
fects AkH+ by inhibiting a surface mem- References and Notes deleterious effects on the phagocytosis 
or oxygen burst activities, the morpholo- 
gy, the adherence to glass, or the density 
of cells within monolavers of either in- 
fected or uninfected macrophages. Since 
clomipramine is a lipophilic compound, 
it would most likely be absorbed through 
the macrophage surface membrane, and 
thus the values given in Fig. 1 probably 
revresent an underestimation of its effec- 
tive intracellular cidal concentrations. 

Clomipramine appears to be more tox- 
ic to L ,  donovani amastigotes within 
macrophages than to extracellular pro- 
mastigotes LDSO = 0.6 ? 0.08 and 
2.3 ? 0.35 pM, respectively) (Fig. 1). 
Since clomipramine uncouples oxidative 
phosphorylation in mammalian mito- 
chondria (6), it is possible that this drug 
also disrupts the ApH+ across the surface 
membrane of L. donovani. As a conse- 
quence, both promastigotes and amasti- 
gotes would cease to maintain pH ho- 
meostasis as well as the &pH+-driven 
processes (for example, active transport 
of solutes such as L-proline and D-glu- 
cose), which would result in cell death. 
Further, amastigotes that reside in the 
extremely acidic environment of macro- 
phage secondary lysosomes, would be 
rendered more sensitive to the effects of 
clomipramine than would promastigotes. 

Imipramine (150 pM) had essentially 
no influence on proline transport of L.  
donovani promastigotes (Table 3). Clo- 
mipramine, however, at low concentra- 
tions such as 10 pM (20 pmol per 1 x lo6 
cells) inhibited the transport of proline 
by 28 percent, whereas at 100 pM (0.20 
nmol per 1 x lo6 cells), transport was 
almost completely inhibited. Clomipra- 
mine is a more votent inhibitor of seroto- 
nin transport (11) and oxidative phos- 
phorylation (6) than is imipramine. The 
ionophores valinomycin and nigericin 
were used to assess whether clomipra- 
mine inhibited L-proline transport by un- 
coupling the &pH+ (Table 3). Addition of 
either valinomycin (0.5 pM) or nigericin 
(2 pM) to promastigotes resulted in par- 
tial inhibition of L-proline transport, 
which was related to the effect of valino- 
mycin on the membrane potential (A$) 
and of nigericin on the pH gradient 
(ApH), (3). However, concomitant addi- 
tion of nigericin (2 pM) and clomipra- 
mine (10 pM) resulted in a synergistic 
effect on the inhibition of proline trans- 
port. A similar significant synergistic in- 
hibition of L-proline transport (70 per- 
cent) was observed when valinomycin 
(0.5 pM) and clomipramine (10 pM) 
were used together. These results sug- 
gest that clomipramine affects both A+ 
and ApH. However, it remains to be 
determined whether clomipramine af- 
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A Single Troponin T Gene Regulated by Different 

Programs in Cardiac and Skeletal Muscle Development 

Abstract. A cloned complementaiy DNA derived from a messenger RNA tran- 
siently present at low abundance levels in early chick embryonic skeletal muscle 
hybridizes to a messenger RNA present at high abundance levels in cardiac muscle. 
Genomic DNA hybridization and nucleotide sequence identity of complementary 
DNA's from both heart and skeletal muscle demonstrate that the messenger RNA's 
from both sources are encoded by the same gene. The encoded polypeptide is a 
troponin T sequence which is probably a cardiac isoform. This single copy troponin T 
isogene is governed by dzfferent regulatory programs in heart and skeletal muscle 
differentiation. 

The contractile proteins of muscle are 
members of large families of related iso- 
proteins. In some cases the different 
members of an isoprotein family are so 
closely related that amino acid se- 
quences differ in only small regions. For 
example, within the six-member actin 
protein family found in birds and mam- 
mals there are only 27 amino acid differ- 
ences between the most widely diverged 
members, and the difference between 
muscle isoforms of actin can be due to as 
few as three amino acids (1). Despite this 
similarity in primary structure, each 
member of a contractile protein family is 
expressed in a highly tissue-specific, or 
developmental stage-specific, manner. 
During skeletal muscle differentiation, 
both the light chains (2) and heavy chains 
(3) of myosin as well as other muscle 
proteins (4) undergo complex, stage-spe- 
cific programs of isoform switching. 
Thus, the expression of contractile pro- 
tein isoforms appears to be precisely 

regulated and is often tightly coupled to 
specific developmental stages. Many of 
these switches occur within single mus- 
cle fibers (5), which presents an interest- 
ing problem in understanding the assem- 
bly and turnover of the myofibrillar ap- 
paratus. 

Caplan et al. (6) have argued that 
isoprotein switching during muscle de- 
velopment is functionally analogous to 
globin isoform switching and that each 
successive isoprotein provides a slightly 
altered function which is essential to the 
developmental progression of muscle. 
While no obvious functional differences 
have been detected between closely re- 
lated contractile protein isoforms (7), 
there mav be subtle differences which 
have not been discerned. An alternative 
hypothesis would place the significance 
of isoformic diversity at the level of the 
gene rather than at the level of the pro- 
tein (8). In this model, duplication of 
contractile protein genes allows them to 
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Fig. 1. Northern blot hybridization of 106A4. 
Each lane contains 2 pg polyadenylated [po- 
ly(A)] RNA separated on formaldehyde agar- 
ose gels and blotted onto Genescreen (New 
England Nuclear). RNA was extracted and 
sequences containing poly(A) selected as de- 
scribed (13). The 3' untranslated cDNA insert 
(Hpa I1 fragment underlined in Fig. 2) was 
labeled by nick-translation and hybridized to 
the blot (13). (Lane a) Thigh muscle, day 10; 
(lane b) thigh muscle, day 18; (lane c) cardiac 
muscle, day 10; (lane d) cardiac muscle, day 
18; (lane e) breast muscle, day 10; and (lane f) 
breast muscle, day 18. Days 10 and 18 repre- 
sent development in ovo. 

be placed under different developmental 
and tissue-specific regulatory programs. 
Divergence in isoform primary structure 
would be a secondary by-product of the 
duplication of the genes reflecting muta- 
tional drift. 

Some contractile isoproteins previous- 
ly thought to be cardiac-specific may be 
expressed as embryo-specific isoforms 
in skeletal muscle as suggested in rat 
myosin heavy chain (9), chick myosin 
light chain (lo), and chick troponin T (11, 
12). For each example, immunological or 
peptide mapping criteria show that the 
isoprotein present in adult heart is indis- 
tinguishable from that present transient- 
ly in embryonic skeletal muscle. In these 
cases a single gene appears to be gov- 
erned by two different regulatory pro- 
grams in different tissues and, therefore, 
gene duplication is not required to bring 
isoform genes under different regulatory 
programs. 

In the above examples, it is possible 
that the proteins detected in adult heart 
and embryonic skeletal muscle are not 

identical but are the products of closely 
related but distinct genes because only 
the expressed proteins have been ana- 
lyzed. Different isoforms of myosin 
heavy chain can share common antigenic 
determinants [Benfield et al., in (3)l. 
There is no satisfactory way to rule out 
this possibility without directly deter- 
mining that the same gene encodes the 
same protein in both tissues. In this 
report, we demonstrate that the gene 
encoding a heart troponin T isoform is 
also expressed transiently during the ear- 

ly stages of in vivo skeletal muscle devel- 
opment. Thus a single contractile protein 
isogene is governed by two different de- 
velopmental regulatory programs in dif- 
ferent tissues. 

The complementary DNA (cDNA) 
clone 106A4 was isolated from chicken 
embryonic muscle polyadenylated RNA 
by a method designed to obtain cDNA 
clones of developmentally regulated, 
low-abundance messenger RNA's 
(mRNA's) (13). Briefly, a combination of 
colony hybridization and RNA blot hy- 
bridization was used to identify cDNA 
clones representing RNA's present at 
early but not late stages of leg muscle 
development. The clone 106A4 hybrid- 
izes to a message that is present at early 
stages of leg muscle development but is 
absent from limb mesenchyme progeni- 
tor cells and terminally differentiated leg 
muscle and nonmuscle tissue. Further 
RNA blot hybridizations (14) showed 
that the 106A4 mRNA is present in em- 
bryonic and adult heart. At day 10 in 
ovo, leg, breast, and heart muscle all 
contain low levels of the 106A4 mRNA 
(Fig. 1). At late embryonic stages (day 18 
in OVO) the 106A4 mRNA disappears 
from leg and breast skeletal muscle but 
its relative abundance increases in heart 
muscle (Fig. 1). Dot blot analysis (14) 
indicated that by day 18 of embryonic 
development (3 days before hatching) 
the relative abundance of the 106A4 
mRNA was reduced at least 10- to 20- 
fold in thigh muscle, reduced to unde- 
tectable levels in breast muscle, and in- 
duced 10- to 20-fold in cardiac muscle 
(data not shown). 

Fig. 2. Nucleotide se- 1 
quence of cardiac muscle C ~ A ~ G G A G C ~ M G G T G M W A A A G C C C A M C C  100 
106A4 cDNA. Restric- v "  tion endonuclease cleav- ~GATGACATCCACCGCAAGCGCATGGAGMGGA~MTGA~AGGc~AT(XMGCCCATmGAGAGCAGGMGMGGAGGMGAGGAGC 200 
age sites: P, Pst I; S, 
Sac H, Hind Ill; X, % Z m m A A ~ A c A ~ A m A G c A G c G G A G G G c A G A G A G G G c A G A G c A m m c A T c c G c A G c G A G A G G G A G M ~ A G c G c c A G G c a G c A m  mo 

V" 'I1. The ~ C W G A G A ~ E * M G A ~ ~ U G A ~ A G G ~ A C G G M G M G G C T G A G A A A G M G C T C ~ M M A G M A ~ C M C A T ~ A C ~ G G A G G ~  400 
of the open reading frame 
and the termi~~ation co- T A C A T G C A G A A G T C G G A G M G A A G G G T G G C A A G A A G C A A A A A G M G M G A A A M G A A A A A A C A G A C C  500 
don are marked by over- 
bars and designated as 1 A C ~ A G C G M G A C A M ~ G A G G G A C A A A G C C A A G G A G C T G n ; G C A A A C C A T c C G E A C C T G G A ~ A G M A ~ G A ~ A G G A G M G ~ A A G C G  600 
and t, respectively. The X 
HDa 11 3' untranslated G C A G A A G ~ G A G A T C A A C G ~ ~ A M ~ ~ G E A C C A C C A G A M G C M G A A  700 

I 
fragment used as a hy- T G G A A G T A C A ~ G M G G C M A G G E A ~ A G C C A T ~ A G A ~ A ~ G ~ G C T C A A C ~ A T ~ A ~ C C C A ~ A T G C A  800 
bridization   robe is un- 
derscored. The G T ~ G T A C A G T ~ ~ C A C G ~ G C G C A G G T G C n : A G c G A G G C ~ A ~ A X T C C A C A C C C C C A C A % A W ~ E T  900 
mine) of the putative po- 
ly(A) additional signal is C~~AAATAAAGAGAGGAGTGAGGGGGMAAAAAAMA 
at position 908. To isolate 
a cardiac muscle cDNA library, unlabeled oligo-dT (dT, deoxythymidylate) primed double-stranded cDNA was generated from day 18 heart 
muscle poly(A) RNA. Portions of the double-stranded cDNA were digested with restriction endonucleases that generate cohesive ends 
compatible with the single restriction sites of pBR322. The digested cDNA's were separated electrophoretically, blotted onto nitrocellulose, and 
probed with the 106A4 cDNA. It was determined that Hpa I1 generated a cDNA fragment of 700 base pairs (bp), which hybridized to the skeletal 
muscle cDNA. Hpa 11-digested cardiac muscle cDNA was ligated into the Cla I site of pBR322. The resulting cDNA library produced seven 
clones which hybridized to the skeletal muscle 106A4 cDNA; six contained the 139-bp Hpa I1 fragment (underscored) while a seventh cDNA was 
a 697-bp Hpa I1 fragment overlapping and extending the skeletal muscle clone by 570 bp. To confirm the identity of the cardiac and skeletal 
cDNA's a second cDNA library was constructed by means of addition of synthetic linkers to double-stranded cDNA. Three of the 106A4-specific 
clones were selected from this library, and all matched the sequence of the clones obtained from the Hpa I1 library. All sequence determinations 
were done with the M 13 system (21). 
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Many muscle-specific genes are mem- 
bers of strongly conserved gene families 
and in some cases cDNA probes for one 
mRNA have been shown to cross-hy- 
bridize with mRNA's from related genes 
(for example, cardiac and skeletal mus- 
cle a-actin cDNA's will cross-hybrid- 
ize). It is important, therefore, to deter- 
mine if the mRNA's detected by 106A4 
cDNA in heart and skeletal muscle are 
encoded by the same gene or by two 
different, but related, genes. 

We first compared the nucleotide se- 
quence of the cardiac and skeletal 
mRNA's by identifying and sequencing 
106A4-specific cDNA's from a heart 
muscle cDNA library (Fig. 2). Cardiac 
106A4 cDNA has a single open reading 
frame terminating at position 707 and a 3' 
untranslated segment of 222 nucleotides 
(Fig. 2). The entire original skeletal mus- 
cle 106A4 cDNA sequence precisely 
matches the 3' terminal 358 nucleotides 
(from positions 570 to 927) of the cardiac 
sequence. Six independently isolated 
cardiac cDNA's were sequenced to con- 
firm the identity of the cardiac 106A4 
mRNA with the skeletal muscle 106A4 
mRNA. The sequence identity between 
the mRNA's from both tissues indicates 
that they are transcribed either from the 
same gene or from two different genes 
which are identical in the 45 codons 
which produce the COOH-terminal end 
of the protein and their entire 3' untrans- 
lated regions. The latter possibility is 
unlikely because even closely related 
mRNA's, such as those encoding cardiac 
and skeletal a-actins, are divergent in 
their 3' untranslated regions (see refer- 
ences in 12). 

To demonstrate unequivocally that the 
same gene encodes the 106A4 mRNA in 
both tissues we determined that there is 
only one 106A4 locus in the chicken 
genome by Southern blot hybridization 
(15). Chicken genomic DNA digested 
with restriction endonucleases that 
cleave outside the coding region was 
electrophoresed, blotted, and hybridized 
with a labeled cDNA fragment from the 
3' untranslated region (Fig. 3). In each 
case only a single hybridizing band was 
detected, as expected for a gene present 
once per haploid genome (16). This re- 
sult, taken together with the identity of 
the 3' untranslated regions of the cardiac 
and skeletal 106A4 mRNA's, demon- 
strates that a single gene encodes the 
mRNA from both sources. 

The identification of the 106A4-en- 
coded polypeptide as a troponin T iso- 
form was made by translating the nucleo- 
tide sequence of the cDNA and compar- 
ing the resulting amino acid sequence 
with contractile protein sequences from 

a b c d  Fig. 3. Hybridization of cDNA 3' untranslated 
,. . probe to genomic blot. Each lane contains 10 . 

pg of chicken genomic DNA digested with the 
' ' - 2 4  indicated restriction enzyme and blotted onto 

nitrocellulose. Bound DNA was hybridized to 
the nick-translated 3' untranslated fragment 

9 indicated in Fig. 2. This blot was deliberately 
overexposed to demonstrate that only a single 

4 -0.6 band is detectable in each lane. (Lane a) 
I Bam HI; (lane b) Hind 111; (lane c) Pvu 11; 

and (lane d) Sac I. 

the Dayhoff sequence bank (17). The 
open reading frame shown in Fig. 4 en- 
codes a polypeptide whose amino acid 
sequence matches that of rabbit skeletal 
muscle troponin T (18) in 133 out of 236 
amino acids (56 percent similarity). We 
therefore conclude that the 106A4 pro- 
tein is a cardiac isoform of troponin T 
(19). Most of the amino acid identity 
between rabbit troponin T and the 106A4 
protein occurs between amino acids 49 
to 137 (88 residues) and amino acids 165 

to 207 (42 residues) of the rabbit se- 
quence. These regions have 77 and 90 
percent similarity, respectively (Fig. 4). 
Such strong conservation of amino acid 
sequence not only identifies the 106A4 
protein as troponin T, it also indicates 
regions of troponin T whose primary 
structure is potentially important for 
function in these systems. The differ- 
ences observed may be due to evolution- 
ary drift or may represent differences 
between heart and skeletal forms of tro- 
ponin T. 

In skeletal muscle development the 
cardiac troponin T gene is first expressed 
at early stages when other skeletal mus- 
cle specific genes such as a-actin, cre- 
atine kinase, and myosin heavy chain 
are also expressed. However, the cardi- 
ac troponin T gene is down-regulated 
during late skeletal muscle development 
at the same time that the other contrac- 
tile protein genes are strongly up-regulat- 
ed. It seems likely, therefore, that 
the cardiac troponin T gene will share 
with skeletal muscle-specific genes some 
regulatory components involved with its 
initial turn-on in early skeletal muscle 
development but will have additional 
components required for its down-regu- 
lation at late developmental stages. 
Toyota and Shimada have recently 
shown that down-regulation of cardiac 

Fig. 4. Comparison between rabbit skeletal muscle troponin T (18) and chicken 106A4 protein. 
The protein sequences are paired to produce the maximum number of matched residues. The 
106A4 protein is the upper sequence. Note that the first residue of the 106A4 open reading frame 
corresponds to amino acid 24 of rabbit troponin T. The dash represents a gap introduced in the 
sequence of 106A4 to optimize homology. Asterisks indicate positions of homology. Abbrevia- 
tions: A, alanine; D, aspartic acid; E, glutamic acid; F, phenylalanine; G ,  glycine; H, histidine; 
I, isoleucine; K, lysine; L, leucine; M, methionine; N, asparagine; P, proline; Q, glutamine; R, 
arginine; S, serine; T, threonine; V, valine; W, tryptophan; Y,  tyrosine. 
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troponin T in embryonic skeletal muscle 
in vitro is under neurogenic control (20). 
It will be interesting to  determine if the - 
neurogenic regulation of cardiac tro- 
ponin T occurs at  the level of transcrip- 
tion. 

THOMAS A. COOPER 
CHARLES P. ORDAHL* 

University of California, 
San Francisco 94143 
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Modulation of the Metastatic Activity of Melanoma 
Cells by Laminin and Fibronectin 

Abstract. Metastatic mouse melanoma cells have a high afinity for the basement 
membrane and the ability to  degrade it; these properties may allow tumor cells to 
invade the membrane and disseminate. In this study it was found that the metastatic 
potential of mouse melanoma cells varied when the cells were exposed in culture to 
jibronectin or laminin. After removal ofjibronectin or exposure to laminin, the cells 
had an increased afinity for basement membrane collagen, were more invasive of 
basement membranes in vitro, and produced more lung colonies in vivo. These 
changes are correlated with and may be due to an increase in the laminin-binding 
capacity of the tumor cell surface. 

Metastasis is one of the major causes 
of mortality in cancer. The propensity to 
metastasize is found only in a minority of 
the cells in a malignant tumor (1).  T o  
metastasize, tumor cells must enter and 
then leave the circulatory system, evade 
host defenses, and proliferate in a sec- 
ondary site. Lines of tumor cells with 
increased metastatic potential have been 

obtained in vivo by various techniques, 
including serial transfer of cells from 
metastatic lesions, cloning cells from 
metastatic lesions, and culturing the cells 
that penetrate the walls of isolated or- 
gans in vitro (2). The metastatic activity 
(3) and certain phenotypic characteris- 
tics, such as  plasminogen activator (4), 
that are associated with invasiveness are 

reduced by culture in vitro and reexpress 
themselves when tumor cells are trans- 
ferred to a host. Such findings indicate 
that the metastatic phenotype of tumor 
cells is genetically constituted but sub- 
ject to modulation by as yet unidentified 
factors encountered in the host and in 
culture. 

Histopathological studies indicate that 
metastatic cells are able to traverse base- 
ment membranes (5). This is not unex- 
pected, since basement membranes rep- 
resent the major physical barrier block- 
ing passage of cells across blood vessel 
walls and movement of cells from one 
tissue compartment to another. Base- 
ment membranes are continuous extra- 
cellular matrices that separate epithelial 
cells from the underlying stroma. They 
are composed of several unique compo- 
nents, including type IV collagen; glyco- 
proteins such as fibronectin, laminin, 
and entactin; and a heparan sulfate pro- 
teoglycan. Tumor cells will attach to a 
variety of substrates. However, meta- 
static cells show a higher affinity for type 
IV collagen than for other collagens us- 
ing laminin as  an attachment factor (6, 
7). Highly malignant murine fibrosarco- 
ma cells have increased amounts of lam- 
inin on their cell surface, whereas far 
less laminin is found on cells of low 
malignancy (8). This would favor binding 
of the cells to basement membranes. 
Furthermore, the metastatic tumor cells 
produce a collagenase that attacks type 
IV collagen, whereas nonmetastatic tu- 
mor cells do not (9). However, such 
activity is also found in normal cells that 
are able to traverse basement mem- 
branes (10). Local degradation of base- 
ment membranes is probably required 
for cells to cross these barriers. 

Fibronectin and laminin are glycopro- 
teins used by cells to bind to collagenous 
matrices (7, 8, 11). Metastatic tumor 
cells may be exposed to these proteins at  
various times during their transport in 
the body and during their colonization of 
target tissues. Fibronectin is present in 
serum and other body fluids (12) as well 
as  in connective tissues, whereas laminin 
is found exclusively in basement mem- 
branes (13). Since both proteins influ- 
ence the adhesion, growth, motility, and 
differentiation of cells ( l l ) ,  we examined 
the metastatic potential of mouse mela- 
noma cells after culturing them in medi- 
um containing laminin or fibronectin. We 
found that fibronectin suppressed inva- 
sive activity, whereas laminin increased 
invasiveness. These changes were corre- 
lated with the ability of the cells to bind 
to and invade basement membranes in 
vitro and with their ability to bind lamin- 
in. 
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