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Fig. 4. Characterization of MAG binding site on 
the Nogo receptor. (A) COS-7 cells expressing 
full-length NgR (wtNgR), a NgR mutant lacking 
LRR 1-8 (ALRR), or a mutant containing LRR1-8 
fused to the GPI linkage site (LRR alone) were 
stained for Myc immunoreactivity or tested for 
AP-Nogo-66 and AP-MAG binding. MAG and 
Nogo bind only to wtNgR and LRR alone trans- 
fected COS-7 cells. (B) NEP1-40 blocks Nogo- 
66 inhibitory activity but not that of MAG. 
Quantification of neurite outgrowth from dis- 
sociated E13 chick DRG cultures grown for 5 to 
7 hours on PBS or MAG spots in the presence or 
absence of 1 ILM NEP1-40. Means + SEM of 
three experiments are reported. All *P values s 
0.002 (student's t test). (C) Model of NgR- 
mediated signaling. Either MAG or Nogo-66 
can activate NgR. These interactions are 
blocked by the presence of a dominant-nega- 
tive NgR protein, NgR-Ecto. The peptide antag- 
onist, NEP1-40, specifically inhibits Nogo-66 
activity but not that of MAG. Interaction of the 
axonal NgR with either one of its ligands on 
oligodendrocytes is predicted to activate a 
transmembrane signal transducer to inhibit 
axon outgrowth. 
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In striated muscle, the plasma membrane forms tubular invaginations 
(transverse tubules or T-tubules) that function in depolarization-contraction 
coupling. Caveolin-3 and amphiphysin were implicated in their biogenesis. 
Amphiphysin isoforms have a putative role in membrane deformation at 
endocytic sites. An isoform of amphiphysin 2 concentrated at T-tubules 
induced tubular plasma membrane invaginations when expressed in non- 
muscle cells. This property required exon 10, a phosphoinositide-binding 
module. In developing myotubes, amphiphysin 2 and caveolin-3 segregated 
in tubular and vesicular portions of the T-tubule system, respectively. These 
findings support a role of the bilayer-deforming properties of amphiphysin 
at T-tubules and, more generally, a physiological role of amphiphysin in 
membrane deformation. 
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Ultrastructural observations have suggested 
that T-tubules of striated muscle develop 
from beaded tubular invaginations of the 
plasma membrane that resemble strings of 
caveolae (1, 2). Accordingly, recent studies 
have demonstrated a critical role for caveo- 
lin-3 in T-tubule biogenesis (3-5) and have 
implicated caveolin-3 in a form of human 
muscular dystrophy (6). However, the 
smooth tubular profile of the T-tubule system 
of mature muscles indicates that the function 

Ultrastructural observations have suggested 
that T-tubules of striated muscle develop 
from beaded tubular invaginations of the 
plasma membrane that resemble strings of 
caveolae (1, 2). Accordingly, recent studies 
have demonstrated a critical role for caveo- 
lin-3 in T-tubule biogenesis (3-5) and have 
implicated caveolin-3 in a form of human 
muscular dystrophy (6). However, the 
smooth tubular profile of the T-tubule system 
of mature muscles indicates that the function 

of caveolin is, at least in part, replaced by 
other proteins during muscle differentiation. 
In addition, T-tubules, albeit with an abnor- 
mal morphology, are present in mice lacking 
caveolin-3 (5), indicating that other proteins 
participate in tubulogenesis. 

It was reported that a splice variant of am- 
phiphysin 2 is expressed at very high levels in 
adult striated muscle [muscle or M-amphiphysin 
2, also referred to as Binl (7, 8)] and is localized 
at T-tubules (7). Amphiphysin proteins function 
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as adaptors between the plasma membrane and 
submembranous cytosolic scaffolds (9). They 
contain a highly conserved NH2-terminal region 
(BAR domain), a COOH-terminal SH3 domain, 
and a variable central region (Fig. 1A). In am- 
phiphysin 1 and in the predominant neuronal 
isoform of amphiphysin 2 (neuronal or N-am- 
phiphysin 2), the central region contains binding 
sites for clathrin and adaptor protein- 2 (AP-2), 
reflecting a role of these proteins in endocytosis 
(10-12). Such sites are not present in M-am- 
phiphysin 2, which instead contains a unique 
exon (exon 10), just downstream of the BAR 
domain (7, 8). In vitro studies have shown that 
the BAR domain of amphiphysin binds and 
evaginates lipid membranes into narrow tubules 
(13-15) suggesting that M-amphiphysin 2 may 
generate membrane curvature in vivo and per- 
haps contribute to the biogenesis of T-tubules. 
Muscle T-tubule defects were detected in Dro- 
sophila that harbor mutations in its only am- 
phiphysin gene (15). 

To gain mechanistic insight into the proper- 
ties of M-amphiphysin 2, we expressed green 
fluorescent protein (GFP)-tagged isoforms of 
amphiphysin 1 and 2 in Chinese hamster ovary 
(CHO) cells. In spite of the reported lipid- 
binding properties of amphiphysin in vitro (13), 
both amphiphysin 1 and N-amphiphysin 2 had, 
primarily, a diffuse cytosolic distribution. In 
contrast, M-amphiphysin 2 was highly concen- 
trated at the cell surface (Fig. iB). Plasma 
membrane targeting was mediated by the BAR 
domain and was dependent on exon 10 (Fig. 1). 
Exon 10 has a high basic amino acid content (9 
out of 15, see Fig. 1A) and has an overall 
resemblance to phosphatidylinositol-4,5- 
bisphosphate [PI(4,5)P2]-binding amino acid 
sequences (16, 17). Binding of the BAR do- 
main to liposomes was enhanced by the pres- 
ence of exon 10 when liposomes contained 
PI(4,5)P2 [and to a lesser extent phosphatidyl- 
inositol-4-phosphate, PI(4)P] (Fig. 1C). Thus, 
the targeting of M-amphiphysin 2 to the plasma 
membrane is likely to be mediated by binding 
of its BAR domain, including exon 10 (BAR* 
domain), to PI(4)P and PI(4,5)P2. This result is 
consistent with the selective enrichment of 
PI(4,5)P2 in the plasma membrane (17). 

Transfected CHO cells expressing full- 
length GFP-tagged M-amphiphysin 2 revealed 
an accumulation of numerous narrow tubular 
structures continuous with the plasma mem- 
brane as seen by electron microscopy (Fig. 2A) 
and by their accessibility to the membrane im- 
permeable fluorescence dye FM4-64 (fig. 
S1A). Furthermore, a GFP-tagged pleckstrin 
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homology domain of phospholipase C8 

(PHpLc,), a protein module that binds PI(4,5)P2 
and thus acts as a plasma membrane marker 
(17), was targeted to these tubules when coex- 
pressed with untagged M-amphiphysin 2 (fig. 
S1A). Incubation of recombinant M-amphiphy- 
sin 2 with liposomes caused their evagination 
into tubules similar in size to those found in 
transfected cells (Fig. 2C). These results indi- 
cate that the powerful liposome tubulating ac- 
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tivity of amphiphysin observed in vitro (13-15) 
is a property that is relevant in vivo. 

Dynamin 2, a binding partner of the SH3 
domain of amphiphysin (9), was recruited to the 
tubules when coexpressed with M-amphiphysin 
2 (Fig. 2D), but not when coexpressed with its 
BAR* domain, which was sufficient to induce 
tubulation (Fig. 2, B and E). Endogenous dy- 
namin 2 was also partially recruited to the tu- 
bules by M-amphiphysin 2, but not by the 

Targeting to membrane/tubulation 
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Fig. 1. Targeting of M-amphiphysin 2 to the plasma membrane mediated by the phosphoinositide- 
binding properties of exon 10. (A) Domain diagram of amphiphysin constructs tested by transfection of 
the corresponding GFP fusion proteins and summary of localization results. AP2/CHC marks the 
location of binding sites for the clathrin adaptor AP-2 and clathrin heavy chain. (B) GFP fluores- 
cence of CHO cells expressing some of the constructs depicted in (A). Full-length M-amphiphysin 
2 and its and BAR* domain are targeted to the plasma membrane and induce the appearance of 
linear elements (tubules). The second half of the BAR* domain, which contains exon 10 [M-Amph2 
(174 to 282)], is targeted to the membrane, but does not induce these structures, in agreement 
with the previous mapping of the membrane tubulation property of the BAR domain to its 
NH2-terminal portion (14). The two smallest fragments (bottom right panels) are also present in 
the nucleus, presumably due to their size. (C) Binding of the BAR* domain of M-amphiphysin 2 to 
PI(4)P and PI(4,5)P2 via exon 10 as assessed by a liposome-binding assay. All BAR domains exhibit 
some liposome binding [see also (13, 14)], but enhanced binding to liposomes containing PI(4,5)P2 and 
to a lesser extent PI(4)P was observed for the BAR* domain of M-Amphiphysin 2. Scale bar, 10 Im. 
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Fig. 2. In vivo and in vitro . ? - 
tubulation of lipid membranes 
by M-amphiphysin 2. (A and ; .: . .. 

, . ' 

B) Electron microscopic views 'e. 
of transfected CHO cells ex- 

. 
." . 

pressing either M-amphiphy- , 
sin 2 (A) or its BAR* domain . " , wit . 
(B) reveal the presence of nar- ",.. ' 
row tubules continuous with . 
the plasma membrane [inset of 
(A)]. (C) Electron micrograph 
demonstrating the massive tu- 
bulation of liposomes induced 
by recombinant M-amphiphy- 
sin 2. (D and E) GFP-dynamin 2 
is recruited to tubules when co- 
expressed with untagged full- 
length M-amphiphysin 2 (D), 
but not when coexpressed with 
the BAR* domain, which lacks 
the SH3 domain (E). In these D E two fields, M-amphiphysin 2 
and BAR* domain were detect- 
ed by immunofluorescence. In- 
sets of (D) and (E) show endog- 

, 
enous dynamin immunoreac- 
tivity in cells transfected with 
GFP-M-amphiphysin 2 full- 
length and GFP-BAR*, respec- 
tively. (F) Double immunofluo- 
rescence for caveolin-1 and 
amphiphysin of M-amphiphy- 
sin 2-transfected CHO cells. 
Caveolin-1 immunoreactivity (red) is detectable in a punctate pattem along M-amphiphysin 2-positive 
tubules (green). Scale bars, 200 nm in (A to C) and 20 !xm in (F). 

BAR* domain (insets of Fig. 2, D and E, re- 
spectively). Tubules induced by the BAR* do- 
main alone were often closely opposed to each 
other (Fig. 2B), whereas those induced by full- 
length M-amphiphysin 2 were always separated 
by cytoplasmic matrix (Fig. 2A), possibly re- 
flecting the presence of a protein scaffold in- 
cluding dynamin 2. 

We investigated the temporal and spatial 
expression pattern of M-amphiphysin 2 dur- 
ing muscle differentiation using the C2C12 
myoblastic cell line. Expression of am- 
phiphysin 2 increased upon differentiation, as 
previously reported (18), and correlated with 
increased expression of caveolin (3-5) and 
the dihydropyridine receptor (DHPR) (18), a 
Ca2+ channel of T-tubules (19), and with the 
down-regulation of caveolin-1 (Fig. 3A). Im- 
munofluorescence staining for M-amphiphy- 
sin 2 in differentiated C2C12 cells produced a 
staining pattern represented by linear ele- 
ments reminiscent of those seen in M-am- 
phiphysin 2-expressing fibroblasts (Fig. 3B). 
DHPR-immunoreactive puncta were aligned 
with these elements. Caveolin-3 immuno- 
staining was often aligned with these tubules 
but in a discontinuous fashion (Fig. 3C). 
Electron microscopy of differentiated C2C12 
myotubes after cytochemical staining of cell- 
surface membranes with either ruthenium red 

Fig. 3. Amphiphysin 2, DHPR, and 
caveolin in C2C12 cells. (A) Com- 
parative analysis of the expression 
of amphiphysin 2, DHPR, caveo- 
lin-1, and caveolin-3, during cell 
differentiation. (B and C) Immu- 
nofluorescence microscopy of dif- 
ferentiated C2C12 myotubes 
demonstrating localization of en- 
dogenous amphiphysin 2 on tubu- 
lar elements and partial overlap of 
amphiphysin 2 with DHPR and 
caveolin-3. The insets of (B) and 
(C) show that puncta of DHPR and 
caveolin-3 immunoreactivity are 
often aligned with amphiphysin 
2-positive tubules. The images of 
(C) were obtained by confocal 
miscroscopy. (D) Electron micro- 
graph of differentiated C2C12 
myotubes after incubation with 
ruthenium red demonstrates the 
presence of deep, tubulovesicu- 
lar plasma membrane invagina- 
tions (arrow). Localization of am- 
phiphysin 2 (E) and caveolin-3 (F) 
in ultrathin frozen section of dif- 
ferentiated C2C12 myotubes as 
revealed by single immunogold la- 
beling. (G to I) Samples prepared 
as in (E) and (F), but double-la- 
beled for M-amphiphysin 2 (small 
gold) and caveolin-3 (large gold). 
In (E to I), amphiphysin 2 and 
caveolin-3 are concentrated on 
the tubular and vesicular portion, 
respectively, of the HRP-labeled 
network. Scale bars, 10 jLm in (B) 
and (C); 200 nm in (D to I). 
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(20) (Fig. 3D) or horseradish 
(HRP)-conjugated cholera toxin 
as expected, a prominent networ 
connected tubulovesicular struct 
E to I). Single (Fig. 3, E and F' 
(Fig. 3, G to I) immunogold lal 
trathin frozen sections of these c 
that the tubular portion of the r 
intensely immunoreactive for am 
whereas caveolin-3 was prefere 
centrated on its vesicular domai 
regation of caveolin-3 and am 
was amplified in adult skeletal m 
amphiphysin 2 was selectively 
T-tubules, whereas caveolin-3 w 
concentrated at the outer surface 
cle fiber as previously reported 

As M-amphiphysin 2-induce 
tubules of transfected cells (fig. S 
nous tubules of C2C12 cells accun 

PHpLcb (Fig. 4A), suggesting a h 
content. If T-tubules are PI(4,' 
their massive proliferation during 
tiation of C2C12 cells should cor 
major increase of PI(4,5)P2 con 
these cells. Indeed, the phosphoi 
tent of differentiated C2C12 cells 
by steady-state metabolic lal 
[3H]myo-inositol, was increased I 
10 over undifferentiated cells (F 
PI(4,5)P2/PIP ratio was also incr 
proximately 1.3 (SEM, 0.2), comp 
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Fig. 4. PI(4,5)P2 in differentiated 
(A) GFP-PHpLcs-expressing cells w 
immunostained for M-amphiphysi 
were metabolically labeled with [3 
tol. The phosphoinositide content 
of protein of differentiated myc 
higher by a factor of 10, compare 
ferentiated cells (nd). (C) Equal 
radioactive lipids were separated 
chromatography. Note elevate( 
PI(4,5)P2 and an increased ratio of 
differentiated C2C12 cells. 

i peroxidase (SEM, 0.1) in undifferentiated cells (see also 
(3) revealed, Fig. 4C). The concentration of PI(4,5)P2 on 
k of surface- T-tubules has important physiological implica- 
ures (Fig. 3, tions for muscle contraction because PI(4,5)P2 
) and double is the precursor of inositol trisphosphate (IP3), a 
beling of ul- regulator of calcium signaling, and may also 
ells revealed directly regulate T-tubule ion channels (22). 
network was In agreement with the role of caveolin and 
iphiphysin 2, caveolae in early stages of T-tubule biogenesis, 
entially con- cholesterol depletion by amphotericin B was 
ns. The seg- shown to impair T-tubule formation in C2C12 
iphiphysin 2 cells (23). Accordingly, we found that exposure 
uscle, where of C2C12 cells to either methyl 3-cyclodextrin 
localized on (24) or amphotericin B disrupted the pattern of 
{as primarily amphiphysin 2 and caveolin-3 immunoreactiv- 
of the mus- ity [fig. S3 and (21)]. In view of these observa- 

(6, 21). tions, we also examined the relationship be- 
d membrane tween M-amphiphysin 2-induced tubules, 
lA), endoge- caveolin-1 [the major isoform of caveolin in 
nulated GFP- fibroblasts (25)], and cholesterol in transfected 
igh PI(4,5)P2 CHO cells expressing M-amphiphysin 2. As in 
5)P2-positive, the case of caveolin-3 immunoreactivity in 
the differen- C2C12 cells, caveolin-1 puncta were often 
relate with a aligned with M-amphiphysin 2 tubules (Fig. 
centration in 2F). In addition, cyclodextrin-mediated choles- 
nositide con- terol depletion led to a collapse of the tubules 
, as revealed (fig. S2, A and B). These findings reveal addi- 
beling with tional similarities between plasma membrane 
)y a factor of invaginations induced by M-amphiphysin 2 in 
ig. 4B). The fibroblastic cells and bona fide muscle T-tu- 
reased to ap- bules. Collectively, our results indicate that ex- 
Dared with 0.7 pression in fibroblasts of a single protein, M- 

amphiphysin 2, is sufficient to induce a tubular 
network that shares some morphological and 

Mlerge biochemical similarities with T-tubules of 
muscle. 

ir7LA a To study more directly whether amphiphy- 
sin 2 is required for T-tubule development, we 
suppressed its expression by RNA interference 
(RNAi) (26). Two pairs of small interfering 
RNA or silencing RNA (siRNA) specific for 
amphiphysin 2 were transfected into C2C12 
before their differentiation. Both pairs, either 
separately or together, almost completely 
blocked the expression of amphiphysin 2 and 
reduced the expression of caveolin-3 without 

1 ' affecting expression of dynamin 2 (fig. S4). 
More generally, they inhibited myoblast fusion 
and differentiation under these in vitro condi- 
tions [fig. S4B and (21)], which is consistent 
with results obtained by partial disruption of 
amphiphysin 2 expression by means of the 
antisense RNA technique (18). Although this 

nd d effect of amphiphysin 2 suppression did not 
allow us to assess the role of M-amphiphysin 2 

C2C12 cells. 
/ere fixed and in the context of a mature myotube, it empha- 
in 2 (B) Cells sized the important role of amphiphysin 2 in 
H]myo-inosi- muscle differentiation. 
per milligram The role of caveolin-3 in the biogenesis of 
)tubes (d) is T-tubules is complemented by amphiphysin 
d with undif- during T-tubule maturation. Additional factors 
amounts of 

by thin-layer are likely to contribute to the morphology of 

d levels of mature T-tubules, because in amphiphysin Dro- 

PI(4,5)/PIP in sophila mutants the T-tubule system is abnor- 
mal but not absent (15). The results of this study 

provide evidence for a physiological function of 
the membrane-deforming properties of am- 
phiphysin and for a role of alternative splicing 
in determining its sites of action. The clathrin- 
and AP-2-binding domains present in mamma- 
lian amphiphysin 1 and in N-amphiphysin 2, 
target amphiphysin to clathrin-coated pits, 
where amphiphysin may assist in the generation 
of a narrow tubular neck (13). Exon 10, instead, 
constitutively targets M-amphiphysin 2 to the 
plasma membrane, particularly to the cell com- 
partment where the bulk of PI(4,5)P2 is local- 
ized. The high concentration of M-amphiphysin 
2 at the plasma membrane, in turn, results in 
massive tubular invagination. Thus, the BAR 
domain may be used in two different cellular 
contexts, but with similar roles in membrane 
morphogenesis. It will be of interest to deter- 
mine the role of the SH3-mediated interactions 
of amphiphysin in T-tubule physiology. 
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