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Summary.  We have sequenced the coding and 
leader regions, as well as part o f  the 3' untranslated 
region, o f  a Xenopus borealis type 1 cytoskeletal 
actin gene [defined according to the arrangement  of  
acidic residues at the N-terminus;  Vandekerckhove 
et al. (1981) J Mol Biol 152:413-426].  The encoded 
amino acid sequence is the same as the avian and 
mammal ian  fl (type 1) cytoskeletal actins, except for 
an isoleucine at position 10 (as found in the mam-  
malian 3" cytoskeletal actins), and an extra amino  
acid, alanine, after the N-terminal  methionine.  Five 
introns were found, in the same positions as those 
of  the rat and chicken ~-actin genes. The 5' and 3' 
untranslated regions resemble those of  the human  
3' (type 8) cytoskeletal actin gene more  closely than 
the mammal ian  fl genes. 

Pr imer  extension showed that this type 1 gene is 
transcribed in ovary and tadpole. Sequencing o f  
primer extension products  demonst ra ted  two ad- 
ditional m R N A  species in X. borealis, encoding type 
7 and 8 isoforms. This contrasts with the closely 
related species Xenopus laevis, where type 4, 5, and 
8 isoforms have been found. The type 7 isoform has 
not previously been found in any other  species. The 
mRNAs  of  the X. borealis type 1 and 8 and X. laevis 
type 5 and 8 isoforms contain highly homologous  
leaders. The X. borealis type 7 m R N A  has no leader 
homology with the other  m R N A  species and, unlike 
them, has no extra N-terminal  alanine codon. The 
evolut ionary implications o f  these data are dis- 
cussed. 
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Introduction 

Actins are a family o f  highly conserved contracti le 
proteins. Some isoforms are muscle specific, while 
the cytoskeletal actins are found in probably all eu- 
karyotic cells. O f  the four mammal i an  muscle-spe- 
cific isoforms (Vandekerckhove and Weber  1978a), 
two are specific to striated muscles (the heart  and 
skeletal muscle isoforms, differing in their relative 
abundance in the heart  and in skeletal muscle), and 
two are specific to smooth  muscle (the aortic and 
stomach isoforms, differing in their  relative abun- 
dance in the aorta and the stomach). In m am m al s  
there are two different major  cytoskeletal actins, the 
/3 and 3' isoforms (Vandekerckhove and Weber  
1978b), although there have been unconfi rmed re- 
ports of  addit ional  isoforms in the nuclei o f  non-  
muscle cells (Bremer et al. 1981), and in brain syn- 
aptosomes (Marotta  et al. 1978). The  /3 and 3' 
isoforms are also found in chickens (Vandekerck- 
hove and Weber  1981), but, in addit ion,  there has 
recently been a report  that  chickens have a gene 
encoding a type 5 (see Table 1) actin (Bergsma et 
al. 1985), al though such a protein has so far not  
been detected in vivo.  The cytosketetal actins differ 
from the muscle-specific isoforms in 22-25 amino  
positions (Vandekerckhove and Weber  1979). For  
a given isoform, however,  such as the fl cytoskeletal 
actin, the amino acid sequence has been found to 
be identical in humans,  rats, and chickens (Kost et 
al. 1983; Nudel  et al. 1983; Ponte  et al. 1984). The  
/~ and 3" isoforms o f  mammals  and chickens differ 
from each other  in only four amino acids: the three 
acidic residues at the N- terminus  and the amino 
acid a t  posit ion 10 (Vandekerckhove and Weber  
1978b). 
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Table 1. Distribution of the different vertebrate cytoskeletal actin isoforms 

Actin 
type ~ N-terminal amino acids Mammals R. pipiens T. cristatus X. laevis X. borealis 

1 asp-asp-asp + (= fl) + + 
3 asp-glu-asp + 
4 glu-asp-asp + + 
5 asp-glu-glu + + 
7 glu-glu-asp + 
8 glu-glu-glu + (= "r) + + + 

" Nomenclature as suggested by Vandekerckhove et al. (1981) 

The  c o n s e r v a t i o n  o f  these different  cytoskele ta l  
i so forms  in  m a m m a l s  a n d  b i rds  has  suggested sep- 
ara te  func t ions  for each o f  t hem,  a l though  there  is 
little ev idence  for this  so far. I t  is therefore  in te r -  
es t ing that  this  c o n s e r v a t i o n  does  no t  ex tend  to a m -  
ph ib i ans ,  where  V a n d e k e r c k h o v e  et al. (198 l )  have  
par t ia l ly  s equenced  the N - t e r m i n a l  t rypt ic  pep t ides  
o f  cytoskeleta l  ac t ins  f rom several  different  species 

(Xenopus  laevis, R a n a  pipiens,  a n d  Tri turus  crista- 
lus) a n d  f o u n d  new i so fo rms  tha t  differ in  the i r  con-  
ten t  a n d  o rder  o f  g lu t ama te  a n d  aspar ta te  res idues  
in  the first three  a m i n o  acid pos i t ions .  As Tab l e  1 
shows, different  a m p h i b i a n  species have  different  
sets o f  cytoskeleta l  act ins.  These  differences m a y  
have  occur red  because  o f  select ive advan t ages  o f  
cer ta in  i so fo rms  to species in  pa r t i cu la r  e n v i r o n -  
men t s ,  or  they m a y  be mere ly  neu t ra l  m u t a t i o n s  
(i.e., there m a y  be no  func t iona l  difference be tween  
the isoforms) .  In  this  paper  we show, by the se- 
q u e n c i n g  of  p r i m e r  ex t ens ion  products ,  tha t  X e n o -  
p u s  borealis, a species t hough t  to have  d iverged  f rom 
X. laevis on ly  8 m i l l i o n  years  (Myr) ago (Bisbee et 
al. 1977), c o n t a i n s  m R N A  species e n c o d i n g  two cy- 
toskeleta l  i soforms,  types  l a n d  7 (see Tab l e  l), 
which  have  no t  been  f o u n d  in  X. laevis, a n d  c o n t a i n s  
m R N A  for a type 8 i so form as well, which  is p resen t  
in  bo th  species. 

We  also p resen t  the s t ruc ture  o f a  X. borealis  type 
l cytoskeletal  ac t in  gene,  d e m o n s t r a t i n g  the con-  
se rva t ion  of  its i n t r o n  pos i t ions  a n d  a m i n o  acid se- 
quence  w h e n  c o m p a r e d  with m a m m a l i a n  a n d  a v i a n  
fl (type l ;  see Tab le  1) cytoskele ta l  genes. Th i s  gene,  
however ,  shows greatest  s imi la r i t i es  i n  its leader  a n d  
3 ' u n t r a n s l a t e d  region sequences ,  as well as at a m i n o  
acid pos i t i on  10, to a h u m a n  3' ( type 8) cytoskeleta l  
gene. We  speculate  on  the e v o l u t i o n a r y  re la t ion-  

ships o f  the X e n o p u s  genes we h a v e  de tec ted  to the 
cytoskeletal  ac t in  genes o f  o ther  o rgan i sms .  

M a t e r i a l s  a n d  M e t h o d s  

Materials. Clone k35A was isolated from a partial Eco RI geno- 
mic library cloned in XgtWES (Bains 1982). Clone X3HI was 
isolated from a partial Sau 3AI library in k47.1 (a generous gift 

from Dr. P.C. Turner). Kenyan X. borealis frogs, used to make 
DNA for these libraries and RNA for primer extension analysis, 
were bred in this laboratory. Xenopus laevis, used to make RNA, 
were obtained from the South African Snake Farm, Fishhoek, 
South Africa. RNAs were kindly supplied by Ms. J.E.M. Ballan- 
line and Dr. P.C. Turner, and were made as described previously 
(Woodland et al. 1984). [a-32Pldeoxynucleoside triphosphates 
(> 2000 Ci/mmol) and [7-a2p]ATP (> 5000 Ci/mmol) were from 
Amersham International. Restriction enzymes were from Boeh- 
ringer Mannheim, Bethesda Research Laboratories, and New 
England Biolabs. Eseherichia coli DNA polymerase I (Klenow 
fragment and the Kornberg enzyme) and calf intestinal alkaline 
phosphatase were from Boehringer Mannheim. T4 DNA poly- 
merase I, DNA ligase, and polynucleotide kinase were from Be- 
thesda Research Laboratories. AMV reverse transcriptase was 
obtained from Life Sciences Inc. 

Isolation of Actin Clones. Initially a X. borealis partial Eco 
RI library was screened by the procedure of Benton and Davis 
(1977). The probe was a nick-translated Dictyostelium actin eDNA 
clone (pcDd actin B1; Bender et al. 1978). This was hybridized 
to nitrocellulose in 4 x standard saline citrate (SSC) (1 • SSC = 
0.15 M NaC1, 0.015 M sodium citrate), 1 • Denhart's additives 
(0.2% Ficoll, 0.2% polyvinylpyrrolidone, 0.2% bovine serum al- 
bumin), 60 mg/l sonicated E. coli DNA, 0.1 mg/ml poly(A) at 
60*(:: for 48 h, and washed at 55~ in 4• SSC for 1 h. Plaques 
that showed a positive signal were picked and screened a second 
time. These included the recombinant k35A. Subsequently, a 
second library (a partial Sau 3A1 digest cloned in the vector 
k47.1) was screened, resulting in the isolation of clone k3H1, 
containing the 3.6-kb Eco RI fragment of ~35A in addition to 
the surrounding X. borealis sequence. For this screen, the hy- 
bridization was carried out in 3 • SSC, 0.1 • Denhart's additives, 
0.1 mg/ml poly(A) at 65~ for 16 h, and the filters were washed 
in 3 • SSC at 50~ The probe used was the nick-translated insert 
of k5AP, a clone obtained on screening the first library, which 
contains the sequence encoding the first 150 amino acids of a 
muscle-specific actin. The clone k3H1 was purified by further 
plating and rescreening. 

Mapping the Clones. We used double digests of nick-trans- 
lated DNA and partial digests of DNA fragments labeled at one 
end with T4 polynucleotide kinase or T4 polymerase I (Smith 
and Birnstiel 1976). The resulting fragments were separated on 
agarose gels. To locate the coding regions, unlabeled restriction 
fragments were separated on agarose gels, blotted onto nitrocel- 
lulose (Southern 1975), and hybridized with the nick-translated 
Dictyostelium actin probe under the same conditions as used to 
isolate k35A. 

Sequencing of  DNA. For this, as indicated in Fig. 1, we used 
both the chemical base modification procedure of Maxam and 
Gilbert (1978) and the enzymic method of Sanger et al. (1980) 
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Fig. 1. Structural map and sequencing strategy for the X. borealis genomic clone X3H1. XL.A and XS.A mark the long and short 
arms, respectively, of the vector. Three regions, P, 1, R2, and R3, have been mapped in greatest detail. Symbols for restriction enzymes: 
A1, Acc I; A2, Ava I; HI,  Hinf  I; H2, Hinc II; H3, Hind lII; H4, Hha I; B, Bst NI; M, Msp I; E, Eco RI; K, Kpn I; X, Xba I; S1, 
Sau 3AI; $2, Sst I. Sequencing was in the region and direction represented by the arrows and was by the method of  Maxam and 
Gilbert ("M + G,"  Maxam and Gilbert 1978) or of Sanger ("M 13," Sanger et al. 1980). The solid blocks represent coding exons; the 
open bars, untranslated sections of the mRNA. The hatched region represents a portion of the X cloning vector. The horizontal arrow 
over exon 1 indicates the start and direction of transcription. The region P is the Hha I/Bst NI fragment used for primer extension. 

applied to single-stranded MI 3 subclones. For the former pro- 
cedure, DNA restriction fragments were end-labeled, either with 
T4 polynucleotide kinase (after treatment with alkaline phos- 
phatase) or with T4 DNA polymerase I, prior to asymmetrical 
cleavage with a second restriction enzyme. The products were 
separated on 5% nondenaturing acrylamide gels and extracted 
from the gel as described by Maxam and Gilbert (1978). 

Primer Extension. The primer was prepared from a 450-bp 
Bst NI fragment, one end of which was situated in the first coding 
exon (= exon 2 in Fig. 1), and the other was situated 5' to this 
exon. This Bst NI fragment was isolated from the 3.6-kb Eco RI 
fragment of X35A (recloned into the plasmid pBR325 for easy 
preparation), treated with alkaline phosphatase, 5' end-labeled 
with T4 polynucleotide kinase and [3,-~2P]ATP, cut with Hha I, 
and fractionated on an 8% acrylamide-7 M urea sequencing-type 
gel. The 103-nucleotide (nt) fragment of the noncoding strand, 
corresponding to residues 7-41 of the coding region, was extract- 
ed from the gel. 

Hybridization of this primer to RNA and its subsequent ex- 
tension were as described previously (Woodland et al. 1984), 
except that 8% sequencing-type gels were used to separate the 
primer extension products. In preliminary experiments, to op- 
timize hybridization temperatures for example, 0.01-0.02 mg of 
total RNA was used in 10-ul hybridizations. To obtain enough 
extended material for sequencing, however, larger amounts of 
RNA were used. Thus, to sequence X. borealis primer extension 
products A and B (see Fig. 3), 0.75 mg of ovary RNA was hy- 
bridized to primer overnight in 0.35 ml of hybridization solution 
(0.4 M NaC1, 10 mM PIPES, pH 6.4) containing 50% formamide 
at 45oc (equivalent to a hybridization at 70"C without form- 
amide). To sequence X. borealis product C, 0.2 mg of tadpole 
RNA was hybridized to primer for 3 h at 65~ in 0.13 ml of 
hybridization solution without formamide, but containing 1% 
sodium dodecyl sulfate. To sequence X. laevis products A and 
B, 0.4 mg of XTC cell (Pudney et al. 1973) RNA was hybridized 
in 0.2 ml of 1% SDS-containing hybridization buffer at 70~ for 
3h .  

Results and Discussion 

The Structure of a X. borealis Cytoskeletal 
Actin Gene 

We have isolated a clone, X35A, f rom a XgtWES X. 
borealis genomic library. The  3.6-kb Eco RI insert 
was found to contain the sequence encoding the first 
three exons o f  an actin gene. Subsequently,  another  
clone, X3H 1, was isolated from a X47.1 library (made 
from the D N A  of  a different individual).  This  clone 
contained an extra 1.4 kb o f  sequence in the 3' por- 
t ion o f  the gene and an extra 10 kb o f  sequence 
upstream from the 3.6-kb Eco RI fragment. This 
enabled us to determine the rest o f  the coding se- 
quence, as well as 318 bases of  the 3' flanking se- 
quence. The structure o f  this gene and the sequenc- 
ing strategy are shown in Fig. I. 

Figure 2 shows the sequence o f  regions 2 and 3 
f rom Fig. i. As customary,  we have numbered  the 
amino  acids according to the nomencla ture  sug- 
gested by Elzinga and Lu (1976) and Vandekerck- 
hove and Weber  (1978b) for rabbit  skeletal muscle 
actin. Except for two positions, the amino acid se- 
quence encoded by this gene (376 amino acids in 
total) is identical to that o f  the m am m al i an  and 
avian/~ (type 1) cytoskeletal actin isoforms (Kost et 
al. 1983; Nudel  et al. 1983; Ponte  et al. 1984). This  
is a remarkable conservat ion o f  protein sequence, 
as the divergence o f  the mammal i an  and amphib ian  
ancestral lines is est imated to have occurred 300-  
400 Myr  ago (Wilson et al. 1977). One o f  the dif- 
ferences occurs at amino acid position 10, where, 
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a 
GTATAGTCTCTTGTTTTATCAAGCATGGGGT~GTGGGTGAGAGA TTATCATTGTT TATGG 

CTTTGGTTATTCTTGCTAAGGCAGCATTTATGAGACTAATAACCCCTATATGTAATATAA 

GGCAGTGAC~TATGGA~ACCAATAAGATGCTTGCATTTATACAGGTGACTAGTGAATTGT 

ACCTGCTGATTGG~TACT~C~CCT~GGCAAACTTAGTGCCTTTTTATTACA~TACCCA~T 

AGTA]TTAACACCTATA5AGAGCASAT6~ACTTAASAATTAAATT~ATAGTCTTAATAAC 

CTGAGACtCAATTTCCTGCTGGCTATACAACACTTTCTAAAT~AAAA~ATTGAGCTCCGT 

ATAAATGGGTGTGTCTA~TTTGGCAGTGATGSGGAAGAGTGTGACTAGACTTGTCAtTCT 

TTACAETTGATACACTGCCTAGGTAGGCTATGACCAGGCATGGTGTGGCTACTGACTAGG 

- I  
MetAla 

TGATGATTATGCTTCACTTTGCTTATGACATTTAGTGTCATCACACAGAATTAAAGATGG 

Hhal 
2 3 4 I I0 

AspAspAspIleAlaAlaLeuValll~AspAsnGlySerGlyMetCy~LysAla61yPhe 
CAGATGATGACATTGCAGCGCTCGTCATTGACAATGGCTCTGGAATGTGCAAAGCTGGCT 

BstNI 
J41 

AlaGlyAspAspAlaProArgAlaVmIPheProSerIleValGlyArgProArgHisGln 
TTGCTGGAGA~GATGCTCCCCGTGCTGTGTTCCCCTCTATTGTTGGACGCCCAAGACACC 

T 
A_GGTT ~ GTATTTGTGAT 7AACAGTT~GGCGTGTCTTCCCCCCCCCCTCCATGCTGACTGA 

GlyValMutVaIGlyMetG1yGlnLysA~pSerTyrVaIGlyAsp 
CTTGTTCTGTTTTAAGGGTGTAATGGTTGGTATGGGCCAGAAGGACAGCTATGTAGGTGA 

i 

GluAlaGlnSerLy~ArgGlyIleLeuThrLeuLysTyrProlleGluHisGly~leVal 
TGAAGCCCAAAGCAAGCGCGGTATCCTAACTCTTAAGTATCCAATTGAACACGGAATTGT 

ThrAsnTrpAspAspMetGluLyslleTrpHisHlsThrPheTyrAsnGluLeuArgVal 
CACAAACTGGGATGA~ATG~AAAAGATCTGGCATCACACCTTCTACAAT~AGCTTCGTGT 

AlaProGluGluHi~ProValLeuLeuThrGluAlaProLeuAsnProLysAlaAsnArg 
AGCTCCAGAAGAGCACCCAGTCCTGCTTACCGAAGCTCCCCTGAACCCCAAAGCCAACAG 

121 
GluLysMetThrGln 

AGAAAAGATGACACAGGTTTGTTTGCAGTCAAAGGCTGAATACATTTGGGGTAGTTCTTG 

i 

TAACACTCATT . . . . . . .  (20-25 bp) . . . . . . . . .  

AATA~TTCAGGC~TETGTACCTCTTCTGGCATTTCCTTCCTGAAGCCCAAGGTTTCTGT 

T~ CATTGTGTG7 TCTGCTTGTTCTATTTTCTATACATCTATCTTTTGGTTTTGCATGC l'G 

GCATGGT TTGGG~ TG rAAC T TGTATTTAATCTAAGGAT TATTCTGCTCAT T CCTTTTAGA 



MetPheGluThPheAsnThrProAlaMetTyrVaiAlaIleGlnAlaVaILeuSerLeu 
~CATG~TTGAGACTTT~AACACCCCAGCTATGTATGTTGCTATCCAAGETG~GETGTCTC 
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TyrAlaSerGlyArgThrThrglyIleVaIMetAspSerGlyAspGlyVaIThrHisThr 
TGTATGCCTCTGGTCGTACCACTGGTATTGTGATGGACTCTGGAGATGGTGTGACCCACA 

VaIProIleTyrG1uGlyTyrAlaLeuProHisAlaIleLeuArgLeuAspLeuAlaGly 
ETGTAECCATTTATGAAGGTTATGCCTTGCCCCATGCTATCCTGCGTCTGGATTTGGETG 

ArgAspLeuThcAspTyrLeuMegLysIleLeuThrGluArgGlyTyrSerPheThrThr 
GTCGTGAECTGACEGACTACETCATGAAAATCCTGACTGAAAGAGGCTACAGCTTCACAA 

ThrAlaGluArgGluI1eValArgAspI1eLysGluLysLeuCysTyrVaIAlaLeuAsp 
CCACAGCTGAGCGAGAAATTGTGC~TGACATAAAGGAGAAGCTCTGCTATGTTGCTCTTG 

PheGluGlnGluMetAlaThrAlaAlaSerSerSerSerLeuGluLysSerTyrGluLeu 
ACTTTGAGEAAGAAATGGCTACTGCTGCATCCTCCTCATCCCTGGAAAAGAGCTACGAGC 

ProAspGIyGlnValIleThrIleGlyAsnGluArgPheArgCysProGluAlaLeuPhe 
TGCCTGATGGACAAGTAATAACAATTGGAAATGAGAGGTTTAGATGCCCAGAGGCACTCT 

26~ 

tcGIG~TScc~h~LT~G~GTGGGTATTTACATTTTGACTAAATTTATAAACTTACTACTG 

AACATTTAATCTGGATAATGGGCCTGTTTTTGCACAGAAACTTAACGGG~TCC~GTCATG 

GAAAACTTTTTTTTTTTTTTTTCTTTTTTCAAAATGTATCAGTTAATAGTGCTG 

b 267 
GlyMetGluSer~ysGlyIleHisGluThrThrPhe 

CATACAAAACTGAAGCTCTCTTTAGGTATGGAATCCTGTGGCATCCATGAAACGACATTC 
i 

AsnSerI1eMetLysCysAspVaIAsplleArgLysAspLeuTyrAlaAlnThrVaILeu 
AATTCAATCATGAAGTGTGATGTTGACATECGTAAGGACCTGTATGCCAACACTGTACTG 

SerGIyGlyThrThrMetTyrProGlyI1eAlaAspArgMetGlnLysG1uIlgThrAla 
TCTGGAGGTACCACAATGTATCCTGBTATTGCTGACAGAATGCAGAAGSAGATCACIGCC 

3~7 
LeuAlaProSerThrMetLysIleLym~ 
TTGGCCCCCAGCACAATGAAAATTAAGGTGAGTGACCAGGTTGCCGCCGCCCCCCCTCAA 

328 

~IleIleAlaProProGluArg 
ATACTTCTATGTGCTGTTACTAAATCTCTCTCCTCCACAGATCATTGCCCCACCTGAACG 

LysTyrSerVaITrplleGlyGlySerIleLeuAlaSerLeuSerThrPheGlnGlnMet 
AAAATACTCAGTCTGGATTGGTGGATCTATCTTGGCCCTACTCTCCACTTTCCAGCAGAT 

374 TrpIleSerLysGlnGluTyrAspGluSerGlyProSerIleVa|HisArgLy~CysPhe 
GTGGATCAGCAAGCAGGAATATGATGAATCTGGCCCATCCATTGTCCACCGCAAATGCTT 

ENO 
CTAA 

Fig. 2. The sequence of regions a R2 and b 
R3 from Fig. 1. There are 60 bases on each 
line. Amino acids of  the encoded actin protein 
have been indicated above their respective co- 
dons. Selected amino acids have been num- 
bered above the sequence according to the 
numbering system derived from rabbit skele- 
tal muscle actin (Elzinga and Lu 1976; Van- 
dekerckhove and Weber 1978b). As the pre- 
ceding amino acid is probably 
posttranslationally removed, it is numbered 
- 1. The arrowheads indicate probable splice 
sites, following the GT/AG rule of Breathnach 
and Chambon (1981). The underlined se- 
quence indicates the position of the Hha l/Bst 
NI fragment's noncoding strand used for 
primer extension. 
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toskeletal actin and not a muscle-specific i soform 
was provided  by the p r imer  extension exper iments  
described below. These demons t r a t ed  the existence 
o f  transcripts  for the gene in the oocyte. We have  
also found actin gene transcripts  in R N A  f rom em-  
bryos  at all stages of  deve lopmen t  up to the tadpole,  
a l though the abundance  of  this m R N A  species de- 
creases relative to the other  X. borealis cytoskeletal 
actin m R N A s  (from the type 7 and type 8 genes- -  
see Figs. 3 and 4) between the oocyte  and the stage 
12 embryo  (unpubl ished data). 

_P jJ-P 

Fig. 3. Primer extension products resulting from hybridizing 
the primer from X3H 1 to a X. borealis ovary RNA and b X. laevis 
XTC cell RNA. Hybridizations were in 10 ul of hybridization 
solution containing 1% sodium dodecyl sulfate. In a 10 ug of 
RNA was hybridized overnight at 50~ (track 2), 55~ (track 3), 
60~ (track 4), and 700C (track 5). In b 20 ug of RNA was hy- 
bridized for 3 h at 70~ The primer was then extended using 
reverse transcriptase and the products analyzed on 8% sequenc- 
ing-type polyacrylamide gels. Electrophoresis was from top to 
boltom. In track 1 of a unhybridized primer was run. The ex- 
lension products we have sequenced have been labeled. The primer 
is labeled P. 

instead o f  a valine codon,  an isoleucine codon was 
found. However ,  an isoleucine occurs at this posi- 
tion in the m a m m a l i a n  "7 (type 8) i soform (Van- 
dekerckhove  and Weber  1978c). The  second differ- 
ence is the presence of  an extra codon,  for alanine, 
after the N- te rmina l  meth ion ine  codon o f  the frog 
gene. This  codon is not found in the human ,  rat, or 
chicken/3-actin (Kost  et al. 1983; Nudel  et al. 1983; 
Ponte et al. 1984), or h u m a n  3,-actin (Erba et al. 
1986) genes that  have  been sequenced, al though it 
has been found in a type 5 chicken gene (Bergsma 
et al. 1985). The  significance o f  this is discussed 
below. 

In t rons  interrupt  the coding sequence o f  the Xen-  
opus gene at posi t ions 41/42 (i.e., between the co- 
dons  for these amino  acids), 121/122, 267 (i.e., with- 
in the codon for this amino  acid), and 327/328. 
These are in the same posi t ions as the introns in the 
rat  and chicken/3-actin genes (Kost  et al. 1983; Nu-  
del et al. 1983). No genomic  sequences o f  avian or 
m a m m a l i a n  y cytoskeletal  actin genes have  been 
published so far. 

Conf i rmat ion  that  this gene truly encodes a cy- 

5'  Transcr ipt ional  M a p p i n g  

T o  m a p  the start  o f  t ranscript ion,  a p r imer  was made  
f rom a Hha  I/Bst  NI  f ragment  in the first coding 
exon (see Figs. 1 and 2, and Materials  and Methods).  
The 103-base, Y-end-labeled, single-stranded pr imer  
was hybridized to X. borealis ovary  or tadpole R N A  
at var ious temperatures ,  extended with reverse tran- 
scriptase, and the products  separated on a sequenc- 
ing-type polyacry lamide  gel. As shown in Fig. 3, 
three ma jo r  products  were visualized by autora-  
diography of  such gels. Surprisingly, two o f  these 
were obta ined  in greater  amoun t s  when the p r imer  
hybridizat ion was at the highest tempera ture ,  70~ 
in this case, while the o p t i m u m  tempera tu re  for the 
smallest  product  was 65~ (data not  shown). A s im- 
ilar p h e n o m e n o n  was noted by Wood land  et al. 
(I 984) while using a histone H4 primer.  It  is possible 
that  higher t empera tures  can p r o m o t e  hybridizat ion 
by the destruct ion o f  m R N A  secondary structure. 
As with histone m R N A s ,  there are, in fact, leader 
and coding regions in the actin gene which could 
base pair  with the pr imer-hybr id iz ing  part  o f  the 
m R N A .  The  p r imer  extension products  obta ined  
using the actin p r imer  were eluted f rom the gels and 
sequenced by the me thod  o f  M a x a m  and Gi lber t  
(1978). The  mater ial  used for this sequencing typ-  
ically consisted o f  a doublet  o f  bands.  We believe 
these doublets  result f rom extension on only one 
m R N A  species, because the sequence obta ined  was 
unambiguous ,  and because such a p h e n o m e n o n  has 
previously been reported for a single species o f  glo- 
bin m R N A  (Luse et al. 1981). 

The  sequenced por t ions  o f  the three p r imer  ex- 
tension products  are shown in Fig. 4. Part  o f  the 
sequence of  the largest product  exactly matches  the 
coding sequence o f  the type 1 gene, and  the first 
eight bases 5' to this. The  remaining  50 bases o f  
product  A sequence are identical to a region ap- 
proximate ly  1200 bases ups t ream in the genomic  
clone. The  5' untransla ted leaders o f  all o ther  se- 
quenced ver tebra te  actin genes are also interrupted 
by an intron (Fornwald et al. 1982; Zakut  et al. 1982; 
Kost  et al. 1983; Nudel  et al. 1983; Chang et al. 
1985). To  determine the start o f  transcription, p r imer  
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met ala asp asp asp s ala 
--CTTGCTAGCTTTGCTTTTTTTTTCCCCGTAAAGGAAACTTCCAGCACCAAGAATTAAAG ATG GCA GAT GAT GAC ATT GCA G Xobor A - Type 1 

tie*********** ****** ***t. ******** �9 *. ***e***** **** meE ala glu glu qlu ile ala 
"'CTTGCTAGCTTTGC---TTTTTTTCCCGTTAAGGAAACCTTAAGTACCAAGAATAAAAG ATG GCA GAA GAA GAG ATT GCA G X.bor B m Type 8 

** ******* ** *c **~********** met ala glu glu glu ile ala 
--GTTAAGGAAATCTCTAGTTCCAAGAATTAAAG ATG GCA GAA GAA GAG ATT GCA G X.laa A m Type 8 

** ************** *****~*e**t*** met ala asp glu glu ile ala 
--GTCAAGGAAACTTCCAGTACCAAGAATTAAAG ATG GCA GAT GAA GAG ATT GCA G X lae B - Type 5 

--GGAGA--TTC'TGTTTGCGTCCT''CT--GA*C'CACAA G ACe CA TA met glu ,lu asp il. ala ATG GAA GAA GAT ATT GeT G X bor C - Type 7 

Fig. 4. Partial sequence of X. borealis and X. laevis mRNAs derived from sequencing primer extension products. The sequences of 
X. borealis products A and B (see Fig. 3) were obtained using ovary RNA, and tadpole RNA was used 1o obtain the product C 
sequence. XTC cell RNA was used to obtain the sequence of X. laevis products A and B. In each case the sequence of the leader 
region is incomplete. We have indicated the type ofactin encoded by each sequence, using nomenclature suggested by Vandekerckhove 
et al. (1981). We have compared the leader of the X. borealis type 1 mRNA with the other four mRNAs. An asterisk above a base 
indicates that it is the same as the equivalent base of  the X. borealis type I leader. A gap has been introduced into the X. borealis 
type 8 mRNA sequence to optimize the upstream homology between this leader and that of the type 1 gene. 

-120 CAAT ? l 2 -90 
CCGGTACCGCCTCTTCTCTCAAGCAGGCGGCCAATCGCGAGGCGTGTTTCTGAAAGATG_CC 

C~aT ? 60 3 ao 
CCA_~TATTTGGTGATCTTCTATCTACGCNACGCCAGGC~CTGGAAGCCTGTGACGTTA 

TATA ? -1 
VV 

~TATAGAGATAACTGGCGCTATTAAATTCTCATTCAGCCGGTGGCAGTGGACCTGACGTTT 

4 
ATTTACTTTCTAGCTTCCTTGCTAGCTTTGCTTTTTTTTTCCCCGTAAAGGAAACTTCCA 

GCACCAA~TAAGACCTGCGGCTGTGTTCTTTTGGAGGGTGACTAACAAGAAGTCGGCGT 

GTGGCTGTGCAATGGGTGGAAGAGCGCTTGGTGGCGG 

Fig. 5. Sequenced portion of  the region RI from Fig. 1, including exon 1 and the region immediately upstream from the start of  
transcription. Each complete line consists of 60 bases. The large vertical arrowhead indicates the 5' end of the leader intron. The 
horizontal arrow indicates the direction and start of  transcription. The exact point of  the latter is not known; the two small vertical 
arrows indicate possible positions. The bases 5' to the start of  transcription have been given negative numbers. Sequences representing 
possible promoter elements have been underlined. Sequences that are wholly or partly homologous to similar regions in other 
cytoskeletal genes have been overlined. Sequence I is found 100-110 nucleotides upstream from the start of  transcription of the rat 
and chicken/3-actin genes (Kost et al. 1983; Nudel et al. 1983). Sequence 2 has homology to the first 16 bases of the 25-nt homology 
block between the CAAT and TATA boxes of the rat and chicken B-actin genes (Kost et al. 1983; Nudel et al. 1983). The rat sequence 
is the same in 11 positions and the chicken sequence is the same in 10 positions. Seven of the eight bases of sequence 3 are found 
immediately upstream from the TATA box of the rat fl gene (Nudel et al. 1983). Eleven of the 12 bases in sequence 4 are also found 
in part of the 5' untranslated region of the rat ~ gene. 

extension product A was sized by running it next to 
a set of sequencing tracks. We estimate the accuracy 
to be within two bases. As shown in Fig. 5, 29-30 
bases upstream from the start of transcription (the 
"cap-site") lies the beginning of the sequence 5'- 
TTAAATA-3'. This resembles the "TATA box" 
promoter element [with consensus sequence 

(TATATATA)] found in this position in many eu- 

karyotic polymerase II genes (Breathnach and 
Chambon 1981). Two potential "CAAT boxes" can 
also be found. One sequence, 5'-GCCCATA-3', lies 
approximately 90 bases upstream from the start of 
transcription, and hence in a similar position to that 
found in many other genes (Breathnach and Cham- 
bon 1981). Another sequence, 5'-GGCCAATCG- 

3', more closely resembles the consensus sequence 

for this promoter element, GGTCCAATCT (Benoist 

et al. 1980; Efstratiadis et al. 1980), but is situated 
120 bases from the cap site. 

Previously, searches for regions of  homology in 
the 5' upstream regions of similar genes in different 
species have been made in order to identify se- 
quences that may be involved in transcriptional 
control. Thus, a 20-nt-long region of  homology 
around, and including, the CAAT box, has been 
found in the rat and chicken skeletal muscle actin 
genes (Ordahl and Cooper 1983). A block of 25 
nucleotides between the CAAT and TATA boxes is 
very similar in the rat and chicken fl-actin genes 
(Kost et al. 1983; Nudel et al. 1983), differing in the 
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g b  A C A G A C T G C T A G C A G A T G C G T T G C A T T T G C T  

H A C G G A C T C - - A G C A G A T G C G T A G C A T T T G C T  

Xb G - - T G A A T T C T T C - A A A G T A T T A A T T T T - C T  

H G C A T G G G T T A A T T G A G A A T A G A A A T T T G C C C  

Xb T T G G C A A A T G T G T A C G C C T C T T G  . . . . . . . .  

H C T G G C A A A T G C A C A C A C C T C A T G C T A G C C T C  

Xb - - - A A A C T G G A A T A A G G G C C A A C T T C C A A A T  

H A C G A A A C T G G A A T A A G  . . . . .  C C T T C G A A A A  

Xb G A A C T T G T C C T A G G A A T C A G A C G G T ~ A C A T T  

H G A A A T T G T  C T T G - A A G C T T G T - A T C T G A T A  

Xb G T T G G G T A T T T T G T A A T G G A A G G A C T T G T - -  

H T C A G C A C T G G  ..... A T T G T A G A A C T T G T T G  

C T G T C T C T - C C A G A T C A T T C C T G T G G C A T C -  
*** * * * *** ** * 

H C T G A T T T T G A C C T T G T A T T G A A G T T A A C T G T  

xb . . . .  A A T 0 e T ^ ~ C A ~ A ~ - ~ e ~ e T C T A C A  

H T C C C C T T G G T A T T T G T T T A A T k C C C T G T A C A  

Xb C T T C T C T T A T A C A G T G C C  . . . . . . . . . .  TGG 

H T A T C T T T G A G T T C A A C C T T T A G T A C G T G T G G  

- T T G G C C T A G T C T A G G A G A C T C T T A A G C T A A  

H C T T G G T C A C T T C G T G G C T A A G G - T A A G A A C G  

Xb - G C T T T A C G T A G A A A G A A G C A T T T C T G T G A A  

M T G C T T G T G G A A G A C - - A A G  .... T C T G T G G C  

Xb A G G C TG C T GAT C 
�9 Q t 

H T T O G T G A G T C T G  

b 
Xb T CT C ATT C AG C C G GTG G CAG 

H TCT CAGT C- G C C G CTG C C AG 

Fig. 6. Sequence comparisons between a the YUTRs and b the 
5'UTRs of the X. borealis (Xb) type 1 gene and a human (H) ~. 
cytoskeletal eDNA clone (Erba et al. 1986). In a the comparison 
begins immediately after the termination codons and proceeds 
for the full 318 bases of downstream Xenopus sequence present 
in X3HI. In b a portion of the leader of the X. borealis gene, 
beginning with the start of transcription, is compared with a 
similar sequence in the human gene. Outside this region there is 
little homology between the two leaders. Asterisks indicate po- 
sitions where bases are the same. Gaps have been introduced in 
both sequences to maximize homology. 

two genes by only four bases. This  region lies be- 
tween 50 and 75 bases ups t ream f rom the cap site 
o f  both genes. 

We have  compa red  the X. borealis type 1 gene 
with the rat and chicken/3 (type 1) genes and found 
several small regions o f  homology  in the leader and 
5' flanking regions. O f  the 16 mos t  distal bases in 
the 25-nt homology  block ment ioned  above,  11 bas- 

es of  the rat sequence and 10 bases o f  the chicken 
sequence are the same within the region, 5'- 
G T T T C T G A A A G A T G C C - 3 ' .  This  lies between 
102 and 87 bases ups t ream f rom the cap site (i.e., 
between the T A T A  box and mos t  distal puta t ive  
C A A T  box o f  the Xenopus  gene). The  sequence 5'- 
C T G T G P u C G - 3 '  occurs a few bases ups t ream f rom 
the frog and rat T A T A  boxes, but  not  in that o f  the 
chicken. The  sequence 5 ' - G C G A G G C - 3 '  is found 
in all three genes, however ,  at approx imate ly  the 
same distance f rom the cap site (100-110 nucleo- 
tides), and if  the mos t  p rox imal  potent ial  C A A T  
box is used for the frog gene, the same distance 
(approximate ly  20 nt) ups t ream f rom the C A A T  
boxes. In the leader region o f  the frog gene, a 12- 
base segment  was found to have  11 bases in com-  
m o n  with part  o f  the rat/3 gene leader (see Fig. 5), 
but  this sequence was not  in the chicken leader. 
However ,  a compar i son  of  the frog leader with tha t  
o f  a h u m a n  3' (type 8) gene (Erba et al. 1986) revealed 
a high degree o f  homology  in the first 20 bases (see 
Fig. 6b) with little homology  elsewhere. It  seems 
likely that  this region of  the leader has been con- 
served for functional reasons,  but  further c o m p a r -  
isons with other  species are required to ascertain if  
the smaller  length homologies  described above  are 
meaningful  or  merely  the result o f  chance. 

3' Untranslated Region (3 'UTR)  

It  is probable  that  all o f  the 318 bases o f  cloned 
D N A  3' to the te rmina t ion  codon o f  this X. borealis 
gene are transcribed,  as two very s imilar  genes of  
the closely related species X. laevis (see Fig. 4) both  
have  3 ' U T R s  approx ima te ly  800 bases in length (T. 
Mohun,  personal communica t ion) .  Fig. 6a shows a 
sequence compar i son  between this 3' region and the 
3 ' U T R  of  a human  3' (type 8) cytoskeletal actin 
e D N A  clone (Erba et al. 1986). There  are m a n y  
blocks of  comple te  homology  in the first 120 bases 
with a regions of  homology  in the remainder .  Apar t  
f rom the first 15 bases, there is far less homology  
when the frog type 1 gene is c o m p a r e d  with the rat, 
human ,  or chicken/3-actin 3 ' U T R s  (Kost  et al. 1983; 
Nudel  et al. 1983; Ponte  et al. 1984). This  is a re- 
markab le  example  o f  noncoding sequence conser-  
vat ion,  and it is p resumably  main ta ined  for func- 
tional reasons.  It  may  be re levant  to its function that  
the region o f  21 bases f rom bases 11 to 31 o f  the 
3 ' U T R  of  the X. borealis gene is capable  o f  forming 
a hairpin loop structure (see Fig. 7). In this region 
there is only one base difference between the Xen-  
opus and h u m a n  genes. Exceptionally high levels o f  
3 ' U T R  conservat ion have  also been observed  in 
previous  compar i sons  of  other  actin genes (Yaffe et 
al. 1985). Regions o f  high homology  have  been re- 
ported between the 3 ' U T R s  o f  the h u m a n  and X. 



laevis cardiac muscle actin genes (Gunning et al. 
1984), between the 3 'UTRs  o f  human,  rat, and 
chicken skeletal muscle actin genes (Gunning et al. 
1984), and between the 3 'UTRs  o f  the human,  rat, 
and chicken/3 cytoskeletal actin genes (Kost et al. 
1983; Nudel  et al. 1983; Ponte  et al. 1984). In con- 
trast, apart  f rom two small regions of  homology  
between the rat cardiac and skeletal muscle gene 
3 'UTRs  (Mayer et al. 1984), there is little homology  
between the 3 'UTRs  o f  the different isoforms within 
a species. This conservat ion of  3 ' U T R  sequence, 
therefore, together with the 5 ' U T R  conservat ion 
shown in Fig. 6b, suggests that the gene we have 
cloned is functionally, and presumably  evolut ion-  
arily, related to the mammal i an  and avian 3, cyto- 
skeletal genes, rather than to the/3 genes (even though 
the three N-terminal  amino acids are in the/3 con- 
figuration). This is also supported by the presence 
of  an isoleucine codon as position 10, al though this 
could be produced by only a single base substitution. 

The function o f  the Y U T R  conservat ion in cer- 
tain genes is not  known. Yaffe et al. (1985) have 
suggested that in some cases, such as the c-los gene 
(Miller et al. 1984), it is because this region is in- 
volved in translational control.  Evidence has been 
found suggesting that the translational control  o f  
cytoskeletal actins takes place in the early embry-  
onic stages o f  X. laevis (Ballatine et al. 1979). Al- 
ternative explanations are possible, however.  For  
example, this region may be impor tan t  in message 
stability. 

Expression of  Other Cytoskeletal Actins 
in Xenopus 

The sequences of  the other  X. borealis pr imer  ex- 
tension products  (see Fig. 3) are shown in Fig. 4. 
Product  B represents a type 8 isoform, and like prod- 
uct A has an alanine after the N-terminal  methio-  
nine, whereas product  C represents a typ e 7 isoform 
with no alanine in this posit ion (position - 1). The  
type 7 isoform has not previously been found in any 
other  species. Thus,  in total, we have found m R N A s  
encoding isoform types 1, 7, and 8 in X. borealis. 

By the partial sequencing of  N-terminal  tryptic 
peptides, Vandekerckhove et al. (1981) found the 
type 4, 5, and 8 isoforms in several nonmuscle  tis- 
sues of  X. laevis. Shown in Fig. 4 are the sequences 
o f  the two largest pr imer  extension products  pro- 
duced as a result of  hybridizing our X. borealis primer  
to XTC cell (an X. laevis fibroblast-like cell line; 
Pudney et al. 1973) RNA (see Fig. 3b). These se- 
quences encode type 5 and type 8 actin isoforms, 
two o f  the isoforms found by Vandekerckhove et 
al. (1981). Pr imer  extension bands probably rep- 
resenting at least one more  m R N A  species were also 
detected using X. laevis RNA,  but  it has not  yet been 
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Predicted hairpin loop structure formed from bases 11 
the 3'UTR of the X. borealis type 1 mRNA 

possible to sequence these (although we would pre- 
dict the existence o f  an m R N A  species encoding a 
type 4 isoform). We have, therefore, partially con- 
firmed the results of  Vandekerckhove  et al. (1981). 
This difference in actin isoform content  between X. 
borealis and X. laevis is surprising, as these species 
are thought  to have diverged only 8 Myr  ago (Bisbee 
et al. 1977). Our  ability to detect the type 5 isoform 
of  X. laevis argues against the possibility that  we 
were unable to detect an X. borealis type 5 m R N A  
because it hybridized poorly to our  primer.  Al- 
though more  complex possibilities exist, it seems 
likely that we have detected all o f  the major  cyto- 
skeletal actin m R N A s  in the X. borealis ovary  and 
X. laevis X TC cells. We have also found the same 
pr imer  extension bands using X. borealis tadpole 
and X. laevis ovary  RNA, so these m R N A  species 
are unlikely to be tissue specific. 

Despite encoding different isoforms, the X. laevis 
type 5 and X. borealis type 1 m R N A s  have very 
similar leader sequences. As shown in Fig. 4, these 
are also closely related to the X. laevis and X. bo- 
realis type 8 m R N A  leaders. It is possible that these 
genes have all arisen recently f rom a c o m m o n  an- 
cestral gene. Another ,  and not  necessarily alterna- 
tive, possibility is that the c o m m o n  ancestor  to these 
two species possessed genes for all three o f  these 
isoforms, the type 1 being later silenced in X. laevis, 
and the type 5 in 9(. borealis. Within one species, 
the similarity o f  the leaders of  the two genes may 
be the result of  a gene conversion event  or may  
reflect their format ion by a recent duplicat ion event. 
In this latter respect it is very relevant  that X. bo- 
realis and X. laevis are believed to be tetraploid 
species, and are indeed more  or less tetraploid rel- 
ative to X. tropicalis, which diverged f rom the other  
two species approximately  30 Myr  ago (Theibaud 
and Fischberg 1977; Tymowska  and Fischberg 
1977). It is not known if  the duplicat ion o f  the ge- 
nome preceded the divergence o f  the two tetraploid 
species. 

As can be seen in Fig. 4, the X. laevis type 5 and 
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type 8 mRNAs also have the extra alanine codon 
(at position 1) found in the 1". borealis type 1 and 
type 8 mRNAs. Vandekerckhove et al. (1981) de- 
termined the N-terminal protein sequences of  these 
X. laevis isoforms and found that they began with 
the acidic residues, blocked by an acetyl group. 
Therefore, the alanine must be posttranslationally 
removed, along with the first methionine. 

Evolution of  Actin Genes 

The X. borealis cytoskeletal actin gene we have 
cloned contains introns at the same positions in the 
coding region as the/3 cytoskeletal actin genes of  the 
rat and chicken (Kost et al. 1983; Nudel et al. 1983): 
at positions 41/42, 121/122, 267, and 327/328. The 
four mammalian and avian striated muscle-specific 
actin genes that have been sequenced, however, all 
contain introns at a different set of positions: at 
codons 41/42, 150, 204, 267, and 327/328 (Forn- 
wald et al. 1982; Hamada et al. 1982; Zakut et al. 
1982; Chang et al. 1985). A human aortic-type 
smooth muscle aetin gene has been sequenced and 
found to contain a set of  introns that is the same as 
those of the striated muscle-specific genes, but with 
additional introns at positions 84/85 and 121/122 
(Ueyama et al. 1984). Our results suggest, therefore, 
that the cytoskeletal and muscle-specific genes be- 
came separate before the divergence of  the amphib- 
ians from the rest of  the vertebrates. In support of 
this, we have sequenced (unpublished data) part of  
a X. boreal& muscle-specific actin gene, encoding 
amino acids from the N-terminus to position 150, 
and found it to contain introns in the same positions 
as the mammalian striated muscle-specific genes (i.e., 
at positions 41/42 and 150). Further, the amino acid 
sequence of  this frog actin was identical to that of 
the chicken and human cardiac actins (Hamada et 
al. 1982; Chang et al. 1985). These results with am- 
phibian genes support the evolutionary proposals of  
Vandekerckhove and Weber (1984). They found that 
the muscle-specific actins of  invertebrates did not 
vary greatly in amino acid sequence from the cy- 
toskeletal isoforms of vertebrates and invertebrates. 
However, they obtained the complete amino acid 
sequence of a lamprey muscle-specific actin and 
found it to resemble the sequence of  mammalian 
and avian muscle-specific isoforms. This suggested 
that this type of  muscle-specific actin gene arose 
prior to the divergence ofjawless fish from the rest 
of the craniates. 

The X. borealis type 1 and type 8 and the X. laevis 
type 5 and type 8 cytoskeletal actin mRNAs differ 
from the X. borealis type 7 mRNA, the/%actin genes 
of humans, rats, and chickens (Kost et al. 1983; 
Nudel et al. 1983; Ponte et al. 1984), and the human 
-y cytoskeletal actin gene (Erba et al. 1986) in pos- 

sessing an extra codon, for alanine, after the N-ter- 
minal methionine. Have these different gene types 
[ala(+) or ala(-)]  arisen from an ancestral gene by 
the deletion or addition of  this extra alanine codon? 
The eight vertebrate muscle-specific actin genes se- 
quenced so far (Fornwald et al. 1982; Hamada et 
al. 1982; Zakut et al. 1982; Hanauer et al. 1983; 
Chang et al. 1985; Stutz and Spohr 1986) have a 
cysteine codon following the N-terminal methio- 
nine codon. This is also true for all six Drosophila 
genes (Fyrberg et al. 1981), all four nematode genes 
(Files et al. 1983), and two sea urchin genes (Schuler 
et al. 1983). It seems likely, therefore, that the an- 
cestral prechordate actin gene was of this cys(+) 
type. The cysteine codon was presumably retained 
in all invertebi'ate actin genes as well as vertebrate 
muscle-specific actin genes, but has been mutated 
to an alanine in some vertebrate cytoskeletal actin 
genes and deleted in others. Unless two point mu- 
tations occurred simultaneously, this change from 
TGPy to GCN would have involved an interme- 
diate codon for a third type of  amino acid. 

Recently, Bergsma et al. (1985) have identified 
an ala(+) cytoskeletal actin gene in chickens encod- 
ing a type 5 (see Table 1) isoform. They found that 
this gene possessed just a single intron, in its leader, 
yet could find no evidence for it being a pseudogene. 
This contrasts with the five introns found in all other 
vertebrate cytoskeletal actin genes (Kost et al. 1983; 
Nudel et al. 1983), including the J(. boreal& ala(+) 
gene described here. Further information is needed 
to fit this gene into an evolutionary scheme. How- 
ever, the fact that the soybean also contains an ala(+) 
actin gene (Shah et al. 1982) suggests that cysteine/ 
alanine changes have probably occurred more than 
once in evolution. 

In all four Xenopus ala(+) genes examined here 
(see Fig. 4), as well as the chicken type 5 and soybean 
genes, the same alanine codon, GCA, is found after 
the N-terminal methionine. Other synonymous al- 
anine codons are more frequently used in the rest 
of  the X. boreal& type 1, chicken type 5, and soybean 
actin genes, however. GCA is used in only 4 out of  
29 positions for each of  the frog and chicken genes, 
and in 9 out of 28 positions in the soybean. This 
suggests that the role of the alanine codon following 
the N-terminal methionine may be in  its contri- 
bution to the DNA or RNA sequence in this region, 
rather than simply encoding alanine. It is interesting 
in this respect that the six bases of  leader sequence 
5' to the N-terminal methionine codon of the soy- 
bean and X. boreal& type 8 genes are identical, giv- 
ing a total run of  16 identical bases. 

It seems likely that the role of  the cysteine codon 
found after the N-terminal methionine of  cys(+) 
genes is also in its contribution to the DNA or RNA 
sequence. This cysteine, like the alanine in the 



equivalent position of  a la(+)  genes, must  be re- 
moved  posttranslationally, as it has not  been found 
at the terminus o f  any mature  actin protein (Van- 
dekerckhove and Weber  1978a). In all the cys(+)  
actin genes that have been sequenced, except the 
human skeletal muscle gene (Hanauer  et al. 1983), 
the more  rarely used synonymous  codon T G T  is 
found in this position. Moreover ,  this is the only 
position in which this codon is used out  of  the six 
cysteine codons o f  the chicken skeletal muscle gene 
(Fornwald et al. 1982), the six cysteine codons  each 
of  the ~Y. laevis cardiac and skeletal muscle genes 
(Stutz and Spohr  1986), the six cysteine codons o f  
the sea urchin p S p G l 7  gene (Cooper and Crain 
1982), the four cysteine codons o f  the sea urchin 
gene 1 (Schuler et al. 1983), and the seven cysteine 
codons of  both the 79B and 88F genes in Drosophila 
(Sanchez et al. 1983). It is possible that structural 
demands favor certain sequences around the start 
of  translation o f  actin mRNAs.  

I f  conservat ion of  such a sequence takes place, it 
does not seem to extend, at least in amphibians,  to 
the acidic amino  acid codons at positions 2-4.  The  
difference in amino acids in these positions between 
the cytoskeletal actins of  two such closely related 
species as X. laevis and X. borealis (which can form 
viable hybrids) as well as the differences found in 
other amphibians  (Vandekerckhove et al. 198 l) ap- 
pear to indicate that there are no functional differ- * 
ences between such isoforms. It is also possible, 
though on the face of  it less likely, that such differ- 
ences are adaptive,  as the actin genes may be subject 
to different selective pressures even in such similar 
animals as X. laevis and X. borealis. 
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