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We describe the structure and transcriptional activity of the
5’ portion of the a-cardiac actin gene of BALB/c mice. South-
ern blotting and DNA sequencing reveal that the promoter
and first three exons of the gene are present as perfect repeats
in a divect duplication of 9.5 kbp situated immediately up-
stream of the gene. Both promoters are active in adult cardiac
tissue. Transcripts from the partial gene duplication give rise
to novel RNAs that are spliced correctly in the actin region
and polyadenylated. The level of mature a-cardiac actin
mRNA is only 16.5% that found in mice that do not possess
the duplication. This is due, at least in part, to interference
at the transcriptional level. Transcripts from the «-skeletal
actin gene accumulate to abnormally high levels in the hearts
of such mutant mice. This result suggests tight regulatory
coupling for this actin gene pair.

Key words: cardiac actin/5’ duplication/transcriptional interfer-
ence/skeletal actin mRNA induction/novel mRNAs

Introduction

Myogenesis leads to the establishment of terminally differentiated
muscle fibres. Characteristically, these synthesise a number of
muscle-specific proteins including isoforms of the contractile pro-
tein multigene families (reviewed in Buckingham, 1985). The
actins constitute such a family whose highly conserved members
are differentially expressed during development and in adult
muscle and non-muscle tissues (Vandekerckhove and Weber,
1981; Minty et al., 1982; Buckingham, 1985). In the mammals
six isoforms have thus far been detected: two non-muscle (3-
and vy-cytoplasmic), two smooth muscle (- and y-smooth) and
two striated muscle («-skeletal and «-cardiac) (Vandekerckhove
and Weber, 1979). Each of these is encoded by a single gene
(Minty et al., 1983; Ponte et al., 1983) which is not linked to
loci encoding either other members of the actin family (Czosnek
et al., 1983; Minty et al., 1983; Gunning et al., 1984) or other
contractile proteins (Czosnek et al., 1982; Robert et al., 1985).
It is probable that ‘muscle type’ actin genes first appeared during
chordate evolution (Vandekerckhove and Weber, 1984; Alonso
et al., 1986). The striated muscle actin genes appear to have
arisen by gene duplication and dispersion events during amphib-
ian evolution.

Typically, the actins are expressed in pairs with variable rela-
tive levels. Thus, during striated muscle development these iso-
forms are co-expressed at high levels and in the adult skeletal
muscle or heart of small mammals the a-skeletal or a-cardiac
isoform predominates, respectively (>95%). Co-accumulation
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of these two actin mRNAs has been demonstrated in fetal and
newborn muscle in vivo (Minty et al., 1982; Gunning et al., 1983;
Mayer et al., 1984) and in certain myogenic cell lines when myo-
tubes form as a result of myoblast cell fusion (Minty et al., 1982;
Bains er al., 1984) and heterokaryons formed between mouse
muscle cells and human fibroblasts in vitro (Blau et al., 1985).
This has recently been shown to be the case for the correspond-
ing proteins as well (Vandekerckhove et al., 1986). The ex-
pression of these genes is thought to be regulated primarily at
the transcriptional level. This is supported, at least in the case
of the a-skeletal actin gene, by studies using DNase I digestion
to investigate chromatin conformation (Carmon et al., 1982) and
cell transfection with promoter —CAT gene fusions (Melloul et
al., 1984).

Abnormal gene structures can offer insights into the mechan-
isms of gene diversification and of differential gene regulation
within multigene families. Here, we describe the 5’ region of
the a-cardiac actin gene of BALB/c mice. We show that the pro-
moter and coding region up to amino acid 149 have been perfectly
duplicated in these mice within a direct repeat of 9.5 kbp immedi-
ately upstream of the gene. We demonstrate that this duplication
gives rise to transcripts which appear to be spliced normally in
the actin coding region but generate abnormal mRNA species
due to aberrant splices and processing at their 3’ ends. The pres-
ence of the upstream promoter is associated with reduced levels
of both primary and mature a-cardiac actin transcripts in adult
cardiac tissue. An increased accumulation of «-skeletal actin
mRNA is seen in this situation which may be due to a compen-
satory response to the disrupted a-cardiac gene expression.

Results

The a-cardiac actin gene of BALB/c mice contains a tandem
duplication of the 5' region

We have previously reported that BALB/c mice possess a 5’
duplication of the a-cardiac actin gene which originally mani-
fested itself as a Bcll restriction fragment length polymorphism
(Minty et al., 1983). We have further characterised this phenom-
enon in BALB/c and other mice using restriction analysis and
molecular cloning. Thus far, we have identified two strains of
mus1 mice that possess this feature (BALB/c and DBA2) and
four that do not (C3H, AKR, 129 and C57BL/6). In addition,
Mus spretus (mus3) mice do not possess the duplication. For the
purposes of this study we confine our interest to the structure
of the mutant locus in BALB/c mice. Southern blot analysis of
this region reveals clear differences between BALB/c and control
mice (Figure 1). We made use of restriction fragments as probes
from pAF81, a cDNA recombinant containing an insert comple-
mentary to 93% of the coding region of cardiac actin mRNA,
amino acids 28 —375 (Minty et al., 1982). When hybridised with
the 5’ Pstl—Bglll fragment from this insert (containing infor-
mation for amino acids 28 —85) blots reveal clear differences
between mutant and wild-type loci (Figure 1). For example, Bcll
generates a fragment of at least 23 kbp with BALB/c DNA

2559



L.Garner et al.

(B/Bcll) and only 15 kbp with C3H DNA (C/Bcll). Similarly,
HindIll generates bands of 10 kbp and 9.5 kbp in BALB/c
(B/HindIIl) and 10 kbp in C3H (C/HindIll) whereas EcoRI
generates bands of 5.3 kbp and 9 kbp in BALB/c (B/EcoRI) and
5.3 kbp in C3H (C/EcoRI). The 3’ Pvull—Psil fragment from
pAF81 (complementary to mRNA coding for amino acids
230—375) hybridises to all of the C3H bands but only to the
=23 kbp Bcll, 10 kbp HindIll and 5.3 kbp EcoRI fragments of
BALB/c (data not shown).

The fact that both probes hybridise to a =23 kbp Bcll frag-
ment in mutant mice suggests that the duplicated region is close
to the a-cardiac actin gene. To define this region more precisely,
we isolated recombinant phage containing the duplicated region
(AgAB) and the gene itself (\[G10), by screening genomic banks
of BALB/c DNA with the 5’ and 3’ probes derived from pAF81.
These two phage were restriction mapped and probes derived
from them and pAF81 were used to analyse Southern blots of
single, double and partial digests of BALB/c DNA (data not
shown). This analysis indicated that the duplication is organised
in tandem with the gene and enabled us to construct a restriction
map of ~ 17 kbp of this region (Figure 2). We conclude from
this that BALB/c mice possess a tandem direct repeat of at least
8 kbp of the 5’ region of the a-cardiac actin gene which does
not extend beyond codon 230.
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Fig. 1. Southern blot analysis of restricted mouse DNA hybridised to the 5’
Pstl—Bglll fragment of pAF81. DNA samples from BALB/c (B) and C3H
(C) mice were digested with Bcll, HindIIl and EcoRI, run on a 1% agarose
gel and transferred to a nitrocellulose filter. This was hybridised with a
nick-translated probe of the 5’ PstI—Bglll fragment of pAF81 (Minty et al.,
1982) and washed in 0.1 X SSC/0.1% SDS at 70°C. Sizes of fragments, as
estimated from N markers, are indicated in kbp.

The duplication contains identical repeats of the promoter region
and first three exons of the a-cardiac actin gene

The pattern of restriction sites in the repeat indicates that gross
rearrangements have not taken place within it. Three homologous
regions of the duplication and the gene which hybridise to the
5’ pAF81 probe were sequenced using M13mp8 recombinant
phage generated by the ‘shotgun’ approach: x/x’ (1.1 kbp), y/y’
(0.5 kbp) and z/z' (1.0 kbp) (Figure 2). Regions x and x’ are
identical, as are regions y and y’ (Figure 3A and B, respectively).
Regions z and z' are identical up to nucleotide 671 (Figure 3C)
but diverge from each other after this point following a run of
seven alternating purine/pyrimidine residues, ACACACA. No
significant degree of homology exists beyond this point. We there-
fore conclude that this position defines the 3’ limit of the dupli-
cated region. To investigate the 5’ extent of the duplication, we
analysed Southern blots of digests of genomic BALB/c and C3H
DNA (data not shown) using a probe homologous to the region
immediately downstream of the 3’ limit of the duplication (nucleo-
tides 670—840, Figure 3C). This sequence is unique in the C3H
genome hybridising to a 12-kbp EcoRI fragment. However, it
is duplicated in the BALB/c genome hybridising to 9-kbp and
15-kbp EcoRI fragments. Both of these regions are represented
in AgA8 (Figure 2). We conclude from this that the duplication
is essentially a perfect direct repeat of at least 9.5 kbp and is
located immediately upstream of its homologous sequence.
Comparison of our sequences with the published sequences of
pAF81 and both the human and chicken a-cardiac actin genes
(Minty et al., 1982; Hamada et al., 1982a; Chang et al., 1985;
Eldridge et al., 1985) allowed us to define the a-cardiac actin
exons that had been duplicated, to locate them on our genomic
map (Figure 2) and to identify a potential promoter region. Thus
the first two coding exons containing information up to amino
acid 149 are present in region A (Figure 2, exons II and III; Fig-
ure 3B and C). As noted above, these duplicated exons and flank-
ing sequences are identical to their homologues in the gene itself
and therefore might be expected to function faithfully in splicing
and translational events should they be transcribed. Similarly,
we can identify a putative promoter sequence within the 5’
1.1-kbp sequences (x and x") of the gene and the duplication (Fig-
ure 3A). It contains consensus TATA and CAAT boxes charac-
teristic of many eucaryotic promoters and homologous to those
proposed for the chicken promoter (Chang et al., 1985; Eldridge
et al., 1985). Homology with the chicken gene extends beyond
these regions but is confined to within 245 nucleotides upstream
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Fig. 2. Partial physical map of the a-cardiac actin locus in BALB/c mice. The black boxes numbered I, II and III represent the real and duplicated exonic
sequences of the cardiac actin gene. The horizontal bars above the map, A and B, indicated the duplicated region and its homologous sequence in the bona
fide gene, respectively. The upper horizontal arrows define the limits of the inserts in AgA8 (a) and NIG10 (b), the lower ones (x/x’, yly' and z/z') the

regions sequenced. The sizes of restriction fragments are given in kbp.
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of the putative murine cap site. This site is perfectly conserved
between the chicken and mouse sequences (nucleotides —5 to
+2, Figure 3A). Upstream of this, our proposed TATA and
CAAT boxes are perfectly conserved within larger regions of
homology (nucleotides —33 to —21 and —110 to —91, Figure
3A; 11/12 and 18/21 conserved nucleotides respectively). Beyond

A. -650

A 5' duplication of the a-cardiac actin gene

these sequences two other regions of homology are noteworthy.
One extends from nucleotide —148 to —140 (Figure 3A) where
eight out of nine nucleotides are homologous at exactly the same
position relative to the cap site in both genes. The other extends
from nucleotide —242 to —226 (Figure 3A) where 16 out of
17 residues are identical to the chicken sequence between

. -600 .

GAATTCTGGCTTTCCCATCTAGATGAGCATAGTCCCAGCTCAGGCTAAAGGAGACCAGAAGATGCACTACCCAGGTGCCCCTTTTGCATC

. =550

. -500

CAGGTACTCAAATATCCTGTCAAGCTGCTCTTTGTGCCTATGACTCTGCTCCTCTGTCTCCCAGTACTGGAAGATGAGAAGCTGCTGTCT

GTCCCCTGCAGCCCCAGCCCAGCTGTCAGGACCCTTCTCCAAGGGCAGGGCGCCAAGTCTTCCGGCATTCTCTCTCTCICTCTICTCTCTC

-400 . .

TCTCTCTCTCTCTCICTCICTCTCTCACTCATTGTCCCTTAGTTTG

. =300 . .

=350 . .

GAAGGGCTGAAGAGCAATAAGCCCACTCCACAACTAGGGAGCTC

. =250 . .

CCCCACCCAAGGGGCGCATTGGCATCACATAGCCTTTCCCCGTCCCCCACCCCTTGCTGGCCTGCCCCTCCCTAGCTCCCTATATCCCCA

. =200 .

. -150 .

TTGCTCTGACTGCCCCCTCCCCTTCCTTACATGGTCTGGGAGCCCCCTGGCTGATCCTCTACCCTCCCCTTCCCTCCAAGAATCCCCT

. -100

CGTCCATCAGAGAGCIATAMGCTGCGCTCCAGGCGACTGACACC

+50

=50

GCGGTCCTAGATGGTGCTAAGGCGACCAAATAAGGCAAGGTGGCAGATCAGGGGCCCCCCACCCCTGCCCCCGGCTGCTCCAACTGACCC

AGCACGGTGAGTCCCAGCCTTGCTCCCTGCAGGACCTTGTCAGCACTGTGCTTTTGTGCTCTTGGATCCCACACTCTTAGTTTTGTTGTT

CCCTCTMA(.;GAGCAGGCCAGCCCTGCAAGCACTGAGTGTGGACCACTCTTCTTTCCTTAGCCTACAGW

MetCysAspAspCluGluThrThrAlaLeuValCysAspAsnGlySerGlyLeuVallysAlaClyPheAlaClyAspAspAlaProArg
: 100

. . .

. . . . .

ATCTCTGACGACGAGCGAGACCACCCCTTTCCTCTCTGACAATGCCTCCCCECTCCTGAAGGCCCGCTTTGCGEOTGA!

AlaValPheProSerIleValGlyArgProArgHisGln
200

GCTGTCTTCCCCTCCATCCTCGCTCGCCCACCCCACCAGGTAACACTCTCCGTCCCTCCTAGCCTGCTCTCCATCCATATTCTGGGCCCC

. 300 .

TTCTTGACACCCCCCCCCTCCAGTCCAGCAATCTGTGAAGTGCCTCTCTTGACCTGACTGTTCAGAGACTCCTTAAGTCATACATGAAAG

C.

GlyValMetValGlyMetGlyGlnLys

ACAAGGCCAGGACCATATTCTTGCCTTGGTGGGAACACGATATTC TCAT&TCCTTTTTT:ACAGM' TGGCTGGGTATCGGACAGAAG
AspSerTyrValGlyAspGCluAlaGlnSerLysArgGlylleLeuThrLeuLysTyrProlleGlulHisGlyIleIleThrAsnTrpAsp

100 . . . . . . . .
GACTCCTATGTAGGTGATGAAGCCCAGAGCAAGCGACGTATCCTGACTCTGAAGTACCCCATTGAACATGGCATTATCACCAACTGGGAT

AspMetGluLysIleTrpHisHisThrPheTyrAsnGluLeuArgValAlaProGluGluliisProThrLeuLeuThrGluAlaProLeu
. 200 . . . . . . .
GACATGGAGAAGATCTGGCACCATACATTCTACAATGAGCTCCGTGTCGCCCCAGAGGAACACCCAACCCTGCTCACTGAAGCCCCGCTG

AsnProLysAlaAsnArgGluLysMetThrGlnIleMetPheGluThrPheAsnValProAlaMetTyrValAlaIleGlnAlaValLeu

. 300 .

AACCCCAAGGCCAACCGTGAGAAGATGACCCAGATCATGTTTGAGA!

SerLeuTyrAlaSerGlyArgThrThr
. 400

CCTTCAATGTGCCTGCCATGTATGTCGCCATCCAGGCAGTGCTG

TCTCTGTATGCTTCTGGAAGAACCACAGGTGTGTTTGGGCTAGGGGATGGTCACTGATTACGTATATTCTCAACTCACTGACTTTGCTGT

500 .

GAACCCGAATCCTCACCTGACACAGGGAAGGTCCCCTCCCTGACTCTCTCTAGCAAGGTATCTATGCTGGGAGAAAAGGGTAGCAATAAT

. 600 . .

TCCCTGAGGCTAATTTCAGGAACATTTACTGTAAGAGATCCAATAACCCATTGAGTTAGCTCTTCTCCTTATTTAAGATATGTGATATGC

700

TGTGTTCACAGCCCCTGGGTAGACATATTCAAGGACACACATTCTCCTGCAGAGTCTGAATTAAAACAGAGAGACACATCTTAAGTTGGA
GGGGAAGAGAAAGGAAAGTGAAGCTCAGAGATGGTGTGCAATAGACCCC

. 800 .

TTGGCCCCAAGAAAAACACTCATGGATGCTTATATAACATGCTAATAGCTGATAGGAGACATAGCCATTTGAAAATGTCCCCAGGAAGAT
ALCTGCTTTGGTTTGGGTTAACAGCTGGACCACATATGTTGTTTTCAAGAGCCACAGACTCAAAACAAGCTCCTTTGTTTGTTGAGTGCT

Fig. 3. Comparison of the partial nucleotide sequences of the first three exons and promoter region of the a-cardiac actin gene in BALB/c mice with their
homologous regions in the duplication. Regions of the gene and the duplication homologous to the 5’ Pstl—Bg/ll fragment of pAF81 were subcloned into the
Smal site of M13mp8 by the ‘shotgun’ approach. Dideoxy sequencing of recombinant phages generated three pairs of homologous sequences (see x and x', y
and y’, z and z’, Figure 2). Sequences presented represent: (A) the promoter region and exon I, x/x’; (B) exon II, y/y’; and (C) exon III and the 3'-limit of
the duplication, z/z’. Promoter features referred to in the text, exon sequences and derived amino acid sequences are presented in bold type. The CAAT and
TATA boxes are underlined. Nucleotides in the promoter region are numbered from the cap site (the A residue designated +1). Other sequences are
numbered from the first nucleotide presented. Splice junctions bordering exons are underlined (==). The 3’ acceptor site upstream of exon II (B) is a
proposed signal which conforms to the consensus of Mount (1982). The upper line corresponds to the sequence present in the bona fide gene. The lower
sequence beginning at nucleotide 672 (C) shows where the duplication differs from this.
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Fig. 4. Analysis of the cap site of a-cardiac actin mRNA. A labelled probe
was generated from an M13mp8 recombinant phage containing nucleotides
—250 to +53 (Figure 3A) cloned in its Smal site. Extension in vitro of the
M13 17-mer (-20) primer (NEB) and Pvull restriction yielded a probe
which was homologous to nucleotides +27 to +53 and contained 48
nucleotides of M13 sequence. This was hybridised to total adult BALB/c
cardiac mRNA (lane b) and control yeast tRNA (lane a). Both were then
extended with reverse transcriptase. The products were migrated on a
sequencing gel next to markers generated from the same recombinant phage
(lanes ACGT). For clarity, the labelling of these tracks has been reversed to
give the same sequence as the DNA sequence presented in Figure 3A. The
cap site is indicated on the partial sequence presented to the left of the
figure.

nucleotides —182 and —198. We have previously noted a poten-
tial E1A enhancer type core sequence in the 5’ region of the
murine alkali myosin light chain MLC1g promoter (Daubas et
al., 1985). The sequence between nucleotides —150 and —141
(Figure 3A) is homologous to this sequence at seven out of 10
positions. Immediately upstream of both of these sequences, a
17-nucleotide region is 75% conserved between the two mouse
genes (Daubas et al., 1985; nucleotides —149 to — 165, Figure
3A). A final feature of interest in the mouse actin sequence is
the dinucleotide repeat motif (TG),, between nucleotides —382
and —428 (Figure 3A).

To confirm that this is indeed the murine promoter region and
to define the 5’ extremity of the mRNA, we analysed this region
by primer extension experiments. The probe used was generated
from an M13mp8 recombinant and was homologous to nucleo-
tides +27 to +53, Figure 3A. The result of such an experiment
is shown in Figure 4. A single novel band 26 nucleotides bigger
than the probe is generated with BALB/c cardiac RNA (lane b).
No such bands were generated with control RNA (lane a). This
clearly defines the 5’ end of the BALB/c a-cardiac actin mRNA
to the ‘A’ residue marked ‘+1’ in Figure 3A and indicated in
Figure 4. The first “T” of the proposed TATA box and the first
‘C’ of the proposed CAAT box are 31 and 111 nucleotides up-
stream of this point, respectively. We propose, therefore, that
this region constitutes the c-cardiac actin promoter in mice with
transcription beginning at the ‘A’ residue noted above.
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Fig. S. S1 analysis of transcripts derived from the duplication and the bona
fide gene. A probe (396 nucleotides) was generated from an M13mp8
recombinant phage containing nucleotides 429—773 of the duplication
(Figure 3C) cloned in its Smal site. Extension of the M13 17-mer (-20)
primer (NEB) and EcoRlI restriction yielded a probe of 396 nucleotides with
homology to transcripts of both the gene and the duplication. Its structure is
represented schematically under the photograph. The hatched box represents
the 243 nucleotides of common homology to both duplication and primary
gene transcripts. The arrow indicates the end of the duplication and hence
of the homology in this region. The black box represents the continued
homology (102 nucleotides) with transcripts derived from the duplication.
The black line represents M13 sequence. This probe was hybridised to: lane
a, 50 pug of yeast tRNA; lane b, 50 ug of total adult C3H cardiac RNA;
lane ¢, 50 ug of total adult BALB/c cardiac RNA; and lane d, 0.5 ug of
poly(A)* adult BALB/c cardiac RNA. Digestion with S nuclease results in
protected bands of 242 —246 nucleotides (lanes b and ¢) and 345-357
nucleotides (lanes ¢ and d). Lane e contains 1/10 the amount of probe used
in lanes a—d, this was not treated with nuclease. The sequencing products
of reactions using M13mp8 as template were co-migrated as size markers;
nucleotides 243, 345 and 396 within this sequence are indicated.

We next determined the size of the first non-coding exon using
probes similarly generated from recombinant M13mp8 phage and
S1 protection experiments. Here, we protected fragments of 50—
54 nucleotides (data not presented). Chang et al. (1985) and
Eldridge et al. (1985) both defined the homologous splice junction
in the chicken to be CGGT. This sequence is conserved in the
mouse gene centered at +50 (Figure 3A); around it, homology
is extremely limited. We further propose that this splice signal
has been functionally conserved in the mouse and that exon I
is 50 nucleotides long beginning at nucleotide + 1 in Figure 3A.
The position of this exon is indicated in Figure 2. The sizes of
these protected fragments and an inability to extend the primer
used above beyond the ‘A’ residue noted suggests that should
the duplicated promoter be active, transcripts from it do not ex-
tend through the promoter region of the bona fide gene.

Both promoters are transcriptionally active

Essentially, the structure of this mutant locus is that of a gene
with tandem identical promoters upstream. Two questions im-
mediately arise; is the upstream promoter transcriptionally active,
and, if so, what effect does this have on the downstream pro-
moter? To address these questions we analysed RNAs produced
from this locus using S1 protection experiments. Transcripts
traversing the 3’ limit of the duplication would diverge from those
of the bona fide gene at nucleotide 672 (Figure 3C). We there-
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Fig. 6. Northern analysis of cardiac RNAs. 500 ng equivalents of poly(A)*
adult cardiac RNA were denatured using glyoxal, run on an agarose gel and
blotted onto a diazotised Biodyne A membrane (Pall, US). This filter was
sequentially hybridised to an a-cardiac actin mRNA-specific probe (1) and
an a-skeletal actin mRNA-specific probe (2). The former has homology to
nucleotides 1—50 (Figure 3A) and was generated from an M13 recombinant
phage. The latter is the Pstl—Pstl fragment from pAM91.1 and is uniquely
homologous to the 3’ non-coding portion of the a-skeletal actin mRNA (see
Minty et al., 1982). Lanes: a, poly(A)* C3H RNA; b, poly(A)* BALB/c
RNA; ¢, total C3H RNA; d, total BALB/c RNA. The region of the blot
containing the mature a-cardiac messages (1600 nucleotides) is presented.

fore used an M13mp8 recombinant homologous to the duplicated
region (nucleotides 429—773, Figure 3C) to generate a probe
of 396 nucleotides. This contained 345 nucleotides with homology
to RNA derived from the duplication but only 243 residues hom-
ologous to transcripts from the gene itself. When hybridised to
BALB/c and C3H cardiac RNA and digested with S1 nuclease,
two sizes of protected species are observed (Figure 5). Total RNA
from hearts of mice which do not possess the duplication [C3H,
1% poly(A)*] protects 242 —246 nucleotides of the probe (lane
b). This is consistent with protection expected from transcripts
of the bona fide gene. In contrast to this, total RNA from BALB/c
hearts [2% poly(A)*] protects both 242—246 and 345—357
nucleotides of the probe (lane c). Poly(A)* RNA from adult
BALB/c hearts protects only 345—357 nucleotides of the probe
(lane d).

These data indicate that both of these regions are transcribed
in adult BALB/c cardiac tissue. In view of our analysis of the
cap site, it is likely that the two regions are transcribed from
separate promoters. The fact that apparently normal a-cardiac
actin mRNA is produced in BALB/c hearts (see below) indicates
that the gene promoter itself is functional. It remains possible
however that transcripts of the duplication initiate at a third, cryp-
tic promoter located within it. Our analysis of abnormal actin
RNA s present in BALB/c cardiac tissue (see below) suggests that
this is not the case and leads us to conclude that the two a-cardiac
actin promoters are functional in this situation. However, they
appear to be operating with widely different efficiencies. Tran-
scripts of the duplication appear to accumulate to much higher
levels than primary transcripts of the gene (compare band inten-
sities in lane c, Figure 5). Moreover, we detect more gene precur-
sor RNA in C3H cardiac RNA than in BALB/c cardiac RNA
(compare the relative intensities of the 242 —246 nucleotide pro-
tected species in Figure 5). Densitometry scans indicate that there
is 5-fold more a-cardiac actin precursor per ug of poly(A)*
RNA in C3H preparations than in BALB/c preparations. Thus,

A 5’ duplication of the a-cardiac actin gene

although both promoters are active, the bona fide gene promoter
appears to be inhibited in this situation.

Abnormal levels of both a-cardiac and o-skeletal actin mRNA
in BALB/c hearts

Given the observation that the relative levels of primary a-cardiac
actin gene transcripts appear to be different in the hearts of C3H
and BALB/c mice, we investigated the levels of mRNA by two
approaches. We first used an a-cardiac actin-specific probe to
analyse a Northern blot of adult cardiac RNA from these two
strains of mice. This revealed that the level of mature a-cardiac
actin mRNA in BALB/c hearts is indeed reduced (Figure 6.1).
Densitometry scans indicate that, per ug of poly(A)* RNA,
BALB/c adult hearts contain only 16.5% of the level of a-cardiac
actin mRNA found in the hearts of C3H mice. We confirmed
this estimate in the second approach using probes covering exon
sequences in S1 protection experiments (data not shown).

As the level of total poly(A)* RNA/g of tissue is the same
in both cases, BALB/c mice possess at least 6-fold less a-cardiac
actin mRNA per g of adult cardiac tissue than do C3H mice.
With this in mind, we investigated whether there was a ‘reacti-
vation’ of the a-skeletal actin gene since these two genes are co-
expressed during the development of striated muscle (Minty et
al., 1982; Gunning et al., 1983; Mayer et al., 1984) and o-
skeletal actin gene transcripts are still present in adult cardiac
tissue, albeit at low levels. We therefore asked the question ‘is
the level of a-skeletal actin mRNA stimulated in BALB/c hearts?
The same Northern blot (Figure 6.1) was dehybridised and hy-
bridised to the 3’ non-coding sequence of mouse skeletal actin
mRNA as a specific probe for these gene transcripts (Minty et
al., 1981). The result clearly demonstrates that there is more a-
skeletal actin mRNA in BALB/c hearts than in C3H hearts (Fig-
ure 6.2). Densitometry scans indicate a 5:1 ratio between these
two samples in favour of BALB/c preparations. This does not
restore the overall actin mRNA level to that observed in C3H
hearts. On the basis of the figure of 0.5% of total actin mRNA
in normal adult hearts of small rodents being a-skeletal actin
mRNA (Mayer et al., 1984) we would estimate that the mRNA
for this actin isoform rises to ~15% that of «-cardiac actin
mRNA in the hearts of BALB/c mice.

BALB/c hearts contain novel mRNAs homologous to actin se-
quences

Longer exposure of the filter presented in Figure 6.1 reveals the
presence of novel mRNAs that hybridise to the a-cardiac actin
mRNA-specific probe (Figure 7A, probe a; Figure 7B, lanes i
and ii). Two bands are observed in BALB/c poly(A)* prep-
arations which are not present in C3H RNA, one of 2400 nucleo-
tides and a second of 1200 nucleotides. These are present at 4%
and 25% the level of mature o-cardiac actin mRNA, respectively.
They could arise from the duplication, the bona fide gene or com-
binations of the transcripts from both of these regions. To investi-
gate this, we first rehybridised the blot with a nick-translated
probe of the 3’ Pvull—PstI fragment from pAF81 (probe g,
Figure 7). This contains sequences homologous to the C-terminal
end of the protein beginning within exon V. It hybridises uniquely
to the normal message of 1600 nucleotides (results are tabulated
in Figure 7C). Thus, transcripts from the complete «-cardiac actin
gene seem not to be involved in the production of these RNAs.
Rather, they appear to be derived from transcripts of the dupli-
cation. The a-cardiac actin mRNA-specific probe used is homol-
ogous to the first, non-coding, 50 bp exon of the gene.
Furthermore, we were unable to detect transcripts initiating 5’
to the proposed cap site (nucleotide +1, Figure 3A) in our S1
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Fig. 7. Northern blot analysis of abnormal transcripts in BALB/c cardiac tissue. (A) The structure of the duplication is represented schematically (not to
scale). Indicated are exons I, II and III (black boxes), intervening sequences 1 and 2 (IVS1 and 2) and approximate limits of the probes used (horizontal
arrows). These probes are homologous to the following regions: probe a, nucleotides +1 to +50, Figure 3A; probe b, nucleotides +78 to +338, Figure 3A;
probe c, nucleotides 1—270, Figure 3B; probe d, nucleotides 266—549, Figure 3B; probe e, nucleotides 129—370, Figure 3C; probe f, nucleotides 405—628,
Figure 3C; probe g is the 3’ Pvull—Pstl fragment from pAF81 containing sequences homologous to exons V—VII of the a-cardiac actin gene (Minty et al.,
1982). The vertical arrow defines the 3’-limit of the duplication. (B) Northern blot analysis of transcripts in BALB/c and C3H cardiac tissue with probe a.
The filter was that described in Figure 6. Lanes i and ii, a long exposure (120 h) of lanes la and b, Figure 6. The sizes of bands are indicated in
nucleotides. (C) Summary of the hybridisations performed. Probes a—g are as described above. Hybridisation is indicated by ‘+°, no hybridisation is

indicated by ‘—’.

and primer extension analysis of the promoter region. We con-
clude from this that these novel RNAs in fact initiate at the
duplicated promoter region, probably at the duplicated cap site.

The sizes of the 2400- and 1200-nucleotide RNAs are compat-
ible with a model in which transcripts initiate at the duplicated
promoter, terminate between the repeat and the gene and are then
abnormally processed. An RNA containing all three exons, both
introns and little else would be ~ 2400 nucleotides. Excision of
the second intron from this (1200 nucleotides) could then generate
the smaller novel RNA. To investigate this possibility, we ana-
lysed these RNAs with probes from further M13mp8 recombinant
phage homologous to the remaining exon and intervening se-
quences in the duplication (probes b—f, Figure 7A). Probes cor-
responding to the remaining exons (c and e) hybridise to both
novel RNAs as well as to the 1600-nucleotide mRNA. Probes
corresponding to introns (b, d and f) have no detectable homology
to RNAs on this filter. Exons I, IT and III consist of 526 nucleo-
tides. The novel RNAs, by virtue of their size, must therefore
contain other sequences derived from the region between the
duplication and the gene. We conclude from these data that tran-
scripts initiate at the duplicated promoter, terminate before they
reach the bona fide gene and then are spliced and polyadenylated
to generate the novel ‘actin mRNAs’ that we observe. In doing
so, they appear to make use of the normal actin splicing signals
but must also utilise cryptic 3’ splice and polyadenylation sites.
Thus, correct splicing of the 5’ actin exons takes place in the
absence of a complete actin gene primary transcript and does
not require the 3’ portion of the pre-mRNA.

Discussion

We have characterised a mutant cardiac muscle actin locus pres-
ent in certain mus1 inbred mouse lines. The tandem duplication
of the promoter and 5’ exons of the a-cardiac actin gene in these
mice appears to result in interference with the transcription of
the gene itself. The only other documented example of a mutation
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affecting a major contractile protein in mammals is that of a mu-
tant cytoplasmic $-actin gene in transformed human fibroblasts
(Leavitt et al., 1984). In this case, a single base change in the
actin coding sequence results in a modified actin protein which
is probably significant in relation to the transformed phenotype
of these cells. In invertebrates, such as Drosophila or the nema-
tode, mutations which affect movement have been mapped to
within tropomyosin (Karlik and Fyrberg, 1985), myosin (Mac-
Leod et al., 1981; Mogami ez al., 1986) and actin genes (Karlik
et al., 1984). The mutation that we describe is not within the
structural gene, but is a tandem duplication of the promoter and
5’ exons of the a-cardiac actin gene which is associated with
abnormal levels of a-cardiac actin mRNA. This phenomenon has
a number of structural and regulatory implications.

Promoter features

Comparison of the promoter region of this gene with that in the
chicken permits us to identify two 5’ regions of sequence hom-
ology in addition to perfectly conserved sequences around the
cap site, TATA and CAAT boxes. Such localised sequence con-
servation may signify a functional role for these regions (Schmidt
et al., 1984; Daubas et al., 1985). Upstream sequences have been
implicated in the tissue-specific regulation of a number of muscle
genes including that of the a-skeletal actin (Melloul et al., 1984),
troponin I (Konieczny and Emerson, 1985) and «-cardiac actin
genes (Minty and Kedes, 1986; I.Garner and P.Daubas, unpub-
lished results). Moreover, a number of muscle-specific genes are
activated in heterokaryons by trans-acting factors (Wright, 1981;
Blau et al., 1983, 1985). It seems likely, therefore, that these
conserved regions are the sites of action of such signal mole-
cules affecting the expression of the a-cardiac actin gene. One
of the two 5’ conserved regions is an E1A type enhancer core
element as proposed by Hearing and Shenk (1983). We have pre-
viously noted such a sequence centred at —100 in the promoter
region of the alkali myosin light chain MLC1g (Daubas e al.,
1985). Such enhancer sequences have been shown to be functional



in differentiated muscle cells (Felsani ef al., 1985). Immediately

adjacent to this sequence is a 17-nucleotide sequence:
(CCCTGCCCTTGGCTCCA, —149 to —165)

This is 75% conserved between these two murine striated muscle

genes. It may be significant in conferring a ‘muscle context’ to

the enhancer element should it function as such.

Neither the chicken nor the human promoter sequences possess
the dinucleotide repeat (TG),, seen in the mouse promoter be-
tween nucleotides —382 and —428 although such a sequence is
present in the fifth intron of the human gene (Hamada et al.,
1982a). Such alternating co-polymers are highly conserved in
a variety of eucaryotic genomes (Hamada and Kagunaga, 1982;
Hamada et al., 1982b). They can adopt the left handed Z-DNA
conformation in vitro when subjected to negative torsional stress
or high ionic strengths (Wang et al., 1979; Arnott et al., 1980;
Haniford and Pulleybank, 1983; Nordheim and Rich, 1983a).
They have been shown to occur in the regions surrounding a num-
ber of genes (Nordheim and Rich, 1983b) and to affect promoter
efficiency in an enhancer-like fashion (Hamada er al., 1984).
The human sequence, however, contains not only a region homol-
ogous to the E1A enhancer core sequence, but also an SV40 en-
hancer core sequence at approximately the same position (—390)
as the mouse (TG),, repeat (Minty and Kedes, 1986). This latter
SV40-type sequence is embedded in an 8-nucleotide purine/pyr-
imidine repeat that also has Z-DNA potential. The human and
mouse promoters, therefore, both contain two distinct non-over-
lapping enhancer-like sequences. This situation is reminiscent of
that seen in polyoma virus, adenovirus E1A and mouse Igy genes
(Herbomel et al., 1984; Hearing and Shenk, 1983; Hen ef al.,
1983). DNase I sensitivity studies of the situation in polyoma
virus suggest that the two core sequences affect the chromatin
structure of the virus (Herbomel er al., 1981, 1984). The se-
quence pairs that we note above may behave similarly. Should
this be the case, we may expect to find DNase I-sensitive sites
around these regions of the a-cardiac actin gene.

The duplication and its transcripts

The 9.5 kbp of duplicated sequence contains exact repeats of the
promoter region, the first three exons and all intervening se-
quences that we have examined. The 3’ limit of this region occurs
within the third intervening sequence. The absence of mutations
and the fact that it is detected in only some inbred mus1 strains
(DBA2, BALB/c) suggest that it has arisen very recently. The
duplicated promoter appears to be transcriptionally active giving
rise to transcripts that terminate between the duplication and the
bona fide gene. To our knowledge, a situation of this type has
been observed in only one other case, the murine a-amylase
multigene family (Bodary ez al., 1985). Here, four different mem-
bers of the family are found to possess 5’ duplications containing
the promoter region, the first exon and part of the first intron.
Transcripts are not detectable from these regions and the dupli-
cated ATG translation initiation signals are mutated to ATA. They
differ, therefore, from the situation we observe in two critical
aspects.

How might such a phenomenon arise? The 3’ limit of the actin
duplication is a stretch of seven alternating purine/pyrimidine resi-
dues (ACACACA, Figure 3C, nucleotides 665 —671) that is hom-
ologous to a stretch of eight alternating residues in the gene itself
(ACACACAT, Figure 3C, nucleotides 665 —672). Sequences of
this type have the potential to adopt alternative DNA confor-
mations and have been implicated in other gene rearrangements
(Slightom et al., 1980; Flanagan et al., 1984). Such alternative
DNA conformations have been identified as intermediates in
eucaryotic recombination events (Kmiec et al., 1985). With this

A 5’ duplication of the o-cardiac actin gene

in mind, we suggest that the sequence of eight alternating purine
and pyrimidine residues in the third intron of the gene may have
promoted the duplication event. Unequal cross-over is the sim-
plest mechanism by which to explain its origin. The structural
features of the duplication are consistent with such a hypothesis.
Such an event may provide a substrate for the potential evolution
of a new promoter specificity in this and other multigene families.
Events of this type may have been important in the evolution
of the developmental regulation of actin genes.

Transcripts from the duplication are processed using the normal
splice signals flanking the actin exons and cryptic splice and poly-
adenylation sites 3’ to the duplication. These events give rise
to RNAs of 2400 and 1200 nucleotides which accumulate in
BALB/c hearts. These two RNAs contain all three exons (a total
of 526 nucleotides) but lack both intervening sequences 1 and
2 and, in view of their size, must contain other sequences derived
from the 3’ end of the primary transcript. Splicing from the end
of the third exon must utilise cryptic acceptor sites in the tran-
script. Such chimaeric splicing events have been described pre-
viously (Chu and Sharpe, 1981). Splicing of the actin portion,
therefore, proceeds normally in the absence of the 3’ end of the
primary gene transcript in vivo. Similar truncated transcripts have
been shown to function faithfully in in vitro splicing reactions
(Frendewey and Keller, 1985). The results presented here demon-
strate that, in addition, they may do so in vivo.

Inhibition of proximal promoters

The situation we describe comprises two identical promoters
separated by ~9.5 kbp of genomic DNA. The phenomenon is
reminiscent of retroviral integration where the provirus is flanked
by two long terminal repeats (LTRs). These contain sequences
required for transcriptional initiation and polyadenylation of viral
transcripts and fulfil these roles at opposite ends of the proviral
genome. Cullen et al. (1984) showed that early after infection,
the 3’ LTR of an avian retrovirus was incapable of transcribing
an adjacent gene when the 5’ LTR was transcriptionally active.
Transcripts extending through the 3’ LTR completely inhibit its
promoter activity. Premature termination of these transcripts
relieves inhibition of the 3’ promoter. They called this effect
‘transcriptional interference’. Such an effect cannot explain the
phenomenon which we observe as transcripts from the 5’ pro-
moter do not appear to extend through the downstream promoter.

Emerman and Temin (1984) constructed retroviral vectors con-
taining two genes, each with its own promoter. They found that
the 3' gene is suppressed when there is selection for the ex-
pression of the 5’ gene. Interestingly, the converse situation
applied as well, where ‘transcriptional interference’ could not
operate. They proposed a model in which transcription from one
promoter can inhibit that from a nearby promoter by mutually
exclusive chromatin structures. They noted that such an inhibition
is not absolute and that, in some cases, transcription can occur
from both promoters. The situation that we describe is compatible
with such a model although we cannot eliminate the possibility
that splicing events also play a role here. Chromatin structures
could affect the aceessibility of each promoter to transcriptional
factors or simply render them transcriptionally inactive. This
could result in either promoter being completely inhibited in a
given cell or promoter competition. Our data do not distinguish
between these possibilities as our RNA preparations were pre-
pared from a mixed cellular population. The situation we observe
could, therefore, represent the global result of such an effect.
Whatever the mechanism, these data suggest that such effects
may regulate gene expression in eucaryotic cells. A number of
loci have been described that can be transcribed from two proxi-
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mal promoters including a muscle myosin light chain gene (see
Robert et al., 1984). Perhaps such mechanisms operate in the
transcriptional regulation of these genes.

Actin gene expression
During striated muscle development there is significant expression
of both sarcomeric actins whereas in adult cardiac or skeletal
muscle tissue one isoform predominates. Thus, in mice, skeletal
actin represents <5% of the total actin in adult hearts (Vande-
kerckhove et al., 1986). Cardiac and skeletal actin proteins differ
by only four out of 375 amino acids. Although the functional
significance of these differences is not clear, they may represent
an optimalisation to the physiological requirements of each adult
tissue. The preferential expression of one member of the gene
pair may also reflect regulatory constraints at the genome level.
We have shown that, in BALB/c mice, when the level of a-
cardiac actin mRNA is reduced to 16.5% of its normal level in
adult cardiac tissue, the level of a-skeletal actin mRNA is in-
creased 5-fold. A similar increase is seen in the level of a-skeletal
actin mRNA in adult rat hearts under cardiac overload induced
by aortic constriction (Schwartz et al., 1986). This situation dif-
fers from that which we observe in that the level of «o-cardiac
actin mRNA in these hypertrophic hearts remains high. How
might such a phenomenon arise? Mayer er al. (1984)
demonstrated that in adult rat hearts, the a-skeletal actin gene
is DNase I sensitive whereas this is not the case in non-muscle
cells. Moreover, there is already a low level of mRNA derived
from this gene in normal adult rodent hearts (Minty et al., 1982;
Mayer et al., 1984). Thus, the a-skeletal actin gene in adult hearts
appears to be in an active transcriptional state. The increase in
the level of this mRNA in BALB/c adult hearts may be the result
of an mRNA stabilisation effect, although there is no precedent
for this in actin gene regulation in muscle. Alternatively, it may
reflect a transcriptional effect on the a-skeletal gene. It is also
possible that individuals have been selected which carry a com-
pensatory mutation in the a-skeletal actin locus resulting in higher
level of this transcript. Given the result of Schwartz et al. (1986)
where a similar effect is pathologically induced in individual
animals, such a selection phenomenon seems improbable. It
therefore seems more likely that there is a direct effect on the
level of transcription of the a-skeletal actin gene in these mice.
In the situation we observe, the contribution of the a-skeletal
actin mRNA to the total actin levels in BALB/c hearts is not suf-
ficient to restore normal concentrations. We estimate that it boosts
these levels to ~20% of that observed in C3H mice. To main-
tain actin protein levels, it may be necessary to increase transla-
tion rate or protein half-life. Such effects would constitute levels
of post-transcriptional control in actin gene expression. Whatever
the extent of such adaptations, no hypertrophy is evident (I.Garner
and J.L.Guénet, unpublished results) and it is clear that cardiac
function and viability are not deleteriously affected in BALB/c
mice. Furthermore, the two additional RNA species of 1200 and
2400 nucleotides generated from the duplicated region of the car-
diac actin gene in BALB/c mice do not appear to interfere with
cardiac function. They contain a-cardiac actin coding sequence
up to amino acid 149 and could be translated to give rise to novel
proteins (= 149 amino acids) beginning with the first domain of
the a-cardiac actin protein (Kabsch e al., 1985). The mechanical
force of muscular contraction is generated at the interface bet-
ween myosin heavy chain and actin in the sarcomere. Cross-
linking experiments reveal that the actin residues involved in this
interaction are numbers 1, 2, 3, 4 and 11 (Sutoh, 1982). These
would all be present in proteins translated from the 1200- and

2566

2400-nucleotide RNAs. However, it seems probable that such
hybrid actin molecules, were they produced, would not be capable
of polymerisation into the fine filaments of the sarcomere.

The increase in a-skeletal transcripts that we observe is im-
portant in two respects. Firstly, it suggests that the repression
of a-skeletal actin mRNA synthesis in adult cardiac tissue is
reversible. Secondly, it implies that the mechanisms controlling
the expression of these two genes are sensitive to the levels of
a-actin mRNA or protein. These observations are compatible
with a model of regulation for these genes including multiple
levels of control such that a basal level of regulation may be pro-
vided by the chromatin structure in which a gene is situated.
Alterations in this during muscle development may allow tran-
scription of this gene pair. During maturation of the muscle, the
interaction with modulatory factors (positive or negative) may
result in tiers of regulation allowing greater flexibility in the ex-
pression of cardiac and skeletal muscle actin genes.

Materials and methods

Isolation of recombinant phage

This was performed essentially as described in Robert er al. (1984). Two recombi-
nant \ phage libraries (each 10° phage in 50 dishes) were screened in situ. One
was a partial Haelll/Alul digest of BALB/c mouse sperm DNA cloned in A Charon
4A with EcoRI linkers (referred to in Robert et al., 1984) and gave rise to AgAS8.
The second was a partial Sau3A digest of BALB/c DNA cloned between the
BamHI site of \47.1 by standard procedures and gave rise to A\IG10. Both were
screened with the 5’ Pstl—BgllI fragment of pAF81. All positive phage were
plaque purified and further screened with the 3’ Pvull — Pstl fragment of pAF81.
Phage of interest were purified on CsCl gradients and DNA extracted by phenol
extraction.

Restriction mapping

Physical mapping of recombinant phage was performed by a combination of single,
double and partial restrictions. The latter were selectively labelled at either Cos
site using synthetic oligonucleotides complementary to the right or left Cos site
as described by Rackwitz et al. (1984). The order of restriction fragments was
easily determined following gel electrophoresis and autoradiography. Restriction
mapping of the a-cardiac actin locus in BALB/c DNA was performed similarly
but digests were analysed by Southern blot using fragments derived from phages
AgA8 and MIG10 as probes.

Generation of probes

Purified DNA restriction fragments were nick-translated as described in Minty
et al. (1983). Probes were generated from M13 recombinants by strand synthesis
in vitro. Following hybridisation to the M13 17-mer (-20) primer (NEB), this
was extended in vitro in the presence of labelled dNTPs using DNA polymerase
I Klenow fragment. Suitable restriction digests, denaturing gel electrophoresis
and electro-elution yielded region-specific single-stranded probes containing M13
sequences up to and including the primer.

Nucleotide sequencing

The sequences of regions hybridising to the 5’ PstI—Bg/II fragment of pAF81
were determined. The 5’ end of the 9-kbp EcoRI fragment (3.5 kbp) present in
AgA8 was subcloned into pBR322 to generate plasmid pAES,. This plasmid (dupli-
cation) and phage NIG10 (gene) were sonicated (10 pug each) to generate random
fragments. These were end-repaired with DNA polymerase I Klenow fragment
(Bochringer Mannheim) and separated on agarose gels. Fragments of 400—600 bp
were purified by electro-elution and ligated into the Smal site of M13mp8. Follow-
ing transfection (Hanahan, 1983) desirable recombinants were identified by plaque
hybridisation using the insert in pAE8, and the 5’ PstI—Bg/II fragment from the
pAF8I as probes. These were sequenced by the dideoxy method (Sanger et al.,
1977; Biggin et al., 1983).

Southern and Northern blots

Mouse DNA was restricted with excess enzyme, run on a 1% agarose gel and
transferred to a nitrocellulose filter as described in Minty et al. (1982). Blots
were revealed by autoradiography following overnight hybridisation with probes
in 50% formamide, 0.9 M NaCl, 50 mM sodium phosphate (pH 7.0), 5 mM
EDTA, 0.1% SDS, 0.2% Ficoll 400, 0.2% polyvinylpyrrolidine, 0.2% bovine
serum albumin and 100 pg/ml denatured sonicated salmon sperm DNA at 42°C.
Final washings were in 0.1 X SSC and 0.1% SDS at 65—70°C.

RNA samples were prepared, denatured with glyoxal, separated on an agarose



gel and blotted onto a diazotised Biodyne A membrane (Pall, US) as described
in Caravatti et al. (1982). Hybridisations were as above but final washings were
in0.1 x SSC and 0.1% SDS at 60°C. Exposure times for Northerns and South-
erns varied between 2 and 120 h.

S1 and primer extension experiments

Probes were generated for both of these techniques from M 13mp8 recombinants.
For S1 mapping, 100 000 c.p.m. (Cerenkov) of probe were precipitated with
10—50 ug total or 0.1 —0.5 pug poly(A)* mouse cardiac RNA and resuspended
in 10 ul of 50% formamide, 0.9 M NaCl, 50 mM sodium phosphate buffer (pH
7.0), 1 mM EDTA. Hybrids formed after a 15 h incubation at the desired tem-
perature were expelled into 200 ul of S1 buffer and digested with 5000 U of
enzyme (Boehringer Mannheim) for 1 h at 30°C. The products were analysed
on 6% acrylamide sequencing gels with M13mp8 sequencing reaction products
as markers.

For primer extension experiments, 5000 c.p.m. (Cerenkov) of probe was pre-
cipitated with 20 ug of total mouse cardiac RNA and resuspended in 10 ul of
100 mM NaCl, 20 mM Tris-HCI (pH 8.3), 100 mM EDTA. After 3 h incu-
bation at 60°C, primers were extended by dilution with 10 ul 2X concentrated
buffer (80 mM Tris-HCI, pH 8.3, 10 mM MgCl,, 4 mM dithiothreitol, 4 mM
of each cold dNTP) and the addition of 10 U of AMV reverse transcriptase.
Elongated products were analysed on denaturing 6% acrylamide gels next to the
products of sequencing reactions performed on the template used to generate the
primer.
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