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c¢DNA encoding Ca%*-ATPase was cloned from a chicken skeletal muscle library. The cDNA (termed FCa)
comprised 3,239 base pairs, including an open reading frame encoding 994 amino acids which showed the
highest degree of homology with the adult rabbit fast-twitch Ca**-ATPase isoform (C. J. Brandl, S. de Leon,
D. R. Martin, and D. H. MacLennan, J. Biol. Chem. 262:3768-3774, 1987). Radiolabeled FCa hybridized to
a 3.2-kilobase transcript in chicken skeletal muscle RNA but not to cardiac muscle RNA, which confirmed its
identity as encoding the fast Ca®>*-ATPase isoenzyme. FCa was transfected into the mouse myogenic line
C2C12, from which a protein of 100 kilodaltons was immunopurified by using a monoclonal antibody specific
for the avian fast Ca’*-ATPase. Immunofluorescence microscopy of a line (designated C2FCa2) stably
expressing the avian Ca?*-ATPase localized the protein to the nuclear envelope and a population of cytoplasmic
vesicles. A similar pattern was observed when C2FCa2 cells were stained with DiOC4(3), a cyanine dye that
labels endoplasmic reticulum and mitochondria (M. Terasaki, J. Song, J. R. Wong, M. J. Weiss, and L. B.
Chen, Cell 38:101-108, 1984). We conclude that the avian Ca?*-ATPase fast isoform is expressed and correctly
targeted to the endoplasmic reticulum in mouse C2C12 cells.

Ca?*-ATPase plays a critical role in the physiology of
contraction and relaxation of vertebrate skeletal muscle.
This enzyme is an integral component of the sarcoplasmic
reticulum (SR) membrane and actively transports calcium
(released from the SR during muscle contraction) into the
lumen of this organelle to elicit muscle relaxation. At least
two isoforms are known to exist in mammals and birds (6,
19, 24). The fast isoform is expressed in fast-twitch skeletal
muscle fibers, whereas the slow isoform is found in slow-
twitch skeletal muscle fibers and cardiac muscle (6, 19). The
cDNAs encoding the mammalian isoforms have been cloned
(6, 24), as have cDNAs for neonatal and adult forms of the
fast Ca®*-ATPase, which have slightly different COOH
termini generated in the rabbit via alternative splicing (5).
Whereas the biochemical significance of the differences
between the amino acid sequences of these forms is not
clear, the structural differences between the fast and slow
enzymes have allowed the production of isoform-specific
antibodies (19, 50).

Although the structure and reaction mechanism of Ca?*-
ATPase have been extensively studied (25), many aspects of
its biosynthesis and the mechanism of its retention in the SR
(targeting) remain unknown. Ca®*-ATPase is synthesized on
membrane-bound polysomes (29) in a signal recognition
particle-dependent manner (3) with an uncleaved signal
sequence which remains to be identified (35). In muscle it is
found in the SR, where it constitutes as much as 70% of the
protein of this membrane (25). How the nascent Ca?*-
ATPase polypeptide is targeted to the rough endoplasmic
reticulum (ER) and then to the SR, and what factors are
involved in inserting such high levels of this enzyme into the
SR membrane, are questions which are not yet answered.
Targeting domains have recently been identified in proteins
that reside in the ER, the probable nonmuscle homolog of
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the SR. Protein disulfide isomerase, grp94, and grp78, three
luminal ER proteins, share a four-amino-acid sequence
(KDEL) at their carboxy termini which is responsible for
their retention in this organelle (30). E19, a transmembrane
protein of the ER encoded by adenoviruses, has been
reported to contain targeting information within a short
sequence at the carboxy terminus which extends into the
cytoplasm (31). The retention of rotavirus protein VP7 (34)
and 3-hydroxy-3-methylglutaryl coenzyme A reductase (41)
in the ER is dependent on the transmembrane domains of
these proteins. Analogous sequences are likely to exist in
Ca?*-ATPase.

We have sought to approach these questions by devising a
heterologous system in which avian Ca?*-ATPase can be
stably expressed and its biosynthesis and localization to the
SR can be monitored by antibodies. This strategy has been
used in analyses of other membrane proteins, including the
acetylcholine receptor (28) and the subunits of Na*,K*-
ATPase (44, 45), as well as many viral proteins (12, 36, 37,
48). An attractive possibility would be the transfer of avian
Ca?*-ATPase cDNAs into a mammalian myogenic cell line
wherein both the endogenous and introduced Ca?*-ATPase
gene products could be detected by species-specific antibod-
ies, allowing assessment of the effects of alterations in the
introduced (avian) Ca®*-ATPase against a background of
unaltered endogenous (mammalian) enzyme. We report here
the cloning of a cDNA encoding the entire fast isoform of
avian Ca®*-ATPase and its stable expression in mouse
myocytes.

The mouse myogenic line C2C12 (4, 49) was chosen
because we have generated monoclonal antibodies that bind
mouse and chicken Ca?>*-ATPases with no detectable cross-
reactivity. A cDNA encoding the fast Ca?*-ATPase isoform,
termed FCa, was constructed from clones isolated from an
embryonic chicken skeletal muscle library and stably intro-
duced into C2C12 cells (termed C2FCa2 cells). Immunofiu-
orescence microscopy of dividing C2FCa2 cells, as dis-
played by an avian-specific antibody, revealed localization in
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the nuclear envelope and in membrane vesicles of varied
sizes, indicative of an ER distribution.

MATERIALS AND METHODS

Cloning of the avian Ca?>*-ATPase cDNA. RNA was iso-
lated from day 18 chicken embryo thigh muscle by guanidi-
nium extraction (8) and selected twice by oligo(dT)-cellulose
chromatography. Synthesis of cDNA by the method of
Gubler and Hoffman (16) was followed by addition of EcoRI
linkers and ligation into Agt10 (18). Packaged bacteriophage
(Promega Packagene) were plated with Escherichia coli
Q358 and screened without amplification.

Oligonucleotides were synthesized on the basis of the
amino acid sequence of the rabbit Ca®>*-ATPase (1, 2),
incorporating mixtures of bases at positions of ambiguity:
TT(A/G)TT(A/G)TACTT(C/T)GT(C/T)AA (Asn-Asn-Met-
Lys-Gln-Phe, from tryptic fragment B [1, 2]); and CT(A/G)
TT(C/T)TT(C/T)TT(A/G)TAC(A/G)A  (Asp-Lys-Lys-Ans-
Met-Leu, from tryptic fragment A2 [1, 2]). These were 3?P
labeled with polynucleotide kinase and used to probe
chicken RNA separated in formaldehyde-agarose gels and
blotted onto nitrocellulose. Both oligonucleotides hybridized
only to a muscle-specific avian RNA species of 3.2 to 3.4
kilobases (kb) that was highly enriched in poly(A)* RNA
(data not shown). Nitrocellulose replicas of the plated cDNA
library were similarly probed with the labeled oligonucleo-
tides. A positive clone containing a 2.6-kb insert, confirmed
by sequencing (below) to encode a portion of Ca?*-ATPase,
was labeled by nick translation and used to rescreen the
library.

Twenty-six clones (average length, 1.3 kb) were isolated,
three of which, in sum, encoded the full-length Ca?*-ATPase
fast-isoform cDNA. A single cDNA (FCa) encoding the
entire enzyme was constructed in plasmid pEMBL19* (10)
via ligation of overlapping clones at common restriction
sites. Clones 23 and 5, which contain the 3’ two-thirds
[including the poly(A) tail] and 85% of the protein-coding
region, respectively, were ligated at an EcoRI site. This
construction was then ligated to clone 15 at an Avall site to
complete the 5’ end. The final construction was verified by
sequencing and designated p19FCa.

For sequencing, cDNA fragments were subcloned into
pEMBL vectors (10). Sequencing was performed by chain
termination (39) of 3*S-labeled molecules generated by mod-
ified T7 DNA polymerase (Sequenase; United States Bio-
chemical Corp.) (43).

Northern (RNA) blot analysis. Total RNA from skeletal
(thigh) and cardiac muscle was isolated from day 18 chicken
embryos by guanidinium extraction (8), separated on agar-
ose-formaldehyde blots, transferred to nitrocellulose, and
baked at 80°C in vacuo. Blots were probed with a 2-kb EcoRI
fragment of the Ca2*-ATPase cDNA which had been 32P-
labeled by nick translation. Hybridization proceeded over-
night in aqueous solution (no formamide) containing 6Xx
SSPE (0.9 M NaCl, 7.6 mM EDTA, 60 mM NaH,PO, [pH
7.4]) at various temperatures, as indicated. The blots were
washed twice for 15 min each in 2X SSPE at room temper-
ature and then at 42°C in 0.2x SSPE for 2 h.

Cell culture and transfection. Primary myogenic cultures
from day 12 chicken embryos were established and main-
tained as previously described (11). The mouse muscle cell
line C2C12 (kindly provided by Helen M. Blau; 4, 49), was
maintained as undifferentiated myoblasts in Dulbecco mod-
ified Eagle medium containing 20% fetal calf serum. Where
indicated, the culture medium contained 10 mM sodium
butyrate.
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The Ca?*-ATPase cDNA was inserted into the EcoRI site
of the eucaryotic expression plasmid pSVDF (45), derived
from pSV2CAT (14). The resulting shuttle vector, pSVFCa,
was transfected into growing C2C12 myoblasts by calcium
phosphate precipitation (15). For each 100-mm-diameter
dish, 1 pg of Pvul-linearized pSVFCa and 0.1 pg of BamHI-
linearized pSV2Neo (42) were added, followed by selection
24 h later in medium containing 400 pg of G418 (GIBCO
Laboratories, Grand Island, N.Y.) per ml. Colonies of
resistant cells were isolated and expanded 3 weeks later.
Cells were screened for avian Ca?*-ATPase expression by
indirect immunofluorescence, using an avian-specific mono-
clonal antibody (see below). One such cell line, designated
C2FCa2, which stably incorporated the avian Ca?*-ATPase
cDNA into its genome, was maintained under the same
culture conditions as was the parent C2C12 cells and used in
these experiments.

Monoclonal antibody production. Ca?*-ATPase consti-
tutes 60 to 70% of the protein in the SR. SR membranes were
purified from adult chicken breast muscle and adult rabbit
leg muscle by the method of Meissner (27) and used as an
immunogen to generate monoclonal antibodies against Ca*-
ATPase. The immunization schedule and screening methods
have been described previously (19). Briefly, SR vesicles
(~200 pg of protein) were injected into the peritoneum and
then the tail veins of mice. Spleen cells were isolated, fused
to myeloma cells, and hypoxanthine-aminopterin-thymidine
selected. Clones were initially chosen on the basis of their
secretion of antibodies that bound SR vesicles immobilized
on microdilution plates. Anti-Ca2*-ATPase antibodies were
subsequently identified by the ability to recognize a 100-
kilodalton (kDa) protein on Western blots (immunoblots). A
variety of antibodies that cross-reacted between mammalian
and avian Ca2*-ATPase forms were isolated. However, one
antibody from each preparation proved specific for either
mammalian (CaF2-immunoglobulin G [IgG]) or avian (CaF3-
IgG) enzyme, as indicated by immunofluorescence and
Western blot analysis (data not shown). An antibody di-
rected against the slow/cardiac muscle isoform of the
chicken Ca?*-ATPase (CaS/C1-IgG) was produced and se-
lected as described previously (19).

Ca®*-ATPase expression analysis. The analysis of fixed,
permeabilized C2FCa2 cells by immunofluorescence (22)
and immunopurification from cells grown in [**S]methionine-
containing medium (13) were performed as in previous
studies and are described briefly in the figure legends.
Protein was measured by the method of Lowry et al. (23).

C2FCa2 cells were stained with the fluorescent cyanine
dye DiOC(3) to demarcate the ER (46). Cells were fixed for
10 min in 0.25% glutaraldehyde in 0.1 M sodium cacodylate
(pH 7.4), washed briefly in phosphate-buffered saline, and
stained for 30 s in DiOCg(3) at 1 pg/ml.

RESULTS

c¢DNA cloning of chicken skeletal muscle Ca?*-ATPase.
Two oligonucleotides were synthesized (with appropriate
third-base ambiguities) on the basis of the amino acid se-
quence of the rabbit fast Ca®>*-ATPase isoform (1, 2). Their
specificities were tested by blot hybridization to embryonic
chicken RNA, where they exhibited muscle-specific hybrid-
ization to a transcript of 3.2 to 3.4 kb (data not shown), the
expected size for an mRNA encoding Ca%*-ATPase (~100
kDa). A cDNA library was constructed from embryonic
chicken skeletal muscle RNA and screened with the oligo-
nucleotides, yielding a partial clone of 2.6 kb encoding the
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AAAAAGGGGGGGTCTTTAAGG -1
ATGC GAA AAC GOG CAC GCG AAA ACG GCC GAG GAA TGC TTG GCT TTC TTC GGG GTGC AAC GAA AGC GTC GGG CTG AGC GGC GAG CAG GTG AGG AGG GCG CTG GAA 102
MET Glu Asn Ala His Ala Lys Thr Ala Glu Glu Cys Leu Ala Phe Phe Gly Val Asn Glu Ser Val Gly Leu Ser Gly Glu Gln Val Arg Arg Ala Leu Glu
AMG TAC GGC CAC AAC GAG CTG OCG GCA GAG GAA GGT AAA ACC ATA TGG GAG TTG GTG GTG GAG CAG TTT GAG GAC CTC CTG GTG CGA ATC CTC CTA TTGC GCC 20¢
Lys Tyr Gly His Asn Glu Leu Pro Ala Glu Glu Gly Lys Thr Ile Trp Glu Leu Val Val Glu Gln Phe Glu Asp Leu Leu Val Arg Ile Leu Leu Leu Ala
GOC TGC ATC TCC TTC GIG CTG GOG TGG TIT GAG GAG GGG GAG GAA ACC ATC ACA GCC TTC GTG GAG CCC TTC GTC ATC CTIC CTC ATC CTC AIC GCC AAT GCC 306
mqnmmmvnmmnpmuuuumyuummnommmvnanmmvnnomuummn.mmm
GTC GTC GGC GTIC TGG CAG GAG OGC AAT GCG GAG AAC GCC ATC GAG GCG CTG AAG GAA TAC GAG CCG GAG ATG GGC AAA GTG TAC CGC GCC GAC CGC AMA GCG 4os
Val Val Gly Val Trp Gln Glu Arg Asn Ala Glu Asn Ala Ile Glu Ala Leu Lys Glu Tyr Glu Pro Glu Met Gly Lys Val Tyr Arg Ala Asp Arg lys Ala
GTG CAG CGC ATC AAA GCC CGC GAC CTC GTG CCG GGG GAC ATC GCC GAG CTG GCC GTC GGT GAC AAA GTC CCG GCT GAT ATC CGC ATC ATC TCC ATC AAA TCC s10
Val Gln Arg Ile lys Ala Arg Asp Leu Val Pro Gly Asp Ile Ala Glu Val Ala Val Gly Asp Lys Val Pro Ala Asp Ile Arg Ile Ile Ser Ile lys Ser
ACC ACG CTG CGC GTC GAT CAG TCC ATC CTC ACC GGT GAG TCG GTG TCG GTG ATC AAA CAC ACG GAG CCC GTC CCC GAC CCC CGC GCT GTC AAT CAG GAC AAG 612
mmunmvnmmmn.mmayuumvnmvnmw-mmaumvnmmmmmmmmmm
AAG AAT ATG CTC TTC TCT GGC ACC AAC ATC GGC GCA GGC AAA GCG GTG GGC ATC GCTG CTG GCC ACGC GGG CTG AAC ACGC GAG ATC GGG AAG ATC CGG GAT GAG 714
Lys Asn Met Leu Phe Ser Gly Thr Asn Ile Gly Ala Gly Lys Ala Val Gly Ile Val Val Ala Thr Gly Val Asn Thr Glu Ile Gly Lys Ile Arg Asp Glu
ATG GCG GCC ACG GAA CAG GAT AAG ACC CCC CTG CAG CAG AAG CTG GAC GAG TIC GGG GAG CAG CTG TCC AMA GIC ATC TCC CTC AIT TGC GTG GCC GIT TGG 816
Mst Ala Ala Thr Glu Gln Asp Lys Thr Pro Leu Gln Gln Lys Leu Asp Glu Phe Gly Glu Gln Leu Ser Lys Val Ile Ser Leu Ile Cys Val Ala Val Trp
CTC ATT AAC ATC GGC CAC TTIT AAC GAC CCC GIC CAC e [ TAC AAG ns
e S R M e e e RN S N AN NGRS RN R R
ATC CCC GAA GGT CTG CCG GOC GTG ATC ACG ACC TGC CTG GCT TTG GGG ACG CGG CGG ATG GCC AAG AAG AAC GCC ATC GTG CGC AGC CTC CCC TCC GTG GAG 1020
Ile Pro Glu Gly Leu Pro Ala Val Ile Thr Thr Cys lLeu Ala Leu Gly Thr Arg Arg Met Ala Lys Lys Asn Ala Ile Val Arg Ser Leu Pro Ser Val Glu
ACG TTG GGC TGC ACC TCC GIC ATC TGC TCC GAT AAG ACC GGG ACC CTC ACC ACC ARC CAG ATG TCC GTC TGC AAG ATG TTC ATC GTGC GAC AAA GTG GAG GGC 1122
Thr leu Gly Cys Thr Ser Val Ile Cys Ser Asp Lys Thr Gly Thr Leu Thr Thr Asn Gln Mst Ser Val Cys Lys Met Phe Ile Val Asp Lys Val Glu Gly
GAC GTC TGC TCC CTT AAC GAG TTC TCC ATC ACC GGC TCC ACC TAC GCC CCC GAG GGC GAC GTG CTG AAG AAC GAG AAG CAC ATC AAG GCG GGC CAA CAC GAC 1224
upvnqnscuummms.zmmclymmmmmmnmynpvnmzy-mauxzxzmnoxynmaymmm
GGC CTG GTG GAG TTG GCC ACC ATC TGT GCC CTC TGC AAT GAC TCC TCC TTA GAC TAC AAC GAG GCC AAA GGG ATC TAT GAG AAG GIG GGG GAG GOG ACG GAG 1326
Gly leu Val Glu Leu Ala Thr Ile Cys Ala Leu Cys Asn Asp Ser Ser Leu Asp Tyr Asn Glu Ala Lys Gly Ile Tyr Glu Lys Val Gly Glu Ala Thr Glu
ACG GCG CTG ACG TGC CTG GTG GAG AAG ATG AAC GTC TTC AAC ACG GAC GTC CGC AGC CTC TCC AAA GTG GAG CGA GCC AAC GCC TGC AAC TCC GTG ATA AAG 1428
Thr Ala Leu Thr Cys Leu Val Glu Lys Mst Asn Val Phe Asn Thr Asp Val Arg Ser Leu Ser Lys Val Glu Arg Ala Asn Ala Cys Asn Ser Val Ile Lys
CAG CTG ATG AAG AAG GAG TTC ACG TTG GAG TTC TCA CGA GAC CGG AAG TCC ATGC TCG GTT TAT TGC TCC CCC GCC AAA GCG TCG CGG GCC GCC GTG GGC AAT 1530
m.nuumtr.y.mmupummmms.:mupm:q-mma:vnmq-m” Ala Lys Ala Ser Arg Ala Ala Val Gly Asn
AAG ATG TTC GIT AAG GGT GCC CCC GAG GGG GTG ATC GAC CGC TGC AAC TAC GTG AGG GTG GGG ACG ACG CGC GTC CCA CTG ACG CCG GCG GTG AAG GAG AAG 1632
Lys Mst Phe Val Lys Gly Ala Pro Glu Gly Val Ile Asp Arg Cys Asn Tyr Val Arg Val Gly Thr Thr Arg Val Pro Leu Thr Pro Ala Val Lys Glu Lys
ATC CTG GCG GTC ATC AAMA GAG TGG GGG ACG GGG AGG GAC ACC CTG CGC TGC CTG GCT TTG GCC ACC CGG GAC ACC CCC CCA AAGC ATGC GAG GAC ATG ATG CTG 1734
Ile Leu Ala Val Ile Lys Glu Trp Gly Thr Gly Arg Asp Thr Leu Arg Cys Leu Ala Leu Ala Thr Arg Asp Thr Pro Pro Lys Met Glu Asp Net Met Leu
GTG GAC TCC ACC AAA TTT GCC GAG TAT GAG ACC GAC CTG ACC TIC GTG GGT TGC GTT GGG ATG TTG GAC CCA CCC CGT AAA GAA CTG ATGC GGT TCC ATC CGC 1836
vnnpmmx.y-mmaumuummunmmvnmymvnmymIagmmmmmuuvnhtuymnom
CTT TGC CGA GAC GCC GGG ATT CGG GTC ATT ATG ATC ACG GGG GAT AAC AMA GGG ACG GCC ATC GCC ATC TGC CGT CGC ATC GGG ATC TTC ACG GAG GAC GAA 1938
Leu Cys Arg Asp Ala Gly Ile Arg Val Ile Mst Ile Thr Gly Asp Asn Lys Gly Thr Ala Ile Ala Ile Cys Arg Arg Ile Gly Ile Phe Thr Glu Asp Glu
GAG GTIT TCG GGG AGG GCG TAC ACG GGG AGG GAA TTC GAC GAC CTC CCC CCA GCC GAG CAG AGG GAG GCT TGC COGT CGG GCC GAT TGC TTC GCC CGG GTC GAA 2040
Glu Val Ser Gly Arg Ala Tyr Thr Gly Arg Glu Phe Asp Asp Leu Pro Pro Ala Glu Gln Arg Glu Ala Cys Arg Arg Ala Asp Cys Phe Ala Arg Val Glu
COG ACC CAC AAG TCC AAG ATC GTC GAGC TIC CTG CAG TCC TTC GAC GAG ATC ACC GCC ATG ACG GGC GAC GGG GTG AAC GAC GCC CCG GCC CTA AAG AAG GCC 2142
mmnu:.ycmny-mvuunruuuclnsu.-nnupanmmml’aggmuyupuyvumupmmmuumLy.
GAG ATC GGT ATC GCT ATG GGT TCC GGC ACC GCC GTG GCC AAA ACA GCC TCG GAA ATG GTG TTG GCC GAC GAT AAC TTC TCC ACC ATC GIG GCG GCG GTGC GAA 2244
Glu Ile Gly Ile Ala Met Gly Ser Gly Thr Ala Val Ala Lys Thr Ala Ser Glu Met Val Leu Ala Asp Asp Asn Phe Ser Thr Ile Val Ala Ala Val Glu
GAG GGC CGC GCC ATC TAC AAC AAC ATG AAG CAG TTC ATC CGA TAC CTC ATC TCC TCC AAC GIC GGC GAG GTG GTC TGC ATC TTC CTG ACG GCG GCC CTG GGG 2346
Glu Gly Arg Ala Ile Tyr Asn Asn Met Lys Gln Phe Ile Arg Tyr Leu Ile Ser Ser Asn Val Gly Glu Val Val Cys Ile Phe Leu Thr Ala Ala leu Gly
CTG CCG GAG GCT CTG ATC CCG CTIT CAG CTG CTG TGG GTC AAT CTG GTG ACG GAC GGC CTC CCG GCC ACG GCT TIG GGG TTC AAC CCC CCC GAT TIG GAT ATT 2448
uumunmuun.mvu.mmuunpvnmuuvnmmayunmmmmuuuymmmmmmmuo
ATG GAC AAA CCC OCC CGC AGC CCC AAA GAG OCC CTC ATC AGC GGG TGG CTC TTC TIC CGC TAT CTG GCC ATA GGA GGG TAC GTC GGG GCG GCC ACG GTG GGC 2550
Mot Asp Lys Pro Pro Arg Ser Pro Lys Glu Pro Leu Ile Ser Gly Trp Leu Phe Phe Arg Tyr Ieu Ala Ile Gly Gly Tyr Val Gly Ala Ala Thr Val Gly
GCA GCC GCG TGG TGG TTC CIT TAC GCT GAG GAC GGC CCC AGT CTG ACC TAC CAC CAA CTG ACG CAC TTC ATG CAG TGC ACG CAC CAC AAC GCT GAG TTC GAG 2652
Ala Ala Ala Trp Trp Phe Leu Tyr Ala Glu Asp Gly Pro Ser Leu Thr Tyr His Gln Leu Thr His Phe Met Gln Cys Thr His His Asn Ala Glu Phe Glu
GGG GTC GAC TGC GAC ATC TTC GAG TCC CCC GTG CCC ATG ACC ATGC GCG CTG TCC GTIC CTC GTC ACC ATC GAG ATG TGC AAC GCC CTC AAC AGC CTA TCG GAG 2754
uyvnupq-upn.ph.mummvnmutmm:’%uumvnnuvnmu.cmu-tq-mmunmmmsu-au
ARC CAA TCG CTG CTG CGGC ATG CCG CCG TGG GTG AAC ATT TGG CTC GTG GGC TCC ATC TGC CIC TCC ATG TCG CTG CAC TTC GTC ATC CIC TAC GTC GAC CCC 2856
Asn Gln Ser Leu leu Arg Met Pro Pro Trp Val Asn Ile Trp Leu Val Gly Ser Ile Cys Leu Ser Met Ser Leu His Phe Val Ile Leu Tyr Val Asp Pro
CTG CCC ATG ATC TTT AAG CTG ACC CAC CTG GAC CTG GCC CAT TGG TTG GTG GT¢ CTG CGC ATT TCC TTC CCC GTT ATC CTA TIG GAT GAG GCG CTG AAA TTC 2958
Leu Pro Met Ile Phe Lys Leu Thr His Leu Asp Leu Ala His Trp Leu Val Val Leu Arg Ile Ser Phe Pro Val Ile Leu Leu Asp Glu Ala Leu lys Phe
GTC GCC CGG AAT TAC CTGC GAG GCG TAA CTCCGC OGCE GAGGAC COCOG!
Val Ala Axg Asn Tyr Leu Glu Ala #*#+¢

o eGECC0CC coec () 2
FIG. 1. Nucleotide sequence of FCa and deduced amino acid sequence of the protein product. Nucleotides are numbered in the 5'-to-3’
direction, beginning at the first base of the ATG codon of the initiator methionine. Negative numbers refer to the 5’ untranslated region. The
signal for polyadenylation (underlined) was found at nucleotides 3144 to 3149.
Ca®*-ATPase. The library was rescreened with this clone, codon (residue 22), which resides in a consensus initiation
which resulted in the isolation of 26 clones, none of which sequence (20). After a TAA termination codon is 183 base
encoded the entire Ca?*-ATPase. The complete CaZ*- pairs of 3’ untranslated sequence which contains the
ATPase cDNA was constructed from three overlapping AATAAA polyadenylation signal 9 base pairs before the
clones as described in Materials and Methods. poly(A) tail.
The Ca?*-ATPase cDNA (FCa) comprised 3,259 base Comparison of the nucleotide sequence of FCa (Fig. 2)

pairs (Fig. 1), including a region at the 3’ end corresponding with cDNAs encoding the rabbit Ca?*-ATPases (5, 6, 24)
to a tail of 70 adenines. This finding agreed with the ~3.2-kb indicated that the highest correlation was to the cDNA
transcript observed on RNA blots after hybridization with encoding the adult fast-twitch isoform. FCa and the cDNA
either oligonucleotides (data not shown) or fragments of FCa encoding the adult rabbit fast Ca?>*-ATPase exhibited 82%
(see Fig. 3). The sequence of FCa revealed an open reading identity, whereas the cDNA encoding the rabbit slow/car-
frame of 2,982 nucleotides beginning with the first ATG diac Ca?*-ATPase showed 74% similarity to the chicken
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FIG. 2. Comparison of the deduced amino acid sequences of the chicken and adult rabbit fast Ca?*-ATPases (5). The chicken and rabbit
proteins are shown in one-letter code, beginning at the initiator methionine. The sites of phosphorylation (PO,) and nucleotide (FITC) binding
are boxed. Symbols: 4, tryptic sites (T2 and T1); O, conservative replacements; @, nonconservative replacements. In accordance with the

model of Brandl et al. (6), transmembrane regions (M1 to M10) are underlined, and acidic moieties proposed to participate in calcium binding
and transduction are indicated by vertical bars.

Rabbit

cDNA. The deduced amino acid sequence of FCa also
corresponded most closely with those of the rabbit fast
Ca?*-ATPase isoforms, showing 91% homology, with 43 of
the 94 changes being conservative. The rabbit slow/cardiac
enzyme shared 83% amino acid identity with the chicken
Ca’*-ATPase. The COOH terminus of the chicken Ca2*-
ATPase lacked the eight highly charged residues character-
istic of the rabbit neonatal fast isoenzyme (6) and instead
terminated in Ala, similar to the Gly of the adult rabbit fast
form (5). Based on these criteria, we tentatively identified

the protein product of FCa as the adult isoform of the avian
fast Ca2*-ATPase.

As expected from the primary structure similarity between
the chicken and rabbit enzymes, domains identified as being
involved in catalysis exhibited high conservation (Fig. 2).
The phosphorylation sites and binding regions for the nucle-
otide analog fluorescein isothiocyanate (FITC) were identi-
cal, the latter further identifying FCa as encoding the fast
Ca?*-ATPase since, in the rabbit, the FITC-binding domain
is one of the regions of highest divergence between the fast
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FIG. 3. Northern blot analysis. Total RNA was isolated by
guanidinium extraction from skeletal (thigh) (S) and cardiac muscle
(C) of day 18 chicken embryos, separated on formaldehyde-agarose
gels (10 ug per lane), and blotted onto nitrocellulose. Identical blots
were hybridized in aqueous (no formamide) solution at the temper-
ature indicated with a 2-kb EcoRI fragment of pFCa which had been
32p.labeled by nick translation; the blots were then washed as
described in Materials and Methods. A band of ~3.2 kb (arrow), the
expected size of the Ca?*-ATPase transcript, is seen in lane S but
was not found in the cardiac RNA at any stringency. To verify the
integrity of the cardiac RNA, a lane from an identical blot was
hybridized with a radiolabeled cDNA encoding the chicken
Na*,K*-ATPase catalytic subunit (a1l isoform [44]). A transcript of
~3 kb was readily detected, which indicated that the RNA was
intact.

and slow/cardiac isoforms (6). FCa also closely resembled
the rabbit fast Ca?*-ATPase in the proposed calcium-binding
region and in 9 of the 10 proposed transmembrane domains
(6); the exception was M10, in which only 15 of the 22
residues were conserved. Significantly, all of the acidic
amino acids hypothesized (6) to function in calcium binding
and transduction that are conserved between rabbit isoforms
were also present in the avian Ca2*-ATPase.

Tertiary structure conservation between the two species
was indicated by tryptic digestion of chicken Ca?*-ATPase
in situ, which yielded fragments identical in size to those
generated with rabbit enzyme (19). Accordingly, the two
tryptic cleavage sites identified in the mammalian enzymes
(6, 24) are present in the deduced product of FCa at arginines
198 and 505.

Northern blot analysis. Comparison (see above) of the
amino acid sequence deduced from FCa with those of the
rabbit fast (5, 6) and slow/cardiac (24) Ca?*-ATPases sug-
gested that the avian cDNA encoded the fast isoform.
Further evidence resulted from RNA blot analysis. Total
RNA was isolated from cardiac and thigh muscle of day 18
chicken embryos, tissues which express slow/cardiac and
primarily fast (as well as a small amount of slow/cardiac)
Ca?*-ATPase, respectively (19). A 2-kb EcoRI fragment of
FCa encoding the 5’ two-thirds of the coding region hybrid-
ized solely to a thigh muscle transcript of ~3.2 kb; no
hybridization to cardiac RNA was detected under a variety
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FIG. 4. Immunopurification of avian Ca?*-ATPase from C2FCa2
cells. C2FCa2 cells were grown for 48 h with or without 10 mM
sodium butyrate. During the final 16 h, the cells were maintained in
methionine-free medium supplemented with 50 pCi of [**SIme-
thionine (Translabel; ICN Pharmaceuticals Inc., Irvine, Calif.) per
ml and lysed in 1% Triton X-100; portions containing 450 pg of
protein were incubated with CaF3-IgG-conjugated Sepharose beads.
Antigen was eluted in sodium dodecyl sulfate-polyacrylamide gel
electrophoresis loading buffer, separated on a 9% polyacrylamide
gel, and fluorographed. Masses (in kilodaltons) of marker proteins
are indicated at the left.

of stringencies (Fig. 3). The same result was obtained with a
probe encoding the 3’ end of the FCa coding region (not
shown). A 3-kb transcript was seen when cardiac RNA was
probed with radiolabeled cDNA encoding the catalytic sub-
unit of chicken Na* ,K*-ATPase (Fig. 3, lane al). There-
fore, the absence of a detectable cardiac Ca®*-ATPase
transcript was unlikely to be the result of RNA degradation.
These data support the conclusion that FCa encodes an
avian fast Ca%*-ATPase isoform.

Expression of FCa in mouse myogenic cells. FCa was
transferred to the eucaryotic shuttle vector pSVDF, a mod-
ified form of pSV2CAT, which expresses from the simian
virus 40 early promoter. The mouse myogenic cell line
C2C12 was cotransfected with this construction and
pSV2Neo by calcium phosphate precipitation and subjected
to G418 selection. Resistant clones were screened for
expression of avian Ca?*-ATPase by monoclonal antibody
binding (see below). Several positive lines which fluores-
cence microscopy indicated were expressing similar levels of
avian Ca2*-ATPase were isolated. One line was designated
C2FCa2 and studied further.

Immunopurification of the protein product of the intro-
duced avian cDNA is shown in Fig. 4. Detergent extracts
were prepared from C2FCa2 cells grown in the presence of
[3*SImethionine and incubated with CaF3-IgG, a monoclonal
antibody specific for the avian fast Ca2*-ATPase, which had
been covalently coupled to Sepharose beads. After washing,
the eluted material was separated by sodium dodecyl sulfate-
polyacrylamide gel electrophoresis and fluorographed. A
protein of ~100 kDa, the expected mass of authentic Ca**-
ATPase, was observed, the amount of which was increased
in butyrate-treated cells (addition of sodium butyrate to the
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FIG. S. Avian Ca?*-ATPase expnessioxi in mouse czCiz Vcrzells a:id pnmary cliicke niyocyts: lation with ER distribution. (A and B)

Growing C2C12 myoblasts were cotransfected with pSVNeo and pSVFCa and selected for the ability to grow in G418-containing medium.
Cells expressing avian Ca>*-ATPase, designated C2FCa2, were plated onto cover slips, lightly fixed in formaldehyde, and permeabilized with
saponin. Binding of the CaF3-IgG was visualized with rhodamine-conjugated goat anti-mouse IgG. Before immunolabeling, cells were grown
for 48 h in the absence (A) or presence (B) of 10 mM sodium butyrate. (C) Ca?*-ATPase expression in chicken myocytes. Primary chicken
myogenic cells were isolated from day 12 embryos and plated at sparse density in tissue culture. The cells were induced to differentiate
without fusion by being maintained in mitogen-poor medium (Dulbecco modified Eagle medium plus 2% horse serum). Pictured is a chicken
myocyte with the avian fast Ca?*-ATPase isoform visualized as described above. (D) C2FCa2 cells labeled with DiOC(3) dye. The cells were
stained for 30 s at a dye concentration of 1 pg/ml, which labels the ER and mitochondria. The arrow indicates the nuclear envelope, seen most
clearly in binucleate cells with closely apposed nuclei. (E) High-magnification image of the periphery a C2FCa2 cell stained with DiOC¢(3)

showing the netlike pattern characteristic of ER (30, 46).

culture medium increases expression of the transfected gene
product [21]); butyrate treatment did not induce the appear-
ance of any other proteins in the eluate.

C2FCa2 cells incubated with CaF3-IgG and fluorescent
anti-mouse IgG revealed labeling of a heterogeneous popu-
lation of cytoplasmic vesicles and of the nuclear envelope
(Fig. 5A), the latter being characteristic of Ca®>*-ATPase in
avian skeletal and cardiac muscle (19) as well as nonmuscle
(Z. Kaprielian and D. M. Fambrough, manuscript submitted
for publication) cells. Butyrate treatment of C2FCa2 cells
enhanced expression of avian Ca?*-ATPase (Fig. 4), but the
general staining pattern was unchanged (Fig. SB; butyrate
causes C2FCa2 cells to flatten, increasing the resolution of
fluorescence). No binding of CaS/C1-IgG, specific for the
avian slow/cardiac Ca?*-ATPase (19), was detected (not
shown), in agreement with the assignment of FCa as encod-
ing the fast Ca2*-ATPase. Expression of the mouse fast

isoenzyme in C2FCa2 cells, as determined by the binding of
CaF2-IgG, was below the level of detection by immunoflu-
orescence microscopy (not shown). Other isoforms of
endogenous Ca2*-ATPase for which we lack antibodies may
exist.

Primary cultures of chicken myogenic cells differentiate in
vitro by withdrawing from the cell cycle and fusing with
adjacent myoblasts to form multinucleate syncytia (myo-
tubes). A subset of cells differentiate, i.e., express proteins
characteristic of the differentiated state, without fusing (my-
ocytes), a phenomenon that can be induced by maintaining
sparse cultures of myoblasts in medium containing cytoch-
alasin B (38) or medium poor in growth factors (9 and
references therein). In these myocytes, Ca’*-ATPase
expression was induced and the protein was routed to the
nuclear envelope and cytoplasmic vesicles (Fig. SC). This
resembled the distribution of the enzyme in C2FCa2 cells
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and suggested that the apparatus involved in localizing
Ca?*-ATPase in the mouse cells correctly situates the exog-
enous (chicken) enzyme.

The identity of the organelle to which the avian Ca*-
ATPase is targeted was suggested by experiments using the
fluorescent cyanine dye DiOCg(3), which, when used in high
concentrations (0.5 to 2.0 pg/ml), labels the ER and mito-
chondria (46). C2FCa2 cells stained in this way (Fig. 5D)
exhibited a pattern very similar to that seen with anti-avian
Ca?*-ATPase IgG (Fig. 5B), with label appearing on the
nuclear envelope and membrane vesicles, as well as the
characteristic meshwork of ER best visualized at the cell
periphery (Fig. SE). Mitochondria appeared as small, in-
tensely stained structures that did not label with anti-Ca?*-
ATPase antibodies. Slight differences between the two stain-
ing patterns may have arisen because of the detergent
permeabilization of the cells labeled with the antibodies. The
broad fluorescence emission of DiOC¢(3) precluded double
labeling.

The mass (100 kDa), antibody-binding characteristics, and
subcellular localization of the protein product of FCa lead us
to conclude that the avian Ca®*-ATPase is being expressed
and that it contains the structural information necessary for
targeting to the correct endomembranes in mouse myo-
blasts.

DISCUSSION

We have reported the isolation and expression in cultured
myoblasts of a cDNA encoding an avian Ca2*-ATPase. The
assignment of the protein encoded in this cDNA as the
fast-twitch fiber isoenzyme is based on several criteria: (i)
hybridization of the cDNA to RNA from tissues expressing
known isoforms, (ii) comparison of the deduced protein
sequence with those of the mammalian Ca?*-ATPases, and
(iii) antigenic properties of the avian Ca?*-ATPase ex-
pressed in transfected mouse cells.

The cDNA hybridized to RNA isolated from skeletal
muscle (consisting mainly of fast-twitch fibers) but not at any
stringency tested to cardiac RNA, which encodes the other
known isoform, designated the slow/cardiac Ca®*-ATPase
(24). This result indicated that FCa encoded the fast Ca?*-
ATPase but also prevented its use as a probe for the
slow/cardiac avian Ca®>*-ATPase. Avian isoforms may differ
more than the mammalian counterparts, which cross-hybrid-
ized under conditions of moderate stringency (6).

Comparison of the deduced protein product of the avian
cDNA with the rabbit Ca2*-ATPases (5, 6, 24) indicated the
highest degree of similarity to the adult fast isoenzyme,
which shared amino acid identity at 91% of the residues (96%
if conservative changes are not considered). Identity was
especially high between the enzymes of the two species in
the putative membrane-spanning domains with the exception
of M10, which diverged at 7 of the 22 residues but differed in
charge at only one position (Ala to His at the first amino acid
of the M10 domain). The similarity of the chicken and rabbit
Ca2*-ATPases serves to support the structural model pro-
posed by Brandl et al. (6). The domains involved in phos-
phorylation and nucleotide binding, as well as all of the
acidic residues common to the mammalian fast and slow/
cardiac enzymes that are postulated to participate in Ca®*
binding and transduction, are conserved in the avian Ca2*-
ATPase. Interestingly, the avian Ca?*-ATPase resembled
the mammalian adult isoform at the COOH terminus, the
only site at which adult and neonatal enzymes of the rabbit
differ, as a result of 3’ splicing of the encoding mRNAs (5).
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This was surprising in that FCa was obtained from a library
constructed with late-embryo RNA. This finding may indi-
cate that the avian neonatal-to-adult Ca2*-ATPase transition
occurs earlier than in mammals or that no such splicing event
takes place in birds.

Recently, cDNAs encoding rabbit Ca?*-ATPase isoforms
were transiently expressed in COS-1 cells in an analysis of
the catalytic domains of the enzyme (26). The subcellular
distribution of the exogenous Ca®*-ATPase was not deter-
mined. It was our aim to establish mammalian muscle cell
lines stably expressing avian Ca2*-ATPase as a means to
study the biosynthesis and insertion of the enzyme into the
SR. Mouse myogenic cells (C2C12 line) stably transfected
with the chicken Ca?*-ATPase cDNA (C2FCa2 cells) ex-
press a protein of ~100 kDa that is recognized by a mono-
clonal antibody specific for the avian fast isoform of this
enzyme. The subcellular localization of this protein, as
revealed by fluorescence microscopy of permeabilized cells,
resembled that expected for the ER. Labeling was seen in a
population of vesicles distributed evenly throughout the
cytoplasm and in the nuclear envelope, generally considered
an extension of the ER. A subset of the vesicles may
represent calciosomes, discrete structures containing calse-
questrin and postulated to function in inositol 1,4,5-triphos-
phate-sensitive calcium release (47). These organelles con-
tain approximately 60% of the Ca®*-pumping activity in
nonmuscle cells. Since the C2FCa2 cells are undifferenti-
ated, they may resemble nonmuscle cells in their distribution
of Ca®*-ATPase.

A similar pattern was seen when the cells were stained
with the cyanine dye DiOC¢(3), which labels the ER (and
mitochondria) in a concentration-dependent manner (46).
Colocalization of DiOC4(3) with fluorescently tagged anti-
Ca?*-ATPase IgG was not possible for two reasons. First,
the treatment of cells with saponin, necessary to permeabi-
lize them to the antibody molecules, abolishes the ability of
the dye to intercalate into the ER (46). Second, the fluores-
cent emission of DiOC¢(3) overlaps that of both rhodamine
and fluorescein, the fluorochromes most commonly used for
immunodetection. The use of cells permeabilized by nitro-
cellulose overlay (40) would alleviate the first problem but
not the second.

The ER is homologous to the normal organelle in which
this Ca®*-ATPase isoform is resident, the SR. Since the
C2FCa2 cells were undifferentiated, the ER would be the
predicted target membrane of the Ca2?*-ATPase. Ca’*-
ATPase activity is associated with the ER of nonmuscle cells
(17), although the structural properties of this enzyme in
chicken tissues more closely resemble those of the slow/
cardiac isoform (Kaprielian and Fambrough, submitted).
Nuclear envelope labeling is observed in all tissues in which
we can detect enzyme expression with anti-Ca®>*-ATPase
IgGs (19). The significance of this is not clear, although this
membrane is postulated as the site of synthesis of the
crystalloid ER which is induced in CHO cells by 3-hydroxy-
3-methylglutaryl coenzyme A reductase overexpression
(32). The possibility exists that Ca>*-ATPase is inserted first
into the nuclear membrane and then distributed throughout
the ER.

That the avian Ca?*-ATPase appears in the ER of trans-
fected mouse myoblasts suggests that targeting determinants
within the enzyme are correctly recognized by the sorting
apparatus of the mouse cells. Sequences that are necessary
for retention in the ER have recently been described for
several proteins. Four soluble proteins share a four-amino-
acid sequence (KDEL) at their COOH termini, which is
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sufficient to localize them in the ER and prevent their
secretion (30). This short sequence also is functional when
transferred to cathespin D, which normally is not found in
this organelle (33). The mechanism by which proteins bear-
ing this signal are retained in the ER appears not to involve
anchoring (7) but rather to involve retrieval of the proteins
after they exit the ER, probably from an early Golgi com-
partment (33). Targeting sequences have also been identified
in integral membrane proteins that reside in the ER (31, 34,
41). In these cases, no consensus exists for the location of
these signals within the proteins, as they are found variously
in membrane-spanning regions (34, 41) and cytoplasmic
tracts (31). Consequently, mechanisms by which membrane
proteins are localized in the ER are yet to be defined.

None of the targeting sequences identified in other ER
proteins appear in the avian Ca?>*-ATPase. Therefore, we
seek to identify domains involved in targeting the Ca2*-
ATPase to the ER by transfecting mouse cells with system-
atically mutated cDNAs and monitoring the subcellular
locations of the protein products. We had hoped that by
transfecting the avian cDNA into a murine myogenic cell
line, which would express an immunologically distinct
(mouse) Ca?*-ATPase upon differentiation in vitro, we
would have a system in which two discernible Ca?*-
ATPases would be present; the endogenous enzyme could
act as an internal marker of correct targeting. However, in
contrast to the parent C2C12 cells, C2FCa2 cells do not
express a high level of the mouse fast Ca®>*-ATPase when
induced to differentiate in vitro (not shown). We are cur-
rently analyzing other independently isolated clones of
transfected C2C12 cells to determine whether this is a
general phenomenon. Regardless, the distinct pattern of
expression of the avian Ca2*-ATPase in mouse cells pro-
vides a convenient fingerprint for further studies to identify
ER-targeting domains.
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