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ABSTRACT

A single locus in the mouse, rat and chicken encodes both alkali
myosin light chains, MLCIp and MLC3p. This gene has two distinet promoters
and gives rise to two dif‘Ferent primary transcripts, which are processed by
alternative and different modes of splicing to form MLC1p and MLC3p mRNAs.
The MLC1p/MLC3p gene is very similar between mouse, rat and chicken, in
terms of its overall structure, the length and location of the introns, and
the splice site consensus sequences. Nucleotide sequences of coding regions
are very conserved but 3' and 5' non coding regions of the mRNAs have
diverged . In the MLC1p promoter regions, several blocks of nucleotides are
highly conserved (more than 70 % homology), especially a sequence of about
70 nucleotides, located between positions -80 and -150 relative to the Cap
site. Conserved blocks of homology are also found in the MLC3p promoter
regions, although the common sequences are shorter. The presence of such
highly conserved nucleotide sequences in the 5' flanking regions suggests
that these sequences are functionally important in initiation of
transcription and regulation of expression of this complex gene. Primer
extension experiments indicate multiple cap sites for MLC3F mRNA.

INTRODUCTION

The two alkali myosin light chains (MLClp and MLC3p ) expressed in
adult fast skeletal muscle are encoded by a single gene in mammals (1,2)
and birds (3). This was originally suggested by aminoacid sequence data
which showed that the MLC1p and MLC3p proteins of rabbit skeletal muscle
share a common COOH-terminal sequence of 141 aminoacids and have distinct
NH,-termini of 50 and 8 aminoacids for MLClp and MLC3p respectively W),
taking into account the N-terminal a-N trimethylalanine (5) in the case of
MLC1p. Furthermore, in contrast to the situation for their NH>-terminal
sequences, any aminoacid substitution occuring in the COOH-terminal region
of MLC1p between avian and mammalian species is found at the same position
in MLC3p (6).

We have demonstrated that there is one functional genetic locus for
these proteins in the mouse, although in some mouse species a second locus
has been characterized which corresponds to a processed pseudogene (1). DNA
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sequencing of recombinant phages containing this gene reveals its complex
and unusual structure : the COOH-terminal coding (141 aminoacids) and 3'
non coding regions of MLC1y and MLC3p are represented in 5 common exons,
while the specific NH, termini are encoded by a further U4 distinect 5'
exons, two for MLCIp localised on either side of a pair for MLC3p ( figure
1). S1 protection and primer extension experiments suggest separate Cap
sites, and promoter type consensus sequences are present at the appropriate
positions 5' upstream from these putative transcriptional initiation sites
for MLC1F and MLC3p. We therefore conclude that the two MLC mRNAs are
probably generated by distinct transcription initiation events, followed by
alternative splicing (1).

The functional role of the alkali myosin light chain isoforms MLCip
and MLC3p is not yet evident, which makes it more difficult to propose a
rationale for the evolution of such a gene. In adult fast skeletal muscle,
these two proteins are present in approximately similar amounts, for
example in rabbit they have been shown to be in the molar ratio of 1 : 0.85
(7,8) but they do not co-accumulate at all developmental stages : MLClp is
present in foetal skeletal muscle, while MLC3p only accumulates later
(9,10,11). This is confirmed at the mRNA level in mouse foetal skeletal
muscle (12). The structure of the alkali myosin light chain gene has also
been described for the chicken (3) and the rat (2). We have undertaken a
sequence comparison of the genes from mouse, rat and chicken. There is a
striking conservation of blocks of sequences located 5' upstream from the
Cap sites of MLC1p and MLC3p, even between species as remote as chicken and
mouse, which would suggest a functional requirement for these sequences.
Other features of the gene, which have been conserved during evolution, may
have a role in the complex mechanism of differential splicing which is
required for the production of two mRNAs from this locus.

MATERTALS AND METHODS
Computer analysis -Nucleotide sequences have been compared using a self-

serve sequence analysis system implemented on a Data General MV8000 and a
Nova 3 computer at the Institut Pasteur (I.P). The printing of sequences in
parallel and the calculation of percentage homology in sequences have been
performed using the PRTPARAL.F77 program worked out by 0.Gérard (I.P). A
search for similarity between a nucleotide probe and any other nucleotide
sequence has been done using the SEQFIT.F77 program adapted by B. Caudron
(I.P) from R. Staden (M.R.C, Cambridge). Research of homologies,
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palindromic or inverted repeats was performed using a dot matrix comparison
program for DNA sequences : it compares each set of 20 bp. of a sequence,
placed on the ordinate, with each set of 20 bp. of another sequence, placed
on the abscissa, and draws a dash when two sets display 70 % homology or
more. Codon usage within a coding sequence, from which the bias values were
calculated, was established using a program adapted by J.M Claverie (I.P)
from that of Staden and McLachlan (13).

DNA sequencing -Sequences of the mouse promoter regions of MLCip and MLC3p
were done as previously described (1). Fragments were generated at random
from total recombinant phage DNA (10 micrograms) by sonication, then end
repaired with DNA polymerase I, Klenow fragment (Boehringer, Mannheim) as
proposed by Messing (14). Fragments 500 to 700 bp. in size were selected on
agarose gels and ligated into the Sma I site of M13mp8 (15). Recombinants
corresponding to 5' flanking sequences of the promoters and of the first
specific exons of MLClp and MLC3p were sequenced by the dideoxy method
(16,17).

Mapping the Cap sites of mouse MLC3p by primer extension experiments

Primer extension was performed essentially as described in (18). Labelled
probes were prepared from a recombinant M13-mp8 template covering the
promoter region and the first exon of MLC3p mRNA, by primer extension from
the universal 15 bp M13 primer (Biolabs, New England). Suitable single
stranded regions were purified following restriction and gel
electrophoresis. 5000 cpm (Cerenkov) of probe were hybridized to 17 ug of
total RNA from new-born mouse muscle, for 3 hours at 60°C, in 10 ul of 0.1
M NaCl, 20 mM Tris (pH 8.3) and 0.1 mM EDTA. After dilution with 2 x
concentrated transcription buffer, primed molecules were extended with 7
units of AMV reverse transcriptase (Genofit) and unlabelled
deoxynucleotides. Elongated products were analysed on 6% acrylamide
sequencing gels.

RESULTS AND DISCUSSION
STRUCTURAL COMPARISON OF MOUSE, RAT AND CHICKEN MLC1p/MLC3p GENES

The gross structure of the MLC1p/MLC3p gene is very similar in
mouse (1), chicken (3) or rat (2). As shown in figure 1, the common
carboxy-terminal part of the two proteins is encoded by four exons
(numbered 5 to 8), the specific NH,-terminal ends are specified by four
other exons, two for MLCIp (exons 1 and U4) and two for MLC3p (exons 2 and
3). In both the mouse and chicken genes there is an intervening sequence in
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Figure 1. Schematic representation of the MLCip/MLC3p exon and intron
organization in the mouse genome. The size of the introns is indicated in
base pairs and the exons are drawn to scale. Exons are numbered 1 to 9,
from 5' to 3'. Dashed boxes represent non coding regions of the mRNAs. The
size of the mRNAs are indicated in nucleotides (Nt); they have been
calculated from the gene sequence itself and the length of the poly A tail
is not taken into account here. Numbers relative to the proteins represent
the number of aminoacid residues in specific NH, terminal parts or common
COOH terminal ends. Arrows indicate positions of the promoter regions for
MLC1p (P1) and MLC3p (P3).

the 3' non coding region, which is bordered by correct donor and acceptor
splice signals. Information on the position of this intron in the rat gene
is not yet available. Such an intron is also found in the 3' non coding
region of the MLC-ALK gene in drosophila (19).

The total length of the gene, from the MLC1p cap site to the
polyadenylation signal is very similar: the chicken gene (17.6 Kb) is
shorter than that of the mouse (21 Kb) or rat (21.5 Kb ). The ratio of
total exon/intron length is exceptionally high (1/18), compared to that of
most other eucaryotic genes .

Introns and splicing. The length of introns is very variable. It ranges
from 2U5 nucleotides ( average size for intron 3) to 10 kilobases ( average
size for intron 1). Comparison of the length of individual introns reveals
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between mouse, rat and chicken MLCIp.
exons are indicated in nucleotides, and percentages of homology in a given
mouse and rat or rat and chicken genes
have been calculated by computer analysis. Abbreviations are C for Coding,
NC for Non Coding and N D for Not Determinated.

exon between mouse and chicken,

Table 1. Comparison of the length of introns and exons

SIZE IN NUCLEOTIDES % HOMOLOGY
MOUSE MOUSE RAT
MOUSE RAT CHICK  |/CHICK /RAT /CHICK
5'NC 126 122 131 51 92 47
EXON 1 239 245 257
¢ 114 123 126 63 89 64
INTRON 1 9700 11000 9200
5'NC 94 83 71 3% 58 37
EXON 2 97 86 74
c 3 3 3 100 100 100
INTRON 2 742 800 577
EXON 3 25 25 51 60 100 60
INTRON 3 243 T o
EXON 4 28 28 28| 89 9% 85
INTRON 4 3500 4000 3150
EXON 5 144 144 8] 76 93 74
INTRON 5 3800 2900 waa| T
EXON 6 174 174 17| T s0 98 sl
INTRON 6 245 250 467
EXON 7 78 78 Tl s e 19
INTRON 7 1200 1100 503
26 2% %6 | s 9% 89
EXON 8 43 53
I 17 285(total) 27
INTRON 8 a66 ND soa|
EXON 9 250 ND s8] 30 83 30
(3' NC) (total 3' NC)
TOTAL LENGTH 21000 21500 17600

P T P Y YTy

B R e L

genes. The sizes of introns and
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that the size of the four introns (1 to U4) located in the isoform specific
5' portion of the MLC1p/MLC3p gene is conserved between the three species,
whereas intron size differs more between species in the 3' portion of the
gene containing the common exons (see table 1). The average values for
intron size variation are about 10 % for introns 1 to 4, and 52 % for
introns 5 to 8 . This particularity is well illustrated by the case of
intron 3 which has the same size, to within 3 nucleotides, in the mouse,
rat and chicken genes. Size conservation of the first large intron may
reflect a requirement for maintaining a minimal distance between the two
promoters.

Intervening sequences are located at exactly the same position in the
coding sequences in these three genes. The type of intron-exon junction at
the 5' border of exons 3 and U, specific for MLC1p and MLC3p respectively,
differs from that of all the other common exons 5 to 8: the joining of the
first two NHo-terminal specific exons for either MLClp or MLC3p always

occurs between two codons whereas any splicing event involving a common
exon occurs between the first and the second nucleotide of a codon. Thus,
either for MLC1p or MLC3p, a first specific exon has to be joined to a
second specific exon before being spliced to a common exon, in order to
retain the same reading frame.,

Where splice junction sequences are concerned, the donor sequences at
exon-intron boundaries (5' splice sites) and the acceptor sequences at
intron-exon boundaries (3' splice sites ) are in good agreement with the
consensus sequences proposed by Mount (20),(see table 2). Specific exons 3
and 4 have exactly the same donor site GTAAGT at their 3' border which in
all three genes is then joined to the same acceptor site CTTGCAG at the 5'
border of the first common exon. This may reflect a more specific
requirement for a given splice junction sequence around intron 4 which can
be regarded as a "hinge" point in the gene. In the mouse MLC1p/MLC3p gene,
a consensus sequence Py.Py.Pu.A.Py is located between 14 and 47 nucleotides
(with an average of 28) upstream from the 3' splice site in all introns,
in accordance with the proposal that such a sequence represents a putative
branch point for excision of introns and is a common feature of mammalian
intervening sequences (21).

Comparative examination of the sequence and structure of the
MLC1p/MLC3p gene gives some indication as to how an alternative splicing
may occur for the generation of functional MLC1F and MLC3p mRNAs. The way
in which the exons are joined together, especially in the 5' portion of the
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Table 2. Comparison of splice junction sequences in rat, mouse and chicken
MLC1p/MLC3p genes. For each donor or acceptor splice site, rat, mouse and
chicken sequences were obtained from published data (2,1,3) and written on
top of each other as indicated for exon 1. The symbol / is used for
delimiting the junction between exons and introns. N D is the abbreviation

for Not Determinated. Consensus sequences are from Mount (20).

5' SPLICE SITE
(donor site)

G/GTAACT
EXON 1 G/GTAACT
G/GTAATG

G/GTGGTC
EXON 2 G/GTGGGTC
G/GTGGGTT

G/GTAAGT
EXON 3  G/GTAAGTA
G/GTAAGTA

G/GTAAGT
EXON 4  G/GTAAGTT
G/GTAAGTT

G/GTAGGT
EXON 5  G/GTAGGTTT
G/GTAAGAAC

G/GTAAGG
EXON 6 G/GTAAGGG
G/GTAAGGG

G/GTACAG
EXON 7 G/GTACAGC
G/GTACGTG

N.D
EXON 8  G/GTAGACA
G/GTACGTT

A
G/GT AGT
G

INTRON

(rat)
(mouse) 1
(chicken)

3'SPLICE SITE
(acceptor site)

GCTCCAG/T
ACCACAG/T
ACTGCAG/T

CCGACAG/A
CCAACAG/A
CGACCAG/A

CTTGCAG/A
CTTGCAG/A
CTTGCAG/A

CTTCCAG/A
CTTCCAG/A
TTTGCAG/A

TCCCCAG/G
TCCCCAG/G
CCTCCAG/G

CCAACAG/C
CCAACAG/C
TCCGCAG/C

N.D
CCCGCAG/C
TTCCTAG/A

c ¢C
CONSENSUS SEQUENCE (_)pN_AG/G
T T

(Mount , 1982)

EXON 3

EXON 4

EXON 5

EXON 6

EXON 7

EXON 8

EXON 9

gene, is not in keeping with a simple linear scanning model for splicing,
in which a donor site will be spliced to the most proximal acceptor site,

whether this proceeds from 5' to 3' or indeed from 3' to 5'. It seems

probable that the choice of the promoter and the nature of the primary

transcript determine subsequent splicing events for the MLC1gp/MLC3p gene.

When initiation occurs at the MLC1p promoter, the donor splice site of
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exon 1 can potentialy either be joined to the acceptor site of exon 3 or 4.
In theory, a "pseudo MLC1p transcript" can be generated by joining exon 1
(MLC1p specific) to exon 3 ( MLC3p specific), but there is no evidence for
the accumulation of such a modified MLC1p protein. For correct splicing of
exon 1 to exon 4, the secondary and tertiary structures of the transcript
may play an important role in influencing the relative position of a pair
of 5' and 3' splice regions, as proposed by the model for splice site
selection (22). The striking conservation of intron sizes in the 5' region
of all three MLC1p/MLC3p genes, and especially of intron 3 as discussed
previously, may be related to structural requirements for the primary
transcripts, related to the alternative splicing mechanism. Morover, there
is a direct sequence homology within intron 1 at 52 nucleotides from the
donor site of exon 1, and within intron 3, at 67 nucleotides from the
acceptor site of exon 4 in the mouse gene : AGAACTC(A/G)AGGATT---TGGA .
This may be significant either as a splicing signal or in the formation of
an appropriate secondary structure, in the promotion of the correct exon
1/exon 4 joining for the MLC1p mRNA. No such direct sequence homology can
be found in common with intron 1 and intron 2.

In the case of initiation at the MLC3p promoter, examination of the
nucleotide sequences provides no obvious indication of why splicing occurs
between exons 2 and 3 and not between exons 2 and 4. The secondar'y
structure of the MLC3p primary transcript may again provide an explanation.
There is a 23 nucleotides long sequence, composed only of pyrimidine
residues and located at a distance of 10 nucleotides upstream from the
acceptor splice site of intron 2, which is 75% homologous between the mouse
and the chicken MLC1p/MLC3p genes. Such a similarity, in a region essential
for the excision of intervening sequences of pre-mRNAs (21,23), is unique
when all introns are compared between these two species and so may be
involved in the selection of the neighbouring splice site and the
alternative splicing mechanism. Preference for one acceptor splice site may
be imparted by factors or proteins that change the spatial structure of the
MLC3p pre-mRNA or cover the splice regions. As previously mentioned, the
intron-exon boundary sequences of the specific exons 3 and Y4 are such that
their combination would generate a one base frameshift, resulting in a
nonsense codon TAA in exon 4 in the mouse or rat gene, and a TGA stop codon
at the junction of exons 4 and 5 in the chicken gene.

Exons : coding and non coding regions.. The nucleotide length of each
coding exon is conserved between mouse, rat and chicken, except for exon 1
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(specific for MLC1g ). Indeed comparison of aminoacid sequences for rabbit
(4) and chicken (6) demonstrates that the two alkali myosin light chain
proteins are very conserved in length and sequence between these two
species. It was therefore surprising to find that whereas exon 1 in the
chicken gene codes for the 41 aminoacids described in the chicken MLC1p
protein, it only encodes 37 aminoacids in the mouse and 40 in the rat
instead of the 41 aminoacids of rabbit MLC1p (4), the initiation codon for
methionine is not taken into account in these figures. In both cases, a
deletion has occurred in the Ala-Pro-Ala rich NH,-terminal region of the
protein. The nucleotide sequence in this region is very GC rich and it is
possible that there has been a deletion at this position during propagation
of the recombinant lambda phage , although the fact that it is seen in two
independent experiments makes this less probable. Alternatively, this
sequence may be subject to variation and deletions may have occured in this
sequence of the gene in the course of mammalian evolution. As seen in table
1, the nucleotide sequence of the coding regions is very conserved between
mouse and rat (96 ¥ homology) whereas it is more divergent between chicken
and either mouse or rat (79 % homology).

When the codon usage in the MLC1p/MLC3p gene is examined by
calculating the "bias value" ( G+C/A+T ) for the third nucleotide position
within a given codon, very similar values are found for the mouse
(1.60),the rat (1.50) and the chicken gene (1.53). Comparison of codon
usage in the skeletal a actin and fast myosin light chain mRNAs, which are
both major species expressed in adult skeletal muscle, shows that this is
quite different as indicated by the different bias figure : 3.4 for the
mouse and rat and 2.7 for the chicken skeletal muscle a actin gene (24). A
simple model which correlates codon usage and the composition of the tRNA
pool for abundant mRNA species in a given tissue, is thus excluded in this
case.

In contrast to the coding regions, the 3' untranslated regions common
to MLC1p and MLC3p mRNAs are less conserved between species; mouse and rat
sequences are 83 % homologous, while the chicken sequence is only 30 %
homologous to that of the rat or mouse gene, a value equivalent to that
expected between any random sequences (table 1). These values are the same
whether the 5' or 3' portions of the 3' untranslated regions of these genes
are compared. This is in contrast to findings of Miyata et al.(25), which
showed that the distal parts of some 3' non coding regions are more
conserved than the proximal parts. A common sequence element,
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G(A/T)AGACTGG(A/C)CA, 1is found in the proximal region of the 3'
untranslated sequence of mouse and rat, located 29 nucleotides after the
TAA stop codon, and is also present in the 3' untranslated region of the
chicken gene, but further downstream at 120 nucleotides from the stop
signal. In the case of the rat and mouse gene, this sequence is flanked by
two direct repeats TTCAAGAA or TTCAAG, absent in the chicken gene. It has
been proposed for the rat (2) that this is a repetitive element (see also
1), common to a tissue specific family of transcripts. Another sequence
element is also found in the mouse and rat but not in the chicken
MLC1p/MLC3p gene at 167 and 180 nucleotides respectively after the stop
codon. This same sequence, TCAGGA(T/C)GACAATC, is found 30 nucleotides
after the stop codon in the 3' untranslated region of the a skeletal actin
gene of chicken and rat (26).

The 5' non coding sequences of MLC1p mRNAs show 92 % homology
between mouse and rat, and there is about 50 % divergence in this region
between either mouse and chicken, or rat and chicken (see table 1). This
higher figure for the 5' non coding region of avian and mammalian MLClg
mRNAs is mainly due to sequence homology in the more 5' distal part of the
sequence (see figure 2). Comparison of 5' non coding sequences between
MLC3p mRNAs reveals that they are much more diverged between these species
than the 5' non coding MLC1p sequences. Unexpectedly only 58 % homology is
detected between mouse and rat , and these sequences are completely
diverged (36 and 37 % homology) between these mammalian and avian genes.

COMPARATIVE STUDIES ON PROMOTER REGIONS OF THE MLC1/MLC3p GENE
The regions in the mouse MLC1p/MLC3p g_éne, u_1:->stream from the

specific NH, terminal exons of MLClp (exon 1) and MLC3p (exon 2) have now
been extensively sequenced (see figures 2 and 4). Comparison with the
chicken gene and, when the data is available, with the rat, clearly points
to blocks of conserved sequences, interspersed with dissimilar sequences,
in a region which, like most other flanking and intron sequences, is
otherwise highly diverged between birds and mammals.
The promoter region for MLC1g. The sequence comparison of MLC1p promoter
regions reveals several blocks of nucleotides which are highly conserved
between mouse, rat and chicken (figure 2). In fact the whole region from -
145 to +30 is conserved (75 % homology), the presence of short sequence
elements showing more divergence led us to describe a series of blocks.

A first block of homology is 97 nucleotides long and includes the
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-190 -180 -170 -160 -150 -140
C GGCTGGGGTT TTTAAAGAGG GGGGAAAAAA AGGCTCTGAA GTCCCTTGAT CTT-CTGAAG
* *% Fkdkkk * hdeke dekdkk

M TTACAGATAG GGGTGGAGGG AAAAAAAAAA G-CAAGAGGC GGTCAAAMA CTTGAGGAAG

-130 -120 -110 -100 -90 -80

C CCCTGAAC-T CTATATTCCA TTTATAGCCC GAGCTGGAAT GACACCCCCC TCGATTA(
XETEFE K Kk WK AkkkEk KEkRKKE k kkkE kkkkk kK kkkkk & Kk k¥

M CCCTGACCCT TTAGATTCCA TTTATAGTCT GAGCCGGAAT G-CCACCCCC TGGAC-AG!
* Kk kkkkk kkkgk kk

R GCCACCCCCC TGGACAAG
Il
-70 60 -50 -40 -30
C ACT-GTCCAA TCCAGG---- --IGTCAGGA TTGTACAAGG CGCTAAGTGA AATATATAT-
* dk kdk dekk ok kkdkdk kk dkkkkdkkdk

M AAAQGTCCAA TCCAGQCGCG TqIGTCAGG— TTCTATTAGG CACTAAGGGA AATATATATG
ok *  kkk *k

R AACOGTCCAA TCCAGQCGCG T(*IGTCAAGG TTCTATTAGG CACTAAGAGA AATATATATG

-20 -10 +1 +10 +20 +30
C -ATGCCCTTA TAGAGTTTAG CACACTGGGT CCACC—GCCA GGCAC-GGGC TGTAGCTC,
Bhdkk ok kk ok kkkk kRE Khkkkdk kRkkk kkk ok K Kk ARAR kK K Kk

M CATGCC-TTA TACA-TTTAA CACTCTGGGT CCACCCTCCA GACGCTGGGC TGCGGGT!
Thkdkk kkk kkk  kk ok

R CATGCCCTTA TACCATTCAA CACTCTGGGT CCACCCTCCA GACGCTGGGC TGCGGGTC*

+40 +50 +60 +70 +80

C -TTCCGACCA CTGCTTCTCT CCCAGGAATC GCTTTTAGGG GGG-TCTTCA GGTTCT’H‘TT
dk dkkk kkk kkk X kK kk ok ok Kk kRRAK kK

M GCGAGTCACA

CTGC---TCT

TCCAAGTGTC ACTCTGACA-

~GGTTCTICT GGAGGAGATC

*kkkk kkk Fhk kkkkddkkkkk k k kkkkk Khkkhkkkk kkdkkdkkkkhd
R GCGAGCCACC ACTG--CTCT TCCAAGTGTC ATTTTGACA- -GGTTCTTCT GGAGGAGATC
+90 +100 +110 +120 +130
C Trccccc-coc CCACCTTCAC TCTCAAGTTT AAGCAACACA AAATG

* *kk * * hkk kk kk kdkdkk

M cnc‘rmcr TAACCCATCC T------TTT AAT----- CA

FhkkRIRIAE Fhkdhkhhdkdk & dkk kkk ki dkkdek
R CTTCTTTTGT TAACCCATCG T------ TIT AAT----- CA AAATG

PR G

+31
M -148 -80 -14-63 -56 +1 +38
R ND ND-81-70 -63 +33

Figure 2. Comparison of MLCip

promoter region sequences in chicken, mouse

and rat HLC1§/HI£3qlgerm. The boxed regions marked I, II and III represent
regions of strong homology (more than 70 %) within all three (where data

available) chicken (C), mouse (M) and rat (R) MLClp

promoters. Numbers

represent the nucleotide position relative to the chlcken MLC1FCap site

(noted by +1).

Single nucleotides in bold type indicate positions of

transcription initiation determinated by S1 protection or primer extension
experiments. Asterisks indicates matches, and dashes are for gaps
introduced for optimal alignment. CCAAT, ATA consensus sequences,
initiation codons ATG and putative enhancer core sequences are underlined.
On the lower schematic representation, dashed boxes represent the same
regions of homology as those shown on the upper sequences, and numbers
indicate their arbitrary limits relative to their corresponding Cap sites
(noted by +1). N D is for Not Determinated.
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MLC1p putative Cap sites and ATA box regions for the three genes (region
III from -56 to +38 in the mouse sequence, -63 to +33 in the rat sequence
and -62 to +31 in the chicken). This region , comprising the transcription
start signals , is 92 % homologous between rat and mouse, and 78 or 76 %
between mouse/chicken and rat/chicken respectively. All three MLCilp
promoters have the same sequence : AAATATATAT as an ATA-like consensus
sequence, similar to that of most eucaryotic RNA polymerase II promoters
of protein coding genes (27).

A second region of homology is a short sequence of 12 nucleotides
comprising the CCAAT box (28) which is perfectly conserved between the
three genes (region II :GTCCAATCCAGC). Such a strong sequence conservation
in the CCAAT region has also been noted between chicken and rat for the
skeletal muscle a actin gene (26) and between chicken and mouse for the
a2(I) collagen gene (29). Distances in nucleotides between the CCAAT and
ATA boxes are similar in these MLC1p promoter regions: 35 nucleotides in
the chicken gene and 40 or 41 nucleotides in the mouse or rat genes .

A third block of homology is located 5' upstream from the CCAAT box,
between -80 and -146 in the mouse sequence, and between -79 and -145 in the
chicken MLC1p promoter (see region I in figure 2). This 69 nucleotide long
sequence is of particular interest because it shows 76 % homology between
the two genes: this value is of the same order as the 79 % homology noted
for MLC1p/MLC3p coding sequences (on which a functional pressure must be
exerted during evolution), and much higher than the 51 % (MLC1p) and 36 %
(MLC3g) values noted for the 5' and 30 % value noted for the 3' non coding
regions of the mRNAs (see table 1). Region I represents one of the first
examples described of a relatively long sequence upstream from the CCAAT
box which is highly conserved between mouse and chicken, two species which
are separated by an evolutionary distance of 250 million years (30).
Conserved but shorter sequences including the ATA box, the CCAAT box and a
G/C rich sequence located around position -110 have been reported for the
mouse and chicken a2(I) collagen genes (29).

In addition to regions I, II and III, A/G rich sequences are located
further 5' upstream at about the same distances from the start of
transcription in both mouse and chicken MLC1p promoter regions (-165 to -
192 and -163 to -183 respectively).

The fact that the nucleotide sequences of region II (including the
CCAAT box) and of region III (including the ATA box) are so highly

conserved between rat, mouse and chicken genes, and that region I is very
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homologous between the mouse and chicken sequences would strongly suggest
that they are functionally significant in initiation and/or in the
regulation of transcription. We note the presence in region I of the mouse
MLC1p promoter sequence of a potential enhancer core sequence (CCGGAATGCC,
located between -107 and -94), showing 82 % homology with the consensus
sequence , C(A/G)GGAAGTGA(A/C), proposed by Hearing and Shenk (31). Such a
core sequence is found in the enhancer of the Ela gene of adenovirus (31),
in the major enhancer of polyoma (32) and in the enhancer of the mouse IgG
heavy chain gene (33). Experiments are in progress for testing the
importance of region I directly by the use of recombinant plasmid vectors
containing either normal or deleted mouse MLC1p promoters, introduced into
differenting mouse muscle cells, The presence of these blocks of potential
regulatory significance in the MLC1p promoter region is reminiscent of the
situation for other genes where blocks of promoter sequences have proved to
be important either in regulating the expression of the gene by hormones or
in binding transcriptional factors : examples include the chicken ovalbumin
gene (34), chicken lysozyme gene (35), mouse mammary tumor virus genome
(36,37,38,39,40), human metallothionein II, gene (41) and drosophila heat-
shock genes (42,43).

The promoter region for MLC3p.

Evidence for multiple cap sites for MLC3p mRNA.. From primer-extension
experiments, we proposed that the cap site of MLC3p mRNA in the mouse is 94
nucleotides 5' from the initial AUG, 33 nucleotides downstream from an ATA-
like sequence (TAGATAT) (1). These results however differ from those found
previously (3) on the chicken gene and on the rat gene (2), who both
propose as the Hogness box an AAATAA sequence. This sequence is conserved
between the mouse (where it is found 23 nucleotides downstream of the
TAGATAT box (see fig.lt)), the rat and the chicken genes and is thus likely
to be the functional box, while the TAGATAT box is not found in the
chicken. We have therefore undertaken primer-extension experiments with
shorter probes to detect other possible cap sites in the mouse mRNA for
MLC3p. A probe (fig.3) extending from the Alul site in the cloning region
of M13 to the first Alul site into the insertion of the same recombinant
M13-mp8 phage that we used previously (1) was hybridised to mouse muscle
RNA. Fig.3 shows that this probe is extended 37 nucleotides by reverse
transcription, defining a cap (ACTCAGGG---) 33 nucleotides downstream of
the AAATAA box, in accordance with the situation observed for the rat and
the chicken genes. However, five other bands are generated, all terminating
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at an A (which is the preferential nucleotide for initiation in eucaryotes,
see 27) in the sequence, which we interpret as secondary cap sites. The
abundance of these other bands is not much lower than that of the main
band, except for the longer fragment, which is detected only after long
exposure of the gel. This corresponds to the cap site generated from the
TAGATAT box, which is therefore probably less frequently used for
initiation. Results obtained with the Alul probe, with a probe terminating
at an upstream Ddel site (data not shown) and with one terminating at an
upstream Hinfl site (1) are in agreement (for definition of probes, see
figure 3); the extended fragment from the Hinfl restriction site which led
to detection of the most 5' cap site, was previously (1) underestimated by
4 nucleotides due to an anomalous migration of the sample on sequencing
gels. We therefore number the sequence (fig.) from the cap site ACTCA---.
The detection of multiple cap sites for MLC3p mRNA is substantiated by
observations of Periasamy et al.(2), who define a major cap site by S1
mapping at a position similar to that now reported here, but have cloned a
cDNA which extends further upstream of this site. Many eucaryotic
genes have been shown to exhibit such microheterogeneity at the cap site
(reviewed by Manley (U44); see also U45). The molecular mechanisms
responsable for this phenomenon are not clear. It may be correlated, in the
case of the MLC3p promoter, to the relative divergence of the AAATAA box
from the canonical TATA sequence. Around position -80 relatively to the
main cap site of the MLC3p mRNA, a GGCAACT sequence is found, which is
highly conserved between mouse, rat and chicken (where it reads GGCAGCT).
This sequence might fulfil the role of a CAAT box (46); it is very similar
to the CAAT sequence (GACAACT) proposed for the chicken lysozyme gene (47).
Sequence conservation between species.. The same type of sequence
comparison, as that effected for MLClp, in the MLC3p promoter regions
located at the 3' border of intron 1 and 5' upstream from exon 2, reveals
four blocks of homology between mouse and chicken MLC1p/MLC3p genes,
interspersed with non homologous sequences. In this case, distinct blocks
of homology are more evident than for the MLC1p promoter region. The first
block (see figure 4, region IV) is 36 nucleotides long and lies between
positions -11 to =43, -6 to -38 and -8 to -41 in the mouse , chicken and
rat sequences recpectively, showing 70 % homology. This region comprises
the ATA consensus sequence (AAATAA) which is found at -33, -30 and -27
nucleotides from the corresponding cap sites in the mouse, rat and chicken
genes. A second and much longer sequence of 56 nucleotides, region III ,in
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the mouse (from -68 to -123) is 76 % similar to a 5U nucleotide block in
the chicken gene (-63 to -115). Less sequence data are available for the
rat MLC3p promoter region, but the rat and mouse sequences 5' further
upstream from the putative MLC3p Cap sites are very conserved (90 %
homology), so that region III, homologous between mouse and chicken, is
also found in the rat gene for the part sequenced . This region comprises
the CAACT sequence as mentioned before.

5! further upstream, two other blocks of homology (region II and I on
figure U4) can be delimited : they both show 80 % of homology between the
two species and are 16 or 17 nucleotides long respectively at positions -
145 /-160 in the mouse and -150 /-167 in the chicken, and 20 or 21
nucleotides at positions -203 /-222 (mouse) and -211 /-231 (chicken). The
MLC3p promoter region therefore ressembles the MLC1p promoter in that
multiple boxes of conserved sequences, with 70 to 100 % homology separated
by dissimilar sequences, are present in the three species. One important
point in these comparisons is that, within the same species, there is no
very clear evidence of sequence homology between the MLC1p and MLC3p
promoters, which might be expected if a common transcriptional factor
activates the transcription of both mRNAs. The only homology found in the
chicken MLC promoters is a 15 nucleotide long sequence CCTCGATT(A/-)GGGACT
at position -75/-89 in the MLCip promoter and -306/-320 in the MLC3p
promoter. A somewhat different sequence of 14 nucleotides, located at
similar distances from the respective cap sites is present in the mouse
gene (AG(A/-)TTCCATT(A/T)ATA) at -111/-124 and -362/-374 respectively in
the MLC1p and MLC3p promoters. These are the only sequences that can be
detected as 80/90 % homologous in the 5' flanking sequences of either mouse
or chicken MLC1p and MLC3p promoters. They do not fall within the blocks of
5' upstream sequences conserved between species, and again deletion
experiments should show whether these species specific common MLC1p/MLC3p
sequence elements have any regulatory significance.

COMPARISON OF PROMOTER SEQUENCES BETWEEN DIFFERENT CONTRACTILE PROTEIN

The general question of whether genes expressed in the same cell
phenotype have common promoter sequence elements which may be recognized by
a '"phenotypic" transcriptional factor, can now be asked for muscle where
the necessary structural information is available for genes encoding the
skeletal muscle o actin (48), a regulatory myosin light chain MLC2p (49),
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and the alkali myosin light chains MLClp and MLC3p (2) co-expressed in
adult fast skeletal muscle fibres of rat, and chicken (50,3). No common
sequence element is found at the same position from the cap site in mouse,
rat or chicken, in the 5' promoter regions of MLClp, MLC3p or skeletal
muscle a actin genes. In the rat, examination of promoter regions reveals
that a short 11 nucleotide sequence GGG(C/T)A(A/G)GG(C/T)(C/T)A is present
both in the skeletal muscle a actin gene at -186, and in the MLC2p gene
at -64. This sequence is also found in the promoter region of the rat
cardiac myosin heavy chain gene (51) at -200, and may therefore not be
related to co-expression of these genes since, although some transcripts
are detected from the o skeletal actin gene (52), there is no evidence for
transcription of MLC2p in the heart. Similar comments apply to a 20
nucleotide sequence (CCCTGACCCTTTAGATTCCA) located between -121 and -140 in
the mouse MLC1p promoter region which shows 85 % homology with a sequence
located between -108 and -125 in the mouse a cardiac actin promoter. A
potential enhancer core sequence, similar to that noted for MLC1y around -
100, is also present at the same position in the a cardiac actin gene (I.
Garner, unpublished results). No common sequences are found between the
MLC1p/MLC3p and skeletal muscle a actin genes in the 5' promoter regions.
The only conserved sequence element between these genes, which may
therefore be significant in the coordinate expression of the a skeletal
actin and MLC1p/MLC3p genes in adult skeletal muscle, is that found in the
3' untranslated regions of the mRNAs, discussed previously. In some cases
where the promoter sequences of genes expressed in the same cell have been
examined, the situation is similar to that of the skeletal muscle a actin
and MLC1p/MLC3p genes: no common 5' sequence elements have been implicated
for example in the co-expression of alpha and beta globin genes (53) in red
blood cells. In other cases, short repeated sequences common to the 5'
flanking regions of inducible genes are required for regulation and
coordinate expression , as in the case of certain yeast genes for aminoacid
synthesis (his 1, 3 and U4, and trp 5), drosophila heat-shock genes or
glucocorticoid induced genes (reviewed in 54)., Although no functional test
has yet been performed, Poole and Firtel (55) suggest that short
homologous G/C rich stretches found 5' to the three discoidin I genes are
important in their co-expression in dictyostelium discoidum, and Fowlkes et
al.(56) propose that conserved sequences in 5' flanking regions may be
implicated in the regulation of transcription of coordinately expressed rat
fibrinogen genes. In the case of P25 and fibroin genes co-expressed in the
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silk gland of Bombyx mori, the same nucleotide sequence is clearly present
in 5' flanking regions of the genes (57). It would appear that just as
simple models of gene clustering can be excluded (58,59), so the presence
of a common 5' sequence element binding the same transcriptional factor
cannot be invoked to explain co-ordinate expression of genes in a phenotype
such as that of skeletal muscle. Such sequences may lie elsewhere in the
gene, or the interaction of specific and common transcriptional factors may
be such that one dimensional nucleotide sequence conservation is
conceptually too simple. The demonstration of tissue specific expression of
a rat skeletal muscle a actin gene re-introduced into rat muscle cells
(line L8) in a construct with only a limited 5' flanking region (60),
suggests that the necessary sequences for the biological regulation of at
least this skeletal muscle gene are present in the promoter region.
Nevertheless other sequences directly implicated in the regulation of such
genes may be more distant than the immediate 5' flanking regions discussed
for the MLC1p/MLC3p gene in this paper, or intragenic as for example the
sequences which may be implicated in the differential expression of human
globin genes in mouse erythroleukemia cells (53).
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