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Abstract. We have recently found that the erythroid
ankyrin gene, Ankl, expresses isoforms in mouse skele-
tal muscle, several of which share COOH-terminal se-
quence with previously known Ank1 isoforms but have
a novel, highly hydrophobic 72-amino acid segment at
their NH, termini. Here, through the use of domain-
specific peptide antibodies, we report the presence of
the small ankyrins in rat and rabbit skeletal muscle and
demonstrate their selective association with the sarco-
plasmic reticulum. In frozen sections of rat skeletal
muscle, antibodies to the spectrin-binding domain
(anti-p65) react only with a 210-kD Ank1 and label the
sarcolemma and nuclei, while antibodies to the COOH
terminus of the small ankyrin (anti-p6) react with pep-
tides of 20 to 26 kD on immunoblots and decorate the
myoplasm in a reticular pattern. Mice homozygous for
the normoblastosis mutation (gene symbol nb) are defi-
cient in the 210-kD ankyrin but contain normal levels
of the small ankyrins in the myoplasm. In nb/nb skeletal
muscle, anti-p65 label is absent from the sarcolemma,

whereas anti-p6 label shows the same distribution as in
control skeletal muscle. In normal skeletal muscle of
the rat, anti-p6 decorates Z lines, as defined by anti-
desmin distribution, and is also present at M lines
where it surrounds the thick myosin filaments. Immu-
noblots of the proteins isolated with rabbit sarcoplas-
mic reticulum indicate that the small ankyrins are
highly enriched in this fraction. When expressed in
transfected HEK 293 cells, the small ankyrins are dis-
tributed in a reticular pattern resembling the ER if the
NH,-terminal hydrophobic domain is present, but they
are uniformly distributed in the cytosol if this domain is
absent. These results suggest that the small ankyrins are
integral membrane proteins of the sarcoplasmic reticu-
lum. We propose that, unlike the 210-kD form of Ankl1,
previously localized to the sarcolemma and believed to
be a part of the supporting cytoskeleton, the small
Ankl1 isoforms may stabilize the sarcoplasmic reticu-
lum by linking it to the contractile apparatus.

proteins to the underlying spectrin network in the

human erythrocyte (Bennett, 1978). It was subse-
quently described in a variety of vertebrate cells and tis-
sues, including brain (Davis and Bennett, 1984), epithelia
(Drenckhahn and Bennett, 1987), and skeletal muscle
(Nelson and Lazarides, 1984). In vertebrates, molecular
cloning has identified at least three distinct genes encoding
ankyrin proteins, termed Ankl, Ank2, and Ank3 in the
mouse (ANKI, ANK2, and ANK3 in the human; Peters
et al., 1995; for review see Peters and Lux, 1993). Although
not restricted to these cell types, Ankl is the major gene

QNKYRIN was first found to link integral membrane
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expressed in erythroid cells, Ank2 in brain, and Ank3 in
epithelial cells. All three genes produce several alterna-
tively spliced transcripts, some missing large segments that
include whole functional domains (Lambert et al., 1990;
Lux et al., 1990; Kuminoto et al., 1991; Otto et al., 1991;
White et al., 1992; Birkenmeier et al., 1993; Kordeli et al.,
1994; Peters et al., 1995). The diversity of the ankyrins sug-
gest that, in addition to their well-known role in the mem-
brane skeleton, ankyrins may serve other more specific
roles in different cell types. Our investigation of the intra-
cellular location of a group of unique, small isoforms of
Ank1 supports this hypothesis.

Most ankyrins contain three distinct structural domains
(Lux et al., 1990). The NH,-terminal 89-kD domain, made
up of 33 amino acid repeats, has binding activity for inte-
gral membrane proteins such as the anion exchanger
(Davis et al., 1989; Davis and Bennett, 1990) and the volt-
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age-gated sodium channel (Srinivasan et al., 1988, 1992),
as well as for tubulin (Bennett and Davis, 1981; Davis and
Bennett, 1984). Recently, a form of ankyrin without an
NH,-terminal membrane-binding domain has been re-
ported (Peters et al., 1995). The central 62-kD domain con-
tains the binding site for the fifteenth repeat of the B-sub-
unit of spectrin and fodrin (Weaver et al., 1984; Kennedy
et al., 1991), and also for vimentin (Georgatos et al., 1985).
This domain provides additional binding sites for the Na*,
K*-ATPase (Nelson and Veshnock, 1987), although this
transporter also binds at sites in the NH,-terminal 89-kD,
membrane-binding domain (Davis and Bennett, 1990; De-
varajan et al., 1994). The COOH-terminal 55-kD domain,
termed the “regulatory” domain (Davis et al., 1992), is
subject to extensive alternative splicing (Lambert et al.,
1990; Lux et al., 1990; Kuminoto et al., 1991; Otto et al.,
1991; White et al., 1992; Birkenmeier et al., 1993; Lambert
and Bennett, 1993), which in the erythrocyte results in
changes in binding affinities for B-spectrin and the anion
transporter (Davis et al., 1992). An Ankl transcript miss-
ing most of the regulatory domain has been found in
mouse spleen (Birkenmeier et al., 1993).

Deficiences of erythroid ankyrin are responsible for
some forms of human hereditary spherocytosis (Lux and
Palek, 1995), as well as for an hereditary murine hemolytic
anemia known as normoblastosis (nb/nb; Bodine et al.,
1984; White et al., 1990). In the red blood cell precursors
of affected mice, Ankl transcripts are dramatically re-
duced, and only small amounts of the 210-kD and 150-kD
ankyrin-like proteins are generated. Studies of the expres-
sion of Ankl transcripts in tissues other than the blood-
forming organs show that the consequences of the muta-
tion are not limited to the erythroid lineage. In fact, Ankl
transcripts in nb/nb mice are reduced in the cerebellum,
where a late onset neurological disorder is linked to the
disappearance of a subset of Purkinje neurons (Peters et
al., 1991).

Previous studies of skeletal muscle cells identified anky-
rin immunologically and localized it to the neuromuscular
junction (Flucher and Daniels, 1989), to triads (Flucher et al.,
1990), and to domains at the sarcolemma (Nelson and
Lazarides, 1984) known as costameres (Craig and Pardo,
1983; Pardo et al., 1983). In the course of our studies of
the mouse Ankl gene in skeletal muscle, we discovered
three small transcripts of the AnkI gene, in addition to the
usual 9.0- and 7.5-kb transcripts of this gene (Birkenmeier
et al., 1993). These small transcripts have now been se-
quenced. (These sequence data are available from Gen-
Bank/EMBL/DDB under accession number U73972.) The
sequences predict that the major isoform encoded by these
transcripts is 17.5 kD in mass, lacks both the membrane-
and spectrin-binding domains, but retains, at its COOH
terminus, the last 82 amino acids of the large Ankl
(Birkenmeier, C.S., J.J. Sharp, E.J. Hall, S.A. Deveau, and
J.E. Barker, manuscript submitted for publication). The
COOH terminus of full-length Ank1 is known to express
four different sequences (A+C, B, A+B, and C) because
of splicing of the mRNA (Birkenmeier et al., 1993; Gal-
lagher, P., and B. Forget, personal communication). All
ten of the cDNA clones for the small ankyrins carried the B-
type alternative, suggesting that this form predominates
in skeletal muscle (Birkenmeier, C.S., J.J. Sharp, E.J. Hall,
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S.A. Deveau, and J.E. Barker, manuscript submitted for
publication). The NH,-terminal 72—-amino acid segment is
novel and is predicted to contain a single membrane-span-
ning helix, raising the possibility that the protein is mem-
brane bound (Birkenmeier, C.S., J.J. Sharp, E.J. Hall, S.A.
Deveau, and J.E. Barker, manuscript submitted for publi-
cation).

In the current paper, we report that, unlike the large,
210-kD form of ankyrin, which is present at the sarco-
lemma, the small ankyrins are concentrated at sites sur-
rounding the Z lines and M lines of internal myofibrils,
even when the sarcolemmal Ankl is missing because of
mutation. Subcellular fractionation indicates that these
small, alternatively spliced ankyrins are highly enriched in
the sarcoplasmic reticulum, suggesting a tight association
with internal membranes. We propose a model in which
the small Ank1 proteins in skeletal muscle link the sarco-
plasmic reticulum to the contractile apparatus within each
sarcomere.

Materials and Methods

Animals and Tissue

Adult female rats, purchased from Zivic Miller (Zelienople, PA), were
anesthetized with Metofane (Pitman-Moore, Mundelein, IL) and sacri-
ficed for removal of diaphragm, mixed hindlimb, or sternomastoid muscle.
For the preparation of frozen sections, anesthetized rats were perfused
through the left ventricle with buffered saline followed by 2% paraformal-
dehyde in buffered saline to fix muscle in situ. Diaphragm, sternomastoid,
or hindlimb muscle was removed and plunged into a slush of liquid nitro-
gen. Tissue was stored at —70°C, for RNA isolation or protein extraction,
or in liquid nitrogen, for preparation of frozen sections.

New Zealand White rabbits weighing over 400 g were purchased (Ha-
zelton, Denver, PA) and used for isolation of sarcoplasmic reticulum from
hindlimb muscles (see below).

Control (WBB6F1 +/+) and nb/nb mice (WBB6F1 nb/nb) were from
the Jackson Laboratory (Bar Harbor, ME). Mice were treated as above
but without perfusion to harvest muscle samples.

Generation of Antibodies

Peptide-specific rabbit antibodies to sequences in the COOH-terminal
and spectrin-binding domains of erythrocyte ankyrin (Ankl) were gener-
ated as described (Porter et al., 1992), except that the p65 peptide was
coupled to keyhole limpet hemocyanin and that p6 peptide was coupled to
hemocyanin or BSA before immunization. The sequences of the synthetic
peptides were LGELEELEKKRYV (residues 1051 to 1062 of Cb14/11;
Birkenmeier et al., 1993) for the preparation of anti-p65, the antibody to
the spectrin-binding domain, and ASLKRGKQ (residues 1840 to 1847 of
Cb14/11; Birkenmeier et al., 1993) for the preparation of anti-p6, the anti-
body to the predicted COOH-terminal sequence of the small, alterna-
tively spliced ankyrin (see Fig. 2). IgG was isolated from antisera by pre-
cipitation with 50% (NH,),SO,, dialyzed against PBS (10 mM NaP, 145 mM
NaCl, pH 7.4), and applied to affinity columns to which the appropriate
synthetic peptides had been covalently linked. The columns were washed
with several volumes of buffered saline and then eluted with 50 mM gly-
cine, 500 mM NaCl, pH 2.7. Eluted fractions were collected into tubes
containing sufficient 1 M Tris-HCI, pH 8.0, to bring their pH to 7.2. Affin-
ity-purified antibodies and the antibody fractions that failed to bind to the
affinity column were dialyzed against buffered saline containing 10 mM
NaNj; and stored at 4°C.

The specificity of the antibodies was assessed by enzyme-linked immu-
noadsorption assays (ELISA), following the method of Engvall (1980), and
by immunoblotting of the synthetic peptides separated by SDS-PAGE
(see below). The results from ELISA confirmed the specificity of the anti-
bodies for their corresponding antigens (data not shown), as did the im-
munoblotting (see Fig. 3).

Coupling of the synthetic peptides to Sepharose 4B (Pharmacia LKB
Biotechnology, Piscataway, NJ) was done after activation of the matrix by
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cyanogen bromide (March et al., 1974). In some cases, activated resin was
purchased from the manufacturer.

RNA Isolation and Northern Blot Analysis

RNA was isolated from frozen tissue by the guanidinium thiocyanate
method described by Chomczynski and Sacchi (1987). Northern blot anal-
ysis was performed using the standard glyoxa/DMSO method. Briefly,
mRNA (10 pg) was fractionated in a 1% agarose gel and transferred to a
nylon membrane. After fixation by ultraviolet light (UV Crosslinker;
Stratagene, La Jolla, CA), blots were prehybridized with quick-hybridiza-
tion solution (Stratagene) for 15 min at 68°C. The 3*P-labeled probe (10°
cpm/ml) was then added and incubation was continued for 2 h. The blots
were washed once for 30 min in 2X SSC, 0.1% SDS at room temperature
and twice for 15 min in 0.1X SSC, 0.1% SDS at 60°C and then wrapped in
Saran Wrap and exposed to x-ray film (X-OMAT; Eastman-Kodak,
Rochester, NY). Prehybridization and hybridization were also performed
in conventional hybridization solution containing 50% formamide, fol-
lowed by washing at maximal stringency. The results from both were simi-
lar, but the quick hybridization method gave lower background.
Radioactive probes were generated using a random-primed labeling kit
from GIBCO-BRL (Gaithersburg, MD). The cDNA probes were for the
full-length mouse erythrocyte ankyrin (White et al., 1992), kindly pro-
vided by Dr. R.A. White (University of Kansas, Kansas City, KS) and the
5’ repeat regions of the human sequence of ANK2 (Otto et al., 1991),
kindly provided by Dr. V. Bennett (Duke University, Durham, NC).

Analysis of Ankl1 in Muscle Tissue

Frozen tissue was suspended in buffer containing 1% deoxycholate, 1%
NP-40, 10 mM sodium phosphate, 0.5 M NaCl, 2 mM EDTA, pH 6.8
(Hoffman et al., 1989), supplemented with protease inhibitors (0.22 U/ml
aprotinin, 1 mM benzamidine, 10 pg/ml leupeptin, 10 pwg/ml antipain, 200
ng/ml soybean trypsin inhibitor). Tissue was homogenized (model 45; The
Virtis Company, Gardiner, NY) at 0°C for 2 min (4 X 30 s) and cen-
trifuged at 4,000 rpm in a rotor (model SS-34; DuPont-Sorvall, Wilming-
ton, DE) to remove insoluble material. Aliquots of the supernatant con-
taining 50 pg of protein were boiled in sample buffer (Laemmli, 1970),
electrophoresed, and transferred electrophoretically to nitrocellulose mem-
branes (Burnette, 1981). After blocking in buffered saline plus 3% (wt/
vol) nonfat dry milk for 2 h, strips of nitrocellulose were incubated with
p65 or p6 antibodies for 2 h, washed, and incubated for 1 h with secondary
antibody conjugated to alkaline phosphatase (Jackson ImmunoResearch,
West Grove, PA). The chromogenic reaction to detect bound antibody
was carried out using a kit from Kirkegaard and Perry Laboratories
(Gaithersburg, MD). All reactions were done at room temperature. To
enhance the signal of p65 labeling, bound antibody was in some cases de-
tected by chemiluminescence with the Western-light kit from Tropix
(Bedford, MA).

Immunofluorescence

Frozen diaphragm, hindlimb or extensor digitorum longus muscle was
sectioned on a cryostat (Reichert-Jung, Cambridge Instruments, Deer-
field, IL) at a thickness of 5-20 pm. Frozen sections were collected on
slides pretreated with chrom-alum gelatin and stored dry at —70°C. For
immunolabeling, samples were pretreated for 10 min in buffered saline
(PBS) containing 1 mg/ml BSA (PBS/BSA) and then incubated for 1 h in
the same solution with primary antibodies to the sequence within the
spectrin-binding domain (anti-p65) or to the COOH-terminal sequence
of the small ankyrins (anti-p6), each at 2 pg/ml. Monoclonal antibody
to desmin (Boehringer-Mannheim Corp., Indianapolis, IN) was used at
4 pg/ml. Monoclonal antibody to a myosin of fast skeletal muscle fibers
(Chemicon, Temecula, CA) was used at 1:10 dilutions, as recommended
by the supplier. Monoclonal antibodies to the calcium ATPase of the sar-
coplasmic reticulum (SERCA1)! (MA3-911; Affinity Bioreagents Inc.,
Golden, Colorado) were diluted 1:100 in PBS/BSA containing 0.01% Tri-
ton X-100. A monoclonal antibody to syntrophin (1351E; Froehner et al.,
1987) was used at 100 nM. Nonimmune rabbit serum (5 pg/ml) combined
with antidesmin or MOPC was used as a control in every experiment. Ad-
ditional controls included the use of the antibodies that failed to bind to

1. Abbreviations used in this paper: SERCA, sarcoplasmic-endoplasmic
reticulum calcium ATPase; SR, sarcoplasmic reticulum.
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the affinity columns and the use of the peptide antigens as haptenic inhib-
itors.

After extensive washing, slides were counterstained for 1 h with fluo-
resceinated goat anti-mouse IgG (FGAM, 10 png/ml) and tetramethyl-
rhodaminylated goat anti-rabbit IgG (RGAR, 10 pg/ml), both from Jack-
son ImmunoResearch. Controls established the specificity of these secondary
antibodies for the appropriate IgG. All incubations were carried out at
room temperature. Samples were washed extensively, mounted in 9 parts
glycerol, 1 part 1 M Tris-HCI, pH 8.0, supplemented with 1 pg/ml p-phe-
nylenediamine to reduce photobleaching (Johnson et al., 1982). Samples
were first viewed under conventional epifluorescence optics and then un-
der confocal optics with a confocal laser scanning microscope (model 410;
Carl Zeiss, Inc., Thornwood, NY). Images were obtained at maximum res-
olution, sharpened using the MetaMorph image processing program (Uni-
versal Imaging, West Chester, PA), and printed on a photographic net-
work printer (model NP-1600; Codonics, Middleburg Heights, OH).

Isolation of Sarcoplasmic Reticulum

Sarcoplasmic reticulum was purified according to the method of Eletr and
Inesi (1972). Briefly, muscles were removed from the hindlimbs of an
anesthetized rabbit and placed in cold, 0.1 mM EDTA. After blending in
medium 1 (10 mM MOPS, 10% sucrose, 0.1 mM EDTA, pH 7.0) in the
cold, the homogenate was centrifuged at 15,000 g for 20 min. The superna-
tant was collected and filtered through an 18.5-gauge needle attached to a
50 ml syringe. The filtrate was centrifuged at 40,000 g for 90 min. The pel-
let was suspended in medium 2 (10 mM MOPS, 0.6 M KCl, pH 7.0) and
homogenized with a Dounce homogenizer. The homogenized suspension
was centrifuged at exactly 11,250 rpm for 20 min in a rotor (model SS-34;
DuPont-Sorvall). The middle layer of the supernatant was collected and
centrifuged in the rotor for 90 min at 18,500 rpm. The supernatant was dis-
carded and the pellet was suspended in medium 3 (10 mM MOPS, 30%
sucrose, pH 7.0). This fraction, containing the light sarcoplasmic reticulum
(SR), was homogenized twice with a Dounce apparatus, and the suspen-
sion was stored in aliquots at —70°C.

Cloning of Rat Small Ankyrin cDNA and Construction
of the Plasmids

cDNA encoding the rat small ankyrins was obtained by reverse tran-
scriptase—polymerase chain reaction (RT-PCR). Briefly, first strand cDNA
was synthesized from 5 pg of total RNA from rat skeletal muscle using a
cDNA synthesis kit from Pharmacia LKB Biotechnology, according to
procedures provided by the manufacturer. The sense primer, 5’GTGAAT-
TCCCATGTGGACCTTCATCACG3’, encoded the first six amino acids;
the antisense primer, 3'TTTTCCCCGTTCGTCACTCCTTAAGTGS',
encoded the last five amino acids and the stop codon. An EcoRI site was
included in each primer. The PCR was performed for 35 cycles as follows:
denaturing at 95°C for 1 min, annealing at 55°C for 2 min, and extension at
72°C for 2 min. The PCR product containing the entire coding region of
the small ankyrins was purified from an agarose gel, digested with EcoRI,
cloned into pcDNA3.1HisA (InVitrogen, San Diego, CA), and se-
quenced. The rat amino acid sequence is identical to the mouse sequence
with the exception of amino acid 52, for which a G replaces an E (data not
shown). The cDNA sequence encoding amino acids 30 to 154 of the small
ankyrins of rat skeletal muscle was also amplified by PCR and inserted
in frame into the EcoRI site of the same vector. The sense primer for
this smaller construct was 5S’GTGAATTCCCGTCAAGGGTTCCCT-
GTGC3'; the antisense primer was the same. This construct, too, was veri-
fied by sequencing.

Transfection and Expression of the Small Ankyrins in
HEK 293 Cells

HEK 293 cells (kindly provided by Dr. William Randall, University of
Maryland, Baltimore, MD) were maintained in Dulbecco-Vogt-modified
Eagle’s medium plus 10% FBS. Transfection was achieved by a modified
calcium phosphate precipitation method (Chen and Okayama, 1987). 1 d
before the transfection, 10° cells were seeded onto a 25-mm coverslip in a
35-mm petri dish. Cells were transfected with 1 pg of the plasmids de-
scribed above. Cells were fixed 36 h after transfection with 2% parafor-
maldehyde in PBS for 10 min, treated with 0.5% Triton X-100 in TBS (50
mM Tris, pH 7.4, 150 mM NacCl) for 5 min, incubated with 0.1 M glycine in
PBS, and then immunolabeled as above with monoclonal antibodies to
the FLAG-tag encoded by the vector (InVitrogen) and anti-p6.
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Materials

Unless otherwise indicated, all materials were purchased from Sigma
Chemical Co. (St. Louis, MO) and were the highest grade available.

Results

Rat Skeletal Muscle Contains Alternatively
Spliced Ank1

Mouse skeletal muscle contains Ankl mRNA at sizes of
1.6,2.0, and 3.5 kb (Birkenmeier et al., 1993). We confirmed
the presence of these small Ankl transcripts in Northern
blots of mRNA from rat skeletal muscle. The sizes we
measured, 2.0, 2.4, and 3.5 kb, were slightly larger, perhaps
because of our use of different standards or gel systems, or
to species differences. Northern blots of rat muscle mRNA
also revealed small amounts of longer Ankl transcripts
(7.5 and 9.0 kb; Fig. 1), as also seen in mouse (Birken-
meier, C.S., J.J. Sharp, EJ. Hall, S.A. Deveau, and J.E.
Barker, manuscript submitted for publication). The larger
transcripts are not due to contamination of muscle tissue
with bone marrow or residual reticulocytes because the
same blot did not contain significant amounts of the eryth-
rocyte-specific isoform of B-spectrin (Zhou, D., J. Ursitti
and R.J. Bloch, manuscript submitted for publication). We
could not detect any Ank2 mRNA in these samples (data
not shown). Thus, the most abundant ankyrin transcripts
we detected in rat skeletal muscle tissue are the small, al-
ternatively spliced transcripts of the AnklI gene.

Immunoblots Detect Ankl1 Proteins in Rat
Skeletal Muscle

To characterize the ankyrins in rat skeletal muscle further,
we used two peptide-specific polyclonal antibodies: anti-

— 9.5
— 7.5

—4.4

._2.4

—1.4

Figure 1. Northern blot analysis of eryth-
roid ankyrin in rat skeletal muscle. Ali-
quots containing 10 pg of skeletal muscle
mRNA were fractionated on a 1% aga-
rose gel and transferred to a nylon mem-
brane. The membrane was hybridized with
full-length ¢cDNA probes for erythroid
ankyrin. The standards (in kb) are shown
to the right. The results show the presence
of three predominant transcripts at 2.0,
2.4, and 3.5 kb, all of which are too small
to encode the typical ankyrin containing
membrane-binding, spectrin-binding, and
regulatory domains. An additional tran-
script at 9.0 kb and a minor transcript at
7.5 kb, also detected in the blots, are long
enough to encode such an ankyrin.
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p65, which recognizes a short, highly charged sequence in
the middle of the spectrin-binding domain of Ank1, and
anti-p6, which recognizes a COOH-terminal sequence pre-
dicted to be present in the small, alternatively spliced
ankyrins (Fig. 2). In immunoblots of human erythrocyte
ghosts, anti-p65 reacted strongly with a band at 210 kD,
consistent with its recognizing sequences in the spectrin-
binding domain of erythroid ankyrin (band 2.1; data not
shown). In homogenates of rat skeletal muscle, anti-p65
detected a similarly sized band at 210 kD, and in addition
reacted with a band at 70 kD (Fig. 3, lane 7). By contrast,
anti-p6 detected two bands with apparent molecular
masses of 20.5 and 26 kD (Fig. 3, lane 2) as well as a faint
band of intermediate size. Anti-p6 would be expected to
detect two, B and A+B, of the four possible alternatives
(Birkenmeier et al., 1993) at the COOH terminus of the
small Ankl1 proteins. The predicted masses of these two al-
ternatives would be 17.5 and 20.5 kD. The sizes of the
forms detected are in reasonable agreement with this pre-
diction. It is possible that other as yet undetected splicing
events occur within the coding region for the small
ankyrins, and this could explain the intermediate size de-
tected on the immunoblots. Since anti-p6 does not detect a
210-kD isoform in skeletal muscle, it is probable that the
full-length forms detected by anti-p65 contain the C or the
A+C alternatively spliced sequences. A polyclonal anti-
body against purified erythroid ankyrin, kindly provided
by Dr. J.S. Morrow (Yale University School of Medicine,
New Haven, CT), recognized all the bands detected both
by p6 and p65 (data not shown), confirming that they are
products of the Ankl gene.

In skeletal muscle, therefore, the p6 antibodies detect
the small, alternatively spliced products of the Ankl gene,
while the p65 antibodies recognize larger forms containing
the spectrin-binding domain, presumably products of the
7.5- and 9-kb transcripts. Whether the 70-kD band is a
proteolytic product or is encoded by one of the larger tran-
scripts is currently under investigation in our laboratories.

Subcellular Distribution of Ankyrins in Skeletal Muscle

Immunofluorescence labeling of rat skeletal muscle with
p65 antibody revealed that ankyrin containing the B-spec-
trin-binding domain was located at the sarcolemma (Fig.
4, A and B). In agreement with the Northern blot analysis,
which showed relatively low levels of the 7.5- and 9.0-kb
transcripts, the labeling of skeletal muscle fibers by anti-
p65 was not bright. The p65 antibody did, however, label
red blood cells in unperfused samples very brightly (not
shown, but see Fig. 6). In addition to labeling the sarco-
lemma, anti-p65 also labeled spots near the membrane or,
occasionally, in the center of muscle fibers (Fig. 4 A). Sub-
sequent studies have revealed these spots to be nuclei
(Zhou, D., and R.J. Bloch, manuscript in preparation), in
agreement with an earlier report (Bennett and Davis,
1981). Nonimmune rabbit serum, as well as the IgG fraction
from immune serum that failed to bind to the p65 affinity
column, did not label the sarcolemma or myonuclei (e.g.,
Fig. 5 A). Labeling by anti-p65 was therefore specific.

In contrast to anti-p65, the p6 antibody failed to label
the sarcolemma and instead labeled the myoplasm of the
muscle fibers in a reticular pattern (Fig. 4, C and D). The
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89kD membrane binding domain

p&5

62 kD spectrin binding domain

Figure 2. Diagrammatic rep-
resentation of the small, al-
ternatively spliced ankyrin of
skeletal muscle relative to
the large, erythroid ankyrin.
The three major domains of
a typical erythroid ankyrin
are indicated. The region of
as the small ankyrin shared with
the larger protein is shown

55kD regulatory domain

by a shaded bar. The novel region containing a stretch of hydrophobic amino acids at the NH, terminus is shown as an open bar. The lo-
cations of the epitopes of the two antibodies, anti-p65 and anti-p6, are underlined. The long isoform depicted in this figure is Cb14/11

from Birkenmeier et al., 1993.

labeling was specific, as it was not mimicked by nonim-
mune rabbit antibodies (Fig. 5 A), antibodies from immu-
nized animals that failed to bind to the p6 peptide affinity
column, or other affinity-purified rabbit antibodies. The
specificity of labeling was further established by preincu-
bating the p6 antibody with a 100-fold molar excess of the
peptide antigen, which almost completely abolished the la-
beling (Fig. 5 D). Preincubation with an excess of the p65
peptide antigen had no effect (Fig. 5 C).

These results indicate that the larger isoforms of Ankl
or a closely related protein are present at the sarcolemma
of rat skeletal muscle, while the small Ankl isoforms or
closely related proteins are present primarily in the myo-
plasm.

The Small Ankyrins in Ankyrin-deficient Mice

The nb/nb mouse expresses only limited amounts of the
210-kD erythroid ankyrin (C.S. Birkenmeier, unpublished
observations), together with a product at 150 kD (White et
al., 1990). The deficiency of erythroid ankyrin causes a se-
vere hemolytic anemia, as well as pathological conse-
quences in other tissues (Peters et al., 1991). To determine

- Figure 3. Imunoblotting of Ankl1 in skeletal
muscle by peptide-specific antibodies. Pro-
teins in a homogenate of rat skeletal muscle
were separated by SDS-PAGE and trans-
ferred to a nitrocellulose membrane. Strips
of the membrane from the same gel were in-
cubated with antibodies to the spectrin-
binding domain of Ank1 (anti-p65; lane 7)
and to the COOH-terminal region of the
. et small ankyrins (anti-p6; lane 2), followed by
alkaline phosphatase-conjugated secondary
antibodies. The molecular mass standards
are shown to the right of lane 2 by dashes
(from top to bottom, in kD): 200, 97, 68, 43,
and 29.

N 2L
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if skeletal muscle of nb/nb mice expresses normal Ankl
products, we examined frozen cross sections of diaphragm
muscle that had been labeled with anti-p65 and anti-p6 an-
tibodies.

Labeling of diaphragm from wild-type mice confirmed
our results with rat muscle. Labeling by anti-p65 was quite
bright in the capillaries, where it reacted with erythrocytes
in unperfused samples, and it was readily detectable at
the sarcolemma (Fig. 6 C). In nb/nb muscle, however, anti-
p65 showed no labeling of either sarcolemma or capillaries
(Fig. 6 D), consistent with a severe depletion of the 210-kD
form of Ankl1 in the mutant. By contrast, the expression of

Figure 4. Distribution of Ank1 proteins in skeletal muscle. Cross
sections of adult rat diaphragm were labeled with the polyclonal
p65 antibody to the spectrin-binding domain of Ank1 (A) and the
p6 antibody to the small ankyrins (C). The sections were double-
labeled with monoclonal antibodies to syntrophin to mark the sar-
colemma (B and D). The bound antibodies were detected with
rhodamine-conjugated goat anti-rabbit IgG and FITC-conju-
gated goat anti-mouse IgG secondary antibodies. The results
show that the 210-kD (and perhaps the 70-kD) ankyrin of skele-
tal muscle is distributed at the sarcolemma and nuclei while the
small ankyrins are inside the muscle fibers. Bars, 20 pm.
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Figure 5. Specificity of antibodies to the small ankyrins assessed
by immunofluorescence. Cross sections of rat diaphragm were la-
beled with nonimmune rabbit serum (A), p6 antibody to the
small ankyrins (B), p6 antibodies preincubated with a 100-fold
molar excess of irrelevant peptide (C), and the antibodies prein-
cubated with a 100-fold molar excess of the antigenic peptide
(D), followed by rhodamine-conjugated secondary antibodies.
All the settings used to obtain these images on the laser scanning
confocal microscope were identical. C and D show adjacent serial
sections. Bars, 20 pm.

the small ankyrins was not affected (Fig. 6, E and F). In
both wild type and nb/nb samples, anti-p6 labeled a reticu-
lar pattern in the myoplasm at similar intensities. Varia-
tions in the intensity of labeling of different muscle fibers
(e.g., Fig. 6 F) were due to differences in the amount of the
small ankyrins in different muscle fiber types (Williams,
M., N. Porter, D. Zhou, C.S. Birkenmeier, J.E. Barker,
and R.J. Bloch, manuscript in preparation).

These results were confirmed by immunoblotting (data
not shown). In agreement with previous reports (Bodine
et al., 1984; Peters et al., 1991), skeletal muscle from nb/nb
mouse contained no 210-kD ankyrin detectable with anti-
p65, but anti-p6 detected control amounts of the small
Ankl isoforms in the same blot.

+/+

confrol

P65

Figure 6. The small Ank1 isoforms in skeletal muscle are unaf-
fected by the nb/nb mutation. Cross sections of diaphragms from
wild-type (A, C, and E) and nb/nb (B, D, and F) mice were la-
beled with nonimmune rabbit serum (A and B), p65 antibodies to
the spectrin-binding domain of ankyrin 1 (C and D), and p6 anti-
bodies to the small ankyrins (E and F), followed by rhodamine-
conjugated secondary antibodies. Samples were taken from unper-
fused animals, so erythrocytes remaining in the capillaries could
react with the antibodies if they contained the appropriate anti-
gens. The results show that skeletal muscle fibers in the nb/nb
mouse selectively lack the 210-kD Ankl1 at the sarcolemma but
are not deficient in the small myoplasmic forms. Bars, 20 wm.

Association of the Small Ankyrins with the
M and Z Lines

We compared the labeling of anti-p6 with labeling by
monoclonal antibodies to desmin to try to determine the
basis for the reticular distribution of the small ankyrins in
the myoplasm. We observed a reticular pattern in cross
sections labeled with antidesmin (Fig. 7 E), in agreement
with published results (Granger and Lazarides, 1979). Con-

Figure 7. The small skeletal muscle ankyrins surround contractile structures at the Z and M lines. Cross sections (D-F and J-L) and lon-
gitudinal sections (A-C and G-I) of rat diaphragm were double labeled with polyclonal p6 antibodies to the small ankyrins (A, D, G,
and J) and monoclonal antibodies to desmin (B and E) or myosin (H and K), followed by rhodamine-conjugated goat anti-rabbit IgG
and FITC-conjugated goat anti-mouse IgG. To compare the paired antibodies, confocal microscopic images from rhodamine and flu-
orescein channels were overlain (C, F, I, and L). In the overlays, desmin and myosin are shown in green and the small ankyrins in red;
regions containing both the small ankyrins and myosin or desmin are shown in yellow. Higher magnification views of selected regions are
shown as inserts. The small ankyrins were found not only at Z lines (depicted in yellow in C and F) but also at the M lines (depicted by
yellow in ), where it surrounds myosin in the thick filaments (L). Bars, 20 pm.
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focal microscopic comparisons of double labeled samples
(Fig. 7, D—F) revealed that much of the reticular pattern
visualized with antidesmin was also seen with antibody to
p6 (Fig. 7 F, overlapping label appears yellow; desmin
alone appears green). Unlike labeling for desmin, anti-p6
labeling was absent from regions at the periphery of the
myofibers. Also, some areas of the interior reticulum la-
beled with anti-p6 but not with antidesmin (Fig. 7 F; anti-
p6 alone appears red). Thus, the p6 epitope is likely to be
concentrated with desmin at the Z line surrounding the Z
disk, but it is probably also present at other sites in the myo-
plasm. We confirmed this by examining longitudinal sec-
tions, in which both anti-p6 and antidesmin labeled the Z
lines, but anti-p6 alone labeled structures in the middle of
the A bands, at the position of M lines (Fig. 7, A-C).

Double labeling immunofluorescence studies with the
p6 antibody and monoclonal antibodies to myosin con-
firmed the presence of the small ankyrins in the middle of
the A band (Fig. 7, G-I; in I, antimyosin is shown in green,
anti-p6 is in red, and areas of overlap are in yellow). In
cross sections, labeling by anti-p6 was distinct from the la-
beling by antimyosin (Fig. 7, /-L; note the relative paucity
of yellow regions in L). Thus, the small ankyrins are not
integral to the M lines but instead appear to surround the
myosin filaments at the level of the M lines. Skelemin has
been reported to show a similar relationship to the myofil-
ament at M lines, but skelemin is not present at Z lines
(Price, 1987).

The Small Ank1 Proteins Are Highly Enriched in
Sarcoplasmic Reticulum

The small Ankl isoforms of ankyrin may associate with
membranes through a stretch of hydrophobic amino acids
at the unique NH, terminus (Birkenmeier, C.S., J.J. Sharp,
E.J. Hall, S.A. Deveau, and J.E. Barker, manuscript sub-
mitted for publication). Our immunofluorescence results
indicate that these small ankyrins surround the myofibrils
at the levels of the M and Z lines, consistent with an asso-
ciation with the sarcoplasmic reticulum. (The t-tubular
system in mammalian skeletal muscle is localized to the
A-T junction, but the sarcoplasmic reticulum surrounds
the entire sarcomere; Franzini-Armstrong, 1994). We ex-
amined purified fractions of sarcoplasmic reticulum from
rabbit skeletal muscle to test this possibility.

In immunoblots of homogenates of rabbit muscle, the p6
antibody detected bands similar in mass to those observed
in rat skeletal muscle (Fig. 8, B, lane 7). Fractions of puri-
fied sarcoplasmic reticulum protein were highly enriched
in these bands (Fig. 8 B, lane 2), but not in myosin or des-
min (data not shown). As expected for purified sarcoplas-
mic reticulum, these fractions were also highly enriched in
the Ca’>"-ATPase (c.f., Fig. 8 A). These results indicate
that the small ankyrins associate tightly and preferentially
with the sarcoplasmic reticulum of mammalian skeletal
muscle. Thus, the small ankyrins are probably membrane
proteins.

To confirm the association of the small ankyrins with
the SR, we compared its distribution with that of the
SERCAI1 in fast twitch muscles of the rat (Fig. 9). As pre-
viously reported (Franzini-Armstrong, 1994), the SERCA1
is present in a reticular pattern (Fig. 9 A) that resembles
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Figure 8. The small ankyrins of skeletal muscle are highly en-
riched in purified sarcoplasmic reticulum. Protein (50 pg) from
total homogenate of rabbit skeletal muscle (lanes 7) and from
purified sarcoplasmic reticulum (lanes 2) were separated by SDS-
PAGE (17% acrylamide gel) and either stained with Coomassie
blue (A) or transferred to nitrocellulose filters and blotted with p6
antibodies to the small ankyrins (B). (A) Coomassie blue staining
of the gel. The arrow indicates the position of the Ca?*-ATPase.
(B) Immunoblotting. Arrows indicate the small ankyrins. Molec-
ular mass standards, shown to the left of A, are, from top to bot-
tom, (in kD): 200, 97, 68, 43, 29, and 18.

the distribution of the small ankyrins (Fig. 9 B). The simi-
larity is confirmed in overlays, which suggest extensive co-
distribution (Fig. 9 C) consistent with the localization of
the small ankyrins in the SR.

The Hydrophobic Domain Is Sufficient to Target Small
Ankyrin to ER in Transfected Cells

Their hydrophobic NH,-terminal sequences and their
close association with the SR suggest that the small
ankyrins may be integral proteins of the SR membrane. As
a preliminary step in addressing this question, we trans-
fected HEK 293 cells with cDNAs encoding the small
ankyrins with or without the hydrophobic sequence (Fig.
10). When transfected 293 cells were stained with anti-p6
antibodies, the small ankyrins containing the hydrophobic
NH,-terminal sequence were distributed in a reticular pat-
tern resembling the pattern observed in skeletal muscle
(Fig. 10 A). The reticulum in HEK 293 cells is probably
the endoplasmic reticulum (e.g., Frangioni et al., 1992; Mi-
toma and Ito, 1992; Kutay et al., 1995; see also Villa et al.,
1993; Foletti et al., 1995). When cells were transfected with
the cDNA lacking the hydrophobic NH, terminus, we ob-
served a homogeneous distribution of the expressed pro-
teins in the cytosol (Fig. 10 B). These results strongly sug-
gest that NH,-terminal hydrophobic sequence of the small
ankyrins is sufficient to target these proteins to a mem-
brane compartment in transfected cells, and they support
the notion that the small ankyrins are integral proteins of
the SR of skeletal muscle.

Discussion

Ankyrin was first identified in the human erythrocyte as
the protein responsible for linking spectrin to the mem-
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Figure 9. Comparison of the distribution of the small ankyrins and the SERCA1 ATPase in rat skeletal muscle. Frozen cross sections (5
wm) of the extensor digitorum longus muscle of the rat were prepared and double-labeled by immunofluorescence with anti-p6 antibod-
ies to the small ankyrins and monoclonal antibodies to the SERCA1 ATPase of fast twitch muscle fibers, as described in Materials and
Methods. Images were obtained by confocal microscopy. (A) SERCA ATPase, visualized with fluoresceinated anti-mouse IgG. (B)
Small ankyrins, visualized with tetramethylrhodamine-conjugated anti-rabbit IgG. (C) Computer overlay of the images in A and B, in
which structures labeled by both antibodies appear yellow. There is extensive coincidence of the two labels. Bar, 6 pm.

brane, and until recently, studies of its structure were con-
sistent with its playing a similar role in other tissues. All
three ankyrins that have been cloned and sequenced have
a large NH,-terminal domain responsible for binding to in-
tegral membrane proteins, a central domain responsible
for binding spectrin, and a COOH-terminal domain with
regulatory functions (Bennett and Gilligan, 1993). In the
last year, however, unusual ankyrin variants have been re-
ported that do not share this structure (Peters et al., 1995;
Devarajan et al., 1996). In the course of investigating the
ankyrins of skeletal muscle, we detected three transcripts
of the Ankl gene that, unlike the 7.5- and 9.0-kb tran-
scripts that are also present, are too short to encode a pro-
tein containing the three domains typical of ankyrin (Bir-
kenmeier et al., 1993). Characterization of cDNA clones
representing these small transcripts predicted the presence
in skeletal muscle of small proteins that share sequence
with the regulatory domain of Ankl but that are distin-
guished by a unique, hydrophobic NH,-terminal sequence
(Birkenmeier, C.S., J.J. Sharp, E.J. Hall, S.A. Deveau, and
J.E. Barker, manuscript submitted for publication). Here
we show that the proteins encoded by these alternatively
spliced transcripts are expressed at significant levels in rat
skeletal muscle, where they are concentrated together
with the SERCA ATPase in the sarcoplasmic reticulum
that surrounds the M and Z lines in each sarcomere. Fur-
thermore, their localization is different from that of the
larger ankyrins, which, unlike the small ankyrin products,
are concentrated at the sarcolemma.

Data from the nb/nb mouse confirm the fact that the
products of the 9.0- and 7.5-kb AnklI transcripts are associ-
ated with the sarcolemma. It is known that the larger tran-
scripts (9.0 and 7.5 kb) are deficient in the muscle of the
mutant mice, as is the 210-kD protein (Bodine et al., 1984;
Peters et al., 1993), whereas the small transcripts are
present in normal amounts (Birkenmeier, C.S., J.P. Sharp,
H.A. Field, and J.E. Barker. 1993. Blood. 82:5a). Conse-
quently, anti-p65 antibodies, directed against the spectrin-
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binding domain encoded by these transcripts, fail to label
the sarcolemma of nb/nb muscle. By contrast, anti-p6 anti-
bodies, directed against the small Ank1 proteins, label the
internal reticulum of muscle fibers normally, and normal
amounts of the small ankyrins can be detected by immuno-
blotting (not shown). Thus, the synthesis in skeletal myo-
fibers of the small ankyrins is not linked to that of the
larger isoforms.

Although the nb mutation has no apparent consequences
for muscle function, subtle differences may eventually be
detected by more rigorous tests. Such differences may be
difficult to ascribe to deficiencies in ankyrin, however, be-
cause of the severe hemolytic anemia, and the changes in
motor control associated with cerebellar neuropathy, that
accompany the nb mutation (Peters et al., 1991). The task
will be further complicated by the fact that there are multi-
ple Ankl transcripts at 9.0- and 7.5-kb in erythroid precur-
sors (White et al., 1992) and in the brain (Birkenmeier et
al., 1993), suggesting similar complexity in skeletal muscle.

Considering the prominence in skeletal muscle of the
small ankyrins and the mRNAs that encode them, it is sur-
prising that they have not been characterized before. Sev-
eral laboratories have identified proteins in skeletal mus-
cle that are localized at the Z or M lines, but most are
either large cytoskeletal proteins, like the M protein (185 kD;
Grove et al., 1985), or intermediate filament proteins, like
desmin (53 kD; Granger and Lazarides, 1979) and vimen-
tin (57 kD; Granger and Lazarides, 1979). With the excep-
tion of zeelins (23 and 35 kD; Ferguson et al., 1994), none
of the proteins is similar in size to the small ankyrins. The
small ankyrins are not zeelins, however, both because they
share no obvious homology (Sainsbury and Bullard, 1980;
Vigoreaux et al., 1993) and because the zeelins probably
do not associate preferentially with either the Z or the M
line (Ferguson et al., 1994). It appears, therefore, that the
small ankyrins belong to a novel class of proteins that as-
sociate with the sarcoplasmic reticulum and surround both
Z and M lines.
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Figure 10. Small ankyrins ex-
pressed in transfected HEK

1-29 | strAnk1

293 cells with or without the
l NH,-terminal hydrophobic do-

main. cDNA sequences encod-

__srAnk]

ing amino acids 1-154 or 30—
I 154 of the small ankyrins were

obtained by RT-PCR and
cloned into pcDNA3.1 HisA,

| fag | srAnkl 30-154

I which introduces an NH,-ter-

srAnk1 1-154

The presence in the small ankyrins of a highly
hydrophobic NH,-terminal sequence (Birkenmeier, C.S.,
JJ. Sharp, E.J. Hall, S.A. Deveau, and J.E. Barker, manu-
script submitted for publication), the ability of this se-
quence in transfection experiments to target tagged, chi-
maeric variants of the small ankyrins to intracellular
membranes, and the fact that they copurify with the light
sarcoplasmic reticulum suggest that they are integral pro-
teins of the sarcoplasmic reticulum membrane. Other inte-
gral membrane variants of ankyrin have been identified
(Otsuka, A.J., P. Boontrakulpoontawee, and D. Otsuka.
1995. Mol. Biol. Cell. 6:269a), but none have been re-
ported to associate preferentially with intracellular mem-
branes. A form of ankyrin has recently been localized to
the Golgi apparatus (Devarajan et al., 1996), but this iso-
form of Ank3 is significantly larger than the small ankyrins
characterized here and does not have a distinct hydropho-
bic domain.

The ease with which the anti-p6 antibodies label the
COOH-terminal sequence of the small ankyrins suggests
that, if the hydrophobic NH,-terminal tail anchors these
proteins to the sarcoplasmic reticulum membrane, then
the hydrophilic COOH terminus extends into the myo-
plasm, where it could interact with other proteins. Interac-
tions with protein ligands that are already assembled at
the M and Z lines may help to localize the small ankyrins
to nearby sites in the sarcoplasmic reticulum, thereby cre-
ating distinct membrane domains. Skelemin and desmin,
for example, surround the myofibril at the M and Z lines,
respectively (Granger and Lazarides, 1979; Price, 1987).
Binding of the small ankyrins to these or other proteins at
the M and Z lines would also serve to link the sarcoplas-
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minal FLAG tag. Plasmid
DNA was introduced as a cal-
cium phosphate precipitate
into HEK 293 cells. 1 d later,
cells were fixed, permeabi-
lized, and labeled with anti-p6.
Cells expressing the full-
length, tagged protein (srAnk1
1-154) were labeled in a retic-
ular pattern in the cytoplasm
(A), whereas cells expressing
the truncated version of the
protein that lacked the hydro-
phobic NH,-terminal sequence
(srAnk1 30-154) were labeled
uniformly in the cytoplasm
(B). Identical results were ob-
tained when transfected cells
were labeled with anti-FLAG
(data not shown). Bar, 20 pm.

srAnk1 30-154

mic reticulum to the contractile apparatus, just as the
membrane skeleton at the sarcolemma helps to link that
membrane to the M and Z lines of superficial myofibrils
(Porter et al., 1992; Vybiral et al., 1992). As a result, the
sarcoplasmic reticulum would contain domains responsi-
ble for anchoring it to the contractile apparatus at distinct
sites within each of the sarcomeres it surrounds. Such a
linkage has obvious consequences for myofibrillar assem-
bly and organization and for the stability of the SR during
the contractile cycle. We are currently using cellular trans-
fection with the hydrophilic portion of the p6 peptide to
test this possibility.
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