
a
D

J
*
A
U
a

R

l
g
i
a
a
b
a
c
l
l
m
i
t
p
a
n
t
p

p

X

D
o
t

M
M
b
m

d
g
a

2

Archives of Biochemistry and Biophysics
Vol. 365, No. 2, May 15, pp. 216–222, 1999
Article ID abbi.1999.1172, available online at http://www.idealibrary.com on
-Actinin-2 Is a New Component of the
ystrophin–Glycoprotein Complex1

acqueline E. Hance,* Susan Y. Fu,* Simon C. Watkins,† Alan H. Beggs,‡ and Marek Michalak*,2

MRC Group in Molecular Biology of Membranes and the Department of Biochemistry, University of Alberta, Edmonton,
lberta, Canada T6G 2H7; †Department of Cell Biology and Physiology, Center for Biological Imaging,
niversity of Pittsburgh, Pittsburgh, Pennsylvania; and ‡Division of Genetics, Children’s Hospital
nd the Department of Pediatrics, Harvard Medical School, Boston, Massachusetts

eceived November 4, 1998, and in revised form February 12, 1999
a
c
w
l
(
m
t
7
t
m
d

c
a
i
a
o
s
p
t
p
t
t
C
b
T
a
i
t
c
i
t
t
d

e
g

The human skeletal muscle yeast two-hybrid cDNA
ibrary was screened with the carboxyl-terminal re-
ion (the last 200 amino acids) of dystrophin. Two
nteracting clones were identified corresponding to
-actinin-2 and actin. Interactions between a-actinin,
ctin, and dystrophin were confirmed by the ligand-
lotting technique, by colocalization of dystrophin
nd a-actinin-2 to the isolated skeletal muscle sar-
olemmal vesicles and to the plasma membranes iso-
ated from C2C12 myoblasts, and by indirect immuno-
ocalization of dystrophin and a-actinin-2 in skeletal

uscle cells. This is the first identification of a direct
nteraction between a-actinin, actin, and the carboxyl-
erminal region of dystrophin. We propose that dystro-
hin forms lateral, multicontact association with actin
nd that binding of a-actinin-2 to the carboxyl-termi-
us of dystrophin is the communication link between
he integrins and the dystrophin/dystrophin–glyco-
rotein complex. © 1999 Academic Press

Key Words: Duchenne muscular dystrophy; dystro-
hin; actinin; actin.

Duchenne muscular dystrophy (DMD)3 is an
-linked, degenerative muscle disorder caused by the
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he Muscular Dystrophy Association of the U.S.A.
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3 Abbreviations used: DMD, Duchenne muscular dystrophy; DGC,

ystrophin–glycoprotein complex; ECM, extracellular matrix; GST,
lutathione S-transferase; SDS–PAGE, sodium dodecyl sulfate–poly-
crylamide gel electrophoresis; BSA, bovine serum albumin; EGTA,
16
bsence of dystrophin in muscle (1–8). Dystrophin is a
ytoskeletal protein that binds actin and associates
ith the dystrophin–glycoprotein complex (DGC) to

ink the cytoskeleton to the extracellular matrix (ECM)
7, 9). The DGC is made up of integral and peripheral

embrane proteins organized into three distinct enti-
ies: dystroglycans, sarcoglycans, and syntrophins (6,
, 9). Defects in dystrophin and/or other components of
he DGC are responsible for several phenotypes of
uscular dystrophy including DMD, Becker muscular

ystrophy, and limb-girdle muscular dystrophies (1, 4).
The function of the DGC remains elusive, but the

omplex may play a role in maintaining the normal
rchitecture of the muscle plasma membrane by form-
ng a link between the subsarcolemmal cytoskeleton
nd the ECM. Dystrophin is one important component
f the DGC. The protein is organized into distinct
tructural domains (5, 6, 9, 10). The N-terminus of the
rotein binds F-actin, followed by a long rod-like cen-
ral domain composed of triple helical coiled-coil re-
eats similar to those found in spectrin. The carboxyl-
erminal domain of dystrophin is made up of the cys-
eine-rich domain and the C-terminal domain. The
ys-rich domain interacts with the cytoplasmic tail of
-dystroglycan and also binds to the syntrophins (6).
he Cys-rich domain of dystrophin is critical for inter-
cting with the DGC in vivo, and disruption of this
nteraction renders dystrophin completely nonfunc-
ional (7). The absence of dystrophin alters the me-
hanical properties of the muscle cell surface and mod-
fies the state of ion fluxes and a change in mechano-
ransduction of growth signals, which ultimately lead
o cell death (6). Since dystrophin anchors F-actin in-
irectly to the ECM, the protein may play an important

thylene glycol bis(b-aminoethyl ether) N,N9-tetraacetic acid; GST,
lutathione; FITC, fluorescein isothiocyanate.
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217DYSTROPHIN–PROTEIN INTERACTIONS
ole in stabilizing muscle fibers and maintaining the
ntegrity of the DGC.

The goal of this study was to identify new molecules
ssociated with dystrophin. Using the yeast two-hybrid
ystem, we screened the human skeletal muscle cDNA
ibrary with the C-terminal region of dystrophin and
dentified novel interactions between this region of dys-
rophin and a-actinin-2 and actin. These interactions
ere confirmed by colocalization of dystrophin and
-actinin-2 in muscle cells, by copurification in isolated
arcolemma from skeletal muscle and from C2C12 myo-
ubes, and by the ligand-blotting technique. This con-
titutes the first identification of a-actinin and actin
inding sites to the C-terminal region of dystrophin,
upporting the hypothesis that actin molecules may lie
longside of dystrophin. a-Actinin binding to dystro-
hin may also provide a communication link between
GC and integrins.

XPERIMENTAL PROCEDURES

Plasmids and the yeast two-hybrid assay. The human skeletal
uscle matchmaker cDNA library (Clontech Laboratories) was used

n this study. To construct the library, mRNA was isolated from a
ale skeletal muscle of thigh (M. quadriceps), primed with oligo(dT)

nd random primer followed by cloning into EcoRI site into the
ector. The library was screened for interacting proteins with the
-terminal region of dystrophin corresponding to the last 200 amino
cids of human dystrophin (designated CT-1; amino acids 3485 to
685) (11). cDNA encoding CT-1 was obtained by PCR amplification
f a human dystrophin template cDNA, using the following primers:
he 59 forward primer 59-TATATGGAATTCCTGAGCCAGCCTCG-
AGTCCT-39 (nucleotides 10,661–10,681 of dystrophin cDNA) and

he 39 reverse primer 59-TGGGATCCCTAAGGACTCCATCGCT-
TGC-39 (nucleotides 11,294–11,317). The PCR product was cloned

n frame with the GAL4 DNA-binding domain at BamHI and EcoRI
estriction sites to generate the clone pGBT9-CT-1. Screening of the
uman skeletal muscle cDNA library was carried out as recom-
ended by the manufacturer. Yeast transformants were assayed by

eplica plating for b-galactosidase activity using 5-bromo-4-chloro-3-
ndolyl-b-D-galactopyranoside as a substrate. Plasmid DNA from
ositive clones was isolated and used as a template for amplification
f the insert present in the library vector (pGAD10). The PCR reac-
ion used the 59 and 39 Matchmaker insert screening primers, 59-
ACCACTACAATGGATGATG-39 and 59-GTTGAAGTGAACTT-
CGGGG-39, under standard conditions. The nucleotide sequence of

he PCR products was determined and compared for identification
gainst Genbank-deposited sequences.
For PCR-driven synthesis of cDNA encoding the C-terminus of

uman skeletal muscle a-actinin-2 (12) the following oligode-
xynucleotide primers were used: 59 primer 59-ATATGAATTCCA-
ATCTTGCTGCAGAA-39 (nucleotides 1437–1452 of full-length
CTN2 cDNA) and 39 primer 59-ATAGAATTCCAGATCGCTCTC-
CC-39 (nucleotides 2841–2855 of full-length ACTN2 cDNA). The
-terminus of a-actinin-2 was then cloned in frame with the GAL4-
NA activation domain to generate a vector designated pGAD-a-
ctinin-C.
Isolation of plasma membranes. C2C12 muscle cells were grown in
ulbecco’s modified Eagle’s medium containing 10% fetal bovine

erum. Differentiation of myoblasts into myotubes was induced with
% horse serum at 80% confluency. After 7 days in culture the
lasma membranes was isolated on the cationic colloidal silica beads
ollowed by a Nycodenz gradient (13). Prior to SDS–PAGE proteins
ere precipitated with acetone at 220°C. Sarcolemmal vesicles were
solated by wheat germ agglutination of the heavy microsomes (14,
5).
SDS–PAGE and immunoblotting. Proteins were separated on 5

r 10% SDS–PAGE as described by Laemmli (16). After gel electro-
horesis, the proteins were transferred to nitrocellulose membranes
17) followed by immunoblotting (11). Peroxidase-conjugated second-
ry antibodies were used. Immunoblots were exposed to Kodak X-ray
lm. The standards used were Bio-Rad molecular weight markers.
he anti-dystrophin antibody was made against the C-terminal pep-
ide of human dystrophin (11). The rabbit anti-a-actinin-2 antibody
as raised against a unique amino terminal peptide (18) and has
een previously characterized and shown to be specific for the a-ac-
inin-2 isoform (18, 19). The anti-actinin antibodies were affinity
urified (18) and used at 1:200 dilution.
Protein overlay assay and CT-1 affinity chromatography. Purified

-actinin (50 mg) was separated on SDS–PAGE and transferred to a
itrocellulose membrane (17). The nitrocellulose blots were blocked
vernight in a binding buffer containing 20 mM Hepes, pH 7.0, 2 mM
gCl2, 150 mM KCl, 0.1 mM EGTA, 0.1 mM CaCl2 and 5% bovine

erum albumin. Thirty micrograms of protein was added to freshly
ade blocking buffer and incubated with the nitrocellulose blots for
h at room temperature. Blots were washed with blocking buffer and

ncubated for 2 h with dystrophin antibody (11) at a dilution of 1:100.
secondary goat anti-rabbit peroxidase antibody was used at

:10,000 dilution.
A GST-CT-1 affinity column was synthesized by coupling recom-

inant GST-CT-1 to CNBr-activated Sepharose 4B. Efficiency of
oupling was greater than 95%. A precolumn was prepared by incu-
ation of CNBr-activated Sepharose 4B with recombinant GST. The
ST-CT-1 column was used to investigate interactions between CT-1
nd purified a-actinin-2. The purified a-actinin was first applied onto
precolumn to remove proteins that nonspecifically associate with
ST and the matrix. The column was washed with a solution con-

aining 10 mM morpholinepropanesulfonic acid, pH 7.0, 100 mM
Cl, 2 mM MgCl2, and 0.5 mM EGTA. Bound proteins were eluted
ith 750 mM KCl, concentrated using an Amicon concentrator, and

eparated by SDS–PAGE.
Immunofluorescence microscopy. Human trapesius muscle was

ash-frozen in liquid-nitrogen-cooled isopentane and cut into 10-mm
ections on a Micron 505 cryostat. For double-label analysis, sheep
nti-30-kDa dystrophin and rabbit a-actinin-2 (4B2) antibodies (18)
both 1 mg/ml) were visualized using FITC-labeled donkey anti-sheep
gG (1:200) and Cy3 goat anti-rabbit IgG (Jackson Immunochemi-
als) at 1:3000. Stained sections were analyzed using a Leica
CS-NT confocal microscope using a 1003 objective and an AOTF
lter to selectively visualize each label without bleedthrough. The
ITC label was excited at 488 nm and Cy3 at 586 nm. Images were
ollected in serial planes throughout the depth of the section at a
024 3 1024-pixel resolution. Image stacks were imported into Im-
ge Space (Molecular Dynamics, Sunnyvale, CA) for subsequent
endering. Lookthrough projections were generated for each protein
nd superposed for qualitative analysis.
Miscellaneous. The carboxyl region of dystrophin (CT-1) encod-

ng the amino acid residues 3485–3685 was expressed as a GST
usion protein and purified using a glutathione–agarose affinity col-
mn as described previously (11). a-Actinin was purified from back
nd thigh rabbit skeletal muscles (20). All recombinant techniques
ere conducted according to a standard protocol (21). Protein con-

entration was determined by the method of Lowry et al. (22).

ESULTS

The carboxyl-terminal region of dystrophin interacts
ith skeletal muscle a-actinin-2 and actin in the yeast

wo-hybrid system. The yeast two-hybrid screening
ethod was used to identify proteins interacting with

he most C-terminal region of dystrophin (designated
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218 HANCE ET AL.
T-1) encompassing the last 200 amino acid (11).
creening of the library resulted in identification of 16
ositive clones. Two of these clones (clone 5 and clone
6) were further characterized.
Clone 5 was 1449 nucleotides in length and nucleo-

ide sequence analysis revealed that it corresponded to
he C-terminus of the human skeletal muscle a-acti-
in-2 (nucleotides 1436–2885) (12). This region en-
odes the last 473 amino acids of the mature a-acti-
in-2 and does not contain the actin-binding site of the
rotein (12) (Fig. 1B). Figure 1A shows that cotrans-
ormation of yeast with pGAD-a-actinin-C and pGBT9-
T-1 resulted in rapid (,30 min) activation of the
-galactosidase reporter gene. Transformation of yeast
ith pGAD-a-actinin-C, pGBT9-CT-1, or control pGAD
nd pGBT9 vectors did not produce any color develop-
ent for at least 48 h (Fig. 1A), indicating the speci-
city of the interaction between a-actinin and dystro-
hin.
Analysis of clone 16 revealed that it was identical to

he human skeletal muscle actin (23). Again, activation
f the b-galactosidase reporter gene was seen when
GAD-actin and pGBT9-CT-1 vectors were cotrans-
ormed into yeast (Fig. 1A). Development of a strong
lue color for these interacting molecules required less
han 2 h incubation. We concluded that using the yeast
wo-hybrid system we have identified new protein-pro-
ein interactions localized at the C-terminal region of
ystrophin.
In vitro interaction between a-actinin-2, a-actin, and

ystrophin. We employed a ligand-binding (blotting)
ethod to further confirm the interaction between dys-

rophin, actin, and a-actinin-2. Purified rabbit skeletal
uscle a-actinin-2 was separated on SDS–PAGE,

ransferred to nitrocellulose, and incubated with puri-
ed GST-CT-1 fusion protein (11). GST was used as a
ontrol. a-Actinin-2 used in this study contained bound
ctin. This allowed us to investigate dystrophin–a-ac-
inin and dystrophin–actin interactions in the same
igand blotting experiment. Finally, anti-dystrophin
ntibodies, which recognize GST-CT-1, were used to
etect protein complexes containing the C-terminal re-
ion of dystrophin. Figure 2A shows that GST-CT-1
nteracted with both a-actinin-2 and actin under the
igand-blotting conditions. A background staining with
nti-dystrophin antibodies was also observed (Fig. 2A,
ane 2); however, densitometric scans revealed an ap-
roximately eightfold higher binding of GST-CT-1 to
-actinin-2 than background binding.
To test for direct interaction between a-actinin and

he C-terminal region of dystrophin under nondena-
ured conditions we synthesized a GST-CT-1 affinity
olumn using the recombinant protein. Purified a-acti-
in (containing actin) was applied onto the GST-CT-1
olumn. The column was extensively washed, and
ound proteins were eluted with 750 mM KCl. Figure
B shows that eluted fraction contained both a-actinin
nd actin.
Localization of a-actinin-2 to the plasma membrane

f tissue culture cells and purified sarcolemma vesicles.
aving identified potential dystrophin interactions
ith a-actinin-2 and actin we set out to determine if

hese proteins copurify (colocalize) with dystrophin in
keletal muscle sarcolemma and plasma membranes
solated from C2C12 myoblasts in culture. First, sar-
olemmal vesicles, containing dystrophin (24) were pu-
ified from rabbit skeletal muscle and tested for the
resence of a-actinin-2 using specific anti-a-actinin-2
ntibodies. Figure 3A shows that a 100-kDa a-acti-
in-2 protein band was present in the purified mem-
rane preparation containing dystrophin (24). Second,
ighly purified plasma membrane preparation contain-

ng dystrophin (25) were obtained from C2C12 muscle
yoblasts by a method developed by Stolz and Jacob-

on (13). Figure 3B shows that plasma membrane ves-
cles purified from C2C12 myoblast contained a 100-kDa
-actinin-2 protein band. We conclude that dystrophin
nd a-actinin-2 are both components of the purified
keletal muscle sarcolemma and plasma membrane of
he C2C12 muscle myoblasts.

a-Actinin-2 and dystrophin colocalize in skeletal
uscle. Double-label immunofluorescence confocal
icroscopy was employed to determine whether dys-

rophin and a-actinin-2 colocalized at the microscopic
evel. Sections through the plane of the plasma mem-
rane revealed a patchy pattern of dystrophin staining
here gaps represented areas above or below the plane

ocus (Fig. 4A). Dystrophin staining exhibits a 125-nm
eriodicity reminiscent of the pattern of staining of
-actinin-2 (Fig. 4B). Superposition of the two images
emonstrates that these represent areas of colocaliza-
ion of dystrophin and a-actinin-2 (Fig. 4C).

ISCUSSION

Using the yeast two-hybrid method we identified
-actinin-2 and actin as new components of the DGC.
his interaction was confirmed by the ligand-blotting
echnique, by colocalization of dystrophin and a-acti-
in-2 in the isolated skeletal muscle sarcolemmal ves-

cles and in plasma membranes isolated from C2C12

yoblasts, and by indirect immunolocalization of dys-
rophin and a-actinin-2 in skeletal muscle cells. There
re two important consequences of our findings: (i)
ctin molecules may have multiple attachment sites
n dystrophin, both directly and indirectly (via a-acti-
in-2), affecting the geometry and function of the DGC,
nd (ii) a-actinin-2 binding to the C-terminus of dys-
rophin provides a new and important site of attach-
ent of the DGC to other cytoskeletal proteins and a

onnection to adhesion complexes made up of integrin,
inculin, talin, and tensin.
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219DYSTROPHIN–PROTEIN INTERACTIONS
IG. 1. The C-terminal region of dystrophin interacts with a-actinin-2 and actin in the yeast two-hybrid system. The human skeletal
uscle cDNA library was screened in the yeast two-hybrid system as described under Experimental Procedures. The b-galactosidase filter

ift assay was performed to detect positive colonies. (A) Yeast cells cotransformed with pGBT9 and pGAD control vectors. (B) Yeast
otransformed with pGBT9-CT-1 (the last 200 amino acids of the human skeletal muscle dystrophin) and pGAD. (C) Yeast cotransformed
ith pGBT9 and pGAD-a-actinin-C (the C-terminus of a-actinin-2). (D) Yeast cotransformed with pGBT9-CT-1 and pGAD-a-actinin-C. (E)
east cotransformed with pGBT9 and pGAD-actin (human a-actin). (F) Yeast cotransformed with pGBT9-CT-1 and pGAD-actin. (Bottom)
diagrammatic representation of dystrophin and a-actinin-2. The CT-1 region of dystrophin was used for screening the yeast two-hybrid

ibrary. The a-actinin-C region of a-actinin-2 was identified by the yeast two-hybrid technique as interacting with the CT-1 fragment of
ystrophin.
IG. 4. Colocalization of dystrophin and a-actinin in skeletal muscle. Confocal immunofluorescence micrographs of human trapesius
uscle stained with anti-dystrophin (A) and anti-a-actinin-2 (B) (both pseudocolored) and combined images (C) demonstrating colocalization

yellow) where red a-actinin and green dystrophin signals overlap. Elongated oval structure at right is a nucleus. Scale bar, 10 mm.
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220 HANCE ET AL.
It is well established that dystrophin is a cytoskel-
tal protein that binds actin and interacts with a DGC
o bridge the cytoskeleton, the basal lamina and the
lasma membrane. Our findings add new components
o the DGC complex. In Fig. 5 we propose a new model
or the DGC organization that includes the a-actinin-2
nd actin interactions with dystrophin reported here
Fig. 5). Dystrophin is organized into distinct struc-
ural domains with the N-terminal domain binding
-actin (26). New F-actin binding sites have recently
een discovered in the middle of the rod domain of
ystrophin (Fig. 5) (27, 28). Here we show that the
-terminal domain of dystrophin binds a-actinin and
ctin and, therefore, provides additional sites for F-
ctin attachment to the protein. We propose that dys-
rophin forms lateral, multicontact association with
ctin (Fig. 5).
What is the significance of interaction between dys-

rophin and a-actinin-2? a-Actinin interacts with the
integrin subunit to form a link between actin and

IG. 2. C-terminal region of dystrophin interacts with a-actinin-2
nd actin in vitro. a-Actinin, containing actin, was purified from
abbit skeletal muscle as described under Experimental Procedures.
A) Protein overlay of the purified a-actinin. The proteins were
eparated on SDS–PAGE, transferred to nitrocellulose membranes,
nd probed with the purified recombinant GST-CT-1 fusion protein
r with GST alone followed by anti-dystrophin antibodies to identify
he GST-CT-1 binding proteins. Lane 1, ligand blotting with purified
ST-CT-1; lane 2, ligand blotting with recombinant GST. (B) GST-
T-1 affinity chromatography of purified a-actinin. The GST-CT-1
ffinity column was synthesized by coupling recombinant GST-CT-1
o CNBr-activated Sepharose 4B. The purified a-actinin was first
pplied onto a GST affinity column followed by a GST-CT-1 affinity
olumn. The column was equilibrated in a solution containing 10 mM
ops, pH 7.0, 100 mM KCl, 2 mM MgCl2 and 0.5 mM EGTA. Bound

roteins eluted with 750 mM KCl are shown. The positions of a-ac-
inin, actin, and Bio-Rad prestained molecular mass standards are
ndicated.
1

ntegrin (29). Figure 5 shows that binding of a-acti-
in-2 to the C-terminus of dystrophin would, therefore,
ontribute a new communication link between the in-
egrins, the DGC, and other cytoskeletal molecules at
uscle sarcolemma. In skeletal muscle the a7b1 inte-

rin is a primary laminin receptor linking the ECM
ith the cell cytoskeleton (30, 31). DMD patients and
dx mice exhibit increased expression of a7b1 integrin

32). Why is a7b1 upregulated in the absence of dystro-
hin? One major role of integrin is to maintain the
uscle integrity by linking laminin with the cytoskel-

ton via vinculin, talin, and a-actinin-2. We showed
ere that a-actinin may play the role of a connecting
olecule between the DGC and integrins. When com-
unication between the DGC and integrin is dis-

upted, expression of integrin maybe upregulated to
vercome the dystrophin deficiency and to help main-
ain muscle function and prevent necrosis. This hy-
othesis is further supported by a report on a bidirec-
ional communication between the integrins and the
ystrophin/DGC (33). Anti-dystrophin or anti-a-sarco-
lycan antibodies coprecipitate integrin and other focal

IG. 3. a-Actinin-2 is associated with skeletal muscle sarcolemma
nd C2C12 myoblasts plasma membrane vesicles. Rabbit skeletal
uscle sarcolemma and C2C12 plasma membrane vesicles were iso-

ated as described under Experimental Procedures. Membrane pro-
eins were separated in 10% SDS–PAGE, transferred to nitrocellu-
ose membranes, and probed with an anti-a-actinin-2 antibody. (A)
abbit skeletal muscle sarcolemmal proteins. (B) Plasma membrane
esicles isolated from the C2C12 myoblasts. The positions of a-acti-
in-2 and Bio-Rad prestained molecular mass standards are indi-
ated.
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221DYSTROPHIN–PROTEIN INTERACTIONS
dhesion proteins such as vinculin, talin, paxilin, and
ocal adhesion kinase (33). Here we provide additional
ines of evidence suggesting that the dystrophin/DGC
omplex, via a-actinin-2, interacts with the integrin
dhesion system.
A common connection between all forms of muscular

ystrophies is the mutation or absence of proteins in
he DGC that plays an important role in maintaining
he integrity of the sarcolemma membrane and myofi-
rils (1–10). Mutations in the a2-laminin chain gene
esult in congenital muscular dystrophy and decreased
evels of a7b1 integrin (34). The a7-deficient mice de-
elop a similar phenotype (35), indicating a potential
onnection and a relationship between dystrophin/
GC and integrin. Since it is well documented that
-actinin-2 plays a role in focal adhesion and it is also
ound concentrated at myotendinous junctions, we pro-
ose that binding of a-actinin-2 to the C-terminus of
ystrophin plays an important role in maintaining the
ommunication link between dystrophin/DGC and in-
egrin.

IG. 5. Model of dystrophin glycoprotein complex (DGC). A mode
laments and a-actinin to the C-terminal region of dystrophin. a-Ac
ystrophin, actin, and integrin complexes. DGC is also composed of
-SG, g-SG, and d-SG), and sarcospan. F-actin makes contacts with t
27, 28), and with the C-terminal domain via a-actinin (this work).
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