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DNA fragments located 10 kilobases apart in the genome and containing, respectively, the first myosin light
chain 1 (MLC1f) and the first myosin light chain 3 (MLC3f) specific exon of the rat myosin light chain 1 and
3 gene, together with several hundred base pairs of upstream flanking sequences, have been shown in runoff
in vitro transcription assays to direct initiation of transcription at the cap sites of MLC1f and MLC3f mRNAs
used in vivo. These results establish the presence of two separate, functional promoters within that gene. A
comparison of the nucleotide sequence of the rat MLC113f gene with the corresponding sequences from mouse

and chicken shows that: (i) the MLC1f promoter regions have been highly conserved up to position -150 from
the cap site while the MLC3f promoter regions display a very poor degree of homology and even the absence
or poor conservation of typical eucaryotic promoter elements such as TATA and CAT boxes; (ii) the
exon/intron structure of this gene has been completely conserved in the three species; and (iii) corresponding
exons, except for the regions encoding most of the 5' and 3' untranslated sequences, show >75% homology
while corresponding introns are similar in size but considerably divergent in sequence. The above findings
indicate that the overall structure of the MLC1f/3f genes has been maintained between avian and mammalian
species and that these genes contain two functional and widely spaced promoters. The fact that the structures
of the alkali light chain gene from Drosophila melanogaster and of other related genes of the troponin C
supergene family resemble a MLC3f gene without an upstream promoter and first exon strongly suggests that
the present-day MLC1l13f genes of higher vertebrates arose from a primordial alkali light chain gene through
the addition of a far-upstream MLC1rspecific promoter and first exon. The two promoters have evolved at
different rates, with the MLC1f promoter being more conserved than the MLC3f promoter. This discrepant
evolutionary rate might reflect different mechanisms of promoter activation for the transcription of MLCIf and
MLC3f RNA.

Myosin, the major protein component of striated muscle
tissues, consists of two heavy and four light chains. The light
chains are divided into two classes which, in vertebrates, are
termed alkali- and dithiobis-nitrobenzoic acid-removable
light chains, or light chains 1 and 2, respectively (67). Both
the heavy and the light myosin chains exist as multiple
isoproteins that are tissue specific or developmental stage
specific or both (22, 24, 48, 71, 72). Vertebrate fast skeletal
muscles contain two alkali myosin light chain isoforms,
termed MLClf and MLC3f (Mr = 21,000 for MLClf; Mr =
16,000 for MLC3f). Amino acid sequences available for
MLClf and MLC3f from different higher vertebrate species
(21, 22, 37, 52) show that these two proteins have identical
sequences of 141 carboxy-terminal amino acids and differ
from each other only at the amino-terminal ends, where
MLC1f and MLC3f have additional isoform-specific se-
quences (49 and 8 amino acids, respectively). The mRNAs
for MLC1f and MLC3f have been shown to be identical in
their sequences specifying the 141 carboxyterminal amino
acids and the 3' untranslated regions in both the chicken (42)
and the rat (52). Based on these studies it was speculated
that the two alkali light chain isoforms might be encoded by
the same gene (37, 56). Recently, a single gene locus has
indeed been identified to carry all the coding and noncoding
sequences found in MLC1f and MLC3f mRNAs (43, 52, 55).
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The unique organization of MLC1I and MLC3f-specific
exons necessitates differential splicing of the primary tran-
script(s) to produce mature MLC1f and MLC3f mRNAs (43,
52). It has also been suggested but not yet formally proven
by functional assays that the gene contains two different
transcription initiation sites specific for either MLC1f or
MLC3f mRNA transcription (43, 52). This hypothesis is
supported by the pattern of expression of this gene showing
that the biosynthesis of its two mRNA species is differen-
tially regulated in a developmental- and tissue-specific man-
ner (52).
Two other examples of eucaryotic genes yielding two

different mRNAs by alternative transcription from two sep-
arate promoters have recently been characterized. They
include the genes for ot-amylase-la of the mouse (59, 74) and
for alcohol dehydrogenase of Drosophila melanogaster (5).
The two promoters of these genes, although directing the
synthesis of mRNAs coding for identical proteins, are dif-
ferentially used during development (5) and regulated in a
tissue-specific manner (59, 74).
The work described here demonstrates unequivocally that

the single MLCl3f gene does, in fact, contain two func-
tional promoters, which are separated from each other by
approximately 10 kilobases (kb) of DNA. In addition, we
report the nucleotide sequence organization of the 5'
flanking regions corresponding to these two promoters, of all
the exons, and of parts of the adjoining introns of the rat
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TWO FUNCTIONAL PROMOTERS IN THE MLC13f GENE

MLC1p13f gene and compare them with the corresponding
sequences of the chicken and mouse MLC11I3f gene. Inter-
estingly, although the exon-intron organization is totally
conserved in these genes, the flanking sequences (promoter
region) upstream of the first MLClfspecific exon show a
striking degree of similarity in the rat and mouse as com-
pared with the chicken genes, while the sequences upstream
of the first MLC3fspecific exon are significantly more diver-
gent, suggesting differences in the selective pressure acting
upon the two promoters during evolution and possibly
different mechanisms of regulation of promoter activation.

MATERIALS AND METHODS

Restriction endonucleases and DNA-modifying enzymes
were purchased from New England Biolabs, Inc., Beverly,
Mass., New England Nuclear Corp., Boston, Mass., and
Bethesda Research Laboratories, Inc., Gaithersburg, Md.
Double-stranded M13 sequencing vectors M13mp8 and
M13mp9 were obtained from New England Nuclear Corp.,
and the M13 sequencing kit was from New England Biolabs,
Inc. [ot-32P]dATP (>600 Ci/mmol), [c-32P]UTP (>600
Ci/mmol), and [.y-32P]ATP (approximately 3,000 Ci/mmol)
were from New England Nuclear Corp.

Source of MLCl/3f genomic DNA. The isolation and partial
characterization of the rat MLC1ld3f gene sequences have
been described previously (52). X Phage DNA was prepared
by the method of Maniatis et al. (33).

Preparation of templates for in vitro transcription. A plas-
mid containing the adenovirus major late promoter (pFLBH
[19]), kindly provided by U. Hansen, Dana Farber Cancer
Inst., Boston, served as a control template. Since this
plasmid has a single PstI restriction site 974 base pairs (bp)
downstream of the major transcription initiation site, a PstI
digest of pFLBH was used for runoff in vitro transcription
assays.

Transcription driven by the MLC1f promoter was tested
by using an M13 clone carrying a 2.2-kb EcoRI-BamHI
insert containing the first exon and approximately 1.6 kb of
5' flanking DNA (see Fig. 1). MLC3f promoter activity was
tested by using two different constructs containing a 1.7-kb
PstI-SacI insert and a 1.2-kb PstI-EcoRI insert, respec-
tively, from the MLC1113f gene in pUC18 or M13 mp8
vectors. Both the 1.7- and 1.2-kb fragments contain the first
MLC3f-specific exon and approximately 0.8 kb of 5' flanking
DNA; in addition, the 1.7-kb fragment includes MLC3f-
specific exon 3 (see Fig. 1).

Double-stranded template DNA was prepared by the
modified alkali lysis method of Birnboim and Doly (7) as
described by Maniatis et al. (33) and purified through two
cycles of centrifugation to equilibrium in cesium chloride-
ethidium bromide density gradients (33). For runoff in vitro
transcription assays, the circular DNA constructs were
linearized at unique restriction sites downstream of the
putative promoters (see Fig. 1) and precipitatAd with
ethanol. The pellets were dried and then suspended in 10
mM Tris hydrochloride (pH 8)-i mM EDTA at a concentra-
tion of 1 mg/ml.

In vitro transcription assays. The whole-cell HeLa extract
was prepared by the method of Manley et al. (34). Transcrip-
tion reaction volumes of 25 ,ul were incubated at 30°C for 60
min. For runoff transcription, the HeLa cell extract consti-
tuted 50% of the total volume, and the final reaction mixture
contained 10 mM HEPES N-2-hydroxyethylpiperazine-N'-
2-ethanesulfonic acid (pH 7.5), 50 mM KCI, 6 mM MgCl2,

0.05 mM EDTA, 1 mM dithiothreitol, 9% glycerol, 4 mM
creatine phosphate, 200 ,uM ATP, 200 ,uM CTP, 200 ,uM
GTP, 40 ,uM UTP containing 15 to 20 ,uCi of [o-32P]UTP, and
20 to 120 ,ug of template DNA per ml. Control reaction
mixtures contained, in addition, 1 ,ug of ot-amanitin per ml.
The RNA synthesized in vitro was purified essentially as

described by Manley et al. (34, 35): an equal volume (25 [lI)
of 100 mM Tris hydrochloride (pH 7.5)-20 mM EDTA-2%
sodium dodecyl sulfate-400 ,ug of proteinase K per ml was
added to the in vitro transcription reaction mixture and
incubated at 37°C for 15 min. The mixture was diluted to 250
pu with 10 mM Tris hydrochloride (pH 8)-10 mM
EDTA-0.5% sodium dodecyl sulfate and extracted with
phenol-sevac (24 parts chloroform, 1 part isoamyl alcohol)
followed by sevac alone. RNA was precipitated by the
addition of 1 volume of 2 M ammonium acetate (pH 8) and 2
volumes of ethanol. The pellet was redissolved in 10 mM
Tris hydrochloride (pH 8)-i mM EDTA-0.2% sodium dode-
cyl sulfate and precipitated again with 2.5 volumes of ethanol
in the presence of 0.3 M sodium acetate (pH 5.5). The
ethanol precipitation was repeated, and the pellet was
washed with 70% ethanol, dried, and finally suspended in 20
p.l of 85% formamide-0.05% dyes (bromophenol blue and
xylene cyanol). The samples were heated at 90°C for 2 to 3
min, quick-cooled on ice, and loaded (10 p.l per slot) onto
pre-electrophoresed 6% polyacrylamide-8.3 M urea gels.

S1 nuclease mapping. Total cytoplasmic RNA from L6E9
myoblasts and myotubes (44) was isolated as described
previously (2). Total cellular RNA from rat skeletal muscle
was prepared by a hot phenol procedure described previ-
ously (63). SI nuclease mapping experiments were per-
formed by a modification of the method of Berk and Sharp
(6) as described by Mahdavi et al. (32).

For Si nuclease mapping of RNA synthesized in vitro, a
single-stranded, 5'-end-labeled probe (39) was used and
hybridized in aqueous conditions (31) to unlabeled RNA.
RNA was synthesized and purified as described above
except that 200 p.M of cold UTP replaced [ox-32P]UTP in the
in vitro transcription reactions. Si nuclease digestion was
performed with 250 U of the enzyme at 30°C for 1 h as
described previously (31).
DNA sequencing. X phage DNA containing MLC1fI3f se-

quences (52) was digested with appropriate restriction en-
zymes under the conditions suggested by the supplier, and
individual DNA fragments were isolated from low-melting-
point agarose gels as described previously (33) and
subcloned into M13mp sequencing vectors (41). Single-
stranded M13 template DNA was prepared (41), and the
sequence was determined by the dideoxy chain termination
method (58) with the commercially available universal M13
pentadecamer primer to prime second-strand synthesis. The
sequence of the middle part of exon 1 was confirmed by
using a synthetic oligodeoxynucleotide primer made on a
Sam One automatic DNA synthesizer (Biosearch Inc., San
Raphael, Calif.) and purified by gel electrophoresis as sug-
gested by the supplier. For sequencing by the method of
Maxam and Gilbert (38, 39) appropriate fragments were
dephosphorylated with bacterial alkaline phosphatase and 5'
end labeled with [y-32P]ATP by using T4 polynucleotide
kinase. These fragments were internally cleaved to produce
single radiolabeled ends and then subjected to base-specific
chemical cleavage reactions and polyacrylamide-urea gel
electrophoresis.

Sequence analysis. Nucleotide sequences were analyzed
on a Radio Shack TRS-80 model II micro computer with
programs of the SEQ sequence analysis system by J.
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FIG. 1. Structure of the rat MLC1f/3f gene and source of templates used for in vitro transcription assays. A structural map (including the
EcoRI restriction sites [RI) of the gene is shown at the top of the figure. Exons (black boxes) are numbered in the 5'-to-3' direction; their
relative size is not at scale due to the extremely small size of exons 3 and 4. Thick blackl horizontal bars delineate sequenced regions. The
genomic region subcloned into M13 or pUC vectors used for in vitro transcription assays is shown at an enlarged scale at the bottom, together
with schematic representations of the linearized templates and their expected runoff transcripts. Symbols and abbreviations: B, BamHI; P,
PstI; S, Sacl; X, XbaI; -, pUC18 vector, sequence; nvn, M13mp8 vector sequence; nt, nucleotides.

Clayton, P. Friedland, L. Kedes, and D. Brutlag from
Stanford University.

RESULTS
Characterization of two functional promoters in the

MLClf/3f gene. Based on preliminary sequence information
it has been suggested that transcription of MLC1f and
MLC3f mRNAs is directed from two separate promoters
located 5' to exons 1 and 2, respectively (43, 52) (Fig. 1). To
localize the putative start of transcription sites for MLClf
and MLC3f mRNA, we performed an Si nuclease mapping
experiment with total RNA isolated from the rat myogenic
cell line L6E9 (44) and from rat skeletal muscles at different
stages of development (Fig. 2). MLC1f mRNA was assayed
by using a 5' end-labeled 550-bp genomic MspI fragment as

probe (Fig. 2A, bottom). This probe, cut within the first exon
of the gene and extending towards the 5' direction, yielded a

single protected fragment of approximately 180 bp when
RNA from late fetal, neonatal, and adult skeletal muscles
was used (Fig. 2A, lanes 4 through 6). From this result and
from sequencing data on the MLClf-specific cDNA clones
(52) and on the genomic DNA (see below), the MLC1r
specific cap site has been assigned to a position 126 nucleo-
tides upstream of the AUG initiation codon of MLC1f
mRNA (see Fig. 5). As expected from earlier observations
(52), both L6E9 myoblasts and L6E9 myotubes did not
accumulate detectable levels of MLC1f mRNA (Fig. 2A,
lanes 2 and 3).
A similar Si mapping experiment was performed to define

the 5' start site of MLC3f mRNA; a 3.8-kb EcoRI-EcoRI
genomic fragment that includes the first MLC3rspecific
exon, exon 2 of the MLC1fI3f gene (Fig. 2B, bottom), was

used as a probe. The probe (derived from an M13 clone) was
uniformly labeled on its anti-mRNA strand and hybridized to

the same RNA species used for mapping the MLClf mRNA
5' end. RNA from neonatal and adult skeletal muscles and,
to a lesser extent, from late fetal skeletal muscle protected
approximately 70 nucleotides of the DNA probe (Fig. 2B,
lanes 4 through 6). There is a considerable size heterogeneity
of protected fragments, due to S1 nuclease nibbling on the
relatively short DNA-RNA hybrids or to heterogeneity in
the MLC3f RNA transcription start site or both. Again, no
protected fragments were observed with RNA from L6E9
myoblasts or myotubes (Fig. 2B, lanes 2 and 3), in agreement
with the earlier observation that these cells express very low
levels of MLC3f mRNA (52).
The fact that no canonical acceptor splice site precedes

exon 2 (52) (see Fig. 5) and that MLC3f cDNA sequences do
not extend beyond the sequence found in this exon (52)
supports the assumption that the 5' end of exon 2 indeed
corresponds to the cap site of MLC3f mRNA. However,
these data do not formally prove the existence of an inde-
pendent functional promoter specific for MLC3f mRNA
transcription. This is more so because the presence of an
internal promoter downstream from amino acid coding se-
quences has not yet been documented for any other gene.
Therefore, to test this assumption, we performed in vitro
transcnrtion assays with different genomic DNA fragments
that include either the first MLC1lspecific exon or the first
MLC3rspecific exon together with several hundred bp of 5'
flanking sequences as templates (Fig. 1). The genomic DNA
fragments, cloned in M13 or pUC vectors, were linearized at
unique restriction sites downstream of the putative MLC
promoters and tested for their ability to direct initiation of
RNA transcription in a HeLa whole-cell extract. A MLC1l-
specific template containing the first exon together with
approximately 1.6 kb of 5' flanking sequence and 364 bp of 3'
intervening sequence yielded a 610-nucleotide transcript
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FIG. 2. Determination of the 5' ends of MLClf and MLC3f mRNAs. S1 nuclease mapping experiments were performed with total RNA

from L6Eq myoblasts (lanes 2), L6Eq myotubes (lanes 3), fetal (20 days of gestation) rat skeletal muscle (lanes 4), and from 2 day old neonatal
(lanes 5) and adult skeletal muscles (lanes 6). Lanes 1, size markers with sizes indicated in base pairs. (A) MLC1f mRNA was probed with
a 550-bp 5'-end-labeled MspI-MspI genomic fragment ending within exon 1 of the MLC11/3f gene (scheme on bottom) and yielded a 180-bp
protected fragment upon S1 nuclease digestion. (B) MLC3f mRNA was probed with a 3.8-kb EcoRI-EcoRI genomic fragment subcloned into
M13mp8 (:::) and uniformly labeled on its anti-mRNA strand. The probe (scheme at bottom) includes exon 2 of the MLC1W/3f gene and yielded
a major protected fragment of approximately 70 bp upon hybridization to MLC3f mRNA and Si nuclease digestion.

corresponding to the expected size of a runoff transcript
starting at the putative cap site of MLClf mRNA (Fig. 3,
lanes 2 and 3). At a higher template concentration, an
additional RNA transcript of approximately 700 nucleotides
was also detected (Fig. 3, lane 3); however, this RNA
species was also produced in the presence of 1 ,ug of
a-amanitin per ml whereas synthesis of the 610-nucleotide
RNA was completely inhibited under these conditions (Fig.
3, lane 4), suggesting that only the shorter transcript is a

bonafide polymerase II product.
To test for MLC3fspecific promoter activity, a template

containing exon 2 (the first MLC3rspecific exon) together
with approximately 0.8 kb of 5' flanking sequence and 331 bp
of 3' intervening sequence was used for runoff in vitro
transcription. This template produced an approximately
420-nucleotide major RNA species that corresponds to the
size expected for a runoffRNA initiated at the 5' end of exon
2, i.e., at the cap site of MLC3f mRNA. Synthesis of this
RNA species was completely inhibited in the presence of
a-amanitin (Fig. 3, lane 7), showing that it represents a bona
fide polymerase II transcript. Additional a-amanitin-
sensitive RNA transcripts of similar but heterogeneous size
were also made from the same template, particularly at a

higher than optimal template concentration (Fig. 3, lane 6).

These RNAs are either due to degradation products of the
420-nucleotide RNA or to RNA products transcribed from
initiation sites several bases downstream of the major site of
transcription initiation.
The above results demonstrate unambiguously that both

the first MLC1lspecific exon and the first MLC3fspecific
exon of the MLC1fI3f gene are preceded by functional
promoters which can independently direct initiation of tran-
scription in vitro. To compare the relative strengths of these
two promoters with a promoter known to be highly active in
vitro, runoff transcription was also performed with PstI-cut
pFLBH DNA (19) containing the adenovirus major late
promoter. This template yielded the expected RNA tran-
script of 974 nucleotides (19) (Fig. 3, lane 8) and its promoter
was at least 10- to 20-fold stronger than either of the MLC
promoters under the conditions used in these experiments.
Of the two MLC1tI3f gene promoters, we have consistently
observed that the internal MLC3f promoter is more active in
vitro than its MLC1rspecific counterpart (compare, e.g.,
Fig. 3, lanes 2 and 5).
To further demonstrate that the internal (MLC3fspecific)

promoter, located approximately 10 kb downstream of the 5'
end of the MLC1l3f gene, is indeed capable of directing
correct initiation of transcription, we tested several addi-
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tional MLC3f-specific templates (Fig. 4A). All templates
contained the first MLC3f-specific exon (exon 2) and approx-
imately 0.8 kb of 5' flanking sequence, but they differed in
the length ofDNA downstream of the MLC3f promoter (Fig.
1). Each template produced an a-amanitin-sensitive RNA of
the exact size expected for a runoff transcript initiated at the
MLC3f cap site (Fig. 4A), thus confirming the presence of a
functional polymerase IT-dependent, MLC3f-specific pro-
moter in front of exon 2 of the MLC1fI3f gene.
Because of the lack of convenient unique restriction sites

downstream of the MLC1f promoter, the same type of
experiment could not be easily performed to further inves-
tigate this promoter. Instead, we performed an Si nuclease
mapping experiment with unlabeled RNA synthesized in
vitro from template MLC1-1 (Fig. 1 and 3) with the 5'
end-labeled anti-mRNA strand of a 550-bp genomic MspI
fragment (Fig. 2A, bottom) as probe. The same probe was
also hybridized to total RNA isolated from adult rat skeletal
muscle, and the hybrids were digested with S1 nuclease and
run on an 8% denaturing polyacrylamide gel next to a
Maxam and Gilbert (39) sequencing ladder of the probe
alone. The major protected fragments with RNA from rat
skeletal muscle (in vivo RNA) and with RNA synthesized in
vitro from MLC1f-specific template MLC1-1 were identical
and corresponded to fragments protected by MLC1f RNA
initiated at the in vivo cap site (Fig. 4B). Taken together, the
above results demonstrate conclusively that both the MLC1f
and the MLC3f promoters are able to direct, in vitro, the
accurate initiation of transcription of their respective
mRNAs.

Determination of the detailed structure of the rat MLCTf/3f
gene and comparison with the mouse and chicken MLC1113f
and the D. melanogaster alkali light chain gene structures. To
further determine the structure of the rat MLC1fI3f gene and
its two promoters and to compare it with the recently
reported data on the MLC1W3f gene from chicken (43) and
mouse (55) and on the single alkali light chain gene from D.
melanogaster (18), the nucleotide sequences of the promoter
regions and of all the exons and parts of the adjoining introns
were determined as described in Materials and Methods.
The results are displayed in Fig. 1 and 5.

Typical features of eucaryotic promoter regions like the
TATA and the CAT boxes (10) are found 23 and 71 bp
upstream of the MLC1fspecific transcription initiation site
of the rat MLC1p/3f gene (Fig. 5; see also reference 52).
These features were not clearly recognized in the sequence
upstream of the MLC3f transcription initiation site (Fig. 5).
However, there were TATA- and CAT-like sequences at
-21 and -46, respectively. With one exception, the se-
quences found in the exons corresponded exactly to the
previously published cDNA sequences for MLC1f and
MLC3f (52). The exception concerns the middle region of
exon 1, where two amino acid codons, specifying an alanine
and a proline residue (the sequence GCT CCT encoding
amino acids 13 and 14 (or 15 and 16) of the published MLC1f
cDNA [52]), were deleted in the genomic DNA when com-
pared with the sequence represented in the MLC1f cDNA.
Because all the other sequences, including the 5' and 3'
untranslated regions of the MLC1f mRNA, were identical in
the genomic and cDNA clones, the observed differences are
most likely due to allelic polymorphism of the MLC1V/3f
gene. Indeed, S1 nuclease protection experiments (D.
Wieczorek, unpublished results) show the presence of two
forms of MLC1f mRNA diverging exactly at the position
described above in the fast skeletal muscles of some individ-
ual rats. Altogether, the rat MLC1p'3f gene contains nine
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FIG. 3. Runoff in vitro transcription to test for MLClf and
MLC3fspecific promoter activity. Lanes 1 and 9, Molecular size
markers with sizes indicated in base pairs. Lanes 2 through 4,
MLC1rspecific template MLC1-1 (see scheme on bottom and Fig.
1), linearized at the unique BamHI site approximately 610 nucleo-
tides (nt) downstream of the MLC1f mRNA cap site, was used at a
concentration of 50 ,ug/ml (lane 2) or 100 ,ug/ml (lanes 3 and 4) for in
vitro transcription assays in the absence (lanes 2 and 3) or presence
(lane 4) of 1 ,ug of a-amanitin per ml. A MLClfspecific promoter
(TATA) therefore directs the synthesis of a 610-nucleotide runoff
RNA in vitro. Lanes 5 through 7, MLC3Ispecific template MLC3-2
(see scheme on bottom and Fig. 1), linearized at the unique
EcoRI-site approximately 420 nucleotides downstream of the
MLC3f mRNA cap site, was used at a concentration of 50 ,ug/ml
(lane 5) or 100 ,ug/ml (lanes 6 and 7) for in vitro transcription assays
in the absence (lanes 5 and 6) or presence (lane 7) of 1 jig of
a-amanitin per ml. A MLC3Ispecific promoter (TATA) therefore
directs the synthesis of a 420-nucleotide runoff RNA in vitro. Lane
8, In vitro transcription with 20 ,ug of PstI-restricted plasmid
pFLBH (19) per ml as template. This template contains the adeno-
virus major late promoter (ADV) and yields a 974-nucleotide runoff
RNA in vitro.

exons spread over more than 20 kb of DNA (Fig. 1, 5, and 6)
with the MLC1f and MLC3f-specific exons arranged in a
sequence that necessitates differential splicing of the primary
transcript(s) to produce each of the two mature mRNAs (52).
The structural organization and partial DNA sequence of

the chicken (43) and the mouse (55) MLC1f/3f genes and of
the alkali light chain gene from D. melanogaster (18) have
recently been published. While the chicken gene is some-
what smaller than its rat and mouse counterparts (18 versus
21 kb), the arrangement and the number of the MLC1f
specific, MLC3fspecific, and common exons are identical in
all three vertebrate genes (Fig. 6). Chicken MLClf is a
protein of 191 amino acids (43) as compared with the 188 and
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transcription assays were performed with 75 p.g of MLC3fspecific templates per ml linearized 380 (template MLC3-3). 420 (MLC3-'). and 880
(MLC3-1) nucleotides (nt) downstream of the MLC3f mRNA start site in the absence (-) or presence (+) of 1 ,ug of ct-amanitin per ml. For
details of template constructions, see Fig. 1. Lane M contains size markers indicated in base pairs. (B) Total RNA from adult rat skeletal
muscle (in vivo RNA) and RNA transcribed in vitro from MLC1Ispecific template MLC1-1 (see Fig. 1) was hybridized to the 5'-end-labeled
anti-mRNA strand of a 550-bp genomic Mspl fragment (see Fig. 2A, bottom), and the hybrids were digested with S1 nuclease and run on a
8% denaturing polyacrylamide gel adjacent to a sequencing ladder of the probe after pyrimidine-specific (C+T) or purine-specific (A+G)
chemical cleavage (39). The sequence around the MLC1f mRNA cap-site (boxed) is shown on the left: for the complete sequence of the
fragment used as probe, see Fig. 5, nucleotides 437 through 989.

190 amino acids of the rat protein as deduced from the
genomic and cDNA sequences, respectively (Fig. 5 and
reference 52), and to the 187 amino acids reported for the
mouse protein (55). This size heterogeneity is due to differ-
ences among the three MLC1f/3f genes in the number of
codons in exon 1 (41, 38 or 40, and 37 in chicken, rat, and
mouse, respectively). All the other amino acid-encoding
exons in the three MLC1f/3f genes are identical in size. In all
three species, exon 2 encodes the 5' untranslated region of
MLC3f mRNA and precisely ends after the ATG initiation
codon. Interestingly, this exon corresponds to the first exon
of the single D. melanogaster alkali light chain gene (Fig. 6).
Furthermore, only one miniexon, encoding amino acids 1 to
9, was found in the D. inelanogaster gene (Fig. 6). This
miniexon (exon 2 of the D. melanogaster gene) is more
closely related to MLC1lspecific miniexon 4 than to MLC3r-
specific miniexon 3 of vertebrate MLC1f/3f genes (nucleotide
sequence homologies of 29 and 46% between exon 2 of the
D. melanogaster gene and exons 3 and 4, respectively, of the

rat gene; Fig. 5 and reference 18). Exon 3 of the D.
melanogaster gene corresponds to the combined exons 5 and
6 of the vertebrate MLC1I3f genes; i.e.. the D. inelainogaster
gene lacks the intron separating these two exons in the rat,
mouse, and chicken genes (Fig. 6). All the other intron
positions were precisely conserved in the insect and verte-
brate genes (Fig. 6). All the exons which end with a split
codon (in all cases a guanine) in the rat gene (exons 3, 4. 5,
6, and 7; Fig. 5) also end with the same split codon in the
mouse and chicken genes. Even the corresponding exons of
the D. melanogaster gene (exons 2, 3, and 4) end with split
codons; however, they end with different nucleotides (ade-
nine in exon 2, guanine in exon 3. and cytosine in exon 4
[18]). In the vertebrate MLC1p13f genes, exon 8 contains the
nine carboxy-terminal amino acid codons and part of the 3'
untranslated sequence, 17 bp in rat (Fig. 5), 17 bp in mouse
(55). and 27 bp in chicken (43); the corresponding exon of the
D. melanogaster alkali light chain gene encodes 14 carboxy-
terminal amino acids and 6 bp of 3' untranslated sequences

VOL. 5, 1985 3173



3174 STREHLER ET AL. MOL. CELL. BIOL.

5) In IC P'- F.. 00~ P
a0 0 o P,N -4

In CO C CY CY5) ) 5 5)

0 a0005,5,440 04.)0

5, Cm00554 4 4. 0 0,

0 C-) a5) aa4
00I5,0 5,4.le4I. 0 5,44 4.)4CD 4 4g M4. - 0 4.) 5,5,

O o A44445))a cm,5, 44
O C-) CDO C 44 4.'u054 44)5, CD C) ) C-) 5, 0044
a* -40 COQ 4K 0o 44 0 0 0 5,09 u ae-CCL34z40C- de 044
44 CD C.) 4 a 440445,at05, 4 C(a CD 0i 44544
0 0 5,44004 0440a5,acp
0 C-) C- CO IV 4400a5a 4 40 I C- C-) C- a 5, 4
5, 1~- ). ~--) LoC0m4 44 0 0 a 0 0 ( IC-) 4K I-I). I~-... 5,b a 5, 5,
44 1- C- CD 5, 05,0 a5,5 C 4c 1- C- 4 a
0 0 5,4~~~~~~~~~m45,a)4400 0 a005)
0C-)C-) C-) 44 ~~~~440 5,,0C a C- C-) C-)IV-)0 44

0 1-.'15)-)4 0 0a 440 44 440 4K C-)V) 1~- 2' 1- ) 44 44 4.)
5, C-) CD C) 0 4405,at445,0l 4C 1- CD CD 5, 44440
0 0 0445,5,Om4444 5, *44440g

- C-) IIV5, 00 40 4 44 CD C)o-1 at 5,
0 -.J4 CD cm5 44 0 44e 44 44 I-K 1-' C4 0 0 44 0
0C.)VIaCDCD 5 0 do5, 44 5, c 4 C- C-) 0 I0044
0 0~~~~~~~~~l 0 4 4005)5)o 5, 5,5,b
4I-C) CD 5, 05,004a4 44 CO--) CD C) 5, 40 445,

L.t0 leCC at45, 5440 0V F5440 41)a (i 4 _j) co meO 44 go 44
01-CD 4 5,~~ow h A5,, 44 444 C C-) CJOa44 44
0 0~~~~~~~~~4 4445,44000 0440O

0 00 44 50 44 0 4 05,44*
44CDCD C-) 0~~Oa 054 4044 044 44 D CD C 0 440g

4 40 -5 0 0u 5, 404v0I0 a 44 1-K 41) 41) 5,o 44 44 44
44CDC-) CD 5, 445,5,00~4.0ma u4i 0 4 CD D 0 Oa5)0
CD14 4i 05)00440u 440 CD 1- 1 a054 4iobCD u ob~44 5 5, 44 coK to)) 5, cm5 44

CD0 00004444 44 (aC CD Oa 0 445,a

441.I. I.-..) -le 5, 44 44 de 44 5, 0 0 C). I 1. CDC 0 0 5, 44
441- CD de 4 444000 44 C-) I- LCD 5) ) 44
0 0 004~~~~~~~~~uu405,m44 0 5, 0440I*.- 44 5445,5,5,im44 0 CD C- CD 5 0 4

44-4 44 0005, 0 C-)CDI 4 0a 5)0 0
al 0 00 40CO.05))
at ad C) 0 0 444 0 - 4 - ,4

0!Cl I. C-) 44 54 4i a 0 a 5, 5, 1.-U.44-CC 5)-z.44 Oa 05
ob V C -I4 6 O oo od440 0 5 44 C- co CD 440 u0 440
44i bi5) 5 005 445,5, 0 0 40V44

0 44 CD C- 5, )5 0044 44 at- C) 5 )44.) 3II C-) a0 5)a000 0 40)- -))- ,
C-) 445, .05 4.) 0 C) - 4c 5 444

C" ob
v 4. 4i

44 Oa0445,
5, CDC4-) 4K :440 '00 0 4)J CDCD CDC(D 0 5)05,m
0 5 1- 4CD 40 44.0445)b 0 0 CD CD CD , 44 44
44 44 0 4 445,$44 44 at 000
4iaL) i : 4i a Ai 44 fl- 4 -- 0 4405 ,

u 4.) LPt~ - 41hiLSu aOWu Z44 45, .11C-D CD O C
U 44 4 CD U044 '440 U44 5,'"'*0e 0 44 a C%1 O at) 0o.1 4-
44 0 I I 440 4-0400 5, CD CDO 0 44044
0 0 o tCDCD DCZD45)0 '4-0 5, 5, 41)440C CDCD0 U 5,0
0 0 to 4D4440 0 44 44 D C) C 4 44045,
5,0 44 0 5) 44 5, 0 0~~~~~~~~~~~~~~~~~~~~40 U
440-) C C- 4 0 4 - CD CD 04 44
05 C)I- -~4DC 50 0 ) 44 --' 4 414 . 0

44 oe C-) 49 bl05)0 do00 44 4 CD CM C-) 0445,m

40

C-)4

CD 0
CD

i

CD CD

Ca 4i

Ca 4a

to C-)
411 -C
CD QC

4D CD

ICe 4K

OCD1

CD-D-4C-)
CDD 4

Cl CD

CO cm CI a O

5) 0 0 0

0 10 0 0 4 04

0 4 5 0 44 0 44
0i 44 0 4 0 0 4 44
44 CO.)0 Ma I0 0..5) 00 0 4 )

40

0

441m 44
m5)0e 44 44 0 0

0 44 0 0 0

0a 0

go 44 5) a0 cm5 44A
4 4j0 0 044 5 44 a4

40 la 0 5 4 0 44 5)

44 5) 44 44 0 to4

0 4 0j 44 0 0 44

44 5) Oa 44 5) 5) 0 01
0 10 44 b 0 0o 0 cm
0i Oa 44 cm4 0 5)

,44 0 0 5)5 0 4

5) -

0- -

C.- 44 00 40
IC-) 0 0445)

C-) 440b44

5044o
C-)0 5)40

C-0 4404

fob0 4444,

I-.' 0 4 544*

CD 44.04

0b 'o 5)

0 4 0004

0i40 0
44 oC 44 5)

a.C--4 5)
1- CD 0 0

CD IC 44

to41- 44 44
CDC) CD)4 4

I- C- a1C-)0

4, C) CD a)

04 4 C- 44

*0 C-)o1ICB - 0

44D4 -4

0c- C-) 4 CD

44CD I- C.) C) 44

444CD-CD 4 44

44 McJLi I- - 44

0 C0 0n 0
0 CO.

0 5 0, 44 0
'a
5) 5) 5) 0 0 CD C)

CP4O)4 0 40 0 0 0b I C-)
44 0u a)C))

44 00 5) 0 0 4 4m0 m00
a
0 5 44 0 40 44 5) 5) 44444

, 54.w4m0444t 04444Ca445)4m405'a4e405)40 0 C

440)54405)5)5)5 0 CJ(D
0404 4 44 0 4 0b 0

0
44

j1
a 10 a, 44M4i1440 0

a
0

VI 0. 5) 0l 0C.C.
44 4.00 10

5)4 )5 45 -
0 44 5) 5) 044 444040 40C. 04004 -

0m 40 44 404)00a0 44C-a1-04.04. 4.)5)4a40445)s4 44 44, 0a 0 044

91- C.

0. 0 a45)D5)5 005 5

44 44
0 0b44 00 'a)44e 4I-

0044 0 0 5)~~~~~~40 0 0 00 04O-

4400 0 0 5)0~~~~~~~ ~5)0 0 0 1

004 44 5) 5)"5)5.0-1-

5) 0 44 0 0 0 5) 4

0 0 a a44 40 44 'O 0&a o

0i 5) 0n44 a44 0 4 0* 0

44i4m a 0 0p 44 a05) 44

a 044o 5) 005) 5)0 5)0
el40044 0m 0 044 C.

4405)04 000440 ) )C-

440445)445)0044445)141 CD~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~105445 0 4 -
0 )005)04go)55 )04 el 43a

a 5). 0 0el400 0 --4 a)44
w) 44 0 445

44405 cm05)044m0I

0m0 en PI. 44 )' CO D -W Go NY Co
44 N4 CO ) 5) 44 N4 4

~
4

CO

44 44 44 0~~~~~~~1. 04 ~ 4 4~44 4444 44

0 445)44. 5),10 C U 05) 0 0 5 04455 440 44 0 445 D4 00 0 00 4
44 45)4 0

p 444 15 00 0 404 5 4 4
CD IC) 5 445)000440 C) 0 4 40 4 4 0 4

CD 44 4440a404440 C-)u 05)05)0440 05)0

0g40440CDD-K 5) 44 04 5) 0
44444400~4400 CD 4 44 )0 )0 )5 44

15C-)4 000000 -4 00 4 4 0 0 5
CDCD0 5)44445)~~40 445) L-iC-) 544450444

0 ',044445)54 40 1-1 t00 445)00440

1-4415)5)5)5)5)440 ~~C- 0004 05 00 44

agC-)O. o cmsq
C-)44445)4444440 C-)C-) 00000445)44044C',a

cl C-) CD 440 4444000 1-C-) 5 ) )4 40 00 4

005)005)5) CD 0440044444444440~cmC
Ic CD 1- 0 0 0 )4 ) 0) 05 )44445

C-) 5)54&45)0440 at) 5)5 044 044 5)5

005)000044(3"5)500 44 4 ) 0
4C-)1- 00445)44 5) 5)1- 5)05)5)4 0440445)U-) I,0 ) 0 44m 5CO 44000000004

C-)CDCD 4400005)0IMcp 0(3 4405 0004 440
4 CD 1- 044 )44 40 0- 0 445 044 444 0

5)4444444405) 0- 5)4 A#40005)00440
CDC-)CD044000044 OCD 0~~~~445)44004 400C a44
1-K341-J 0 5)5)0 4444C5) 01- 544CO 044 04444 54 4 0
4CDC-) 44445)445)00 OC-) 5)0 044440440440m ',

C-)(3~~~40 0 4040 4005)5)5)04
C-)C.)000444444 C-) 405)PI444400a4 400im44.
CD444 p444444~~5) .I-000 4 5 44 4 4

1- C- co 44544 005) 4C- .45)505)544 5))5

1- cm5)a)a4 4444 1-) 0000004404444v
1- 400C444op40440 41- 05)004444 4044

C-)C-) do1 a0 40005)0s 41 - 5)0000005)o,U4404
4 5)05)4444-

4

0 4105)05)5)445)44440v a1-4440005) 0 5 a aa445)5)044044000
C-)4-)4ov)o 5)44 0 01- 0005)5)5)044u440v

IVCDD 05) 00,44 01- 5)440440444444440

C-4C)4 5)P

4 44 5 44a

404 4 5 0

CD o0 44

Oa a5 44

so

40

41))

4 cr
4

41)
IDLA

c 41

49i

C%j C" fn
0 CY .o
C%j %D P..

tn ln
.4 -4 -4

u u
u
4i
4i u u 40 a 4i
u u 4i 4i 4i 4i 4i
4-D

u 4m cpb ei u im
u cm im 4i 4m a
u 4i a 4i
OD 4i ob Ch qp
go

u

im 10u u u
cm 0 u a
10 u u '"
ol 4. 40 u 4m
u u ch

ob u 4i Im u
4i lm 4i 4i

c7b UU can,
Oa 4i 4i
ob C76 ot ot u 'a Ob
$a 10 10 10 01 40 I"4i 4i 4. 4. 10 10 41
u ot on qj ti cm 41 Ob
a 4i 4, a 4i a, 4m
4m u 4i 4i u ti C71
so 10 4m 4i 4j
0 u 4m 4.0 4-D 0 u 4a
im Oa 4i u u 4 cm 4m
4i u 4i 4, 40
cm 4i U M40 4i u u
Oa u u 0 40 4-D 4i
4.1 4m 4i 0

cm u
a 4i u 4i

4i IV 4m 4i u : u 4m
4i . IW 10 10ob u u .1 4m C. UOI
4i u IO 41 10 I'll, OW.u cm 4. L) C. a
06 4.0 Oa v m 4i 4i 10

u 4i 4i 4i Ok 4i 4.
ob ch CFO 4-0 Oa u 4
4j 4i ob Ob ob
4i U M 4.0

4i u 4i col u cpb

4i 4,
cpb u a 4i Ch 4m 0
do 4m 4., 4.0 .0 u u u

a a 4i 4i a
cm 4, 4A cm
4. ob

al : MO IUO
Ca Of 4-A u a

cyb u 4a 4.0 4i
m 4-- 4.0 4.0

La 4i u 0 Cpb
4i

C%j
%D
40
cli
-4



TWO FUNCTIONAL PROMOTERS IN THE MLC13r GENE 3175

(18). In all four genes, the last exon contains purely se-
quences of the 3' untranslated region.
The above comparison strongly suggests that the present-

day vertebrate MLC1IW3f genes originated from an ancestral
gene resembling the actual alkali light chain gene from D.
melanogaster in that they contained only one promoter (the
vertebrate internal MLC3f promoter) and only one miniexon
(the vertebrate MLClfspecific exon 4). Duplication of the
miniexon and the addition of a far upstream promoter and
first exon were later events, perhaps occurring together with
the development of promoter choice-dependent differential
splicing pathways for the two different primary transcripts.

It is also remarkable that not only intron positions have
been precisely conserved in the genes studied above but, at
least in the vertebrates, even the sizes of corresponding
introns have been maintained to a large extent (Fig. 6). Of
particular interest is the conservation of the large size (over
9 kb) of the first intron of the MLC1tI3f genes because this
intron contains the MLC3Ispecific internal promoter found
within these genes.
DNA sequence comparisons. A comparison of the 5'

flanking sequences corresponding to the MLC1f and MLC3f
promoter regions immediately upstream of exons 1 and 2,
respectively, is of particular interest because it may reveal
additional data on the fine structure of these promoters as
well as on the evolutionary conservation of their regulatory
features.

Rat (Fig. 5) and mouse (55) sequences showed homologies
of over 90% in both the MLC1f and the MLC3f promoter
regions, extending over more than 100 bp upstream of the
respective cap sites. While this high degree of homology may
not be surprising, given the close evolutionary relationship
of rat and mouse species, it is, however, significantly higher
than the degree of similarities found in the available intron
sequences (80 to 85%) and only slightly lower than the
homologies between the exons specifying the 5' untranslated
region of MLC1f mRNA and the amino acid codons of both
MLC1f and MLC3f mRNAs (95%). Interestingly, exons 2
(specifying the 5' untranslated region of MLC3f mRNA), 8,
and 9 (containing the sequences of the 3' untranslated
region) showed homologies of only 80% (exon 2), 90% (exon
8) and 87% (exon 9) between the rat and the mouse genes,
i.e., a degree of divergence comparable to that of the intron
sequences. Apparently, a higher selective pressure acts
upon the promoter regions than on the intron sequences and
on the exons encoding the 5! untranslated region of MLC3f
mRNA and the 3' untranslated regions of both mRNAs.
A similar comparison between the rat and the chicken

sequences yields even more striking results. Because of the
much larger evolutionary distance between birds and mam-
mals (2.5 x 108 to 3.0 x 108 years [53]), the differences
between evolutionarily conserved and divergent sequences
become more evident (Fig. 7 and 8). Starting at position
-170 (position +1 being the 5' terminus of MLC1f mRNA
[Fig. 7A]), there is a large stretch of purines (Fig. 7A) that is
located at similar positions in the rat and chicken genes and
that may correspond to a region of altered DNA conforma-
tion (11, 17) important for promoter function. Further down-
stream. from position -145 down to the cap site, a striking
degree of sequence homology was found between the
MLC1-specific promoter regions of the rat and the chicken
gene (Fig. 7A and 8A). In fact, the degree of homology found
in this region (which includes the TATA and the CAT box) is
higher (90%) than between the adjoining exon sequences
encoding the 5' untranslated region of MLC1f mRNA, where
homology is about 70% in the 5' terminal part but only 40%
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Drosophila
FIG. 6. Comparison of the structural organization of rat, mouse, and chicken MLCLr/3f genes. Linear maps of the rat, mouse, and chicken

MLC1f/3f genes and of the single D. melanogaster alkali light chain gene are shown. Exons (black boxes) are numbered from 1 to 9 for the
rat gene, corresponding exons in the genes are connected by stippled lines. In mature transcripts from the MLC1f/3f genes, exons 1 and 4 are
only represented in MLC1f (1f) mRNA, exons 2 and 3 only in MLC3f (30) mRNA, while exons 5 to 9 are common to both MLC1f and MLC3f
mRNAs (1W3/). The structural maps of the mouse, chicken, and D. melanogaster genes are from Robert et al. (55), Nabeshima et al. (43), and
Falkenthal et al. (18), respectively.

in the 3' part immediately upstream of the ATG initiation
codon even when gaps are introduced to maximize homol-
ogy (Fig. 7A and 8A). There is a deletion of six nucleotides
between the CAT and the TATA box of the chicken as
compared to the rat sequence (positions -60 to -65 in the
rat sequence [Fig. 7A]). A different chicken sequence,
however, shows the presence of six nucleotides at that
position, four of which are identical to the ones found in the
rat sequence (R. Billeter, personal communication). Thus,
the 5' region upstream of the MLClf cap site is more
conserved than any of the intragenic sequences, with the
exception of some of the amino acid-encoding exons.

In sharp contrast to the results obtained with the MLC1f
promoter regions, a comparison of the 5' flanking sequences
upstream of exon 2, i.e., of the MLC3fspecific promoter
regions, revealed only poor sequence conservation between
the rat and chicken genes (Fig. 7B and 8B). Not even the
TATA sequence itself has been completely retained in the
two genes, and while there is evidence for a CAT box in the
chicken gene, the corresponding sequence in the rat gene
(positions -46 to -49) has been changed into an ATA
sequence (Fig. 7B). Altogether, sequence conservation in
the MLC3f promoter region of the rat and chicken genes
amounts to only 50% and is comparable to the degree of
homology found in the adjoining exon specifying the 5'
untranslated region of MLC3f mRNA (Fig. 7B and 8B).
Interestingly, however, there is a stretch of highly conserved
DNA sequence in the rat and chicken MLC3f promoter in the
far upstream region at positions -72 to -121 (Fig. 7B and
8B) where homology reaches more than 80%.
The homology between the 5' flanking and untranslated

mRNA sequences has to be compared with the respective
degrees of hdmology found in the remaining exon and intron
sequences. The average degree of homology between the
amino acid-encoding sequences amounts to 75 to 80%, while
the overall degree of sequence conservation between the 3'

untranslated regions is less than 30% (Fig. 5 and reference
43). The available intron sequences showed no similarities
(25%) in the regions that could be examined (Fig. 5 and
reference 43). However, while sequence identity does not
extend far beyond the GTG at the 5' end and the CAG at the
3' end of the introns, the donor sequence immediately
following MLC3fspecific miniexon 3, the donor sequence
following MLClfspecific miniexon 4, and the acceptor se-
quence immediately upstream of the first common exon 5 are
conserved over a stretch of 8, 7, and 7 bases, respectively, in
the rat and chicken gene (Fig. 5 and reference 43). This
conservation may be significant because miniexons 3 and 4,
which are functionally separated from each other by a
pseudointron (52), are both spliced to exon 5 in the differ-
ential processing steps leading to formation of the mature
MLClf and MLC3f mRNAs (43, 52). In addition, the
pseudointron between exons 3 and 4 and the intron preced-
ing exon 3 contain additional sequence stretches with a high
degree of similarity (80%) in the rat and chicken gene (Fig. 5,
underlined areas). Thus, while most of the intron sequences
seem to evolve under no obvious constraints, some stretches
have been conserved, suggesting their importance in gene
structure or function or both. The extremely high degree of
conservation of the MLC1f promoter regions in the rat,
mouse, and chicken MLClf/3f genes is outstanding. On the
other hand, the MLC3f promoter region, which is structur-
ally part of intron 1 in the MLClf primary transcript, has
evolved at a higher rate. Yet, the degree of sequence
conservation in this region is still significantly higher than
that in the remaining intron and 3' untranslated sequences.

DISCUSSION
The MLClkI3f gene has two functional and differentially

regulated promoters. Although previous work on the struc-
ture of the MLC1l3f gene from the chicken (43), the rat (52)
and the mouse (55) has suggested the presence of two
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A
-217 -170

RAT ... TATAGATAGAAGT GGAGGGGAAGAAGAAAGAAAAAAAAAAAGAGAGAGAGAGAAGAAGAAG CAAGAGGCATTCAAAAAACTTAAGGAAGCCCTGA

CHICKEN . . . (A) 1166(A)666(A) 11GGCAGAGGAGGTGGCTGGGGTTTTTAAAGAGGGGGGAAAAAAAG GCTCTGAAGTCCCTTGATCTT-CTGAAGCCCTGA

-75 -71

RAT CCCTTTA6ACTCCATTTATAGTCTGAGCCC6AATGCCACCCCCCTGGACAAGTGAACCGT [;3 CCAGCCGCGTGTGTCAAGGTTCTATTAGGCACT

CHICKEN -ACTCTATATTCCATTTATAGCCCGAGCTGGAATGACACCCCCCTCGATTAG-GGACTGT CCAAT CCAGC------TGTCAGGATTGTACAAGGCGCT

-32 -23 +1

RAT AAGAGIAGATATATAT GCATGCCCTTATACCATTCAACACTCTGGGTCCACCCTCCAGACGCTGGGCTGCGGGTCAAGCGAGCCACCACTGCTCTTCCA

CHICKEN AAGTG AAATATATAT --ATGCCCTTATAGAGTTTAGCACACTGGGTCCACCG-CCAGGCAC-GGGCTGTAGCTCATTCCGACCACTGCTTCTCTCCCA

RAT AGTGTCATTTTGACAG-6TTCTTCTGGAGGAGATCCTTCTTTTG---------- TTAACCCATCGTTTTAAT----CAAT...

CHICKEN GGAATCGCTTTTAGGGGGGTCTTCAGG------TTCTTTTTTTGGGGGGGGCCACCTTCACTCTCAAGTTTAAGCAACACAAAATG...

MET

B
-121 -72

RAT ... CTAAAATGGCCC--- TGGGTACATGTTTCTCTTTCTCTTTGCCCTAAGAAAGCTAAAGAACTCCTCCAGGAGGAGTGGCAACT

CHICKEN ... GCCGAAAGGCCCATCAAGGTACGGTGCCACCTGTCACTTTGCCC-AAGAAAGCTAGAGAACT-CACCAAGGGGAGGGGCAGCT

-49 -46 -28 -21 +1

RAT GCCCTGTGAAATCCGATACTAG GAGGTCAGTTTGCCCAG AA GGAGGCCACCGAGAGGT-AGGACTCCACTCAG

CHICKEN TCCTTCTGA-CGCCTAATCCAG CAAT GCCGTCGCGCTG-CCAG ATAAATAA GGGGAA----GAAAGGCCAGGAAAG----CAG

RAT GGACCCACTGGAGGTGTCTTCAGTTCATTCTCCAGTCCCGCTGCTGTTTTGCCTCCCAGAA-CTCCATCATG GTGGTC...

CHICKEN GACCACTCTCAGAGACCTCTCAGCTAATCCTCCGGCCCGTCCGCCGCTCTACTTTTCCAACTCTCAATCATG GTGGGT .

MET IVS
FIG. 7. Comparison of rat and chicken DNA sequences corresponding to the MLC1f and MLC3f promoter regions. (A) The 5' flanking

region upstream of MLC1lspecific exon 1 is displayed together with the beginning of exon 1 down to the methionine (MET) translational
initiation codon ATG (underlined). Rat and chicken sequences have been aligned; dashes are introduced to optimize homologies. Conserved
nucleotides are underlined. Stretches of homopurine (G-A) sequences in the far upstream region are also underlined. The position of the 5'
start site of rat MLC1f mRNA is labeled +1; TATA and CAT sequences are boxed for the rat gene. (B) Rat and chicken sequences
corresponding to the 5' flanking region upstream of MLC3f-specific exon 2, exon 2 itself (specifying the 5' untranslated region and the
methionine (MET) translational initiation codon (ATG), and the beginning of the adjoining intervening sequence (IVS) are displayed and have
been aligned to optimize homology. The major start site of rat MLC3f mRNA is labeled +1. The boxed rat sequence from position -21 to
-28 corresponds to the TATA region. A second rat ATA sequence (-47 to -49) is also boxed. All other symbols are as described for panel
A. Rat sequences are derived from Fig. 5; chicken sequences are from Nabeshima et al. (43).
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FIG. 8. Dot plots illustrating regions of extended sequence homology in the MLC1r and MLC3f-specific promoter and adjoining exon
sequences of the rat and chicken MLC1lW3f gene. (A) Comparison of rat (abscissa) and chicken (ordinate) sequences comprising the 5' flanking
region upstream of exon 1 (MLC1f promoter), exon 1 (specifying the 5' untranslated region [5' UT, shaded box]), amino acids (AA) 1 to 38
(rat) and 1 to 41 (chicken) of MLClf mRNA (black box), and part of the first intron (IVS I). The positions of the cap site (+1), the beginning
of the TATA box (-32), the CAT box (-75), and the conserved far upstream sequences (-150) are indicated for the rat sequence. (B)
Comparison of rat (abscissa) and chicken (ordinate) sequences comprising the 5' flanking region upstream of exon 2 (MLC3f promoter), exon
2 (specifying the 5' untranslated region of MLC3f mRNA, shaded box), and part of the adjoining intron 2 (IVS Il). The positions of the cap
site (+1), the beginning of the TATA box (-28), and the beginning (-125) and end (-75) of the conserved far upstream sequences are
indicated for the rat sequence. A dot is made wherever there is homology amounting to eight or more matches of 10 consecutive bases
between the two sequences compared with each other. Rat sequences are derived from Fig. 5; chicken sequences are from Nabeshima et al.
(43).

promoters within the single MLC1f/3f gene, the data pre-
sented here demonstrate that this gene indeed contains two
promoters capable of independently directing transcription
initiation of MLC1f and MLC3f mRNA, respectively.

In the in vitro transcription system and under the condi-
tions used in this study the MLC1f-specific promoters and
the MLC3f-specific promoters are both active in promoting
accurate initiation of transcription. It has been shown that a
wide variety of different eucaryotic promoter DNAs can be
used as template in this system and will be efficiently
transcribed from the in vivo cap site provided that some
minimal sequence requirements are fulfilled (30, 34, 68). The
MLC1r and MLC3f-specific promoter templates used in this
study contained 1.6 and 0.8 kb, respectively, of 5' flanking
sequences, thus including several hundred nucleotides up-
stream of the TATA box that has been shown to be impor-
tant for correct positioning of the transcription initiation
complex (for a recent review, see reference 66). The differ-
ences in the efficiency of in vitro transcription between the
two MLC promoters and between them and the highly active
adenovirus major late promoter may reflect true differences
in promoter strength, although the possibility cannot be
ruled out that additional regulatory upstream or downstream
sequence elements may be important for efficient transcrip-
tion from the MLC1f or the MLC3f promoter or both (9, 27,
30, 73).
Among the eucaryotic genes giving rise to more than one

mature mRNA species, the gene for the mouse liver and
parotid gland a-amylase is an example in which regulated

differential transcription from two promoters (separated by
approximately 3 kb) leads to the production of two different
mRNAs coding for the same protein (59, 74). Of these two
promoters, the one responsible for transcription of the
parotid gland-specific mRNA is stronger (about 30-fold) than
the liver-specific promoter. While the parotid gland-specific
promoter is exclusively active in the parotid, the other,
weaker promoter is active in both the parotid and the liver at
similar rates (59). A similar organization and differential
regulation has been described for the two closely spaced
(approximately 600 bp) promoters of the D. melanogaster
alcohol dehydrogenase gene (5). In contrast, the two pro-
moters of the MLC1W3f gene are 10 kb apart, give rise to two
mRNAs coding for different proteins, and seem to be simul-
taneously and equally active in adult fast skeletal muscle
(52). However, the two promoters of the MLC1l'3f gene are
also differentially regulated. Initiation of transcription from
the MLC1f-specific promoter occurs before the activation of
the MLC3fspecific promoter during fast skeletal muscle
development as reflected at the mRNA (52) and protein
levels (24, 25, 70). The possibility that only one species of
alkali light chain RNA is synthesized in a given fast skeletal
muscle nucleus cannot be formally ruled out. The fact that
both MLC1f and MLC3f mRNAs are present in the same
amount (52) and that corresponding proteins are synthesized
at similar rates in adult muscle and have been shown to be
present in the same fiber, the same myofibril, and even
within the same thick filament (23, 61) is suggestive of their
production in the same nucleus. Whatever the case, a merely
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stochastic usage of the two promoters of the MLC1f3f gene
can hardly explain the differentially regulated expression of
MLClf and MLC3f mRNAs both during development and in
specific adult fast skeletal muscle tissues.
The existence of two developmentally regulated but

widely spaced promoters that drive overlapping transcrip-
tional units in the same cell raises interesting questions about
their sequential activation and mutual interaction. In the
case of the MLCl/3f gene, it is clear that an active chromatin
conformation exists in the MLC3f promoter region from the
moment the MLClf promoter is activated, since transcrip-
tion initiated at the upstream cap site must run throughout
the downstream promoter region. However, this conforma-
tion is not sufficient for MLC3rspecific transcription initia-
tion. To prevent the immediate activation of the internal
(MLC3f) promoter a specific but reversible mechanism must
operate which allows readthrough of the transcriptional
complex initiated at the upstream (MLClf) promoter while
preventing initiation of transcription from the MLC3f
promoter. Suppression of one promoter by an actively
transcribing nearby promoter might be explained by tran-
scriptional interference, as has been recently described for
separate but physically linked eucaryotic genes in retrovirus
systems (14), or by other epigenetic cis-acting mechanisms
(16). However, in adult muscle tissues producing both
MLClf and MLC3f mRNA, both promoters are simulta-
neously active; i.e., any putative transcriptional interference
must have been overcome. Two features set the MLC1p13f
gene apart from the genes for which transcriptional interfer-
ence has been demonstrated: (i) Both promoters belong to
the same gene (although one might formally envisage the
MLC1fI3f transcriptional unit as being made up by two
overlapping genes), and (ii) the two promoters are separated
by approximately 10 kb of DNA. This lattter finding, which
holds true for all the MLClfI3f genes, may be significant in
terms of a recent report suggesting that a minimal intergenic
distance may be required between two linked genes for them
both to be functional (45). The presence and the maintenance
of a large intervening sequence between the two promoters
of the MLC1tI3f genes may therefore be of significance for
the regulation and the proper functioning of transcription
within these genes. Despite the fact that the mechanisms of
transcriptional interference and of extragenic territorial in-
fluence are not yet understood, it seems clear that trans-
acting factors are involved in the differential activation of the
MLC3f promoter within the MLC1d3f gene. In fact, recent
studies with stable heterokaryons of human nonmuscle and
mouse muscle cells have demonstrated the involvement of
diffusible factors in muscle gene activation (8, 12).
The structural organization of MLClf/3f genes is highly

conserved, but their two promoters are evolving at different
rates. All three of the MLC1tI3f genes analyzed in detail so

far, chicken (43), rat (reference 52 and this report), and
mouse (55), are identical in their exon-intron structure. In all
these species, the functional MLClJ3f gene is a single-copy
gene (in addition, a processed MLC1p13f pseudogene has
been detected in the mouse [55]), from which two mRNAs,
specifying MLClf and MLC3f, are produced by a mechanism
involving both differential transcription and splicing.
The complete conservation of intron positions between

corresponding genes of evolutionarily distant species or
between different members of a multigene family within the
same species has already been shown for a number of genes,
most notably for the a- and P-globin genes (15, 51). Among
the muscle protein genes, chicken and rat a-actin genes also
show conserved intron positions (20, 75), however, intron

positions vary between a- and P-actin genes in these species
or between different actin genes from vertebrates and inver-
tebrates (20, 47, 75). A similar conservation of intron posi-
tions is apparent among myosin heavy chain genes (64).
While many of the corresponding introns in the above-
mentioned genes vary greatly in size, they are similar in
length in the MLC1fI3f genes. Most remarkably, the unusu-
ally large first intervening sequence (approximately 10 kb),
which contains the MLC3fspecific promoter, has been main-
tained in the rat, mouse, and chicken genes, whereas the
known sequences of this intron have diverged considerably.
Although the role of introns in gene structure and expression
is not clear, it may be speculated that a rather strict
maintenance of intron location and size is essential in the
MLClfd3f genes, which contain two differentially regulated
promoters and give rise to two differentially spliced RNA
products (43, 52). This is relevant because the primary
transcripts originating from each of the two promoters have
only one predetermined splicing pathway open to them,
despite the fact that exons 2, 3, and 4 are alternatively
spliced to generate MLC1f and MLC3f mRNAs. Therefore,
the alternative splicing of the primary transcripts is governed
by promoter choice selection and is most probably depen-
dent on the primary structure of the respective transcript (cis
regulated). Maintenance of a different splicing pattern for
each of the two transcripts could impose specific constraints
on the intron sequences involved. For example, the
stretches of extended sequence homology between the rat
(or mouse) gene and the chicken gene near the 3' end of
introns 2 and 3 (i.e., sequences preceding miniexons 3 and 4
[Fig. 5]) may be important for correct splicing of the specific
5'-most exon of MLClf (exon 1) and MLC3f (exon 2) to the
respective downstream exon (exon 4 for MLC1f and exon 3
for MLC3f). Sequences near the 3' end of introns have
recently been shown to be involved in the formation of lariat
intermediates in the initial steps of splicing (26, 50, 57, 69); it
may thus be significant that the lariat consensus sequences in
the MLC1fI3f gene introns 2 and 3 lie within extended
stretches of conserved sequences.

Despite the highly conserved nature of the overall struc-
ture of MLC1fI3f genes, a close inspection of the available
nucleotide sequences reveals surprising differences not only
in the degree of divergence in noncoding versus coding
sequences but also in the rate of accumulation of nucleotide
changes in the two promoter regions. The degree and extent
of sequence homology between the MLClf promoter regions
is striking and is significantly higher than the conservation of
intron sequences, 5' and 3' untranslated sequences, and
some of the coding exon sequences. Besides the TATA and
CAT boxes (which have been shown to be important for
correct positioning of transcription initiation and for deter-
mining the level of transcription [3, 4, 10, 13, 28, 29, 36, 40,
54, 65, 66]) large stretches of the sequences between the
mRNA start site and the TATA box, between the TATA and
the CAT box, and upstream of the CAT box have been
highly conserved in these genes. Conservation in the corre-
sponding regions of the a-actin (47, 49) and of a2 type I
collagen (60) genes has also been described. In none of them,
however, is the homology between mammalian and avian
species as high as in the MLC1f promoter. Several stretches
of extended sequence identity found in the far upstream
region of the rat and chicken MLC1d3f genes (the corre-

sponding mouse sequences are not available) may represent
further important transcriptional control signals of these
genes (positions -145 to -136, GAAGCCCTGA; -125 to
-115, TCCATTTATAG; and -99 to -91, CACCCCCCT; in
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addition to the extended stretch of homopurine-homo-
pyrimidine sequence found in the region upstream of posi-
tion - 170).

In contrast to the highly conserved MLC1f promoter
sequences, the MLC3f promoter regions of the avian
(chicken) and mammalian (rat, mouse) MLC1p,3f gene are
significantly more divergent. The TATA box sequence dif-
fers at three of nine positions, and no CAT box homology is
found between the chicken and the rat (or mouse) genes. The
additional ATA sequence present at positions -46 to -49 in
the rat (and mouse) gene may actually play the role of a
second TATA box (see also reference 55), thereby leading to
changes in the site of transcription initiation. In fact, heter-
ogeneity at the 5' end of MLC3f mRNAs has been noticed in
the chicken (R. Billeter, personal communication) and may
also occur in the rat (Fig. 2B; Fig. 3, lanes 5 and 6). The only
sequence stretch of high homology between the MLC3f
promoters of the avian and the mammalian MLCl1f3f genes
resides in the far upstream region (position -72 to -121 in
Fig. 7B and 8B). It is tempting to speculate that these far
upstream sequences are somehow involved in regulating
differential transcription from the MLC3f promoter and must
therefore be maintained almost unchanged during evolution.
MLC1l13f genes have evolved from an ancestral gene lacking

a far upstream promoter and first exon. So far, the MLC1lW3f
gene is the only member of the vertebrate alkali light chain
gene family known to give rise to two different mRNAs
originating from different promoters. In slow skeletal, car-
diac, and smooth muscle tissues, only a single alkali light
chain isoform, MLC1, is expressed. Because of the lack of
information on the structure of the genes encoding these
other alkali light chains it is not yet clear how the organiza-
tion of the MLC1l3f gene compares with that of the other
members of this multigene family. However, the recently
published nucleotide sequence and structure of the single
alkali light chain gene from D. melanogaster (18) shows that
the MLC1lI3f gene of higher vertebrates most probably
evolved from an ancestral alkali light chain gene containing
only one promoter (the MLC3f promoter of the vertebrate
gene), and encoding the 5' untranslated sequences down to
the methionine start codon in its first exon. This exon was
followed by a single miniexon (as is found in the D.
melanogaster alkali light chain gene) that encoded the first
few amino acids (1 to 9) of the ancestral myosin light chain
protein and that corresponds to miniexon 4 of the present-
day vertebrate MLC1lW3f genes. It is likely that the original
vertebrate MLC1W3f gene arose through a duplication of the
miniexon region and the addition (or activation) of a far
upstream promoter and a newly acquired first exon. Since,
as shown in this report, the original promoter, now lying
approximately 10 kb downstream of the new 5' end of the
gene, remained functional, two widely different primary
transcripts originate from this single gene. The appearance
of promoter choice-dependent differential splicing patterns
for these two transcripts and the duplication of the mini-exon
may have been concomitant events since the inclusion of
both miniexons (exons 3 and 4) in a single mature mRNA
generates a shift in the reading frame, leading to premature
stop codons. It is interesting to note that, although there is
no promoter choice for the transcription of the D.
melanogaster alkali light chain gene, regulated differential
splicing has been shown to occur at the 3' end of this gene
(18).
The hypothesis that the ancestral alkali light chain gene

did not have a far upstream promoter and first exon is further
supported by the structures of the rat skeletal muscle MLC2

(46) and the chicken calmodulin gene (62). Both the MLC2
(dithiobis-nitrobenzoic acid-removable light chain) and the
calmodulin genes belong to the same troponin C supergene
family that also includes the alkali light chain genes among
others (1). In both the rat MLC2 and the chicken calmodulin
gene, as in the hypothetical ancestral alkali light chain gene,
the first exon contains the 5' untranslated sequences down to
the ATG initiation codon while the remaining mRNA se-
quences are distributed over six exons (46, 62).
The evolutionary advantage of a newly created gene with

a MLC1f-specific far upstream promoter that is transcrip-
tionally activated before the MLC3f promoter during skeletal
muscle development might have put the upstream promoter
under stronger selective pressure than the downstream
(MLC3f) one. The activation of a promoter already open to
the transcriptional complex may be subject to different
constraints than the activation of a transcriptionally silent
one. Whether the higher accumulation of nucleotide changes
in the 5' flanking sequences of the MLC3f compared with the
MLC1f promoter reflects these putative differences in pro-
moter activation remains to be experimentally demon-
strated.
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