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Summary. We have  cloned and  de te rmined  the 
nucleotide sequence o f  a c o m p l e m e n t a r y  D N A  
(cDNA) encoded by a newly isolated h u m a n  t ropo-  
myos in  gene and  expressed in liver. Using the least- 
square me thod  o f  Fitch and Margoliash,  we inves-  
tigated the nucleotide divergences o f  this sequence 
and  those publ ished in the literature, which al lowed 
us to clarify the classification and evolut ion o f  the 
t ropomyos in  genes expressed in vertebrates.  T ropo-  
myos in  undergoes al ternat ive splicing on three o f  
its nine exons. Analysis  o f  the exons not  invo lved  
in differential splicing showed that  the four h u m a n  
t ropomyos in  genes resulted f rom a dupl icat ion that  
p robably  occurred early, at the t ime  o f  the a m p h i b -  
ian radiation.  The  s tudy of  the sequences ob ta ined  
f rom rat and chicken al lowed a classification o f  these 
genes as one of  the types identified for humans .  

The divergence o f  exons 6 and  9 indicates that  
functional  pressure was exerted on these sequences, 
p robably  by an interact ion with proteins  in skeletal 
muscle and  perhaps  also in s m oo t h  muscle;  such a 
constraint  was not  detected in the sequences ob- 
tained f rom nonmusc le  cells. These  results have  led 
us to postulate  the existence o f  a protein in s m oo th  
muscle that  m a y  be the counterpar t  o f  skeletal mus-  
cle t roponin.  

We show that  different kinds o f  functional  pres- 
sure were exerted on a single gene, resulting in dif- 
ferent evolut ionary  rates and  different convergences  
in some regions o f  the same molecule.  

Codon  usage analysis indicates that  there is no 
strict relat ionship between tissue types (and hence 
the t R N A  precursor  pool) and  codon usage. G + C  
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content  is characteristic o f a  gene and does not  change 
significantly during evolut ion.  These results are in 
good agreement  with an isochore compos i t i on  o f  
the genome,  and  thus suggest a s imilar  ch romo-  
somal  e n v i r o n m e n t  in chicken, rat, and  human .  

Key words: T r o p o m y o s i n  - -  Differential splicing 
- -  Evolut ion  - -  I sochore  - -  Codon  usage - -  Se- 
quence convergence - -  Funct ional  constraints  

Introduction 

T r o p o m y o s i n s  are a family o f  highly related prote ins  
present  not  only in muscle  (skeletal, cardiac,  and  
smooth;  Smillie 1979) but  in all types o f  tissue (Stos- 
sel et al. 1985), a l though different fo rms  o f  the pro-  
tein are characterist ic  o f  par t icular  cell types (Gio-  
mett i  and Anderson 1984). Each type o f  cell contains 
mult iple  isoforms;  in m a m m a l s ,  at  least nine iso- 
fo rms  have  been identified. Skeletal muscle  t ropo-  
myos ins  have  been found in nonmusc le  cells and  
n o n m u s c l e  t r o p o m y o s i n s  in e m b r y o n i c  m u s c l e  
(Giomet t i  and Anderson  1984). 

T r o p o m y o s i n s  are a fundamenta l  c o m p o n e n t  o f  
muscle.  They  b ind  to actin microf i laments  (Smillie 
1979). In skeletal muscle  their  funct ion is clearly 
established. They  are invo lved  in calc ium regulation 
o f  muscle  contract ion.  They  bind t roponins  (a pro-  
tein invo lved  in calcium modula t ion  o f  muscle  con- 
traction) in the presence o f  calc ium and allow m y o -  
sin to interact  with microf i laments  (Smillie 1979). 
In smoo th  muscle  and in o ther  tissues where no 
t roponin  has been detected, the actual function o f  
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t ropomyos in  is unknown,  al though it was found to 
stabilize actin mic ro  f i laments against  the severing 
effect o f  gelsolin (Berstein and B am bourg  1982). 
Moreover ,  t r o p o m y o s i n  expression is closely related 
to var ious  morphologica l  stages o f  the cell. This  
p h e n o m e n o n  was observed  during differentiat ion o f  
embryona l  ca rc inoma  cells (Paulin et al. 1979) and  
following cell t r ans fo rmat ion  by viruses or  oncogene 
injection. In  the latter cases the expression was con- 
siderably reduced and  the i soform compos i t ion  was 
profoundly  al tered (Hendr icks  and  Wein t raub  1981; 
Cooper  et al. 1985). 

The  different t ropomyos ins  share c o m m o n  struc- 
tures. They  consist  totally o f  a lpha  helix (Smillie 
1979),  wh ich  f o r m s  co i l ed -co i l  d u p l e x e s  (Mc-  
Lachlan and  Stewart  1975) and head- to- ta i l  assem-  
blies giving rise to long-range structures (Smillie 
1979). In vitro, paracrystals  can be ob ta ined  f rom 
these types o f  interactions.  Fur thermore ,  t ropo-  
myos ins  mus t  interact  with actin f i laments and, at 
least in the case o f  skeletal muscle,  with t roponins .  
All these structural proper t ies  and  functional  re- 
qu i rements  subject t r opomyos ins  to strong evolu-  
t ionary constraints.  

Elucidation o f  the relat ionships between the iso- 
fo rm types and  tissue specificity should help explain 
the function, structure, and  evolu t ion  o f  this prote in  
class. Molecular  biological analysis has shown that  
i soform produc t ion  results f rom m a n y  genes, which 
undergo al ternat ive splicing (MacLeod et al. 1985). 
This  m e c h a n i s m  appears  to play an impor t an t  role 
in the tissue-specific expression o f  the i soforms 
(Reinach and  MacLeod  1986), but  nothing is known  
about  the actual role o f  this type o f  splicing. Fur-  
thermore ,  the genes are very difficult to isolate due 
to the large n u m b e r  o f  pseudogenes.  

Unt i l  now, the gene sequences were not  known,  
and the only possibil i ty for characterizing the n u m -  
ber o f  genes and their  re lat ionships  was to analyze 
the c o m p l e m e n t a r y  D N A  (cDNA) whose sequences 
were known.  Fur thermore ,  we considered that  evo-  
lut ionary analysis o f  the t ropomyos in  sequences 
could help clarify the relat ionships a m o n g  the dif- 
ferent genes. An analysis o f  the structures conserved  
through evolut ion could explain the functions o f  the 
different parts  o f  the molecule  and  the reasons why 
they undergo differential splicing. 

We isolated e D N A  clones o f  t r opomyos in  and  
compared  their  sequences with those publ ished in 
the l i terature to de te rmine  the structures retained 
through evolut ion,  to unders tand  the mechan i sms  
of  the evolu t ionary  constraints,  and  to elucidate the 
role o f  differential splicing. Our  analysis shows that  
t ropomyos ins  are susceptible to two kinds o f  pres- 
sure: functional  pressure due to interact ions with 
other  specific proteins and  another  pressure prob-  
ably exerted by genomic  structural requirements .  

Mater ia l s  and M e t h o d s  

Screening the Libraries. Human liver cDNA library in Xgt I 1 was 
obtained from Genofit (Switzerland) and screened with the fol- 
lowing oligonucleotide: GCTGAAGGAGGCTGAGACCCG. 
Three rounds of screening [37~ 5 x standard saline phosphate 
(SSP)] were performed to purify the responding colonies. The 
inserts digested with the appropriate restriction enzymes were 
subcloned into M13 and pUR222 and then sequenced. Other 
libraries were also analyzed, and the same clones were found. 

Sequencing Methods. We used two methods to sequence the 
clones: the dideoxy chain terminal procedure (Sanger et al. 1977) 
after subcloning in M I3 and the chemical method (Maxam and 
Gilbert 1980). A sequencing kit from Amersham was used for 
the dideoxy method according to the manufacturer's recommen- 
dations. 

Sequence Analysis. The sequences were aligned using the Dia- 
gon procedure (Staden 1982) on an IBM-PC computer. A mu- 
tation divergences matrix was constructed containing all the se- 
quences analyzed. In some cases, deletions were included to obtain 
good similarity in the conserved exon part (see Results for jus- 
tification). 

Evolutionary trees were constructed with the Fitch-Margo- 
liash least-square method proposed in J. Felsenstein's PHYLIP 
program package (Phylogeny Inference Package version 2.8; De- 
partment of Genetics, University of Washington, Seattle, Wash- 
ington 98195, USA). 

Results  

Sequence o f  a New Tropornyosin Gene 

We have  screened a h u m a n  l iver l ibrary with a syn- 
thetic probe  ( G C T G A A G G A G G C T G A G A C C C G )  
whose sequence was deduced f rom an analysis o f  
the known t ropomyos in  sequences. Two  clones were 
retained and sequenced as described in Mater ia ls  
and  Methods.  One o f  these clones was the produc t  
o f  a h u m a n  t ropomyos in  gene not  yet descr ibed (Fig. 
1). This  clone, though incomplete ,  contains  the cod-  
ing sequence f rom a m i n o  acid 60 onward  and  a large 
par t  o f  the 3' noncoding region. Fur ther  a t t empt s  to 
isolate the entire coding sequences were not  fruitful. 
We also looked for this e D N A  in a h u m a n  embry -  
onic muscle  l ibrary (a generous gift o f  Dr.  F.S. 
Walsh). Although numerous  clones were found  and 
sequenced, none was larger than  the one found in 
liver. Fur thermore ,  several  clones t e rmina te  a t  ex- 
actly the same point  in the two libraries. This  is 
p robab ly  due to a special s tructure o f  the messenger.  
These  findings m e a n  that  this gene is expressed in 
l iver  and in embryon ic  muscles.  In p re l iminary  
studies we did not  detect  the cor responding  m R N A  
in t r ans fo rmed  cells (HeLa  and H L  60). 

The  nucleotide sequence o f  the clone is shown in 
Fig. 1. The  cDNA coding region and  the 3'  non-  
coding region are very s imilar  to rat  smoo th  muscle  
t ropomyos in  (Ruiz-Opazo  et al. 1985), which led us 
to conclude that  the clone we isolated is o f  the smoo th  
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i0 20 30 40 50 60 70 
CTGCAGGCTCCGGATCTTCCTGCGCACGGCCTCCAGCGAGCATCTCCACGAGAGGAAGCTGAGGGAGACC 

C R L R I F L R T A S S E H L H E R K L R E T 

80 90 i00 ii0 120 130 140 
GCTGAAGCCGACGTAGCTTCTCTGAACAGACGCATCCAGCTGGTTGAGGAAGAGTTGGATCGTG C C CAGG 
A E A D V A S L N R R I Q L V E E E L D R A Q 

150 160 170 180 190 200 210 
AGCGTCTGGCAACAGTTTTGCAGAAGCTGGAGGAAGCTGAGAAGGCAGCAGATGAGAGTGAGAGAGGCAT 

E R L A T V L Q K L E E A E K A A D E S E R G M 

220 230 240 250 260 270 280 
GAAAGTCATTGAGAGTCGAG CCCAAAAAGATGAAGAAAAAATGGAAATTCAGGAGATC CAACTGAAAGAG 

K V I E S R A Q K D E E K M E I Q E I Q L K E 

290 300 310 320 330 340 350 
GC CAAGCACATTG CTGAAGATG CCGAC CGCAAATATGAAGAGGTGG C C CGTAAG CTGGTCATCATTGAGA 
A K H I A E D A D R K Y E E V A R K L V I I E 

360 370 380 390 400 410 420 
G CGACCTGGAACGTG CAGAGGAGCGGG CTGAGCT CTCAGAAGGCCAAGTCCGACAG CTGGAAGAACAATT 
S D L E R A E E R A E L S E G Q V R Q L E E Q L 

430 440 450 460 470 480 490 
AAGAATAATGGATTCAGAC CTTGAAAG CATTAATGC TGCAGAGGATAAGTACTC GCAGAAGGAAGACAGA 

R I M D S D L E S I N A A E D K Y S Q K E D R 

500 510 520 530 540 550 560 
TATGAGGAAGAGATCAAGGTC CTTTC CGACAAGCTGAAGGAGGCTGAGACTCGGGCTGAGTTTGCGGAGA 
Y E E E I K V L S D K L K E A E T R A E F A E 

570 580 590 600 610 620 630 
OGTCAGTAACTAAATTGGAGAAAAG CATTGATGACTTAGAAGAGAAAGTGGCTCATGC CAAAGAAGAAAA 
R S V T K L E K S I D D L E E K V A H A K E E N 

640 650 660 670 680 690 700 
CCTTAGTATGGATGAGATGGTGGATCAGACTTTACTGGAGTTAAACAACATGTGAAAAC CTTCTTAG CTG 

L S M H Q M L D Q T L L E L N N M * 

710 720 730 740 750 760 770 totally sequenced.  We  used a Pst  I re- 
CGACCACATTCTTTCATTTTGTTTTGTTTTGTTTTGTTTTTAACACTGCTTACCCTAAATGCAATTTATT strict ion site at nucleot ide n u m b e r  

457 to split  the D N A  into two sub-  
780 790 800 810 820 830 840 

TACTTTTACCATGTCACAGAAACACCCACAAGATACCACTAGGTCAGGGGTGGGAAAACACATACAAAAA clones, which were sequenced  with 
the  m e t h o d  o f  M a x a m  and Gilbert  

850 860 870 880 890 900 910 (1980) or the  M13 d ideoxy m e t h o d  
GGCAAGCCCATGTCAGGCGATCCTGGTCAAATGTGCCATTTCCCGGGTGATGCTGOCACCACTTGTAGAG (Sanger et al. 1977). The bases are 

n u m b e r e d  f rom the beginning o f  the  
920 930 940 950 960 970 980 sequence,  but  the first a m i n o  acid 

AGTTAGCAACACAGTGTGCTTAGTCAGTGTAGGAATCCTCACTAAAGCAGAAGAAGTTCCATTCAAAGTC (cysteine) cor responds  to a m i n o  acid 

58 o f  muscle  t ropomyos in .  Due  to its 
990 1000 1010 1020 1030 1040 1050 t issue origin and  the s imilar i ty o f e x -  

CCAATGATAGAGTCAACAGGAAGGTTAATGTTGGAAACACAATCAGGTGTGGATTGGTGCTACCTTGAAC ons  6 and  9 with those  o f  s m o o t h  

1060 1070 1080 1090 ii00 iii0 1120 
AAAAGGTCCCCCTGTGGTCTTTTGTTCAACATTGTACAATGTAGAACTCTGTCCAACACTAATTTATTTT 

1130 1140 1150 1160 
GTCTTGAGTTTTACTACAAGATGAGACTATGGATCCCGCATGC 

muscle type. It corresponds to a new gene not  yet 
described in humans,  and it is yet not  clear which 
liver cell expresses it. However ,  it was a missing link 
in the family o f  the t ropomyosins  described until 
now, and its discovery has allowed us to complete  
a compara t ive  analysis o f  these molecules. 

Alignment of the Tropomyosin Sequences 

In this study we used many  sequences described in 
the literature. To avoid  confusion, we provide a 
nomencla ture  for all the sequences used (Table 1). 

Fig. 1. Sequence o f  a new h u m a n  
t ropomyos in  c D N A  isolated f rom liv- 
er. One  o f  the  clones we isolated was 

The  t ropomyos in  isoforms have been classified 
into three categories: 

1) One class is called skeletal tropomyosins (SK), 
because it constitutes the major tropomyosin 
component of  skeletal muscle. At least two 
isoforms (alpha and beta) of  284 amino acids 
(aa) have been identified (Giometti and An- 
derson 1984). This class of  tropomyosins has 
also been detected in other cell types (MacLeod 
et al. 1985). 

muscle  t ropomyos in ,  we classified this  
c D N A  as a s m o o t h  musc le  type. The  
3' noncod ing  sequence was not  com-  
plete, and  we found nei ther  Po ly-A 
nor  polyadenyla t ion  signal. 



Fig. 2. Schematic representation of the exon composition of 
the three types of tropomyosin. Muscle tropomyosins have 284 
amino acids, whereas nonmuscle tropomyosins have 248, but 
the different isoforms can be obtained by alternative splicing. 
Consequently, there are extensive similarities in some regions of 
the molecules. To clarify the correspondences, the exons are num- 
bered as shown above. Exons subject to alternative splicing are 
dashed and the others are shown as open boxes. Since nonmuscle 
tropomyosins probably consist of eight exons, exon 2 of non- 
muscle tropomyosin is aligned with exon 3 of  muscle-type tropo- 
myosins. Consequently, what is actually exon l in nonmuscle 
tropomyosins is called exon 2 in this paper, the actual exon 2 is 
called exon 3, and so on. 

2) The  second category comprises  smooth  mus- 
cle t ropomyosins  (SM), o f  284 aa, which are 
the major  t ropomyos in  isoforms o f  smooth  
muscle. They  have also been found in fihro- 
blasts and other  epithelial cells (Giomet t i  and 
Anderson 1984). 

3) The nonmuscle  t ropomyos in  isoforms (NM) 
have 247 aa and are major  components  o f  
circulating cells (Cote et al. 1978; Giomet t i  
and Anderson 1984) and t ransformed cells 
(Leavit t  et al. 1986). They  are also found in 
fibroblasts and other  cells (Giomett i  and An- 
derson 1984). 

To align the coding sequences de te rmined  on 
cDNAs o f  different sizes, we used exon separation 
suggested by the work o f  MacLeod  et al. (1985). We 
divided the muscle t ropomyosins  into nine exons 
and the nonmuscle  t ropomyosins  into eight exons 
(see Fig. 2 for a schematic representation).  The  ami- 
no acid sequence o f  exon 3 in the muscle isoforms 
resembles that  o f  exon 2 in the nonmuscle  types. 
For  clarity, we here designate as exon 2 what  is in 
fact exon 1 o f  nonmuscle  t ropomyosin .  The  tropo- 
myosin sequences can be aligned from the beginning 
of  exon 3. They  share a high percentage o f  amino 
acids and are o f  exactly the same size. Three  tro- 
pomyosin  exons are subject to differential splicing 
(see MacLeod et al. 1985; Reinach and MacLeod  
1986; and this paper), and we numbered  them 2, 6, 
and 9. 

Mean Divergence of Individual Exons 

A divergence matr ix  was constructed for each o f  the 
nine t ropomyosin  exons. When the whole sequence 
was not  known, only the exons with complete  se- 
quences were used. We define mean divergence as 
the sum of  all the terms o f  the matr ix  normal ized 
to the number  of  comparisons.  Figure 3 shows a 
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Fig. 3. Analysis of the mean divergence of  the different exons. 
A divergence matrix was calculated for each exon. Mean diver- 
gence was calculated as the sum of divergence percentage divided 
by the number of  comparisons. The mean divergence obtained 
was plotted versus the exon number. 

plot o f  mean divergence as a function o f  the exons. 
For  exons 1, 3, 4, and 8 the mean  divergence cor- 
responds to a var ia t ion on the third base o f  the 
codon.  Other  exons exhibit  a larger mean  diver-  
gence, implying changes in the amino  acid com- 
position. It can be seen clearly that  the three exons 
that undergo differential splicing diverge more  than 
the others. 

The divergence o f  exons 2 and 9 is higher than 
that o f  exon 6. There  are two possible explanations 
for the greater divergence observed in the exons that 
undergo differential splicing. First, these exons may  
not  be very impor tan t  for the function they support.  
Second, a different function may be supported by 
these exons. Moreover ,  both  explanations may  ap- 
ply to these phenomena ,  each on a part  o f  the exon, 
which would explain why exon 6 differs f rom exons 
2 and 9. To resolve this problem we analyzed the 
results in more  detail. 

Comparison of Exons Not Subject to 
Alternative Splicing 

The evolut ion o f  the more  conserved exons, which 
are also those not  involved in differential splicing, 
can form the basis for an identification and classi- 
fication of  the different genes. This  is impor tan t  be- 
cause not  all the genes have been identified. 

Because exons 4, 5, 7, and 8 are conserved and 
because their  sequences are known (Table 1), we 
used these sequences to construct  a divergence ma- 
trix, which gives the evolut ionary  distance between 
the sequences (Fitch and Margoliash 1967). We then 
constructed evolut ionary  trees. The tree presented 
in Fig. 4 is rooted,  implying that  constant  evolut ion 
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Table  1. Nomenc la tu re  o f  the  sequences  coding for t r opomyos in s  

N a m e  Species Reference Isoform ~ Gene  A G e n e  B 

H1 h u m a n  MacLeod  et al. (1985) SM ~ /~ 
H2  h u m a n  this  paper  SM --  a 
H3 h u m a n  Re inach  and  MacLeod  (I 986) SK ? 3, 
H4  h u m a n  MacLeod  et al. (1985) SK  fl 
H5 h u m a n  MacLeod  et al. (1986) N M  a ",r 
H6 h u m a n  MacLeod  et al. (1987) N M  ? 
R10  rat Ru iz -Opazo  et al. (1985) SK a a 
R11 rat Ru iz -Opazo  et al. (1985) SM a a 
R I 2  rat He l fman  et al. (1986) SK /3 
RI  3 rat He l fman  et al. (1986) SM ~ /3 
P22 chicken He l fman  et al. (1984) SM a 
P23 quail  Flach et al. (1986) SK a a 
P24 chicken MacLeod  (1982) SK a a 

Th i s  table s u m m a r i z e s  the  da ta  known on the t r opomyos i n  sequences,  the  isotype classification, and  the  origin o f  the  different i soforms.  
The  first isotype classification is tha t  proposed  by the  au thors  who publ i shed  the  sequence (gene A). The  second is the  isotype 
classification we have  deduced  f rom the evolu t ionary  analysis  presented in the  Resul ts  (gene B) 
" SK, skeletal muscle;  SM, s m o o t h  muscle;  N M ,  nonmuscu la r .  Hn,  Rn,  Pn are the  abbrev ia t ions  used in the figures 

took place along its branches. However ,  relaxing this 
constraint  yielded trees o f  exactly the same topol- 
ogy. 

The results show clearly that the sequences de- 
termined until now correspond to four human  genes, 
and some o f  them have counterparts  in the rat and 
chicken. Therefore,  the divergence o f  the human  
genes took place before the separation o f  birds and 
mammals ,  and is consequently more  than 300 Myr  
old. The same kind of  result was obta ined with 
a n o t h e r  m u s c l e / c y t o s k e l e t a l  c o m p o n e n t ,  ac t in  
(Alonso et al. 1986). The  sequence divergence oc- 
curs almost  exclusively on the third base of  the co- 
don and is in 90% o f  conserved amino acids. Given  
the high percentage o f  third-posi t ion sites with nu- 
cleotide changes among the four defined gene iso- 
types, it is very likely that  absolute estimates o f  
divergences are strongly biased by multiple substi- 
tutions and that therefore the precise t iming o f  the 
duplications yielding the present forms f rom a single 
ancestral gene remains hypothetical .  

Moreover ,  Fig. 4 shows clearly that at least four 
t ropomyosin  genes are expressed in vertebrates,  and 
it also allows a bet ter  classification among the three 
species studied. We have used this result to reex- 
amine the nomenclature of  tropomyosins,  which was 
not totally clear in the literature. We divided tropo- 
myosin  genes into four isotypes: a, ~, % 6, as shown. 
This is summar ized  in Table 1. 

With the isotypes defined, it was then possible to 
analyze the relationships between differential splic- 
ing and the functional domains  of  t ropomyosins .  

Comparison of Exons Subject to 
Alternative Splicing 

A divergence matr ix  and evolut ionary trees were 
constructed for exons 6 and 9. We did not  perform 
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Rl l  P24 
H2 Rio P23 

I 

H5 
H6 H3 

R13 H4 
P22 R12 H1 

1 
Fig. 4. Evolu t ionary  tree o f  t r opomyos in  deduced  f rom con-  
served exons.  Exons  4, 5, 7, and  8 (as defined in Fig. 2) were 
used to calculate the  evolu t ionary  tree. The  divergence mat r ix  
was analyzed with the  P H Y L t P  p rogram to produce  phylogenet ic  
trees tha t  were rooted or  unrooted.  The  m e a n  square  dev ia t ions  
between the two were very close, hence we present  rooted trees 
for clarity. The length of the branches is proportional to the 
divergence. 

the same analysis for exon 2 because only part o f  
the known sequences reach this exon. However ,  the 
results seem to be corn.parable. 

There is a striking discrepancy between the results 
shown in Fig. 4 for conserved exons and those of  
Fig. 5 for exons 6 and 9. For  instance, c D N A  H 1 
and cCNA H4, which were together in Fig. 4 because 
they are transcribed f rom the same gene, are at the 
two extremities o f  the tree in Fig. 5. The  same kinds 
o f  results were also obta ined with H 1 and R 12. The  
conserved exons allow discrimination between genes 
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H4 R12 R10P23H3 H3 RloH4 R12 P23 

Fig. 5. 

NM NM SM SM SM SM NM NM 
H6 H5 H1 R13P22H2 H5 H6 
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E xon 6 Exon 9 

SMSM SM SM SM 
H2 Rll P22R13 H1 

Evolutionary tree computed for exons 6 and 9 in tropomyosin. The phylogenetic trees were calculated as described in Fig. 4. 

(Fig. 4); on the other  hand, analysis o f  exons 6 and 
9 associates the skeletal muscle t ropomyosins  (i.e., 
they are very similar) and to a lesser extent  the 
Smooth muscle t ropomyosins .  For  example,  exon 9 
of  human  H4 and o f  rat R12 are identical at the 
protein level; human  1-13 and H4 exhibit  94% sim- 
ilarity at the nucleic acid level al though they are 
coded by distant genes (see Fig. 4); and rat R10 and 
R 12 share 22 of  their  26 amino  acids although they 
are transcribed f rom two different genes. On the 
contrary, still in exon 9, rat R10 and R11, belonging 
to the same gene (see Fig. 4), have in c o m m o n  only 
4 amino acids out  o f  26. These results argue in favor  
o f  a convergence mechanism or a coevolut ion phe- 
nomenon  dr iven by a constraint  generated by in- 
teraction with another  protein. This protein is known 
in skeletal muscle as the t roponin  complex.  Fur-  
thermore,  it is known that  t roponin  interacts with 
the C O O H  region of  t ropomyos in  (i.e., exon 9) and 
with cysteine 191 contained in exon 6. However ,  
t roponin is present only in skeletal muscle and can- 
not be responsible for the similarities observed be- 
tween smooth  muscle isoforms. In this case, the 
phenomenon  could be due to a similar mechanism,  
i.e., interact ion with another  protein. However ,  be- 
cause there are two relatively different types o f  se- 
quences in exon 9, the mechanism would have to 
involve different proteins. These proteins have not  
yet been identified. In exon 6, the difference between 
the sequences appears to exclude interact ion with a 
unique specific protein.  Fur thermore ,  in rat t ropo-  
myosins (R10 and R I I )  the smooth  muscle and 
skeletal muscle isoforms are identical with respect 
to exon 6. A gene convers ion between sequences 
Could explain the proximi ty  o f  the smooth  muscle- 

type t ropomyos in  sequences. Because their  exons 
are relatively short, such a convers ion would be de- 
tectable in the putat ive introns. The  hypothesis  
should be confi rmed or inval idated when the genes 
are sequenced. 

On the other  hand, the nonmuscula r  t ropomyo-  
sins are less similar (only 58% similarity at the nu- 
cleic acid level for H6 and H5). The role o f  exon 9 
in nonmuscle  t ropomyos in  is not  clear. Its apparent  
variabili ty seems to minimize  the function o f  this 
exon in these isoforms. However ,  because only two 
nucleotide sequences o f  this type are known, it is 
possible that they reflect two functionally different 
classes o f  nonmuscular  t ropomyosins .  

Comparison of  Codon Usage and G+C Content 

Tropomyosins  are expressed in different tissues f rom 
different genes, but  tissue specificity is also provided  
by differential splicing. Because o f  this it was o f  
interest to examine the respective roles o f  the tissue- 
specific tRN A  pool and the genomic organization 
o f  the sequences (Bernardi and Bernardi  1985) in 
codon usage. 

To  analyze the influence of  codon usage on base 
composi t ion  we calculated the percentages o f  G +  C 
content  in the coding sequences and in the third 
base o f  the codon.  Figure 6 shows a linear relation- 
ship between these two values. Tw o  conclusions can 
be drawn from this result. First because the proteins 
are, at least in part,  highly conserved,  there is only 
one possible explanation for the increase in the G + C  
content:  a change in the third base o f  the codon.  
Indeed the G + C  content  o f  the two first bases o f  
the codon lies between 45% and 49% for the se- 
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quences analyzed. However ,  ano ther  interesting 
conclusion can be drawn: differential splicing does 
not  dramat ica l ly  change the G + C  content  in the 
coding sequences, a l though this splicing is charac-  
teristic o f  the tissue and  thus the t R N A  pool.  This  
indicates that  the G + C  content  does not  depend  ~" ss 
main ly  on the t R N A  pool,  at least in the case of  

t -  t ropomyos ins .  On the contrary,  it suggests that  the 
pressure on the base compos i t i on  originates f rom oo 
another  phenomenon .  .-= 5o 

Another  aspect  o f  the quest ion o f  codon usage u§ 
concerns the genomic  organizat ion o f  the sequences. 0 
Genes  located in the different isochores (Bernardi 
et al. 1985) are c o m p o s e d  o f  long stretches o f  D N A  
with a relatively un i fo rm and distinct base com-  
posit ion.  The  results presented in Fig. 6 suggest that  
the a lpha and  g a m m a  genes are in the same class, Fig. 6. 
while beta  genes are in an isochore o f  high G + C  
content.  There  is a general tendency for G + C  con- 
tent to be conserved throughout  evolution. The  genes 
we assumed  to be of  the same origin fall into the 
same isochore whether  they are f rom human ,  chick- 
en, or rat. 

D i s c u s s i o n  

This  compar i son  o f t r o p o m y o s i n  sequences leads to 
some  interesting conclusions.  First, the examina t ion  
o f  sequences f rom the s tandpoin t  o f  their  evolu-  
t ionary relat ionships enabled us to de te rmine  the 
genetic origin o f  the different sequences published.  
Before this study, this origin was not  clear, because 
wi thout  fur ther  data  it was difficult to know whether  
a paralogous or or thologous compar i son  was ap-  
propriate.  We showed that  there are at least four 
t ropomyos in  genes in h u m a n s  and  that  all the non-  
h u m a n  sequences analyzed cor respond to one of  the 
genetic categories found in the human.  Least-square  
divergence analysis indicated that  the different hu- 
m a n  genes originated f rom a genetic duplicat ion that  
occurred before the separat ion o f  m a m m a l s  and  
birds, perhaps  at the t ime  of  the early a m p h i b i a n  
radiat ion.  C o m p a r a b l e  results have  been obta ined  
with another  muscle  protein,  actin (Alonso et al. 
1986). 

T r o p o m y o s i n  R N A s  undergo differential splic- 
ing, which is at the origin o f  their  tissue specificity 
(MacLeod et al. 1985). We show here that  specificity 
of  function led to a convergence p h e n o m e n o n  in 
skeletal muscle  in the case of  exons 6 and  9. This  
p h e n o m e n o n  was p robab ly  due to the interact ion o f  
t roponin  with the protein sequences coded by exons 
6 and 9 o f  the t ropornyosin  genes (Smillie 1979). 
To  explain the same p h e n o m e n o n  in s m oo t h  muscle  
t ropomyos in ,  a s imilar  protein can be assumed  to 
exist in these types of  ceils. S m oo t h  muscle  is reg- 

o 
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Relation between the G+C content of the coding se- 
quence and of the third base of the codon. G+C content was 
calculated either for the whole coding sequence or for the third 
base of the codon. The percentage ofG + C obtained for the coding 
sequence is plotted versus the percentage of G+C of the third 
base of the codon. O Alpha genes; | beta genes; �9 gamma genes; 

delta genes. 

ulated by Ca 2+, but  t roponin  has not  been found in 
it. Direct  interact ion with Ca 2+ has been  p roposed  
(Cavadore  et al. 1985), but  this is unlikely because 
the t ropomyos ins  consist  totally o f  a lpha helix. Al- 
ternatively,  the convergence observed  in the SM 
isoforms could be explained by a convers ion  phe-  
nomenon .  The  gene mus t  be isolated before this 
hypothesis  can be tested. Our  analysis shows that,  
due to the generat ion o f  i soforms by al ternat ive 
splicing, a molecule  can be subject to different con- 
straints on different parts,  giving rise to differing 
convergences in the same molecule.  

The  analysis o f  G + C  content  indicates that  
t r opomyos in  base compos i t ion  is dis tor ted not  by  
the t R N A  pool  but  by  its locat ion in the genome.  
Our  results are well explained by  the hypothes is  o f  
isochore compar tmen ta l i za t ion  deve loped  by  Ber- 
nardi  and coworkers  (Bernardi  et al. 1985; Bernardi  
and  Bernardi  1986). These  observa t ions  suggest that  
t r opomyos in  has been  subjected to two types o f  
pressure during evolution.  Funct ional  pressure has 
been very impor t an t  because the t r o p o m y o s i n  mol -  
ecule interacts with different proteins  and  is totally 
composed  o f  a lpha  helix. However ,  this pressure is 
exerted on the protein and  thus on the first two bases 
o f  the codon.  In  contrast ,  the pressure on the third 
base of  the codon seems to arise main ly  f rom ge- 
nomic  compos i t iona l  constraints  such as those de- 
scribed for isochores o f  var ious  other  genes. 
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