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We describe the  analysis of two  quail cDNA clones 
representing  distinct  but closely related a-tropomyosin 
mRNAs.  cDNA clone cClOl corresponds to a 1.2-kil- 
obase RNA which accumulates to high levels during 
myoblast differentiation  and which encodes the major 
isoform of skeletal muscle a-tropomyosin. cDNA clone 
cC102 corresponds to a 2-kilobase RNA which is  abun- 
dant in cultured embryonic skin  fibroblasts  and which 
encodes one of two  a-tropomyosin-related  fibroblast 
tropomyosins of 35,000 and  34,000 daltons  apparent 
molecular mass (class 1 tropomyosins). The cC102 pro- 
tein is unique among reported nonstriated-muscle tro- 
pomyosins in being identical  in amino acid sequence to 
the major isoform of skeletal muscle a-tropomyosin 
over an  uninterrupted  stretch of at least 183 amino 
acids (residues 75-257). The  two  protein sequences 
differ in the COOH-terminal region beginning with 
residue 258. Because the  cClOl  and cC102 RNAs 
share  an extensive region (at least 373 nucleotides) of 
nucleotide sequence identity  upstream of the codon for 
residue 258,  they are likely  derived from a single gene 
by alternative RNA splicing, as was  recently proposed 
in the case of related &tropomyosin mRNAs in human 
fibroblasts and skeletal muscle  (MacLeod, A. R., 
Houlker, C., Reinach, R. C., Smillie, L. B., Talbot, K., 
Modi, G., and Walsh, F. S. (1985) Proc. Natl. Acad. 
Sci. U.S.A. 82,7835-7837). No a-tropomyosin-related 
RNAs are abundant in undifferentiated myoblasts. 
This suggests the possibility of a fibroblast-specific 
function, as opposed to a general nonmuscle-cell func- 
tion for class 1 tropomyosins and also has implications 
for  the  regulation of a-tropomyosin gene expression 
during embryonic development. 

Tropomyosins are a large family of structurally similar 
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proteins found in a wide variety of cell types including striated 
and smooth muscle (Cot6, 1983; Fine  and Blitz, 1975; Smillie, 
1979). Tropomyosin polypeptides are highly a-helical  proteins 
of characteristic  chain lengths, which form rod-like coiled- 
coil dimers associated with filamentous actin in the  thin 
filaments of the striated muscle sarcomere and in microfila- 
ments in smooth and nonmuscle cells (Smillie, 1979; Squire, 
1981; Taylor, 1979; Chamley-Campbell et al., 1977; Lazarides, 
1975; Lin et al., 1984; Schloss and Goldman, 1980; WehIand 
and Weber, 1980). In conjunction with troponin, tropomyosin 
plays a key  role in  the Ca2+ regulation of striated muscle 
contraction (Squire, 1981; Taylor, 1979). Because troponin 
does not appear to be present in other tissues than  striated 
muscle, the function of tropomyosin in smooth muscle and 
nonmuscle cells is not entirely clear (but see Cot6,  1983; 
Marston and Smith, 1985). 

Striated muscle contains at least five tropomyosin polypep- 
tides falling into two electrophoretic classes, a and p. These 
show differential expression both in the a:@ tropomyosin ratio, 
which varies characteristically from muscle to muscle, and in 
the existence of distinct isoforms of a- and @-tropomyosin in 
fast  and slow skeletal muscle fibers and in avian cardiac 
muscle (Billeter et al., Bronson and Schachet, 1982; Hayashi 
et al., 1977; Izant  and Lazarides, 1977;  Leger et al., 1976; 
Montarras et al., 1981; Steinbach et al., 1980). Smooth muscle 
contains a- and @-tropomyosins which are  distinct from those 
expressed in striated muscle (Hayashi et al., 1977; Helfman 
et al., 1984; Izant  and Lazarides, 1977; Montarras et al., 1981). 
Tropomyosins of nonmuscle cells also display heterogeneity 
(Giometti and Anderson, 1984). Four tropomyosins, all dis- 
tinct from striated muscle tropomyosins, have been identified 
in a single mammalian fibroblast cell line (Talbot  and 
MacLeod, 1983), and seven tropomyosins have been detected 
in embryonic avian fibroblast cultures (Hendricks  and Wein- 
traub, 1984; Lin et al., 1985). Thus,  the tropomyosin protein 
family consists of at least 10-15 distinct  but similar proteins 
showing a complex pattern of cell- and tissue-specific expres- 
sion. 

Besides the regulation implicit in the existence of multiple 
cell-type-specific tropomyosins, changes in tropomyosin iso- 
form expression have been observed within individual cell 
types. Avian fibroblasts transformed by Rous sarcoma virus 
show  specific quantitative  alterations in their  pattern of tro- 
pomyosin isoforms (Hendricks  and Weintraub, 1984; Lin et 
al., 1985). Differentiating skeletal muscle myoblasts activate 
the synthesis of muscle-specific tropomyosin isoforms during 
a general coordinate activation of muscle-specific contractile 
protein synthesis  (Montarras et al. 1981;  Devlin and Emerson, 
1979). The diversity of tropomyosin isoform expression pat- 
terns suggests important biological functions, but  the phys- 
iological significance of tropomyosin diversity has  not yet 
been elucidated, and the regulatory mechanisms that control 
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the expression of tropomyosin isoforms are unknown. 
Recent evidence indicates that mechanisms of alternative 

RNA splicing play a role in  the generation of tropomyosin 
isoform diversity in Drosophila (Basi et al., 1984; Karlik et al., 
1984) and in vertebrates (Ruiz-Opazo et al., 1985; Machod 
et al., 1985). In  the  rat a single a-tropomyosin gene gives rise 
to both  striated muscle and smooth muscle isoforms by alter- 
native RNA splicing (Ruiz-Opazo et al., 1985 and see also 
Fiszman et al., 1986). Similarly, alternative RNA splicing has 
been hypothesized to account for the production of skeletal 
muscle @-tropomyosin and  a  related fibroblast tropomyosin 
in humans (MacLeod et at., 1985). Results of this  nature have 
several important implications, including 1) that protein 
structural  features associated with striated muscle-specific 
tropomyosin functions (such as  troponin  interactions) may 
be entirely confined to limited, sharply defined molecular 
domains; 2) that individual tropomyosin genes are complex 
in their  structure  and expression; and 3) that  “striated mus- 
cle” tropomyosin gene transcription is not limited to  striated 
muscle  cells. 

In  the  present  paper we report the analysis of a-tropomy- 
osin cDNA clones obtained from embryonic quail skeletal 
muscle cultures. Our results  indicate that closely related 
mRNAs encode skeletal muscle a-tropomyosin and a major 
tropomyosin of embryonic skin fibroblasts and that these 
mRNAs are likely derived by alternative RNA splicing path- 
ways  from a single gene. These  results  contribute new infor- 
mation  consistent with alternative splicing of fibroblast and 
skeletal muscle tropomyosin mRNAs. They also indicate that 
the fibroblast/skeletal muscle alternative RNA splicing mech- 
anism was established in evolution prior to both the bird/ 
mammal divergence and  the a-tropomyosin/@-tropomyosin 
divergence. Our characterization of quail  fibroblast tropomy- 
osins demonstrates the existence of a major class of a-tropo- 
myosin-related proteins of 35,000 and 34,000 daltons  apparent 
molecular mass (class 1 tropomyosins). One of these bears an 
unprecedented similarity  to skeletal muscle tropomyosin, 
being identical in sequence over a continuous length of at 
least 183 amino acids, but differing in  the COOH-terminal 
region. Our results also show that no a-tropomyosin-related 
transcripts accumulate in undifferentiated myoblasts. This 
suggests the possibility of a fibroblast-specific function of 
class 1 tropomyosins and  indicates that e-tropomyosin gene 
expression is subject to multiple developmental controls  in- 
volving mechanisms that regulate both the relative utilization 
of alternative RNA splicing pathways and  the overall levels 
of mRNA accumulation. 

MATERIALS AND  METHODS 

Cell Cultures-Cell cultures were established from embryos of the 
Japanese quail, Coturnix coturnix. Muscle cultures were established 
from the breast musculature of day 10 embryos as described by 
Konigsberg (1979). The cultures were harvested 2 days after the 
second plating for myoblast material and 5 days after plating  for 
differentiated muscle  cell material. Fibroblast primary cultures were 
established from the back skin of day 9 embryos, by mincing, trypsin- 
izing, and plating 5 X IO6 cells/100-mm diameter  culture dish. Cul- 
tures were harvested 4-6 days after plating. The medium used for 
muscle and fibroblast cultures was Minimal Essential Medium 
(Gibco) containing 5% chicken embryo extract and 15% horse serum. 
RNA was extracted by lysis with SDS’ and phenol extraction (Devlin 
and Emerson, 1979). To harvest  material for protein analysis, cell 
layers were rinsed three  times with saline G and lysed directly into 
SDS gel sample buffer. 

Protein Analysis-Actomyosin was prepared from adult quail leg 
muscle by two cycles of extraction with 0.6 M KC1 and precipitation 

The abbreviations used are: SDS, sodium dodecyl sulfate; bp, base 
pair; kb, kilobase. 

from 0.1 M KCl. Tropomyosin was purified from human platelets 
(Cohen and Cohen, 1972; Fine  et al., 1973) and from adult quail 
breast muscle (Hartshorne and Mueller, 1969). 

SDS-polyacrylamide gel electrophoresis was done by the method 
of Laemmli (Laemmli, 1970) using 10% acrylamide, 0.4% bisacryl- 
amide gels. Two-dimensional urea-shift gel electrophoresis was done 
as described by Carmon et al. (1978).  Gels (other than those used for 
immunoblotting) were stained with Coomassie Blue and those con- 
taining %-labeled proteins were also fluorographed either by the 
method of Bonner and Laskey (1974) or by the use of ENHANCE 
(New England Nuclear). Western Immunoblot analysis was done 
according to the method of Towbin et al. (1979) using the mouse 
monoclonal antibody 3F9 and visualizing immunoreactive material 
with a peroxidase-coupled second antibody. The 3F9 antibody, an 
IgG raised against addt  quail breast tropomyosin, was produced in 
Dr. I. R.  Konigsberg’s lab, University of  Virginia. 3F9 recognizes a 
wide variety of tropomyosins including a- and b-tropomyosins from 
quail skeletal muscle and from human  platelets (see Fig. 6). 

DNA Sequence Analysis-Isolation of the tropomyosin cDNA 
clones cCl01  and cC102 has been described (Hastings and Emerson, 
1982a,  1982b). These are oligo(dT1-primed cDNAs of differentiated 
muscle culture poly(A+) RNA inserted by G, C tailing into  the PstI 
site of pBR322. Complete sequences of cClOl and cC102  were ob- 
tained by the method of Maxam and Gilbert (1977)  by either 5 ‘ -  
labeling at  the HindIII sites (see Fig. 1) or by 3”labeling at Pstl sites 
at  the ends of the cDNA inserts  or at BglI sites in the pBR322 
plasmid vector. Note that a previously reported partial sequence 
(Hastings and Emerson, 1982a) contains an error  in the codon for 
amino acid 174; the correct sequence is shown in Fig. 1. 

Analyses Using cDNA  Clones-For Northern blot analysis RNA 
samples were electrophoresed in methyl mercury/agarose gels, trans- 
ferred to diazophenylthioether paper, and hybridized with cDNA 
clones 32P-labeled by nick-translation (Alwine et al., 1977; Seed, 1982; 
Wahl et d., 1979). The final wash following hybridization was in 0.1 
x SSC at 65 ‘C. 

Hybridization-translation analysis was done as decribed by (Ric- 
ciardi et al., 1979). Hybridization was at 42  ‘C in 50% formamide, 
and  the final wash was 1 X SSC at 60 ‘C. Recovered RNA was 
translated  in a nuclease-treated rabbit reticulocyte lysate  containing 
[36S]methionine. 

S1 nuclease protection analysis was done as described by Berk and 
Sharp (1977). Probes were labeled at HindIII sites by 3”fill-in with 
DNA polymerase Klenow fragment in the present of dATP, dGTP, 
and  [cY-~*P]~CTP (Maniatis  et al., 1982). Size markers were provided 
by a polynucleotide kinase 32P-labeled HinfI digest of the plasmid 
pKH47 (Hayashi, 1980). 

RESULTS 

cDNA Clones Representing Distinct Tropomyosin mRNAs- 
cClOl and cC102 are tropomyosin cDNA clones isolated from 
a library representing poly(A+) RNA extracted from differ- 
entiated cultures of embryonic quail skeletal muscle cells 
(Hastings  and Emerson, 1982a, 1982b). The complete DNA 
sequences of cClOl  and cC102  were determined and  are shown 
in Fig. 1. These data indicate that  the cDNA clones represent 
two distinct  but very  closely related mRNA  species. 

The 456  bp  mRNA fragment cloned in cCl0l encodes 
skeletal muscle a-tropomyosin from amino acid 134 to  the 
COOH terminus of the protein (residue 284) and includes the 
stop codon TAA and 9 bp of 3’-untranslated mRNA sequence. 
The encoded protein sequence is identical to the correspond- 
ing sequence of the major skeletal muscle a-tropomyosin of 
the chicken, as deduced from chick leg  muscle  cDNA clones 
(MacLeod, 1982). There are only five single base differences 
between the 456-bp sequence of cClOl  and the corresponding 
chicken cDNA sequence. Thus, we can conclude with a high 
degree of certainty  that cClOl is  a  partial copy  of an mRNA 
encoding the major skeletal muscle of a-tropomyosin of the 
quail. 

The 566-bp mRNA fragment cloned in cC102 encodes a 
tropomyosin sequence corresponding to amino acid residues 
75-261. Between residue 75 and residue 257, the cC102protein 
is identical to  the chicken major skeletal a-tropomyosin. 
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FIG. 1. DNA sequencesof tropo- B
myosin cDNA clones cCIOl and
cCI02. The overlap relationshipsof
cClOl, cCl02, and the a-tropomyosin
polypeptideareshownin panel A. The
DNA andcorrespondingaminoacidse
quencesof cClOl andcCl02areshown
in panel B. Upstreamof codon258,
wherebothcDNAcloneshaveidentical
sequences,only a single sequenceis
shown.The G, C homopolymertails at
the endsof the inserts(about20 resi
dues)introducedduringcloningarenot
indicated.
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However, following amino acid 257 the cCI02 protein se
quencedivergesmarkedly from any known skeletalmuscle
tropomyosinsequence.It is not identical to any published
tropomyosin sequence,but it resemblescorrespondingse
quencesof plateletandsmoothmuscletropomyosinsin having
a lysine at residue259 andglutamineor histidineat residue
262(Lewis et al., 1983;Ruiz-Opazoet al., 1985).Thus,cCI0l
and cCI02 representtwo distinct mRNA speciesencoding
distincttropomyosinisoforms.ThecCI0l mRNA encodesthe
major skeletal muscle a-tropomyosin,whereasthe cCI02
mRNA encodesa closelyrelated,previouslyuncharacterized,
proteinsequence.

An intriguing featureof thesecDNA sequencesis thatover
the373bp wherecCI0l andcC102overlapandcorrespondto
the sameproteinsequence(i.e. upstreamof residue258),the
two nucleicacidsequencesare identical,whereasdownstream
of the codonfor residue257theyare markedlydifferent.

FibroblastandMuscleCellTropomyosinmRNAs-Although
musclefibers are the predominantcell type in differentiated
quail musclecultures,thereremainsa significantnumberof
undifferentiatedmyoblastsas well as a small number of
fibroblasts (usually less than 5-10% of the total numberof
cells). In orderto assessthe possibility thatcC102may have
been derived from the fibroblast population,primary fibro
blast culturesfree of musclecells were establishedfrom the
skin of quail embryos.RNA wasextractedfrom the fibroblast
culturesandfrom muscleculturesbefore andafter differen
tiation andalso from severalskeletalmusclesof adult quail.
RNA sampleswere probedfor the presenceof RNAs fully
complementaryto cCI02 (andcCI0l) by 81 nucleaseprotec
tion analysis.

81 NucleaseAnalysis-Toprepareprobesspecificfor cCI0l

and cCI02 RNAs both cDNA clones were cut and 3'-end
labeledat the HindIII site correspondingto codons168 and
169 (seeFig. 1). Following a secondcut in the vector DNA,
probe fragmentswere isolatedcorrespondingto the mRNA
region downstreamof the HindIII site. Theseprobesassay
mRNA sequencecomplementarityin the region beginningat
codon169andcontinuingin a 3'-directionasfar asthecDNA
sequenceextends. Hybridization to fully complementary
mRNAs would result in fully protectedcDNA fragmentsof
360 basesin the caseof cCI01 and283 basesin the caseof
cCI02. Cross-hybridizationof cC101 RNA with the cC102
probe, or vice versa,would be expectedto result in partially
protectedprobefragmentsof 270bases.

When differentiatedmuscle culture RNA was hybridized
with thecCIOl probe,themajor81 nuclease-resistantproduct
(360bases)correspondedto full-lengthprotectionof theprobe
(Fig. 2A, lane2). Undoubtedly,thefully complementaryRNA
providingfull-length protectionof theprobein theRNA from
which cClOI was originally derived, i.e. skeletalmuscle a
tropomyosinmRNA. This fully complementaryRNA also is
abundantin adult muscle RNA (Fig. 2A, lane 3), but was
undetectablein fibroblast RNA (Fig. 2A, lane 4). However,
fibroblast RNA did containa relatedRNA species,revealed
by the protectionof a 270-basecCI0l probe fragment (Fig.
2A, lane4). This relatedRNA speciesconsistedof cCI02RNA
as shown by the exclusive productionof full-length 81 nu
clease-resistantproduct (283 bases)when the cCI02 probe
wasused (Fig. 2B, lane 4). RNA fully complementaryto the
cCI02probewasalsodetectedin differentiatedmuscleculture
RNA (Fig. 2B, lane 2), asexpected,sincethis wastheoriginal
sourceof the cDNA clone. However,the cC102RNA (repre
sentedby the 283-baseband in Fig. 2B, lane 2) in muscle
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FIG. 2. Analysis of a-tropomyosin-related RNAs by SI nu- 

clease protection using probes derived from cClOl (A) and 
cC102 (B). The RNA samples were from lane I, undifferentiated 
muscle cultures; 2, differentiated muscle cultures; 3, adult  breast 
muscle; 4, skin fibroblast cultures; 5, adult liver; and 6, no added 
RNA. Product  estimated  chain  lengths (in bases) are indicated. Note 
the lane numbering in panel A .  The drawings below illustrate the 
probes and expected protected fragment sizes (in bases). Probes were 
3'-labeled (indicated by terminal  circks) at  the Hind111 sites corre- 
sponding to residues 168/169 and were second cut within pBR322 
vector sequences (indicated by thin  interrupted lines) with the restric- 
tion enzymes indicated. cDNA insert sequences are indicated by thick 
bars and  the regions of divergent COOH-terminal sequences are 
shown in black. Products expected from full-length protection and 
from protection up to  but  not including the regions of divergent 
sequences are indicated. The presence of small  amounts of greater- 
than-full-length (360 bases) products in lanes 2 and 3, panel A,  results 
from complete removal by SI nuclease of pBR322 sequences, but 
incomplete removal of the poly(G) linker at  the  end of the cDNA 
sequence in the probe. This could reflect either  inherent resistance 
of the poly(G) sequence to SI nuclease digestion or hybridization to 
a C-rich sequence in the mRNA. Minor less-than-full-length products 
in lanes 2 and 3 may indicate the presence of additional minor a- 
tropomyosin-related RNAs and/or RNA degradation before or during 
the hybridization reaction. 

cultures was less abundant  than  the cClOl RNA (represented 
by the 270-base band). Moreover, cC102 RNA was not de- 
tectable in  adult muscle RNA (although  cClOl RNA was;  Fig. 
2B, lane 3) and was more abundant  in fibroblast RNA than 
in differentiated muscle culture RNA (Fig. 2B, lanes 2 and 4).  
The presence of an  abundant fibroblast RNA fully comple- 
mentary to  the cC102-specific probe  indicates that cC102 
RNA is expressed in fibroblasts and suggests a  fibroblast 
origin for the cC102 cDNA clone. 

Myoblast RNA isolated from undifferentiated muscle cul- 
tures provides very little protection, either  partial or full 
length, to  either  the  cClOl or cC102 probes (Figs. 2, A and B, 
lane I). Liver RNA provides no  detectable  protection at  all 
(Fig. 2, A and B, lane 5). 

Northern Blot Analysis-Tropomyosin RNA expression in 
muscle and fibroblast cells was also examined by Northern 
blot hybridization using  nick-translated cC102 as  the hybrid- 

ization probe. Fig. 3 shows that cC102 hybridizes with two 
abundant RNA species. One of the RNA species, approxi- 
mately 2  kb  in  length, was abundant in  fibroblast RNA (Fig. 
3A, lane I). Much smaller amounts of the 2-kb RNA were 
present in  differentiated muscle culture RNA (Fig. 3A, lane 
3).  A second RNA species, approximately 1.2 kb in length, 
was abundant  in differentiated muscle culture RNA, but  not 
in fibroblast RNA. Neither  the 2-kb  nor the 1.2-kb RNA 
species were abundant  in myoblast RNA (lane 2). 

The hybridization and wash conditions used for Fig. 3 are 
of high stringency. When the  Northern blot results of Fig. 3 
are compared with the SI nuclease analysis of Fig. 2, the 
relative abundances of the 1.2 and 2-kb RNA species in 
fibroblast and differentiated muscle culture RNA indicate 
that  the 1.2-kb RNA corresponds to  the  cClOl cDNA clone 
and  the 2-kb RNA corresponds to  the cC102 cDNA clone. 

Analysis of Tropomyosin Polypeptides-The nature of the 
proteins encoded in  the  abundant a-tropomyosin-related 1.2 
and 2-kb RNAs was examined by hybridization-translation 
analysis. cC102 DNA affixed to nitrocellulose was used to 
select hybridizing RNA from fibroblast RNA and differen- 
tiated muscle culture RNA, and  the selected RNAs were 
translated  in vitro. As expected on the basis of the cClOl 
sequence data  and  the SI nuclease results, the hybrid-selected 
muscle culture RNA directed the synthesis of a 35,000-dalton 
protein that co-migrated with  skeletal muscle a-tropomyosin 
(Fig.  4, lane 5) .  The hybrid-selected fibroblast RNA directed 
the synthesis of two proteins of 35,000- and 34,000-dalton 
apparent molecular mass (Fig. 4, lane 3). The production of 
two proteins suggests the presence of two a-tropomyosin- 
related mRNAs in fibroblasts. Because Northern blot analysis 
(Fig. 3)  had shown only a single major a-tropomyosin-related 
RNA band of approximately 2 kb in fibroblast RNA, the two 
RNA species detected by in vitro translation  are apparently 
similar in size. One of the 2-kb mRNAs presumably corre- 
sponds to  the cC102 cDNA clone. 

The absence of a  detectable 34,000-dalton band from the 
hybridization-translation  products of muscle culture RNA 
(Fig.  4, lane 5) does not necessarily imply that  the 2-kb mRNA 
species encoding the 34,000-dalton protein is specifically ab- 
sent  in muscle cultures. Because of the low overall levels of 
2-kb RNA(s) in muscle culture RNA (see Fig. 3), only low 

A B 

1 2 3  1 2 3  

FIG. 3. Analysis of a-tropomyosin-related RNAs by North- 
ern blot hybridization. In panel A equal quantities  (25 pg) of RNA 
from lane I ,  fibroblast cultures; 2, undifferentiated muscle cultures, 
and 3, differentiated muscle cultures were analyzed by Northern blot 
hybridization with cC102 as  the probe. Estimated sizes (in kb) of 
hybridizing bands  are indicated. In panel B 2.5-pg samples from the 
same RNA preparation analyzed in panel A were electrophoresed in 
a similar gel and stained with ethidium bromide, to confirm the 
integrity and  the relative quantities of the RNAs examined in panel 
A.  18 S and 27 S ribsomal RNA bands are indicated. 
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FIG. 4. Hybridization-translation analysis of  a-tropomyo- 
sin-related RNAs. cClOl  and, as a  control, pBR322 were used to 
select complementary mRNA from either fibroblast RNA or differ- 
entiated muscle culture RNA. The hybrid-selected RNA was trans- 
lated in vitro, and  the products were analyzed by SDS-polyacrylamide 
gel electrophoresis and fluorgraphy. Lane 1 shows endogenous prod- 
ucts of the translation system. Lanes 2 and 3 show translation 
products of fibroblast RNAs selected by either pBR322 ( l a n e  2) or 
cC102 ( l a n e  3). Lanes 4 and 5 show translation  products of muscle 
culture RNAs selected by either pBR322 ( l a n e  4) or cC102 ( l a n e  5). 
The positions of the molecular mass markers  (with molecular masses 
indicated in  thousands of daltons) and quail skeletal muscle (skm) 
and human platelet (p i t )  tropomyosins are indicated. 

levels of 2-kb  RNA translation products, whether 35,000 or 
34,000 daltons, would  be expected. The abundant 35,000- 
dalton protein in Fig.  4, lane 5, is presumably skeletal muscle 
a-tropomyosin produced  from the 1.2-kb a-tropomyosin 
mRNA that is abundant in muscle culture RNA (see Fig. 3). 

In order to determine whether the 35,000- and 34,000- 
dalton hybridization-translation products corresponded to 
major fibroblast tropomyosins, we characterized tropomyosin 
proteins in fibroblast cultures. 

It is a characteristic feature of tropomyosin that their 
electrophoretic mobilities in SDS gels are retarded in the 
presence of urea. This unusual feature is exploited in a two- 
dimensional gel technique developed  by Carmon et al. (1978) 
in  which tropomyosins can be identified in complex mixtures 
of proteins. Two-dimensional urea-shift gel analysis of the 
total proteins extracted from cultures of embryonic quail skin 
fibroblasts indicated four  possible  major tropomyosins, la- 
beled lA, 1 B, 2A, and 2B in Fig.  5. Apparent molecular  masses 
based  on  mobility in the second electrophoretic dimension 
(without urea) were estimated as 35,000 and 34,000  for tro- 
pomyosins 1A and IB, respectively, and 31,000 for tropomy- 
osins 2A and 2B whose apparent molecular  masses  differ by 
less than 1000 daltons. 

In  an independent approach we used the monoclonal anti- 
body  3F9  which  recognizes an epitope present on  many, and 
perhaps all, tropomyosins (see "Materials and Methods").  3F9 
reacted with  four principal (and several minor) bands in a 
fibroblast whole  cell lysate analyzed by immunoblot electro- 
phoresis (Fig. 6, lane 2). The largest of the four  major  3F9- 
reactive proteins had a mobility similar to skeletal muscle a- 
tropomyosin, and hence has an apparent molecular mass of 
35,000 daltons. Two 3F9-reactive proteins formed a closely 
spaced  doublet  having a mobility similar to  the P-component 
of human platelet tropomyosin, i.e. corresponding to a 31,000- 
dalton apparent molecular  mass. The fourth major  3F9-reac- 

21 - 
1 

FIG. 5. Two-dimensional  urea-shift  electrophoretic  analy- 
sis of fibroblast  tropomyosins. Fibroblast  cultures were dissolved 
directly in SDS gel sample buffer and analyzed by the two-dimen- 
sional technique of Carmon et al. (1978). SDS was present  in both 
dimensions of electrophoresis; dimension 1 also contained 5 M urea. 
Tropomyosins IA, lB ,  2A and 2B are indicated. 
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FIG. 6. Western  immunoblot analysis of fibroblast  tropo- 
myosins. Protein samples were  dissolved in SDS gel sample buffer, 
subjected to electrophoresis, electrophoretically transferred to nitro- 
cellulose, and probed with the antitropomyosin monoclonal antibody 
3F9. The protein samples analyzed were: lane 1 ,  actomyosin prepared 
from adult quail leg  muscle; lane 2, whole cell lysate of cultured 
fibroblasts; and lane 3, human  platelet tropomyosin. a- and p-iso- 
forms of the skeletal muscle and platelet tropomyosins are indicated. 

tive protein had a mobility intermediate between the 35,000- 
and 31,000-dalton proteins corresponding to a 33,000-34,000- 
dalton apparent molecular  mass. 

The molecular mass distribution of major  3F9-reactive fi- 
broblast proteins corresponds with the molecular  mass distri- 
bution of major fibroblast proteins showing the distinctive 
tropomyosin urea-shift on two-dimensional electrophoresis. 
These two independent approaches indicate major  tropomy- 
osin proteins of  35,000 and 34,000 daltons (tropomyosins 1A 
and 1B) and a closely  spaced doublet of approximately 31,000 
daltons (tropomyosins 2A and 2B). The concordance in mo- 
lecular mass estimates suggested that  the 35,000- and 34,000- 
dalton hybridization-translation products of the 2-kb fibro- 
blast RNAs in Fig.  4, lane 3, correspond to tropomyosins 1A 
and IB, and  this was confirmed  by their co-migration on two- 
dimensional urea-shift gels (not shown). These results define 
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two classes of major quail skin fibroblast tropomyosins. One 
class (class 1 tropomyosins) consists of two proteins of 35,000 
and 34,000 daltons  apparent molecular mass whose mRNAs 
are closely related to skeletal muscle a-tropomyosin mRNA. 
The second class (class 2 tropomyosins) consists of two pro- 
teins of very similar apparent molecular masses close to 31,000 
daltons. 

DISCUSSION 

Tropomyosin isoforms differing at  the COOH terminus  are 
produced by alternative RNA splicing mechanisms in Droso- 
phila (Basi et al., 1984; Karlik et al., 1984) and  the  rat (Ruiz- 
Opazo et al., 1985). The juxtaposition of identical and highly 
divergent sequence blocks of cClOl  and cC102 is good evi- 
dence for a similar mechanism in birds (see also Fiszman et 
al., 1986). cClOl  and cC102 RNAs are  apparently derived by 
alternative RNA splicing from a single gene with the  alter- 
native RNA splice point being, as  it is in  a Drosophila tropo- 
myosin gene (Basi et al., 1984; Karlik et al., 1984), within 
codon 258. Upstream of codon  258 the cClOl and cC102 
RNAs have identical sequences for at least 373 nucleotides 
and are presumably derived from common exons, whereas 
downstream of this  point different exons are used in the two 
RNAs. The tropomyosin gene represented by cClOl and 
cC102 is unambiguously identified as  that encoding the major 
(presumably fast fiber type) isoform of skeletal muscle a- 
tropomyosin. 

One of the quail a-tropomyosin mRNAs, the 1.2-kb cClOl 
RNA, accumulates to high levels during myoblast differentia- 
tion,  is  present in adult  skeletal muscle, and encodes a  protein 
identical to  the major isoform of skeletal muscle a-tropomy- 
osin over the entire coding length of the cC101 cDNA, from 
residue 134 to  the COOH-terminal residue 284. The cClOl 
RNA is undoubtedly responsible for the synthesis of the major 
isoform of skeletal muscle a-tropomyosin  both  in differen- 
tiating embryonic muscle cells and  in adult muscle fibers. It 
is  a muscle-specific RNA that is not  present in embryonic 
skin fibroblast cultures, or in liver. 

In  contrast with the 1.2-kb cClOl RNA, the alternatively 
spliced 2-kb cC102  RNA is not  present in adult muscle and 
is more abundant  in embryonic skin fibroblast culture RNA 
than  in muscle culture RNA. Its expression in fibroblasts 
shows that cC102 RNA is not  a muscle-specific RNA species. 
Moreover, the low levels of cC102  RNA in muscle cultures 
must be derived at least in part from the small  proportion of 
fibroblasts that  are always present. The  apparent increase in 
levels of cC102 RNA during myoblast differentiation seen in 
Fig. 2 may reflect an increasing proportion of fibroblasts as 
these cells continue to proliferate while myoblasts withdraw 
from the cell  cycle and differentiate. However, we cannot 
exclude the possibility that differentiated muscle cells in 
culture may also produce low levels of cC102  RNA. 

Our analysis of the cClOl and cC102 cDNA clones suggests 
that a fibroblast and a skeletal muscle tropomyosin are de- 
rived from a single a-tropomyosin gene  by alternative RNA 
splicing affecting the COOH-terminal region beginning with 
codon 258. Recently MacLeod et al. (1985) have presented 
similar evidence based on cDNA clone sequence analysis for 
alternative RNA splicing of a  human skeletal muscle @-tro- 
pomyosin and  a  human fibroblast tropomyosin. Taken  to- 
gether, these comparable results in different vertebrate classes 
form a convincing body  of evidence for fibroblast/skeletal 
muscle alternative RNA splicing. Moreover, they indicate that 
alternative RNA splicing of fibroblast and skeletal muscle 
tropomyosins was developed in evolution prior to both the 

bird/mammal divergence and  the a-tropomyosin/@-tropomy- 
osin divergence. 

Beyond the fundamental similarities of fibroblast/skeletal 
muscle alternative splicing in quail a-tropomyosin and  human 
@-tropomyosin, there  are differences. The alternatively spliced 
human fibroblast @-tropomyosin mRNA differs from the skel- 
etal muscle mRNA not only in  the COOH-terminal exon, but 
also in  an  internal sequence block encoding residues 188-213 
(MacLeod et al., 1985). In  contrast, the quail fibroblast a- 
tropomyosin RNA  does not differ from the skeletal muscle 
mRNA in this region (see also below). An additional difference 
is that whereas the human fibroblast @-tropomyosin mRNA 
is relatively small, 1.1 kb, the quail fibroblast a-tropomyosin 
mRNA is relatively large, 2 kb. This RNA size difference 
presumably reflects greatly differing lengths of untranslated 
sequence at  the 5’- and/or 3”ends. 

Translation of the fibroblast RNA hybridizing to  the cC102 
cDNA clone produced two major fibroblast tropomyosins 1A 
and IB (class 1 tropomyosins). This result indicates that 
cC102  RNA encodes either tropomyosin 1A or 1B (and sug- 
gests that along with cC102 RNA there is present  in fibro- 
blasts  another 2-kb a-tropomyosin-related mRNA that  en- 
codes the other class 1 tropomyosin). (The protection of only 
one major S, nuclease-resistant cC102 probe fragment by 
fibroblast RNA  (Fig. 2) implies either that  the two class 1 
tropomyosin mRNA species are indistinguishable in the re- 
gions represented by the cC102 probe, or that they differ in 
sequence at or near the labeled end of the probe so that 
hybridization of the cC102 probe with the second RNA species 
would result in no labeled SI nuclease-resistant product, or 
one that was undetectably short.) From the cDNA sequence 
the cC102 protein  (either tropomyosin 1A or 1B) is identical 
to  the major  isoform of skeletal muscle a-tropomyosin from 
the beginning of the sequence at residue 75 to residue 257, 
but differs from it  in  the COOH-terminal region beginning at 
residue 258. 

The cC102 protein sequence is unique among non-striated- 
muscle tropomyosins in its identity with skeletal muscle a- 
tropomyosin over an uninterrupted  stretch of at least 183 
amino acids, residues 75-257. Alternatively spliced non- 
striated-muscle tropomyosins thus far reported in mammals 
differ from the corresponding striated muscle isoforms not 
only in the COOH terminus,  but also in discrete internal 
sequence blocks, residues 41-80 in  a  rat smooth muscle a- 
tropomyosin (Ruiz-Opazo et al., 1985), and residues 188-213 
in a  human fibroblast @-tropomyosin (MacLeod et al., 1985). 
The blocks of different “striated” and “nonstriated” sequences 
presumably correspond to alternatively spliced exons in the 
corresponding genes (MacLeod et al., 1985; Ruiz-Opazo et al., 
1985). The presence of skeletal muscle a-tropomyosin se- 
quences in the correspondmg regions (where these can be 
compared) of the cC102 fibroblast tropomyosin suggests either 
that  the quail a-tropomyosin gene lacks such alternative 
nonstriated exons, or that there is considerable flexibility in 
the choice of various alternative exon combinations, implying 
that a relatively large number of distinct  transcripts  and 
proteins could be produced from a single tropomyosin gene. 
Structural analysis of the quail a-tropomyosin gene, currently 
underway, will  resolve this question. 

The unprecedented structural similarity of the cC102 pro- 
tein  and skeletal muscle a-tropomyosin has implications for 
the  structural correlates of striated muscle uersus nonstriated- 
muscle tropomyosin functions. The chief site of troponin 
interaction on skeletal muscle tropomyosin is at or  near the 
COOH terminus (Mak and Smillie, 1981; Pearlstone  and 
Smillie, 1982). Here the cC102 protein  and  other  nonstriated- 
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muscle tropomyosins (Helfman et al., 1984;  MacLeod et al., 
1985;  Ruiz-Opazo et al., 1985; Yamawaki-Kataoka and Helf- 
man, 1985) differ from striated muscle tropomyosins. How- 
ever, the tropomyosin sequence blocks 41-80 and 188-213 are 
also implicated in  aspects of troponin binding (MacLeod et 
al., 1985; Ruiz-Opazo et al., 1985). The presence of skeletal 
muscle tropomyosin sequences in these blocks of the cC102 
protein sequence (where the comparison can be made) implies 
that these particular  amino acid sequences must act not only 
as  troponin  interaction  sites  in  striated muscle tropomyosin, 
but also in the troponin-independent functions of the cC102 
protein  in fibroblasts. 

Northern  blotting  and SI nuclease analyses show  no appre- 
ciable accumulation of either fibroblast or skeletal muscle a- 
tropomyosin mRNAs in proliferating myoblasts. Consistent 
with the lack of accumulation of a-tropomyosin-related 
RNAs, myoblast lysates probed with the antitropomyosin 
antibody 3F9  showed  very low amounts of tropomyosins IA 
and IB, although tropomyosins 2A and 2B were relatively 
abundant,  as well as  a tropomyosin of 37,000 daltons  apparent 
molecular mass which is only a very minor component in 
fibroblast lysates (data  not shown). Thus, myoblast tropo- 
myosin expression differs from that of fibroblasts both in the 
reduced or absent expression of a-tropomyosin-related iso- 
forms and in the increased expression of an additional isoform 
which is  not  transcribed from, or closely related to, the a- 
tropomyosin gene. This raises the possibility that  the function 
of class 1 tropomyosins may  be a fibroblast-specific one and 
not one of relevance to nonmuscle cells in general or to 
proliferating cultured cells in general. 

The presence of abundant  a-tropomyosin gene transcripts 
in fibroblasts and  in differentiated muscle  cells, but  not in 
undifferentiated myoblasts, also has implications for a-tro- 
pomyosin  gene regulation. Two possible developmental pro- 
grams are  consistent with these results: 1) a-tropomyosin 
gene expression is independently activated during myoblast 
differentiation  and at some unknown point  in the fibroblast 
cell lineage; 2) the gene is expressed in mesodermal precursors 
to  both fibroblast and muscle cell lineages and continues to 
be expressed in the fibroblast lineage, but is repressed during 
the developmental establishment of proliferating myoblast 
cells and is later derepressed during myoblast differentiation. 
It should be an important experimental goal to determine 
which  of these possible programs is actually operating, not 
only for what would  be learned about tropomyosin gene 
regulation, but also because this may provide new insight into 
the molecular events associated with the establishment of 
embryonic mesodermal cell lineages. 
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