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SUMMARY
Two cDNA libraries corresponding to polyA+ RNA from human adult skel-

etal muscle have been constructed by cloning in the PstI site of pBR322.
Skeletal a actin cDNA clones have been isolated and characterized. Three of
these plasmids have overlapping inserts which together contain the complete
5' non-coding and protein-coding region and part of the 3' untranslated
region. Determination of the sequence of the cloned cDNA confirms the com-
plete conservation in human of the amino-acid sequence of skeletal a actin
compared to the rabbit or rat proteins. The 5' untranslated region, but not
the 3' untranslated region, shows good homology with the corresponding one
in the rat gene. Analysis of changes at silent sites within the protein-
coding region suggests that the divergence of skeletal and cardiac a actin
took place much earlier than the mammalian radiation. The plasmids des-
cribed here have been used as probes to detect the homologous gene among the
about thirty actin sequences present in the human genome.

INTRODUCTION
The actin genes constitute a complex gene family in mammals. At least

6 closely related actin proteins are synthesized in various cell types (1).
One a actin is specific for skeletal muscle, another for the cardiac muscle,
and two types are found in smooth muscle. The p and y actins are consti-
tuents of the cytoskeleton of non muscle cells. There is evidence that, at
least in mouse, different actin isoforms are expressed in fetal and adult
skeletal muscle (2). The sequences of the various actins have been extrem-
ely well conserved during evolution: for instance there are no changes in
amino acid sequence between chicken and manmnalian skeletal a actin (1, 3),
and DNA probes corresponding to Drosophila, Dictyostelium or Acanthamoeba
actins can be used to detect actin sequences in mammals (4, 5, 6). The gene
family however, appears even more complex when examined at the genomic DNA
level. It has been estimated, by Southern-blot analysis or by cloning of
genomic DNA that as much as 20 to 30 actin related sequences exist in the
human genome (4, 7), which might be scattered on various chromosomes (8).
This complicates the identification and cloning of those actin sequences in
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genomic DNA which are expressed in a given cell type. Thus out of several
cloned human genomic actin sequences, only the cardiac a actin gene has been
identified (5) together with p and y like actin sequences (6, 9).

We report here the construction of a cDNA library corresponding to
polyA+ RNA from a human adult skeletal muscle, and the identification and
sequencing of clones corresponding to skeletal a actin. We have established
the sequence of the entire 5' non-coding and protein-coding regions and of
part of the 3' non-coding region. The cloned sequences were used as probes
to identify the genomic fragments which are likely to correspond to the
expressed genes. These probes might prove useful for the cloning of this
gene and for its localisation on the human chromosome map.

MATERIAL and METHODS
Construction of cDNA libraries.

Two libraries were made by inserting "C-tailed" double stranded cDNA
(ds-cDNA) in the plasmid pBR322 "G-tailed" at its PstI site.

a) "Classical" method (10): PolyA+ RNA, prepared as previously des-
cribed (11) from quadriceps muscle of a patient undergoing amputation for an
osteosarcoma, was copied with AMV reverse transcriptase in the presence of
actinomycin D, and the Klenow fragment of DNA polymerase I was used for the
synthesis of the second strand. After S1 nuclease treatment, the ds-cDNA
was fractionated on a 5-20 % sucrose gradient and fractions containing mol-
ecules longer than about 700 bp were pooled and used in the tailing reaction
with deoxynucleotidyl transferase in the presence of dCTP. Reaction cond-
itions used throughout were derived from standard procedures (10, 12). 20
ng of tailed ds-cDNA were annealed to pBR322 dG tailed at the PstI site (a
generous gift of Dr. J. Bloch). After transformation of E.coli C600 5K,
about 15000 colonies were obtained, 90 % of which were ampicillin-sensitive.

b) The technique of Land et al. (13) was followed with very few modif-
ications, using the same polyA+ RNA preparation as above. Single stranded
cDNA was tailed with dCMP residues and the second strand synthesis was
primed with oligodeoxyguanylate. ds-cDNA was fractionated by sedimentation
on a 5-20 % sucrose gradient as above and further treated as in the "clas-
sical" method. After annealing with the plasmid vector and transformation,
7000 colonies were obtained for 50 ng of dscDNA.
Characterization of a actin cDNA clones.

Screening was performed on colonies in ordered array transfered to

Whatman 541 paper as described (14). Mini preparations (15) of positive
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clones were analysed for insert length. Sequencing was performed by the
Maxam and Gilbert method (16) using 5' end-labelled fragments subjected to
strand separation (17).
Southern blotting.

Human genomic DNA was prepared from white blood cells by a modification
of the Gross-Bellard technique (18) (extractions were performed with a

phenol/ chloroform/isoamyl alcohol mixture rather than with phenol alone and
ethanol precipitations replaced the dialysis steps). DNA was digested with
5 to 10 fold excess of restriction enzyme and completion of digests was

monitored with phage x DNA added to an aliquot of the reaction mixture. Gel
electrophoresis, transfer to Diazobenzyloxymethyl (DBM) paper and hybridiz-
ation to nick translated probes were as described (19).

RESULTS
Construction of muscle cDNA libraries and screening for a actin sequences.

PolyA+ RNA from human adult skeletal muscle was used to establish cor-

responding cDNA libraries by cloning in the PstI site of pBR322 after G-C
tailing. Two different methodologies were followed in parallel. The
"classic" method (10), with self priming for second strand synthesis and S1
nuclease treatment, yielded about 15 000 clones. A smaller library (7000
clones) was constructed using the method described by Land et al. (13),
where single stranded cDNA is dC tailed and second strand synthesis is
primed with oligodeoxyguanylate, thus avoiding the S1 nuclease treatment,
which results in loss of 5' sequences and often in sequence rearrangements
(2, 20, 21).

The PstI insert from a mouse skeletal a actin cDNA clone (p91, ref. 22)
was used as a probe to screen ordered arrays of bacterial clones. In the
first library, about 2 % of the colonies gave a positive signal and 12
clones were further analyzed for insert lengths. The two longest clones
(aact 1 and aact 2, fig. 1) had inserts of 1200 and 1100 bp respectively.
While aact 1 could be excised with PstI, aact 2 had only one PstI site rem-
aining. Both inserts had single restriction sites for BglII, PvuII and XbaI
(Fig. 1 line a). The mouse a actin cloned sequence contains also a PvuII
site separating the insert into 5' and 3' fragments of similar length (520
and 630 bp), and we used the separated fragments as probes to analyse the
orientation of the two human actin plasmids. From the results (not shown),
we could conclude that aact 1 is more extended in the 5' direction (with
respect to the mRNA sequence) and aact 2 is more extended in the 3' direc-
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Fig. 1: Map of skeletal a actin cDNA. a) Combined map of a actin cDNA as
derived from sequence analysis of clonesTa Act 1, 2 and 3. The heavy line
corresponds to the protein coding sequence. Sites for restriction enzymes
used in mapping or sequencing are indicated ( V Hinfl, EI TaqI, 0 AvaI),
as well as probes A and B used in the genomic blotting experiments. b, c
and d) location of inserts in the plasmids a act 1, 3 and 2 with respect to
the cDNA map. pBR322 sequences are represented by the broken lines and PI
corresponds to PstI sites. PstI sites which have not been reconstituted are
shown in parenthesis. Sequencing strategy is summarized below the map of
each insert. The restriction sites used for 5'-end labeling are indicated
by vertical bars and the direction and extent of sequencing are shown by the
arrows. Sequences which have not been determined in a particular experiment
are indicated by the dotted lines.

tion (Fig. 1, lines b and d). We then screened the second cDNA library
using the 5' half of the mouse a actin insert as a probe and tested 10
clones for total insert length and for the length of the 5' PstI-BglII frag-
ment. Four independent clones (aact 3 to 6) had PstI-BglII 5' fragments of
identical length (370 bp, while corresponding fragments in aAct 1 and 2 are
260 and 180 bp long respectively), suggesting that they contain the complete
5'mRNA sequence. The inserts in aact 3 to 6 are however smaller than in
aact 1 and 2, an indication of extensive sequence loss on the 3' side.
Location of TaqI, RsaI, PvuII and BglII sites were identical in comparable
regions of all 6 clones (aact 1 to 6, results not shown) suggesting that
they indeed correspond to the same (or to very closely related) RNA species.
The plasmids aact 1, 2 and 3 were further used for DNA sequencing.
Sequence of skeletal a actin cDNA.

Most of the sequence presented in Fig. 2 is derived from the aact 1
plasmid (from residues 99 to 1348). However the 5' end of the sequence was
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I
(G))ACCGCAGCGGACAGCGCCAAGTG

100
AAGCCTCGCTTCCCTCCCGCGGCGACCAGGGCCCGAGCCGAGAGTAGCAGTTGTAGCTACCCGCCCAGAAACTAOACACA

ATO TGC GAC GAA GAC GAG ACC
Met Cws Asp Glu AsP Olu Thr

GCC GOC TTC GCC 0GG GAT GAC
Ala Gli Phe Ala GlY Asp Asp

CGA CAC CAG GGC GTC ATG GTC
Arg His Gin Glw Val Met Vai

300
CAG AOC AAG AGA GOT ATC CTG
Gln Ser Lws Arg Glw Ile Leu

TOG GAT GAC ATG GAG AAG ATC
Trp Asp Asp Met Glu Lws Ile

GAG GAG CAC CCC ACC CTG CTC
Glu Glu His Pro Thr Leu Leu

ATG ACC CAG ATC ATG TTT GAG
Met Thr Gln Ile Met Phe Glu

OTG CTG TCC CTC TAC GCC TCC
Val Leu Ser Leu Twr Ala Ser

600
GTC ACC CAC AAC GTG CCC ATT
Val Thr His Asn Val Pro Ile

GAC CTG GCG GGC CGC GAT CTT
Asp Leu Ala Glw Arg Asp Leu

TCC TTC GTG ACC ACA OCT GAG
Ser Phe VYa Thr Thr Ala Glu

GTG 0CC CTG GAC TTC GAG AAC
Va1 Ala Leu Asp Phe Glu Asn

AGC TAC GAG CTG CCA GAC GGG
Ser Twr Glu Leu Pro Asp Glw

900
GAG ACO CTC TTC CAG CCC TCC
Glu Thr Leu Phe Gln Pro Ser

TAC AAC AOC ATC ATO AAG TGT
Tvr Asn Ser Ile Met Lws Cws

ATG TCG GGG GGC ACC
Met Ser Glw Glw Thr

GCG CTO GCA CCC AGC
Ala Leu Ala Pro Ser

GTG TOG ATC GGC GGC
Va1 Trp 1le GOw Glw

AAG CAG GAG TAC GAC
Lws Gln Glu Twr Asp

ACG
Thr

ACC
Thr

TCC
Ser
200
GAG
Glu

ACC GCC CTC GTG TGC GAC AAT GGC
Thr Ala Leu Val Cws Asp Asn Gl1

200
GCC CCT AGG GCC GTG TTC CCG TCC
Ala Pro Arg Ala Va1 Phe Pro Ser

GOT ATG GGT CAG AAA GAT TCC TAC
GlY Met GlY Gin LYs Asp Ser Twr

ACC CTG AAG TAC CCT ATC GAG CAC
Thr Leu LYs Twr Pro Ile Glu His

TGG CAC CAC ACC TTC TAC AAC GAG
Trp His His Thr Phe Twr Asn Glu

ACC GAA GCC CCC
Thr Glu Ala Pro

ACC TTC AAC GTG
Thr Phe Asn Val

GGC AGG ACC ACC
Glw Arg Thr Thr

TAT GAG GOC TAC
Twr Glu Glw Twr

ACC GAC TAC CTG
Thr Asp Twr Leu

CGC GAG ATC GTG
Arg Glu Ile Va1

GAG ATG GCG ACO
Glu Met Ala Thr

CAG GTC ATC ACC
Gln Val Ile Thr

TTC ATC GOT ATG
Phe Ile Glu Met

GAC ATC GAC ATC
Asp Ile Asp Ile

ATO TAC CCT 0GG
Met Tvr Pro GlY

ATG AAG ATC AAG
Met Lws Ile Lws

ATC CTG GCC TCG
Ile Leu Aia Ser

0CC GGC CCT TCC
Ala Glw Pro Ser

ATC
Ile

ATC
Ile

CTG
Leu

ATC
Ile

CTC AAT
Leu Asn

500
CCC GCC
Pro Alal

GOC ATC
GlY Ile

OCO CTG I
Ala Leu

ATG AAG
Met Lws

CGC GAC
Arg Asp

800
GCC GCC
Ala Ala

ATC GOC
Ile Glw

GAG TCO
Glu Ser

AGG AAG
Arg Lws

OCT GAC
Ala Asp
1100

ATC GCC
Ile Ala

TCC ACC
Ser Thr

OTC CAC
Va1 His

TCC GGC CTG OTG AAA
Ser GlY Leu Val Lws

ATC GTG GGC CGC CCC
Ile Val Glw Arg Pro

OTG GGC GAC GAG GCT
Val Glw AsP Glu Ala

GGC ATC ATC ACC AAC
Gl I le Ile Thr Asn

400
CTT CGC OTG GCT CCC
Leu Arg Val Ale Pro

CCC AAG GCC AAC CGC GAG AAG
Pro Lws Ala Asn Arg Glu Lws

ATG TAC GTO GCC ATC CAG GCC
Met Twr V.1 Ala Ile Gln Ala

GTG CTG GAC TCC GGC GAC GGC
Val Leu Asp Ser Glw AsP Glw

CCG CAC GCC ATC ATG CGC CTG
Pro His Ala Ile Met Arg Leu

700
ATC CTC ACT GAG CGT GOC TAC
Ile Leu Thr Giu Arg G1Y Twr

ATC AAG GAG AAG CTG TGC TAC
Ile Lws Glu Lws Leu CYs Twr

TCC TCC TCC TCC CTG GAA AAG
Ser Ser Ser Ser Leu Glu LYs

AAC GAG CGC TTC COC TOC CCG
Asn Glu Arg Phe Arg Cws Pro

GCG GOC ATT CAC GAG ACC ACC
Ala Glw Ile His Glu Thr Thr

1000
GAC CTO TAT GCC AAC AAC GTC
Asp Leu Tvr Ala Asn Asn Val

CGC ATO CAG AAA GAG ATC ACC
Arg Met Gln LYs Glu Ile Thr

CCG CCG GAG CGC AAA TAC TCG
Pro Pro Glu Arg Lws Twr Ser

TTC CAG CAG ATO TGG ATC ACC
Phe Gln Gln Met Trp Ile Thr

CGC AAA TGC TTC TAG ACACACT
Arg LYs Cws Phe *$*

CCACCTCCAGCACGCGACTTCTCAGOACOACGAATCTTCTCAATOGGGOGGCGGCTGAGCTCCAOCCACCCCGCAGTCAC

TTTCTTTGTAACAACTTCCOTTGCTGCCATCGTAAACTOACACAGTGTTT-(C >n

Fig. 2: Sequence of a actin cDNA. The sequence presented combines those
obtainfed with plasmids a actl, 2 and 3. (Gn) and (C)n correspond to
homopolymeric tails in a act 3 and a act 2 respectively.
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derived from aact 3 and the 3' end of the sequence was derived from the aact

2 plasmid (see Fig. 1). There are no base changes between each pair of

plasmids, in the overlapping sequences, which are 370 bp and 110 bp long for

the 5' and 3' regions respectively. It is thus justified to combine the
sequences derived from the three plasmids into a single one.

From the sequence presented in Fig. 2, an amino acid sequence corresp-

onding exactly to the known rabbit or rat a actin sequences (1) can be der-

ived. The initiation codon is located at position 104 (in the mature prot-

ein the first two residues, methionine and cysteine have been cleaved).

Thus there is a rather long 5' non-coding sequence (103 nucleotides, devoid
of any other ATG triplet). The 3' non-coding sequence, following the term-

ination codon TAG at position 1235) is certainly not complete since it lacks
the polyadenylation signal (usually AATAAA) which should precede the polyA
tracks by about thirty nucleotides. Since the length of skeletal a actin
mRNA in mammals is about 1650 nucleotides, including the polyA tail, and by
comparison with the length of the 3' non coding regions in rat skeletal a

actin and in human cardiac a actin mRNAs (23, 5) (240 to 250 Nucleotides),
we estimate that about 120 bp are lacking in our cDNA sequence.

The observation that four clones (out of 10 examined from the second
cDNA library) have apparently identical limits on their 5' side, suggested
that they are indeed complete in this region. We have checked this point
further in a primer extension experiment. A 45 nucleotide long single
stranded HhaI-AvaI fragment derived from the 5' region of the aact 3 insert,
5'end-labelled at the AvaI site (Fig.1), was used as a primer in a reverse

transcription reaction with muscle polyA+ RNA as template. The product of
the reaction was analysed on a denaturing urea/polyacrylamide gel, in paral-
lel with a sequence ladder, allowing the exact determination of lengths

(Fig. 3). The major doublet bands correspond to an elongation of 14-15
nucleotides upstream from the 3' HhaI end of the primer (position 15 in Fig.
2) while a minor doublet is longer by 3 to 4 nucleotides. This result
confirms that the sequence in Fig. 2 is complete on the 5' side, and suggests

that a minor cap site might exist a few nucleotides upstream the major one.
Analysis of genomic DNA.

Human DNA preparations from several individuals were cut with HindIII,
EcoRI or PvuII and analysed by Southern blotting, using two contiguous actin
fragments as hybridization probes. Probe A corresponds to the PstI-BglII
fragment of clone aact 3 and contains residue 1 to 360 of the cDNA-sequence,
thus including all the 5' non coding sequence; Probe B contains the rest of
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T Fig. 3: Analysis by primer elongation of the
+ 5 end of a actin mRNA. 1 pmole of a 45 nucl-
C c eotide long single stranded fragment 5' la-
OR: belled at an AvaI site (position 59 in Fig.2)

and extending to the HhaI site at position 15,
was used as primer for reverse transcription
of 2 ig of muscle polyA+ RNA, with 12 and 60
units of reverse transcriptase (lanes 1 and
2 respectively), under conditions described
previously (17). The products of the react-
ions were analysed on a 8 % polyacrylamide-
urea gel, together with sequencing reactions
performed on the AvaI-BglII fragment labeled
at the AvaI site (position 56 with respect to
the sequence in Fig. 2). The positions of
the unelongated primer (15) and of the major
product of elongation (2, 1) are indicated.

S

the cDNA sequence (fragment BglII-Pst of aact 2, see fig. 1). The DNA blots
were hybridized to either probes in 40 % formamide, 0.9 M NaCl, at 42°C i.e.
conditions of relatively low stringency. Filters were then washed either at
low stringency (60°C 2 x SSC - 0,1 % SDS) or at high stringency (68°C, 0.2 x

SSC - 0,1 % SDS) before autoradiography. A complex pattern consisting of
more than 25 bands was obtained with all 3 restriction enzymes when using

the low stringency washing conditions (Fig. 4 Al, Bi, Cl). After the high

stringency wash, only two to three bands remained in each case. For HindIII
and EcoRI, the same bands appeared with both probes A and B ie, a 8.9 kb and

a 5.0 kb band for HindIII, a 20 kb, 3.8 and 2.5 kb bands for EcoRI (Fig. 4A,
B). The two HindIII bands and the two smaller EcoRI bands had been detected
previously as the most stably hybridizing bands with a heterologous mouse a

actin probe while the 20 kb EcoRI fragment was apparently not seen after a
high stringency wash (7). With PvuII, two bands are seen in common with

probes A and B: a major 2,7 kb band and a faint 7.4 kb band. With probe B

an additional strong band is seen at 7.9 kb (Fig. 4C). Since probe B cont-

ains an internal PvuII site, the 7.9 kb band seen only with this probe thus
corresponds to the actin sequence located in 3' of this site, the 2.7 kb
band common to probe A and B should correspond to the sequence present on
the 5' side of the PvuII site.

The fact that the same two HindIII or three EcoRI bands are revealed,
after high stringency wvashing, with the two contiguous probes poses a
problem of identification of those fragments which correspond to the expres-
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sed skeletal a actin gene. The 20 kb EcoRI fragment, and the HindIII 8.9 kb

fragments which appear as relatively minor band at low stringency, show very
little decrease in signal intensity after the high stringency wash (their
length is underlined in fig. 4 A and B). On the contrary, the 3.8 and 2.5

kb EcoRI bands and the 4.9 kb HindIII band, which appear under low string-
ency conditions as the major ones, elicit a drastic loss in intensity after
washing in low salt at 68°C. Furthermore, the latter bands are also prom-

inent with a heterologous hamster cDNA probe (24) corresponding to a cyt-
oplasmic p or y actin (Fig. 4 A and B lanes 4 and 5). Thus it is very lik-
ely that the fragments showing the more stable hybridization with the a

actin probe, are the one which correspond to the skeletal a actin gene. The
fact that bands which are not completely homologous to the a actin probe can

appear as the major ones under low stringency conditions might be due to a

combination of length differences (the 20 kb EcoRI fragment will not
transfer as efficiently as the 2.5 and 3.7 kb ones), possible occurence of
multiple fragments migrating at the same place, and perhaps also to diff-
erences in hybridization kinetics due to presence or absence of introns.
However the fact that the same major bands appear under low stringency cond-
itions with drosophila, hamster or human probes (ref. 4 and Fig. 4) suggests
that they might correspond to an amplification of a single genomic fragment
containing an actin sequence.

DISCUSSION
The isolation of cDNA clones corresponding to human skeletal a actin

-has allowed us to determine the sequence of the whole 5' non-coding and pro-

tein coding regions, and of part of the 3' untranslated region. The use of
the cDNA cloning technique proposed by Land et al. (13) proved useful in
yielding complete sequences on the 5' side. As expected from the known total
conservation of the primary structure of skeletal muscle a actin, the amino-
acid sequence which can be derived shows no changes with respect to other
mammalians a actin sequenced at the nucleotide or amino acid level (1, 23).
It is however possible to compare nucleotide sequences corresponding to
mammalian a skeletal actin mRNAs in the regions or positions not involved in
amino-acid coding. ie: 5' or 3' untranslated regions, and silent sites
within the protein coding region.

The human a actin cDNA sequence determined here is characterized by a
high G+C content (61.6 % in the coding region, 58.8 % for the combined 5'
and 3' untranslated regions) compared to the 40 % G+C content of the human
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TABLE I: Correlation between the G+C/A+T ratio at the third codon position
and the bias against CpG, in cDNA sequences.

cDNA G+C ratio at the third CpG/GpC ratio in
X+7 codon position protein-coding regions

Human a actin 8.1 .98
Rat a actin 3.4 .78
Human cardiac a actin 2.0 .51

Human proopiomelanocortin 9.0 .79
Human a globin 7.9 .80
Human growth hormone 3.3 .45
Human p globin 1.9 .14

The values have been derived from sequences present in the EMBL Nucleic Acid
Sequence database, or described in Ref. 23 and 5 for rat a actin and human cardiac a
actin.

genome. In the coding region this is due to an extreme assymetry in the base

choices for the third codon position: 89 % for G + C and only 11 % for
A+T. A similar bias is found, to a lesser extent, in rat skeletal a actin
nmNA (22.5 % A + U at the 3rd position) and in human cardiac a actin mRNA

(33.6 % A + U). Another characteristic of this sequence is that, contrary

to most sequences in vertebrate genomes, there is no bias against the CpG
dinucleotide and the cloned sequences have a high frequency of restriction
sites for "CpG" restriction enzymes, like HhaI, MspI, FnuDII or TaqI. In an

analysis of a actin mRNA sequences and of a few other human mRNAs, we have
found that a large excess of G + C at the third codon position is apparently
correlated with an absence of bias against CpG dinucleotides (Table I). The
pattern for human a skeletal actin resembles that found for a globin or

proopiomelanocortin mRNAs, and is clearly different from that of p globin,
growth hormone or cardiac a actin mRNAs. Since the gene specific differ-
ences in GC content and in the extent of the CpG bias are also often present
in non-coding regions, including introns [as shown for instance in the human

a and p globin genes (25, 26)] this suggests that the apparently stringent
codon usage found in an mRNA such as the human a actin one, depends less on

selective pressure related to protein syntlesis mechanisms, but might rather
reflect the presence of a gene in genomic regions which differ in their base

composition over long distances [may be G or R bands (8, 27)]. It has been
proposed recently that about 2% of the genome of vertebrates correspond to

sequences which have a very high CpG content and are found unmethylated in
all tissues (28). It will be interesting to know whether human a actin or a

globin genes are found in this genome fraction.
The 5'untranslated region of the human a skeletal actin mRNA is slight-
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A a -----------------------------
b ACCGCAGCGGACAGCGCCAAGTGAAGCCTCGCTTCCCTCCCGCGGCGACCAGGGCCCGAG

tt*88 **$t******* ****s t** **** ********* ***
C ACACGGAC--------GTGAAGCCTCACTTCCTACCCTCGGC-ACCAGGGCCAGAG

a --------------------AAACCCCCTGAAGCTGTGCCAA m GTGACGAC-----

b CCGAGAGTAGCAGTTGTAGCTACCCGCCCAGAAACTAGACAC *T GCGACGAA-----
* t*** ** ************g** I*M *t t***

C TC-AGAGCAG------------------CAGAAACTAGACAC T GTGACGAG-----

B a 7+ ATGCC---TTCTCTCTCCATCTACCTTCCA AC TATTATGCTTCTT
**tts* ** t**** * * * J*****$$ 1*** * *

b TAG CACAC----TCCACCTCCAGCACGCGACT FTCAGGAtGAC ATCTTCTCAATGG
C T4G GCGCACCGCGTCTGTGTACGCGCTCTCTCTCITCAGGACGACT ATCGACCATCGTGC

Fig. S : Sequence conservation between human and rat a actins in the 5' and
3' untranslated regions. Line a: human a cardiac actin (5), line b: human
a skeletal actin, line c: rat a skeletal actin (23). The sequence of the
5' untranslated region for human a cardiac actin is unknown but for a few
nucleotides proximal to the initiation codon. A) 5' untranslated region:
The initiation codons are boxed. B) 3' untranslated region. The termin-
ation codons and a homology region are boxed.

ly longer than that of the rat homologous mRNA (103 versus 72 nucleotides)
but regions of very significant homology can be found throughout (Fig. 5A).

This suggests some functional importance, especially since in contrast the

3' untranslated (UT) sequences of the human and rat genes diverge right

after the termination codon. Although very little homology is found in the

3' UT regions which can be compared, one common feature (shared also by the

human a cardiac sequence) is constituted by a well conserved 12 nucleotides

sequence located about 30 bp downstream from the termination codon (Fig.5B).
When comparing the amino acid coding sequences, one can distinguish

between replacement sites (where a base change leads to an amino acid
change) and the silent sites. Because of the conservation of the amino acid

sequence, the replacement sites have to remain unchanged in skeletal a actin

genes. Thus, in this case, only the analysis of changes at silent sites can

give an idea of the divergence time for a pair of genes. When the rat and

human actin protein coding sequences are compared, one finds 61 X silent

changes (after correction for multiple events) (29). This is similar to the

data obtained for other rat/human gene comparisons using the same calcula-
tion insulin, 64 X, Growth Hormone, 71 X, Prolactin, 76 %) (29, 30). The
70 to 85 X silent site changes seen between the chicken a actin and the rat
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TABLE II : Divergence at silent sites in a actin coding sequences.

a Actin Coding Sequences Compared Silent Changes (in %)

Human skeletal / Rat skeletal 61
Human skeletal / Chicken skeletal 86
Human skeletal / Human cardiac 112
Rat skeletal / Chicken skeletal 70
Rat skeletal / Human cardiac 104

Silent changes (corrected for multiple events) were calcul-
ated as proposed by Perler et al. (29) using a computer program.
Sequence data were from ref. 23 and 31 for the rat and chicken
skeletal actin, and ref. 5 for the human cardiac actin. Diverg-
ence time is about 250 million years for the separation of birds
and manmnals, and about 80 million years for the mammalian radi-
ation (see 29).

or human corresponding genes (Table II) support previous observations (29)
that accumulation of these changes start to saturate after long times of

divergence (W108 years). In contrast, the changes at silent site are highest

between human cardiac a actin and either rat or human skeletal actin (W100%,
see Table II). This analysis suggests that the divergence of cardiac and
skeletal a actin genes occured much earlier than the mammalian radiation.

The cloned a actin cDNA sequence has allowed us to identify, in the

human genome, restriction fragments most likely associated with the expres-

sed gene. Since even under stringent conditions and using a small probe

(360 bp) one always detects two fragments this suggests that there is one

supplementary sequence in the human genome which either shares strong hom-

ology to the skeletal a actin mRNA, or more likely is present in multiple

copies. Because of the complexity of the actin gene family, it might be
difficult to identify among the many genomic clones which contain actin-like
sequences, the ones which correspond to a specific expressed gene. Homo-

logous cDNA probes might be useful for this task and should also allow to

locate the gene on the human chromosome map.
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