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Obscurin is an �800-kDa protein composed of structural and signaling domains that organizes contractile structures in
striated muscle. We have studied the Rho-GEF domain of obscurin to understand its roles in morphogenesis and
signaling. We used adenoviral overexpression of this domain, together with ultrastructural and immunofluorescence
methods, to examine its effect on maturing myofibrils. We report that overexpression of the Rho-GEF domain specifically
inhibits the incorporation of titin into developing Z-disks and disrupts the structure of the Z-disk and Z/I junction, and
alters features of the A/I junction. The organization of other sarcomeric markers, including �-actinin, was not affected. We
identified Ran binding protein 9 (RanBP9) as a novel ligand of the Rho-GEF domain and showed that binding is specific,
with an apparent binding affinity of 1.9 �M. Overexpression of the binding region of RanBP9 also disrupted the
incorporation of titin into developing Z-disks. Immunofluorescence localization during myofibrillogenesis indicated that
the Rho-GEF domain assembles into sarcomeres before RanBP9, which first occurs in myonuclei and later in development
translocates to the myoplasm, where it colocalizes with obscurin. Both the Rho-GEF domain and its binding region on
RanBP9 bind directly to the N-terminal Ig domains of titin, which flank the Z-disk. Our results suggest that the Rho-GEF
domain interacts with RanBP9 and that both can interact with the N-terminal region of titin to influence the formation of
the Z-disk and A/I junction.

INTRODUCTION

Myofibrillogenesis is a complex process that requires the
coordinated assembly and integration of many contractile,
cytoskeletal, and signaling proteins into regular arrays, the
sarcomeres. Two giant proteins, nebulin and titin, are re-
sponsible for organizing the thin and thick filaments of
sarcomeres, respectively. Recently, another giant protein
and member of the titin family was identified and named
“obscurin” (Young et al., 2001). Unlike nebulin and titin,
which are oriented longitudinally in each half sarcomere,
obscurin surrounds the sarcomere (Kontrogianni-Konstan-
topoulos et al., 2003). Preliminary experiments suggest that it
too plays an important role in organizing the contractile
apparatus, as well as the sarcoplasmic reticulum.

Obscurin’s ability to bind to a small form of ankyrin 1
(sAnk1;Ank1.5) is thought to provide a critical link between
the contractile apparatus and the sarcoplasmic reticulum in
striated muscle (Kontrogianni-Konstantopoulos et al., 2003,
2006b; Bagnato et al., 2003). As had been postulated previ-
ously for the obscurin homologue UNC-89 in Caenorhabditis

elegans (Benian et al., 1996), obscurin also plays a critical role
in the formation of the A-band and M-line during myofibril-
logenesis in mammalian muscle (Kontrogianni-Konstanto-
poulos et al., 2004, 2006b; Borisov et al., 2006). Recently,
changes in obscurin have been linked to hypertrophic car-
diomyopathies (Borisov et al., 2003; Arimura et al., 2007).

Although composed primarily of Ig domains, obscurin
has several domains commonly used for intracellular signal-
ing, including IQ, Src homology 3 (SH3), and tandem Rho-
guanine nucleotide exchange factor (Rho-GEF), and pleck-
strin homology (PH) domains (Young et al., 2001; Figure 1A).
Because it surrounds the contractile apparatus at the Z-disks
and M-bands, obscurin is well placed to detect alterations in
muscle architecture during the contractile cycle and to trans-
duce those signals to the surrounding myoplasm (Hoshi-
jima, 2006). Elucidating the role of obscurin in myofibrillo-
genesis is complicated by the fact that it is expressed in
several different isoforms, which are found at different po-
sitions along the sarcomeres of skeletal muscle. In particular,
distinct isoforms containing the Rho-GEF domain are
present at the level of the A/I junction and the M-band
(Bowman et al., 2007).

Rho-GEF domains and their best characterized substrates,
Rho-GTPases, are known to play a critical role in myofibril-
logenesis (Hoshijima et al., 1998; Schmidt and Hall, 2002;
Bryan et al., 2005). Although the Rho-GEF/PH domains of
obscurin have been implicated in pathologies (Borisov et al.,
2003), their function is still unknown. We used adenoviral
overexpression studies in developing muscle to investigate
the possible roles of the Rho-GEF domain in myofibrillogen-
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esis. We have also begun to characterize the interaction of
obscurin’s Rho-GEF with other proteins. Our studies of
small GTPases are still in progress (Ford, Roche, and Bloch,
unpublished). Here, we identify Ran binding protein 9
(RanBP9, also known as RanBPM) as a ligand of the Rho-
GEF domain and study its role in myofibrillogenesis. Our
results indicate that both the Rho-GEF domain and RanBP9
can interact with titin to regulate its incorporation into
Z-disks in developing muscle cells.

MATERIALS AND METHODS

Plasmids
We used the Superscript first strand synthesis system (Invitrogen, Carlsbad,
CA) in the reverse transcriptase PCR reaction to amplify the Rho-GEF, Rho-
GEF/PH, and PH domains of obscurin from rat skeletal muscle poly A� RNA
(Clontech, Palo Alto, CA). The primers used are in Supplemental Table 1. The
domain fragments were cloned into the EcoRI/BamHI sites of pGBKT7 (Clon-
tech, Mountain View, CA). RanBP9 deletion constructs and full-length
RanBP10 were generated by PCR, digested with SmaI/XhoI and EcoRI/XhoI,
respectively, and ligated into the pGADT7 vector (Clontech). RanBP9108-729
was amplified via PCR and ligated into the following vectors: XhoI/HindIII
sites of pRSETC (Invitrogen), the SmaI/NotI sites of pGEX-4T-1 (GE Health-
care, Piscataway, NJ), the XhoI/HindIII sites of pHcRed1-C1 (Clontech) and
the XbaI/HindIII sites (after NheI/HindIII digestion) of pMAL-c2X (New
England Biolabs, Ipswich, MA).

EGFPC2-Rho-GEF and EGFPC2-Rho-GEF/PH were created from the re-
spective pGBKT7 plasmids and introduced into the EcoRI/BamHI sites of
EGFPC2 (Clontech) and the EcoRI/XhoI sites of pGEX-4T-1. HcRedC1-
RanBP91-729 (full length) was created by digesting the plasmid pGBKT7-
RanBP9 (Wang et al., 2002) with Sal/HindIII and cloning into the Xho/HindIII
sites of pHcRedC1.

Plasmid pDys246 (Amann et al., 1998) was kindly provided by Dr. J. Ervasti
(University of Minnesota, Minneapolis, MN). Plasmids pEGFPC3-RanBP10
and pGBKT7-RanBP9 were the kind gift of Dr. G. Wu (University of Rochester
Medical Center, Rochester, NY).

Yeast Two-Hybrid Screening and �-Galactosidase Assay
The Matchmaker two-hybrid system was used as described by the manufac-
turer (Clontech, Mountain View, CA). pGBKT7-Rho-GEF/PH was trans-
formed into Saccharomyces cerevisiae strain AH109 and mated with yeast
pretransformed with a cDNA library from human skeletal muscle. Mated
yeast was plated on SD-His/-Ade/-Leu/-Trp plates and transformants on
SD-His/-Ade/-Leu/-Trp plates with X-�-Gal. Positive plasmids were recov-
ered by electroporation into Escherichia coli DH10B (Invitrogen) and se-
quenced.

Liquid �-galactosidase assays were performed following the Yeast Proto-
cols Handbook (Clontech) by using chlorophenol red-�-d-galactopyranoside
(CPRG). Three independent colonies were assayed for each construct. Results
represent average values. Significance was determined with a two-tailed t test
or a Mann–Whitney U-test (see text for details).

Purification of Recombinant Fusion Proteins
Expression of the recombinant 6X-His form of RanBP9108-729 and the actin
binding domain of dystrophin by pDys246 (see above) was induced with 1.0
and 0.5 mM isopropyl �-d-thioglucopyranoside (IPTG), respectively, for 3 h.
Proteins were purified on TALON resin (Clontech), following the manufac-
turer’s instructions. The recombinant glutathione transferase (GST) form of
Rho-GEF and RanBP9 were induced with 0.3 mM IPTG for 4 h, solubilized,
and purified as described previously (Frangioni and Neel, 1993; Mercado-
Pimentel et al., 2002; Bowman et al., 2007). Expression of recombinant fusion
proteins of maltose binding protein (MBP) with RanBP9 (MBP-RanBP9) or the
first two Ig domains of titin (MBP-TitinZIgI/II) (Kontrogianni-Konstantopou-
los and Bloch, 2003) was induced with 0.2 mM IPTG for 3 h. The fusion
proteins were affinity purified on amylose resin (New England Biolabs).

Antibodies
Rabbit anti-titin-M-x246 (against the M band portion of titin, 3 �g/ml; Cent-
ner et al., 2001) was a gift from Dr. S. Labeit (Universitätsklinikum Mannheim,
Mannheim, Germany). Mouse antibodies to myomesin (B4, diluted 1:1; Grove
et al., 1984) were a gift from Dr. J. C. Perriard (Institute of Cell Biology, ETH,
Zurich, Switzerland).

GST-Rho-GEF and GST-RanBP9108-729 were used to generate antibodies in
rabbits (Covance Research Products, Denver, PA). Antibodies were purified
over affinity columns prepared with MBP-Rho-GEF and MBP-RanBP9108-729,
respectively. Affinity-purified antibodies were used at 2 �g/ml for immuno-
fluorescence and 100 ng/ml for immunoblotting. GST-Rho-GEF antibodies
were also prepared in guinea pigs, and purified and used as described above.
Immunodepletion was performed by incubating 2 �g/ml of each antibody
with 200 �g/ml the corresponding antigen in phosphate-buffered saline
(PBS)/bovine serum albumin (BSA)/normal goat serum (NGS) (PBS contain-
ing 3% BSA, 10 mM NaN3, and 5% normal goat serum; Jackson ImmunoRe-
search Laboratories, West Grove, PA) in a total volume of 1 ml for 16 h at 4°C
and demonstrated that labeling was abolished after preadsorption. We also
used: mouse anti-myosin II (clone MY-32, 1:400 dilution; Sigma-Aldrich, St.
Louis, MO), mouse anti-�-actinin (clone EA53, 1:400 dilution; Sigma-Aldrich),
mouse 9D10 to the PEVK region of titin (supernatant fraction, used at 1:1
dilution; Developmental Studies Hybridoma Bank, Iowa City, IA), rabbit
antibodies to the Z-disk region of titin (titin-Z; 3 �g/ml; Kontrogianni-
Konstantopoulos et al., 2006b), goat anti-GST (GE Healthcare), mouse anti-
MBP (New England Biolabs), and mouse anti-GFP (clone 11E5; Invitrogen).

Goat antibodies to mouse, guinea pig, and rabbit immunoglobulin Gs,
linked to Alexa-488 or Alexa-568 (Invitrogen), were used as secondary anti-
bodies at dilutions of 1:200.

Tissue Collection and Culture
Rats were killed under anesthesia by cardiac perfusion with buffered 2%
paraformaldehyde, and muscles were collected, snap-frozen, and sectioned as
described previously (Ursitti et al., 2004).

Primary cultures of rat myotubes were prepared as reported previously (De
Deyne et al., 1998). C2C12, a mouse myogenic cell line (America Type Culture
Collection, Manassas, VA), was cultured as specified by the supplier.

Fluorescent Immunolabeling and Confocal Microscopy
For immunofluorescence, myotubes were fixed, permeabilized, and incubated
first in PBS/BSA/NGS to block nonspecific binding as described previously
(Ursitti et al., 2004), then with the appropriate primary antibodies in PBS/
BSA/NGS overnight at 4°C. Samples were washed, incubated with species-
specific secondary antibodies in PBS/BSA/NGS, mounted in Vectashield, and
observed with a Zeiss 410 confocal laser scanning microscope (Carl Zeiss,
Tarrytown, NY). Frozen longitudinal and cross sections of rat tibialis anterior
and quadriceps muscle were labeled as described previously (Kontrogianni-
Konstantopoulos et al., 2003) except that the sections were not treated with
detergents before labeling.

Pull-Down Assay
Homogenates of 8-d-old cultures of rat myotubes were prepared as described
previously (Kontrogianni-Konstantopoulos et al., 2004) and supplemented
with benzonase (Novagen, Madison, WI) at 50 U/ml. Equal amounts of
recombinant His-Dystrophin1-246 and His-RanBP9108-729 were bound to
TALON resin and incubated with 0.5 mg of homogenate protein at 4°C for 8 h.
Beads were washed extensively at 4°C with 10 mM NaPO4, pH 7.2, 120 mM
NaCl, 10 mM NaN3, 0.1% Tween 20, and heated for 30 min at 42°C in
NuPAGE LDS sample buffer and reducing agent (Invitrogen). Samples were
analyzed by SDS-polyacrylamide gel electrophoresis (PAGE); transferred to
nitrocellulose; incubated for 6 h at room temperature (RT) in PBS, 10 mM
NaN3, 0.5% Tween 20, and 3% dry milk; and probed with antibodies to the
Rho-GEF domain of obscurin.

Experiments to assess binding of fusion proteins to the Z-disk region of titin
were done similarly, except that glutathione resin bound to equivalent
amounts of GST, GST-RanBP9108-729, or GST-Rho-GEF were incubated with
equal amounts of MBP fused to the two N-terminal domains of titin, rather
than with muscle homogenates, and blots were probed with anti-MBP anti-
bodies.
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AFigure 1. Overexpression of the Rho-GEF domain of
obscurin in primary cultures of skeletal myotubes. (A)
Structure of obscurin. The Rho-GEF domain was cloned
into adenovirus as a GFP fusion protein. (B) P1 rat myo-
tubes were infected 96 h after plating with adenovirus
encoding GFP or GFP-Rho-GEF. After 48 h, cultures
were collected and the proteins analyzed by SDS-PAGE
and immunoblotting with an anti-GFP antibody. Both
proteins are expressed at similar levels.
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Blot Overlay
Aliquots (2.5 �g of protein) of His-Dystrophin1-246, and His-RanBP9108-729
were separated on 4–12% Bis-Tris acrylamide gels and transferred to nitro-
cellulose. Blots were incubated in 50 mM Tris, pH 7.2, 120 mM NaCl, 3% BSA,
0.1% Tween 20, and 2 mM dithiothreitol for 3 h at RT and then with 1.5 �g/ml
GST or GST-Rho-GEF polypeptides in the same buffer for 3 h at RT. After
washing, blots were probed with anti-GST antibodies, as described above.

Surface Plasmon Resonance
Binding of RanBP9 to the Rho-GEF domain of obscurin was evaluated with a
BIAcore 3000 biosensor (GE Healthcare) as described previously (Kontro-
gianni-Konstantopoulos et al., 2003). In brief, a CM5 sensor chip was charged
with goat anti-GST, yielding �12,250 response units (RUs) per surface. Ki-
netic analysis was performed with similar amounts (measured in RUs) of
control GST and GST-Rho-GEF immobilized in flow cell (FC) 1 and FC2
respectively, by binding to immobilized anti-GST antibody. MBP-RanBP9108-
729 was then passed over both surfaces at concentrations from 0.9 to 2.6 �M.
Binding of MBP to GST-Rho-GEF was analyzed as an additional control.

Generation of Recombinant Adenoviruses and Use with
P1 Myotubes
EGFPC2-Rho-GEF and EGFPC2-Rho-GEF/PH were digested with Xba/BamH1,
ligated into pAdlox (Hardy et al., 1997) and cotransfected with the adenoviral
DNA partner �5 into human embryonic kidney 293 cells that stably express cre
recombinase (CRE8). Purified recombinant products were selected after cell lysis
by repeated passage in CRE8 cells and two rounds of plaque purification in
agarose overlays. Virus was amplified and purified by banding in CsCl step
gradients and the titer in plaque-forming units (pfu) was determined from
agarose overlay (Graham and Prevec, 1995). Control EGFP virus was produced
as described previously (Kontrogianni-Konstantopoulos et al., 2004).

Adenovirus expressing HcRed, HcRed-RanBP91-729, and HcRed-RanBP9108-729
were created with AdEasy (Stratagene, La Jolla, CA) following the manufac-
turer’s instructions (see He et al., 1998), and amplified as described above.

Cultures of myotubes were infected with 3 � 107 pfu/ml DMEM at RT for 90
min. Cultures were supplemented with 1 ml of DMEM plus 20% fetal bovine
serum and 40 �M cytosine arabinoside. After 48 h, cells were fixed, immunola-
beled with antibodies to sarcomeric markers, and scored blindly. Approximately
50 myotubes each from at least three independent experiments were classified as
having myofibrils that were completely disorganized, moderately disorganized,
or organized normally. The percentages of fibers infected with GFP-Rho-GEF
and HcRed-RanBP9108-729 that showed different levels of organization for each
sarcomeric marker were normalized to the percentages obtained for fibers in-
fected with GFP alone or HcRed-RanBP91-729, respectively, that showed the same
morphology (completely disorganized, moderately disorganized, or organized
normally). Significance was established with a one-sample t test.

Electron Microscopy
Myotube cultures prepared on glass coverslips and infected with either green
fluorescent protein (GFP) or GFP-Rho-GEF virus were fixed with 2% para-
formaldehyde for 30 min at room temperature and washed with PBS. The
locations of infected cells, indicated by GFP fluorescence, were marked with
a diamond-tipped scribing objective (Carl Zeiss). Coverslips were removed,
and samples were fixed overnight in 2% glutaraldehyde, 5 mg/ml tannic acid,
and 0.2 M cacodylate, pH 7.2. After washing with 0.2 M cacodylate buffer, pH
7.2, cultures were postfixed in 1% osmium tetroxide in 50 mM acetate buffer,
pH 5.5, en bloc stained with 1% uranyl acetate in 65% ethanol, dehydrated,
and embedded in Araldite-Embed 812 (Electron Microscopy Sciences, Fort
Washington, PA). The glass coverslips were separated from the cells with
hydrofluoric acid. Sections were cut at a thickness of �60–90 nm with an LKB
MT5000 microtome (LKB-Pharmacia, Bromma, Sweden). Sections were
picked up on 200 mesh copper grids, stained with uranyl acetate followed by
lead citrate, and examined under a Philips 201 electron microscope (Philips,
Eindhove, The Netherlands) or a Zeiss 10C (Carl Zeiss) electron microscope at
a magnification of 30,000� and 31,500�, respectively. Pictures were taken on
Kodak 4489 film and digitally scanned at 600 dpi.

Materials
Unless otherwise noted, all materials were purchased from Sigma-Aldrich
and were the highest grade available.

RESULTS

Effects of Overexpressing the Rho-GEF Domain of
Obscurin on Myofibrillogenesis
We postulated that the Rho-GEF domain of obscurin plays a
significant role in the formation or stabilization of sarco-
meres. To test this, we used adenoviral vectors to deliver
and overexpress fluorescent fusion proteins of the Rho-GEF
domain. Virus expressing GFP alone served as a control.
Both viruses expressed the proteins they encoded at high
levels, as shown by Western blotting (Figure 1B). Approxi-
mately 70% of myotubes in culture were infected with GFP-
Rho-GEF virus, and slightly more with virus expressing
GFP. We used antibodies to several different protein mark-
ers to examine the effects of expressing these fusion proteins
on the development of myofibrils.

We found that the accumulation of �-actinin at the Z-disk
(Figure 2, J and L), myosin at the A-band (Figure 2, F and H),
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Figure 2. Overexpression of the Rho-GEF domain
of obscurin disrupts titin organization specifically
at the Z-disk. We infected P1 rat myotube cultures
96 h after plating with adenoviral constructs ex-
pressing GFP or GFP-Rho-GEF and assessed
changes in myofibrillar morphology 48 h later.
Cells were immunolabeled with antibodies to my-
osin or �-actinin, or with antibodies to particular
regions of titin. GFP alone or GFP-Rho-GEF had no
significant effect on the organization of titin at the
M-band (A, B, and C, D), myosin at the A-band (E,
F and G, H), �-actinin at the Z-disk (I, J and K, L),
and titin at the I-band (M, N and O, P). GFP alone
had no effect on the organization of titin at the
Z-disk (Q and R). GFP-Rho-GEF, however, dis-
rupted the incorporation of titin into developing
Z-disks (S and T). Bar, 5 �m.
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and titin epitopes at the I-band (Figure 2, N and P), and
M-band (Figure 2, B and D) assembled normally in cells that
overexpress either GFP protein or the Rho-GEF domain of
obscurin. By contrast, myotubes that overexpressed the Rho-
GEF domain failed to incorporate the N-terminal epitopes of
titin fully into developing Z-disks (Figure 2T). These
epitopes incorporated into Z-disks normally in myotubes
expressing GFP alone (Figure 2R). We ruled out the possi-
bility that the titin molecule was being extensively proteo-
lyzed by examining SDS-PAGE gels of treated and control
myotubes stained with silver (Tatsumi and Hattori, 1995).
Staining of an �3-MDa band, which we presumed to be
titin, was unchanged in the experimental sample, suggesting
that much of the titin remained intact (data not shown).
Additionally, we ruled out the possibility that the effects of
the Rho-GEF domain are due to masking of N-terminal
epitopes of titin by overlaying MBP-TitinZIgI/II with GST-
Rho-GEF and demonstrating no difference in antibody la-
beling compared with GST alone (Supplemental Figure 1).
Thus, the Rho-GEF domain of obscurin is likely to play a
specific role in integrating titin into the Z-disk.

We quantitated our observations by categorizing the ef-
fects of overexpression on individual sarcomeric proteins as
fully disorganized, moderately disorganized, or fully orga-
nized. The percentage of fibers in each category was then
normalized to the percentage obtained for myotubes ex-
pressing GFP alone with the same respective morphology
(fully disorganized, moderately disorganized, or fully orga-
nized), to correct for possible nonspecific effects of adenovi-
ral infection and protein expression. Results for fibers that
failed to organize and fibers that organized normally are
shown in Figure 3. The association of the N-terminal region
of titin with Z-disks was significantly inhibited in myotubes
that overexpressed the Rho-GEF domain, compared with
GFP alone (p � 0.011 for fibers that fail to organize, and p �
0.001 for fibers that organize normally; Figure 3). None of
the other sarcomeric markers we examined, including �-ac-
tinin at Z-disks and epitopes of titin located at the M- or
I-bands, were significantly altered by overexpression of the

Rho-GEF domain (all p � 0.15), indicating that its effect on
the organization of titin at Z-disks was highly specific.

We used thin section electron microscopy to confirm the
effect of overexpressing the Rho-GEF domain of obscurin on
Z-disks. Consistent with our immunofluorescence results,
the Z-disks were still present but were not as well developed
and showed frequent interruptions (Figure 4, B and C, white
arrows), compared with control samples, which overex-
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Figure 3. Quantitation of the disruption of titin at the Z-disk
by overexpression of obscurin’s Rho-GEF domain, as illustrated in
Figure 2. The data show that overexpression of GFP-Rho-GEF
caused a significant increase (p � 0.011) in fibers that fail to organize
titin at the Z-disk and a significant decrease (p � 0.001) in fibers in
which titin organizes normally at the Z-disk, compared with fibers
overexpressing GFP. No other morphological markers were altered
to a significant extent (all p � 0.15).

Figure 4. Overexpression of the Rho-GEF domain of obscurin in
developing myotubes disrupts Z-disk formation and organization
of the A/I junction at the ultrastructural level. Myotubes were
infected as in Figure 2 with adenovirus expressing GFP alone (A) or
GFP-Rho-GEF (B and C) and processed for thin section electron
microscopy. Cells expressing GFP-Rho-GEF show disrupted Z-disks
(B and C, white arrows), with frequent interruptions, so that they
extend over much shorter distances than in controls (A). Addition-
ally, many of the A/I junctions in myotubes overexpressing GFP-
Rho-GEF lack clear borders between the thick and thin filaments (B
and C, white arrowheads), due to the presence of thick filaments
very close to Z-disks. Bar, 0.5 �m.
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pressed GFP (Figure 4A, white arrows). In addition, the A/I
junctions were less organized (Figure 4, B and C, white
arrowheads) than in control cells (Figure 4A, white arrow-
heads), and often showed regions at which thick filaments
extended almost to the Z-disks. The apparent diameter of
myofibrils also seemed to decrease, perhaps because the
Z-disks are smaller. Although Figure 4B demonstrates a
decrease in lateral alignment of myofibrils, this phenotype
was also observable in controls and so was not specific to the
effects of overexpression of the Rho-GEF domain. Two in-
dependent blinded observers analyzed 34 images and cor-
rectly identified 26 and 28 of the images, respectively, as
control or treated samples (p � 0.001, chi-square test). Thus,
the disruption of titin’s integration at the Z-disk in develop-
ing skeletal myotubes by overexpression of the Rho-GEF
domain leads to instability of the Z-disk and the A/I junc-
tion.

Binding of the Rho-GEF Domain of Obscurin to RanBP9
We used the yeast two-hybrid screen to identify other pro-
teins that may modulate the effects of the Rho-GEF/PH

domains of obscurin on myofibrillogenesis. With the Rho-
GEF/PH domains as “bait,” we screened a human skeletal
muscle cDNA library expressed in a “prey” vector that was
pretransformed in yeast. After screening �8.8 � 105 trans-
formants, we identified seven prey clones that activated of
all four reporter genes (MEL1, ADE2, HIS3, and lacZ) and so
met the most stringent criteria for specificity. DNA sequenc-
ing showed that three of them encoded amino acids 108–729
of RanBP9 (Figure 5A), containing all of its known func-
tional domains (Nakamura et al., 1998).

We further tested the role of the PH domain in binding of
the Rho-GEF domain to RanBP9 with the yeast two-hybrid
screen and quantitated our results with solution assays of
�-galactosidase activity, with CPRG as the substrate. The
Rho-GEF domain bound RanBP9 in the absence of the PH
domain better than in its presence (p � 0.01). Consistent
with this, the PH domain alone had no binding activity (p �
0.16; compared with the empty vector; Figure 5B). Signifi-
cance was determined with a two-tailed t test (for PH,
RanBP9 and Bait, RanBP9 interactions) or a Mann–Whitney
U-test (for Rho-GEF, RanBP9 and Rho-GEF/PH, RanBP9
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Figure 5. RanBP9 is a ligand of the Rho-GEF domain
of obscurin. Yeast two-hybrid analysis identified
RanBP9 as a ligand for the Rho-GEF/PH domains of
obscurin. (A) The Rho-GEF/PH domains of obscurin
were used as bait to screen a human skeletal muscle
library. Three clones encoding amino acids 108–729 of
RanBP9 were identified. We generated and expressed a
series of constructs in the pGBKT7-bait and pGADT7-
prey vectors, respectively, to identify the minimal se-
quences of obscurin and RanBP9 required for their in-
teraction. We also examined the possible interaction
between obscurin and RanBP10, a protein highly ho-
mologous to RanBP9. Averages of at least three inde-
pendent samples are shown. (B) Assays of �-galactosi-
dase activity indicated that the Rho-GEF domain of
obscurin is sufficient for the interaction with RanBP9.
The Rho-GEF domain does not interact with RanBP10.
(C) Assays with smaller fragments of RanBP9 failed to
show strong interactions with the Rho-GEF domain. The
minimal binding domain on RanBP9 for the Rho-GEF
domain of obscurin therefore seems to be composed of
amino acids 108–729.
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interactions). The Rho-GEF domain of obscurin failed to
bind to RanBP10, another Ran binding protein that is also
expressed in skeletal muscle (Wang et al., 2004). Although
some Ran-binding proteins have been shown to be homol-
ogous to importins, this has not been demonstrated with
RanBP9. Given their homology (68% amino acid identity),
we selected RanBP10 as the most appropriate negative con-
trol (Wang et al., 2004; Murrin and Talbot, 2007; Schulze
et al., 2008). Thus, the Rho-GEF domain binds RanBP9 spe-
cifically, without the participation of the PH domain.

We created deletion constructs of RanBP9 in the yeast
two-hybrid prey vector and analyzed their interaction with
the Rho-GEF domain of obscurin, to determine the regions
required for binding. Binding of smaller fragments of
RanBP9 to the Rho-GEF domain was not significantly dif-
ferent from controls (Figure 5C). These results suggest that
much of the sequence of RanBP9 is required for binding to
the Rho-GEF domain of obscurin in the yeast two-hybrid
system. Based upon the yeast two-hybrid experiments, we
used the Rho-GEF domain without the PH domain and
amino acids 108–729 of RanBP9 for studies of binding in
vitro.

We used a “pull-down” assay to demonstrate that RanBP9
is able to bind native obscurin from homogenates of cul-
tured rat myotubes, where much of the �800-kDa form of
the protein is soluble (Kontrogianni-Konstantopoulos et al.,
2003). A 6X-histidine (His)–tagged form of RanBP9 bound to
TALON resin served as the adsorbent, and a similarly
tagged N-terminal actin-binding domain of dystrophin
(Amann et al., 1998) as control. RanBP9 but not the dystro-
phin domain bound the endogenous �800-kDa form of ob-
scurin from myotubes (Figure 6A). RanBP9 was also able to
interact with smaller isoforms of obscurin, which we are
currently characterizing (our unpublished data).

We next used “overlay” assays and surface plasmon res-
onance to assess direct binding between obscurin’s Rho-GEF
domain and RanBP9. Equivalent amounts of recombinant
His-RanBP9108-729 and His-Dystrophin1-246 were separated
by SDS-PAGE and transferred to nitrocellulose. Blots were
incubated with either GST or a GST-Rho-GEF fusion protein.
GST-Rho-GEF specifically bound to the His-tagged
RanBP9108-729, but not to the His-tagged dystrophin frag-
ment (Figure 6B, right). GST alone did not bind RanBP9
(Figure 6B, left). We also analyzed these interactions with a
BIAcore 3000 biosensor (see Materials and Methods) and con-
firmed that binding of MBP-RanBP9108-729 to GST-Rho-GEF
was specific. Real-time binding of MBP-RanBP9108-729 to
GST-Rho-GEF was evaluated after subtraction of a reference
control cell containing immobilized GST (Figure 6C). Fitting
the curves with an assumed stoichiometry of 1:1 gave a
dissociation constant, KD, of 1.9 �M (Figure 6D). Thus, the
Rho-GEF domain of obscurin binds RanBP9 directly, with
moderate affinity.

RanBP9 and Obscurin in Developing Muscle
We studied the assembly of RanBP9 and the Rho-GEF do-
main of obscurin during myofibrillogenesis in primary rat
skeletal myotubes in culture. Myoblasts fused into myotubes
from 48 h to 72 h after plating. Cells were analyzed 72 h after
plating and in 24-h increments thereafter (data from time
points at 96, 120, and 168 h are shown). The Rho-GEF
domain of obscurin began to occur in striations in most cells
as early as 72 h and became more organized as development
proceeded (Figure 7A, 96 h; D, 120 h; and G, 168 h), until it
localized to the M-band and the I-band near the Z-disk. The
organization of RanBP9 into striations was delayed com-
pared with that of the Rho-GEF domain, but the two pro-

teins began to colocalize by day 5 in culture (Figure 7, D–F).
Although it is difficult to discern from our immunofluores-
cent experiments whether the Rho-GEF domain of obscurin
and RanBP9 are present at Z-disks or adjacent I-band struc-
tures earlier in development, some images suggest that they
are indeed at Z-disks (Figure 7, D–F, arrowheads). Given the
effects of the Rho-GEF domain on titin, as well as its ability
to bind to titin (see below), our immunofluorescent data and
our previous results with antibodies to the C-terminal re-
gion of obscurin (Kontrogianni-Konstantopoulos et al.,
2003), we propose that the Rho-GEF domain and RanBP9
both associate with Z-disks as they begin to form, although
perhaps only transiently. At later times of development in
vitro, the Rho-GEF domain and RanBP9 colocalized at the

Figure 6. Binding of RanBP9 to the Rho-GEF domain of obscurin.
We studied the interaction of the Rho-GEF domain of obscurin with
RanBP9 in pull down, blot overlay, and surface plasmon resonance
experiments. (A) We used bacterially expressed, affinity purified,
RanBP9 and dystrophin carrying His tags, in a pull-down experi-
ment to assay association with endogenous obscurin in extracts of
cultured rat myotubes. The results show that His-tagged RanBP9108-729
associates with the �800-kDa isoform of obscurin, whereas a His-
tagged control protein (the N-terminal domains of dystrophin) does
not. (B) We assayed the ability of recombinant fusion proteins of
RanBP9108-729 and the Rho-GEF domain of obscurin (shown after
purification in C) to bind to each other directly, in blot overlay
experiments. The Rho-GEF domain of obscurin binds to RanBP9108-729 but
not to a control protein, the N-terminal region of dystrophin. Bind-
ing is therefore direct and specific. (C) SDS-PAGE analysis of the
recombinant proteins used in blot overlay (B) and in surface plas-
mon resonance experiments (D). Proteins had the expected molec-
ular masses, indicated. (D) We used surface plasmon resonance to
assay direct binding of RanBP9108-729 to the Rho-GEF domain of
obscurin. The results are consistent with specific binding in a 1:1
complex, with an affinity of 1.9 �M.
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I-bands and M-bands (Figure 7, J–L, and insets), consistent
with their ability to interact biochemically.

Affinity-purified rabbit antibodies to RanBP9 (Figure 7, B,
E, and H) selectively labeled myonuclei at early stages of
development, but this localization was lost with time in
culture. Quantitation of the nuclear localization of RanBP9
in cultures of developing skeletal myotubes (C2C12, e.g.,
Figure 7M; neonatal rat, data not shown) showed a decrease
in nuclear localization with development, with 50% loss
occurring at �150 h in culture. As myonuclear labeling for
RanBP9 diminished, its presence at sarcomeres became
clearly discernible (Figure 7, E and H). Sequestration of
RanBP9 in the nucleus may therefore restrict its ability to
influence the early stages of myofibrillogenesis.

Expression of RanBP9 and Obscurin in Skeletal Muscle
Immunoblots with antibodies to RanBP9 of extracts of skel-
etal muscle, as well as myotubes in culture, showed a major
band with an apparent molecular mass of �90 kDa (Figure
7N, arrow), consistent with the mass of the protein predicted
from its amino acid sequence. Lower amounts of smaller
polypeptides were also detected. Because RanBP9 is readily
proteolyzed (our unpublished data), these are probably pro-
teolytic fragments of the protein. A slightly larger isoform
was also present in low amounts (Figure 7N, asterisk),
which may represent phosphorylated or otherwise modified
RanBP9. We have previously determined that antibodies to
the Rho-GEF domain recognize obscurin A and B in adult
skeletal muscle (Bowman et al., 2007). To determine whether
both the immunolabeling of the M-band and I-band in devel-
oping myotubes represented both isoforms, we performed
Western blot experiments with antibodies to the Rho-GEF do-
main. Both the �800- and �900-kDa isoforms of obscurin (A

and B) were detected, suggesting that both of these isoforms
are expressed in developing muscle (Figure 7N), consistent
with our previous localization of these isoforms at M-bands
(obscurin A) and near the A/I junction (obscurin B).

Because we used extracts of adult muscles in our immu-
noblotting studies, we also briefly investigated the localiza-
tion of RanBP9 in quadriceps muscles of the adult rat. Con-
sistent with our results with developing muscle cells, we
observed RanBP9 at the level of M-bands (Figure 8, A and C,
red) and in a single broad band overlying and flanking the
Z-disks (Figure 8, A and C; Z-disks, yellow; Z/I junction,
red). Careful comparison to labeling by antibodies to �-ac-
tinin, which marks the Z-disks (Figure 8, B and C, green),
shown in an overlay image (Figure 8C), revealed that
RanBP9 overlapped considerably with �-actinin at the Z-
disk but also extended beyond the Z-disk into the Z-I junc-
tion (Figure 8C, arrows). Thus, RanBP9 colocalizes with
�-actinin at Z-disks, but it is also present at the Z-I junctions
and M-bands, where we have also localized the Rho-GEF
domain of obscurin (Bowman et al., 2007). In cross-sections,
RanBP9 and the Rho-GEF domain of obscurin also colocal-
ized and occurred primarily in a reticular pattern (Figure 8,
D–F), demonstrated previously for other C-terminal
epitopes of obscurin (Kontrogianni-Konstantopoulos et al.,
2003). Our results with adult skeletal muscle suggest that,
like the Rho-GEF domain of obscurin, RanBP9 is present at
M-bands, Z-disks, and Z-I junctions, primarily at the periph-
ery of myofibrils.

Effects of Overexpressing RanBP9 on Developing Muscle
To determine whether RanBP9 could mediate the effects of the
Rho-GEF domain of obscurin on myofibrillogenesis, we cre-
ated adenoviral constructs encoding HcRed-RanBP9108-729,
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Figure 7. Expression of obscurin and RanBP9 in devel-
oping P1 rat skeletal myotubes. Cultures of rat myo-
tubes were collected between 72 and 168 h after initial
plating and double immunolabeled with antibodies to
the Rho-GEF domain of obscurin (A, D, G, and J) and to
RanBP9 (B, E, H, and K). Overlap in labeling is shown in
yellow in the color overlays (C, F, I, and L). (A–C) At
96 h, the Rho-GEF domain of obscurin (A and C, green)
has begun to organize into striations. RanBP9 (B and C,
red) occurs diffusely in the cytoplasm, as well as in the
nucleus. (D–F) At 120 h, the Rho-GEF domain of ob-
scurin is organized at the level of M-bands and Z-disks
or nearby I-bands (D and F, green) and RanBP9 is be-
ginning to organize into primitive striations at the level
of the M-band (E and F, red). (G–I) At 168 h, both the
Rho-GEF domain of obscurin (G and I, green) and
RanBP9 (H and I, red) are organized in structures at
both the M- and I-band. Colocalization can be seen at
both the level of the M- and I-band. (J–L) Three-fold
enlargements of the myotubes studied at 168 h after
plating myotubes (G–I) are shown. Colocalization is
indicated with arrows (D–F). Note that the nuclear
staining of RanBP9 is only present at early times, and
not in more mature myotubes. Bar, 5 �m. (M) Nuclear
labeling of RanBP9 was quantified in developing P1 rat
myotubes and in C2C12 cells. A representative quanti-
tation of the translocation from the nucleus to cyto-
plasm of RanBP9 in C2C12 cells is shown. The results
confirm the presence of RanBP9 in the nucleus at early
stages and in the myoplasm at later stages of differen-
tiation. (N) Immunoblotting of protein extracts from rat
myotubes in culture and adult skeletal muscle. Affinity

purified rabbit antibodies to RanBP9108–729 recognize an �90-kDa protein in blots of proteins separated from extracts of primary myotubes,
and adult skeletal muscle (left two lanes). Affinity purified rabbit antibodies to the Rho-GEF domain recognize a predominant �800-kDa band
in blots of proteins from primary myotubes. Molecular masses are indicated.
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and HcRed-RanBP91-729 to infect myotubes in culture. We
used HcRed-RanBP9108-729 as a dominant-negative con-
struct, to learn whether it could exert an effect similar to the
Rho-GEF domain, and HcRed-RanBP91-729, the full-length
RanBP9, as control (HCRed alone seemed to be so highly
expressed after adenoviral infection that it was toxic to the
developing myotubes and thus could not be used as a con-
trol). Infected cells produced the fusion proteins at high
levels, as shown by Western blotting (Figure 9A). Overex-
pression of the full-length RanBP91-729 did not disrupt the
organization of either �-actinin (Figure 9C) or titin at the
Z-disk (Figure 9G). By contrast, overexpression of the Rho-
GEF binding fragment, RanBP9108-729, inhibited the organi-
zation of titin at the Z-disk (Figure 9I) without altering the
organization of �-actinin there (Figure 9E). We scored these
results as we did for overexpression of the Rho-GEF domain
and confirmed that the effect of RanBP9108-729 on the assem-
bly of titin at the Z-disk was specific and that the differences
with RanBP91-729 were significant (p � 0.04 for fibers that
fail to organize; p � �0.004 for fibers that organize nor-
mally). The effects of overexpressing RanBP9108-729 were
quantitatively similar to those obtained by overexpressing
the Rho-GEF domain of obscurin (Figure 9J). These results
suggest that the interaction between the Rho-GEF domain
and RanBP9 specifically regulates the ability of the N-termi-
nal region of titin to incorporate stably into the Z-disk of
developing skeletal muscle.

Interaction of the Rho-GEF Domain of Obscurin and
RanBP9 with Titin
To investigate the mechanism by which the fusion proteins
destabilize the association of the N-terminal region of titin
with developing Z-disks, we tested their abilities to interact
directly with the two N-terminal Ig domains of titin (ZIgI/
II), which are located adjacent to the Z-disk (Gregorio et al.,
1998). Glutathione resin bound to equivalent amounts of
GST, GST-Rho-GEF, or GST-RanBP9108-729 was incubated
with MBP-TitinZIgI/II and the bound proteins were ana-
lyzed by SDS-PAGE and immunoblotting. The N-terminal
domains of titin bound to both the RanBP9108-729 fragment
and the Rho-GEF domain of obscurin (Figure 9K), but not to
GST alone. These results suggest that overexpression of
these domains may affect titin’s incorporation into Z-disks
by binding directly to its N-terminal Ig domains.

DISCUSSION

Obscurin is the most recently discovered of three giant pro-
teins that are thought to function as molecular templates in
striated muscle and, like titin and nebulin, it has signaling
domains that have the potential of linking contractile activ-
ity to the modulation of the structure, metabolism and gene
expression of myofibers. Our results show that overexpres-
sion of the Rho-GEF domain of obscurin inhibits the incor-
poration of the N-terminal region of titin into the Z-disk and,
to a lesser extent, disrupts the organization of the Z-disk and
A/I junction. We also find that the Rho-GEF domain binds
RanBP9 and that overexpression of the region of RanBP9
that binds obscurin’s Rho-GEF domain, although not full-
length RanBP9, has similar effects on the incorporation of the
N-terminal region of titin into Z-disks. In developing myo-
tubes, RanBP9 first concentrates in myonuclei and then
translocates to the myoplasm, where it associates with the
Rho-GEF domain of obscurin, already assembled in devel-
oping sarcomeres. Remarkably, both the Rho-GEF domain
and its binding region on RanBP9 bind independently to the
region of titin adjacent to the Z-disk. Our results suggest that
the interaction between obscurin’s Rho-GEF domain and
RanBP9 modulate the association of titin with developing
Z-disks as the contractile apparatus forms and matures.

Obscurin was shown previously to play a significant role
in regulating the assembly of the A-band and M-band (Kon-
trogianni-Konstantopoulos et al., 2004, 2006b; Borisov et al.,
2006). We were therefore surprised to find that its Rho-GEF
domain interacted with N-terminal regions of titin, typically
associated with the Z-disk, and that it had a selective effect
on the association of this region of titin with developing
Z-disks. The fact that RanBP9 associates with the same re-
gion of titin and overexpression of its binding region for
obscurin’s Rho-GEF domain has the same effect on the in-
corporation of titin into Z-disks, suggests that obscurin’s
Rho-GEF domain and RanBP9 are acting as a complex. The
moderate binding affinity (1.9 �M) of RanBP9 and the Rho-
GEF domain of obscurin suggests that their interaction might
play a transient role in myotube development. The possible
role in morphogenesis of small GTPases and their potential
interactions with the Rho-GEF domain (Hall and Nobes, 2000;
Schmidt and Hall, 2002; Jaffe and Hall, 2005), in the presence or
absence of RanBP9 remain to be investigated.

Figure 8. Localization of obscurin and RanBP9 in
adult skeletal muscle. (A–C) RanBP9 (A and C, red)
is present at the M-line and the Z-disk extending
through the Z/I junction in quadriceps muscle, as
determined by double immunostaining with anti-
bodies to �-actinin (B and C, green). (D–F) Labeling
of cross sections of quadriceps muscle with the
guinea pig antibodies to the Rho-GEF domain of
obscurin (D and F, green) and rabbit anti-RanBP9 (E
and F, red) shows both proteins in a reticular pat-
tern, suggesting that they surround myofibrils. En-
largements (top right corners �A–F�) indicate areas of
colocalization. In all panels, inset images are three-
fold magnifications of the actual images. Bars, 5 �m.
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RanBP9 was initially isolated as a binding partner of
Ran-GTP, a signaling protein thought to play a role in nu-
cleocytoplasmic transport, although it’s unclear whether the
full-length RanBP9 actually interacts with Ran-GTP (Mayans
et al., 1998; Nakamura et al., 1998; Nishitani et al., 2001; Weis,
2003). RanBP9 is a 729-amino acid protein with a long stretch
of prolines and glutamines at the N terminus, followed by
an SPRY domain (found in the dual specificity kinase splA
of Dictyostelium discoideum, and ryanodine receptors), a LisH
domain (a Lissencephaly type-1-like homology motif), a
CTLH domain (Rao et al., 2002), and a CRA motif, at the C
terminus (Menon et al., 2004). Expressed in many tissues,
RanBP9 is present at high levels in placenta, heart, and
skeletal muscle (Wang et al., 2002). Characterized as a scaf-
folding protein based on the ability to interact with a variety
of proteins in different subcellular locations, RanBP9 concen-
trates in the nucleus or the cytoplasm, depending upon the
stage of the cell cycle (Jang et al., 2004), consistent with our
results with developing muscle cells. RanBP9 has also been

implicated in a variety of signaling cascades (reviewed in
Murrin and Talbot, 2007). The association of RanBP9 with
SOS promotes the phosphorylation of extracellular signal-
regulated kinase (ERK) by Ras, and the downstream activa-
tion of mitogen-activated protein kinases (Wang et al., 2002).
RanBP9 also binds Raf kinase directly (Johnson et al., 2006)
and can modulate the ability of other proteins to phosphor-
ylate ERK (Cheng et al., 2005). Recently, RanBP9 was found
to be involved in sumoylation processes (Kabil et al., 2006).
Thus, in addition to its interaction with the Rho-GEF domain
of obscurin, RanBP9 is likely to interact with several impor-
tant regulators in muscle cells.

Although RanBP9 is expressed at high levels in striated
muscle, little is known about its subcellular distribution or
function. Recent work has indicated that RanBP9 can inhibit
the kinase and transcriptional coactivator activities of Mirk,
which is known to activate factors critical for muscle differ-
entiation, including myogenin, fast twitch troponin T, and
muscle myosin heavy chain (Zou et al., 2003). Our results
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Figure 9. Overexpression of RanBP9108-729 disrupts the organization of titin at the Z-disk. (A) P1 rat myotubes were infected as above with
adenovirus encoding HcRed-RanBP91-729 or HcRed-RanBP9108-729 and assayed 48 h later by immunoblotting with anti-RanBP9 antibodies.
Endogenous RanBP9 (�90 kDa) and the overexpressed forms of HcRed-RanBP9 (1–729 and 108–729, 108 and 96 kDa, respectively) are present
at similar levels. Molecular masses are indicated. B-I. HcRed-RanBP91-729 has no effect on the organization of �-actinin (B and C) or titin (F
and G) at the Z-disk. HcRed-RanBP9108-729 does not disrupt the ability of �-actinin (D and E) to organize normally at the Z-disk, but like
GFP-Rho-GEF it disrupts the assembly of titin at Z-disks (H and I). (J) Quantitation of the effects of overexpressing RanBP9108-729, normalized to
the effects of overexpressing RanBP91-729, shows selective disruption of titin organization at the Z-disk. The increase in fibers that fail to organize
and the decrease in fibers that organize completely are both significant (p � 0.04 and p � 0.004, respectively). There was no significant effect on
the organization of �-actinin in fibers that overexpressed HcRed-RanBP9108-729 (p � 0.3 and p � 0.8, respectively). (K) Equivalent amounts of
bacterially expressed, affinity-purified GST, GST-RanBP9108-729, and GST-Rho-GEF were used in a pull-down experiment to assay association with
purified MBP-TitinZIgI/II bound to amylose resin. Both GST fusion proteins, but not GST alone, bound directly to the ZIg domains of titin.
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indicate that RanBP9 initially is found in myonuclei of newly
formed myotubes but translocates to M- and I-band struc-
tures as these embryonic muscle cells develop in culture. In
adult skeletal muscle, RanBP9 is found at the level of the
I-band and Z-disk, as well as at the M-band (data not
shown). The Rho-GEF domain of obscurin is present around
mature myofibrils at several locations. Although our anti-
bodies to the Rho-GEF domain do not clearly label the
developing Z-disk, obscurin (or its fragments) has been lo-
calized there by several laboratories (Bang et al., 2001; Young
et al., 2001; Kontrogianni-Konstantopoulos et al., 2003;
Raeker et al., 2006; Arimura et al., 2007). Thus, it is possible
that obscurin isoforms containing the Rho-GEF domain are
present near the Z-disks of developing myofibrils but that
the epitopes in the Rho-GEF domain are inaccessible to
labeling by antibodies (Bowman et al., 2007). Alternatively,
obscurin may associate with primordial Z-disk structures
during development but dissociate from Z-disks once sar-
comeres are fully formed.

Our morphological studies show that the Rho-GEF do-
main of obscurin and RanBP9 inhibit the incorporation of
the N-terminal region of titin into developing Z-disks but
does not alter the incorporation of �-actinin into Z-disks, or
of titin into M-bands. Our ultrastructural studies, which
show that Z-disks in myotubes that overexpress the Rho-
GEF domain are present but are smaller than controls, is
consistent with this observation and with the known role of
the titin’s N-terminal region in stabilizing Z-disks (Gregorio
et al., 1998; Zou et al., 2006; Lee et al., 2006). Thus, the
Rho-GEF domain of obscurin and RanBP9 can specifically
regulate the incorporation of titin into Z-disks. Pull-down
experiments clearly indicate that the Rho-GEF domain and
RanBP9 bind directly to the N-terminal Ig domains of titin,
which flank the Z-disk, suggesting that titin is unable to
incorporate into Z-disks when its ZIg domains are bound to
obscurin or RanBP9. Although we cannot rule out possible
changes in signaling at this time, obscurin and RanBP9 are
likely to alter titin’s assembly into Z-disks by binding to its
N-terminal region directly. This region of titin also binds
telethonin/Tcap and disruption of this binding has patho-
logical consequences (Gregorio et al., 1998) perhaps because
it destabilizes Z-disks (Knoll et al., 2002; Lee et al., 2006;
Pinotsis et al., 2006). Binding by the Rho-GEF domain of
obscurin or RanBP9 may compete with binding of teletho-
nin/Tcap, altering the association of titin with the Z-disk,
consistent with the idea that Z-disk components are dy-
namic (Wang et al., 2005). Alternatively, full-length obscurin
and RanBP9 may promote the early incorporation of titin
into Z-disks, before telethonin/Tcap is expressed (Gregorio
et al., 1998). Our results are most readily explained if, during
development, the Rho-GEF domain binds to the N-terminal
region of titin and promotes its incorporation into the
Z-disk. As development proceeds and RanBP9 translocates
from the nucleus to sarcomeric structures, it binds to the Rho-
GEF domain of obscurin, the N-terminal Ig domains of titin, or
both, to stabilize the preformed titin–obscurin complex.

It is perhaps paradoxical that the association of titin’s
N-terminal region with Z-disks is inhibited by the Rho-GEF
domain of obscurin or by its binding domain on RanBP9,
whereas the association of its C-terminal region in the M-
band remains unaffected. Our results seem to be inconsistent
with earlier models of myofibrillogenesis that propose that
titin serves as a molecular template for key features of the
sarcomere, beginning at the Z-disk through the I- and A-
bands to the M-band, (Labeit and Kolmerer, 1995; Wang,
1996; van der Loop et al., 1996; Ehler et al., 1999). At the very
least, our findings suggest that the stable association of titin

with Z-disks is not a prerequisite for its stable association
with M-bands and that M-bands can form during myofibril-
logenesis even when titin is not stably incorporated into
Z-disks. This is consistent with earlier results from our lab-
oratory and others showing that the epitopes of titin that in
adult muscle are separated by 0.5–1 �m are not clearly
separated at early stages of myofibrillogenesis (Schultheiss
et al., 1990; van der Ven and Furst, 1997; Kontrogianni-
Konstantopoulos et al., 2006a). Thus, at the early stages of
assembly of the contractile apparatus, titin may be anchored
either at the Z-disk or at the M-band, but not both simulta-
neously. Our present results, as well as previous studies
(Schultheiss et al., 1990; van der Ven and Furst, 1997), pro-
vide further data to support the theory that titin molecules
assemble independently in primordial Z-disks and M-bands
and align later in development. They confirm the need for a
new model for titin’s role in sarcomerogenesis.
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