig 5B). Moreover, wild-type GST-SH3 pulled down more
efficiently p.K575X GFP-BIN1 full length, compared with wild-
type GFP-BIN1 (Fig 5C), suggesting that the site interacting with
the SH3 domain is more accessible on the p.K575X BIN1 protein
than on the wild-type protein. Taken together, these results
demonstrate that the p.Q573X and p.K575X SH3 mutations

Control Mtm1 KD

WT Mtm1 KO

BIN1 BIN1

BIN1 BIN1

A

B

Fig 3 | MTM1 depletion impairs BIN1 tubule positioning in differentiated

muscle fibres. (A) Knockdown of Mtm1 did not alter BIN1 membrane

tubulation in cultured myotubes. Immunofluorescence using anti-BIN1

antibodies was performed on C2C12 myotubes, wild type or knocked

down for MTM1. Images represent confocal z-stack projections.

(B) Orientation of BIN1-positive structures is altered in Mtm1 KO

isolated muscle fibres compared with WT fibres. Immunofluorescence

using anti-BIN1 antibodies was performed on muscle fibres isolated from

5-week-old wild type and Mtm1 KO mice. Mtm1 KO fibres are atrophic.

Confocal planes in the middle of fibres. Scale bars, 10 mm. BIN1,

amphiphysin 2; KO, knockout; MTM1, myotubularin; WT, wild type.

Fig 2 | Impact of MTM1 on BIN1 membrane tubulation. (A) Ectopic expression of MTM1 enhances BIN1 membrane tubulation. C2C12 cells expressing

B10-BIN1 alone (top panel) or with catalytically inactive p.C375S MTM1 (bottom panel) display short membrane tubules, although co-expression with

wild-type MTM1 promotes longer membrane tubules (middle panel). Immunofluorescence was performed using anti-B10 and anti-MTM1 antibodies.

Images represent confocal z-stack projections. Scale bars, 10mm. (B) Quantification of C2C12 cells presenting short tubules versus cells presenting long

tubules under different conditions. About 100 cells/experiment were counted in three independent experiments. (C) Quantification of COS-1 cells

presenting tubules versus cells presenting no long tubules (left panel), and ratio long tubules/short tubules in cells (right panel) depending on BIN1 co-

expression with different myotubularins. (D) Quantification of COS-1 cells presenting tubules versus cells presenting no tubules (left panel), and ratio

long tubules/short tubules in cells (right panel) depending on BIN1 co-expression with different MTM1 domains. For (C) and (D), about 200 transfected

cells (with/without tubules) and 20–30 tubules/cell in about 90 transfected cells (ratio long tubules/short tubules) were counted. The statistical

significance was calculated on the basis of number of cells from one of two independent experiments; the second set looked similar. *Po0.05,

considered significant. BIN1, amphiphysin 2; GFP, green fluorescent protein; MTM1, myotubularin; WT, wild type.
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promote a constitutively open conformation of BIN1, by altering
the interaction between the SH3 and the BARþ PI domains
(Fig 5D), and that this open conformation binds more efficiently to
MTM1. Nevertheless, p.Q573X BIN1, as wild-type protein, did
not alter MTM1 phosphatase activity (Fig 4).

Mutations alter the regulation of BIN1 by MTM1
The consequences of p.Q573X and p.K575X BIN1 mutations on
the regulation of BIN1 membrane tubulation by MTM1 were then
tested. Expression of GFP-MTM1 enhanced membrane tubulation

mediated by BIN1 mutants in B35% to 25% of cells (Fig 5E,F),
which is less than observed in the case of wild-type BIN1 (about
50% of cells, Fig 2A,B). The increased MTM1 binding promoted
by the BIN1 SH3 mutations might impair the MTM1 positive role
on BIN1 membrane tubulation. Alternatively, these SH3 mutations
might impact the membrane tubulation properties of BIN1
independently of MTM1, although previous experiments in
transfected COS-1 cells did not detect a strong alteration [8].

In this study, we identified MTM1 as a novel binding partner of
BIN1 in skeletal muscle and as a regulator of the membrane
tubulation properties of BIN1 in muscle cells. Several BIN1
mutations causing CNM alter the conformation of BIN1 and its
binding and regulation by MTM1. Altogether, these data provide a
first molecular link between two forms of CNM and support that
alteration of the MTM1–BIN1 complex is of pathological
relevance. As mutations in the BAR domain strongly impair
membrane tubulation [8], and as we showed here that mutations
in the SH3 domain impact on the regulation of BIN1-mediated
membrane remodelling by MTM1, we propose that alteration of
BIN1-mediated membrane tubulation account for the primary
defects leading to the disease in the muscle, both in BIN1- and
MTM1-related CNM.

METHODS
Muscle subcellular fractionation, in vitro lipid phosphatase
assay and malachite green assay were performed according to
Saito et al [22], Tronchère et al [6] and Taylor and Dixon [23],
respectively. Supplementary Methods online: full description of
materials and detailed protocols for the above, constructs, cell
culture and transfections, production of GST-fusion proteins,
western blot, statistics.
Co-immunoprecipitation assays. COS-1 cells were lysed 24 h
after co-transfection (Lipofectamine 2000, Invitrogen) in 50 mM
Tris pH 7.4, 1% Triton X-100, 10 mM MgCl2 and protease
inhibitors (cOmplete EDTA free, Roche). Mouse muscle homo-
genates were performed on membrane extracts using alkaline
carbonate extraction developed by Okamoto et al [24] using
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Fig 4 | BIN1 does not alter MTM1 phosphoinositide phosphatase activity.
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chromatography relative to the levels of remaining MTM1 substrates

PtdIns3P (top panel) and PtdIns(3,5)P2 (bottom panel), in the absence of

protein (ctrl) and in the presence of the recombinant GST-MTM1 alone

or together with GST, GST-BIN1 wild type and GST-BIN1 p.Q573X.

PtdIns3P and PtdIns(3,5)P2 were added in excess in order to detect

either an increase or decrease in activity, explaining the 50% of

dephosphorylation observed with GST-MTM1 at the termination of

enzymatic reactions. Three independent experiments. Error bars ±s.e.m.

(B) Malachite green assay. Top panel: dephosphorylation of PtdIns3P,

PtdIns(3,5)P2 (substrates) and PtdIns(4,5)P2 (ctrl) was in presence of

10 nmol of GST-MTM1 and increasing concentration of BIN1. Bottom

panel, left: Coomassie blue staining showing recombinant proteins used.

Bottom, right: co-immunoprecipitation assays using anti-MTM1

antibodies performed after malachite green assay. Three independent

experiments. BIN1, amphiphysin 2; GST, glutathione S-transferase;

IgG, immunoglobulin G; IP, immunoprecipitation; MTM1, myotubularin;
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100 mM sodium carbonate, pH11.5. Buffer was adjusted to 1%
Triton X-100, 50 mM Tris–HCl pH7.5 and 300 mM and immuno-
precipitations were performed overnight on protein G-Sepharose
beads (GE Healthcare) using mouse anti-B10 and anti-GFP
antibodies (IGBMC) or mouse anti-MTM1 (1G1, IGBMC) and

anti-BIN1 (C99D, Sigma-Aldrich). After several washes, bound
proteins were analysed by western blot.
Pull-down assays. Whole-cell homogenates from transfected
COS-1 cells obtained as above, or B10-MTM1 produced
in vitro by coupled transcription/translation kit (TNT Coupled
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Reticulocyte Lysate Systems, Promega) according to the
manufacturer’s protocol, were incubated overnight with purified
GST-fusion proteins coupled to glutathione beads. After several
washes, bound proteins were analysed by western blot.
Immunofluorescence. C2C12 cells (transfected myoblast or
differentiated myotubes) or COS-1 were fixed in 4% PFA. Isolated
fibres were dissected from entire muscles, fixed in 4% PFA,
incubated 30 min in phosphate-buffered saline (PBS) 0.1 M
glucose and afterwards overnight in PBS 30% sucrose. Immuno-
fluorescence was performed on permeabilized cells or fibres, with
appropriate primary and secondary antibodies in PBS, 0.1% Triton
X-100, 3% fetal calf serum for cells or in PBS, 50 mM NH4Cl,
0.2% donkey serum, 0.1% Triton X-100 for fibres. Images were
obtained by epi-fluorescence microscopy or confocal microscopy
(Leica TCS SP2RS, 1,024� 1,024 pixel images, zoom � 2,
three lines average).
Membrane tubulation analysis. In C2C12, only cells presenting
membrane tubules were analysed and tubules were considered
short when they were shorter or equal to twice their diameter
(supplementary Fig S3B online). About 100 cells/experiment were
counted, in at least three independent experiments. In COS-1
cells, about 200 transfected cells (with/without tubules) were
counted in two independent experiments. For tubule length
measurement in COS-1 cells, ImageJ software was used; tubules
were considered long if their length range between E5 mm and
E15mm and short for a length between E0.5 mm and E1 mm.
Twenty to thirty tubules per cell were counted in about
90 transfected cells (ratio long tubules/short tubules) in two
independent experiments.

Supplementary information is available at EMBO reports online
(http://www.emboreports.org).
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