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Summary. Synonymous codon usage frequencies, deriv- 
ed from eDNA clone sequences, were compared for 
several sets of vertebrate genes. Gene sets as diverse as 
those expressed in avian skeletal muscle and in mamma- 
lian liver showed similar patterns of synonymous codon 
usage. There were no significant differences suggesting 
tissue-specific co-adaptation of codon usage patterns 
and tRNA anticodon profiles. The results indicate 
a consensus codon usage pattern for vertebrate genes 
which is largely independent of taxonomic class, tissue 
of expression, and the cellular fate and rate of evolution 
of the encoded proteins. Certain elements of the con- 
sensus codon usage pattern indicate that it is the prod- 
duct of natural selection and not simply a mutational 
equilibrium among phenotypically equivalent synonyms. 
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Although the various codon synonyms for any 
given animo acid are phenotypically equivalent in 
terms of protein structure, these synonyms are not 
necessarily used with equal frequency in genes. The 
observation of non random synonymous codon usage 
is firmly established in a wide variety of organisms 
(Grantham et al. 1980; Wain-Hobson et al. 1981) but its 
biological significance is not entirely clear. In one-celled 
organisms (bacteria and yeast) codon usage patterns can 
be correlated with levels of gene activity and with tRNA 
anticodon profiles. That is, actively expressed genes 
preferentially use codons that can be read by the most 
abundant anticodons in the tRNA population (Ben- 
netzen and Hall 1982). This may reflect an optimization 
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of the rate of protein synthesis per mRNA molecule 
Bennetzen and Hall 1982). A similar relationship, but 
with an added developmental aspect, has also bee0 
considered for multicellular organisms. Tissue-specific 
features of tRNA populations (Garel 1974; Sprague et 
al. 1977) and amino acyl-tRNA synthetases (Streheler 
et al. 1967) have supported the idea that genes encoding 
tissue-specific proteins might utilize a variety of differ" 
ent codon usage patterns especially adapted for efficiertt 
translation in their different cytoplasmic environmentS" 
This hypothesis raises the more general question of 
whether gene primary structure is subject to tissue" 
specific influences during evolution in multicellular 
organisms. In order to address these issues, we have 
compared synonymous codon usage in genes expressed 
in vertebrate skeletal muscle and genes expressed in 
vertebrate liver. 

We have chosen to compare skeletal muscle and 
liver in this analysis because both tissues actively expreSS 
a variety of apparently unrelated genes. By pooling 
(evolutionarily) unrelated genes we are less likely to be 
misled by unique gene-specific codon usage features than 
if we examined individual genes or evolutionarily related 
gene families. Muscle and liver are the only tissues for 
which this kind of information is presently available" j .  
The data base, summarized in Table 1, consists oL 
sequenced regions of eDNA clones of mRNAs expresse o 

in either embryonic quail skeletal muscle cultures or in 
adult mammalian liver. Most of the liver data (90% of 
the codons) relate to the blood proteins serum alburnitl 
(Sargent et al. 1981),/3 fibrinogen (Chung et al. 1981), 
and prothrombin (MacGillivray et al. 1980) which are 
synthesized predominantly in the liver. Although other 
tissues may produce /32 microglobulin (Parnes et al. 
1981) and metaUothionein (Dumam et al. 1980), these 
proteins were included in the analysis because the 
sequence data concern those particular genes that are 



expressed in liver. The muscle data concern six skeletal 
muscle-specific components  o f  the contractile apparatus 
(Hastings and Emerson 1982). Among contracti le 
Proteins, only myosin light chain 2 and t roponin C are 
thought to be related by  descent from a common ances- 
tral gene (Weeds and McLachlan 1974). 

The raw codon usage data were obtained by  sum- 
ming up the number  o f  occurrences of  each codon 
in the appropriate reading frame in each gene segment 
(see Table 2). ATG and TGG are excluded from all 
subsequent analyses because these codons have no 
Synonyms. To compare preferences directly among syn- 
Onymous codons, we calculated the relative use (R) 
of each of  the 59 degenerate codons in each gene set as 
follows: 

R = Nc~176 
x D  

Namino acid 

Where 
Ncodo n is the total  number of  times a given 

Codon 
was used in the gene set, Namin o acid is the total  

number of  times the amino acid specified by  that  codon 
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(and its synonyms) is encoded in the gene set, and D is 
the degeneracy o f  that  amino acid; i.e., the number  o f  
synonymous codons for that  amino acid. (Note that  
R = 1 would be expected for each codon if all synonyms 
are used equally.) 

R values determined for liver and muscle gene sets 
are presented graphically in Fig. 1. In general, codons 
which are preferred synonyms (R > I)  in the muscle 
gene set are also preferred in the liver gene set, codons 
which are disfavored synonyms (R < 1) in the muscle 
gene set are also disfavored in the liver gene set, and 
codons which are indifferent synonyms (R ~ 1) in the 
muscle gene set are also indifferent in the liver gene set. 
Thus, there is a high degree of  similarity of  synonymous 
codon usage pat terns in muscle genes and liver genes. 

In order to evaluate differences between the two 
gene sets, codon usage patterns for each amino acid 
were compared by  X ~ analysis. Only in the cases o f  
alanine, arginine, and leucine did muscle gene synonym 
usage differ significantly (at the P < 0.05 level) from 
that expected on the basis o f  liver gene R values. (When 
Yates '  correction was included, the difference in leucine 

Table 1. The gene sets compared. A// sequence data pertain to protein coding regions and were obtained by cDNA cloning and DNA 
Sequencing methods. The liver data were collected from the literature (references indicated). The muscle data result from our work on 
contractile protein mRNAs in differentiated muscle cultures derived from embryonic quail (Coturnix coturnix) (Hastings and Emerson 
1982) 

Organism Protein encoded Fate of protein Unit evolutionary 
period* 

Number of codons sequenced 

Muscle genes 

Quail ~ actin Contractile apparatus >260 42 
Quail Quail ~ tropomyosin Contractile apparatus ~ 150 59 
Quail Myosin light chain 2 (fast) Contractile apparatus ~ 26 79 
Quail Myosin heavy chain Contractile apparatus ~ 16 61 

Troponin C (slow) Contractile apparatus - 130 106 
Quail Troponin I (fast) Contractile apparatus ~ 15 155 

.~. 502 Total 

Liver genes 
Rat 
Cow Serum albumin Secreted 3 608 (Sargent et al. 1981) 
Cow # fibrinogen Secreted ~ 5 425 (Chung et al. 1981) 
l%us e Prothrombin Secreted ? 160 (MacGillivray et al. 1980) 
l%us e 32 microglobulin Cell surface ~ 3 61 (Parnes et al. 1981) 

Metallothionein Intracellular ~ 4 61 (Durnam et al. 1980) 

1315 Total 

*Unit evolutionary period (U.E.P.) is the average time, in Myear, required for a 1% difference in amino acid sequence to arise between 
two lineages (Wilson et al. 1977). With the exception of serum albumin (Wilson et al. 1977) the U.E.P.'s shown are our own rough 
estimates based on a single comparison, in some cases involving less than the entire protein molecule. Divergence times of 260 Myear, 
and 85 Myear were assumed for avian and mammalian lineages, and different mammalian orders, respectively (Wilson et al. 1977). 
The calculations were based on the following information. Avian and mammalian a-actins are apparently identical (Vandekerckhove 
and Weber 1978). The chicken and rabbit homologues of myosin light chain 2 (fast) and troponin I (fast) differ by 15%, and 18% 
respectively (Matsuda et al. 1977; Wilkinson and Grand 1978). There is one difference between quail and rabbit u-tropomyosins in 
a Stretch of 59 amino acids, and two differences between quail and rabbit troponin C (slow) in a stretch of 106 amino acids (Hastings 
and Emerson 1982). There are 10 differences between quail and rabbit myosin heavy chains in the C-terminal 61 amino acids (Hast- 
UagSandEmer ousehverandhorsek lfferb 21~ Huan etal  1977 These last two could be son 1982). Metallothionein from m ' idney d" y ~ ( g �9 ). 

Paralo ous o 1977 Humanand bowne f~rmo endlffer h 18 ~ Chun et al 1981 and human and g c mparisons (see Wilsonet al. ). �9 a �9 g �9 y o~ ( g . ) 
rs~ hbit 32 rnicroglobulin differ by 29% (Parnes et al. 1981). Only the bovine prothrombin sequence is known (Magnusson et al. 1975), 
uno U . . . .E.P. estimate was possible for this protein 
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Table 2. Codon usage in muscle genes and liver genes 

phe 

leu 

lie 

met 

val 

Muscle Liver Muscle 

TTT 3 17 TCT 2 
TTC 15 27 ser TCC 10 

TCA 4 
TCG 4 

TTA 1 8 
TTG 0 12 
CTT 8 15 CCT 3 
CTC 8 19 pro CCC 9 
CTA 4 3 CCA 4 
CTG 21 41 CCG 0 

Liver Muscle Liver Muscle Liver 

14 TAT 4 25 TGT 3 32 
24 tyr TAC 4 26 eys TGC 4 41 

9 TAA TGA terminate 
2 terminate 

TAG 
trp TGG 2 21 

17 CAT 3 10 CGT 7 9 
25 his CAC 3 22 axg CGC 6 6 
18 CGA 1 6 
7 gin CAA 3 15 CGG 5 10 

CAG 14 38 

ATT 12 13 ACT 8 20 AAT 4 22 AGT 4 7 
ATC 10 22 thr ACC 8 31 ash AAC 12 35 set AGC 6 18 

ATA 4 9 ACA 1 24 lys AAA 18 45 arg AGA 0 22 
ATG 20 26 AGC 1 9 AAG 33 66 AGG 11 13 

GTT 1 12 GCT 21 28 GAT 21 31 GGT 4 16 
GTC 5 17 ala GCC 10 40 asp GAC 19 36 gly GGC 13 29 
GTA 0 12 GCA 5 21 GGA 5 26 
GTG 14 39 GCG 0 4 glu GAA 34 45 GGG 5 8 

GAG 43 51 

The numbers shown are the total number of occurrences of each eodon (in the correct reading frame) in each of the gone sets i~tro" 
duced in Table 1. Initiation eodons were included in those cases where they were present in the eDNA sequences. Termination codortS 
were not counted 

R R R R 
1 2 3 1 2 3 1 2 3 1 2 3 

! .... l w | V ! ; I i ! | u I ! ! ! 

TTT �9  T C T  �9 e TAT oe T G T  Io 
TTC h o e  TCC o i �9 T A C  m T G C  " "  

T T A  , ,o .  TCA e,e TAA T G A  
TTG �9 o �9 T C G  oral T A G  T G G  

, . : : i , , , , n , t i , , , 

CI "T  o " o  C C T  �9 n C A T  ' !  �9 C G T  m o � 9  

CTC " o  CCC t .  . C A C  �9 no C G C  �9 m 

CTA n o .  C C A  n .  C A A  ml C G A  . o n  
C T G  ,, o C C G  �9 NO C A G  n C G G  m 

i I I I l I I I I I i I I I I I 

ATT .o . ACT  n o  �9 A A T  em A G T  �9 OO 
ATC � 9  ACC me. A A C  i m  A G C  I"= 

ATA o N  A C A  �9 o �9 A A A  oe l  A G A  �9 o �9 
ATG A C G  ~ A A G  I o  A G G  �9 o �9 

| I I I I I I I I I l I I I I I 

GTT �9 al, GCT . n  �9 G A T  am G G T  o , ,  o 

GTC me G C C  �9 Jo G A C  ~ G G C  = o e  
GTA oo �9 G C A  eo �9  G A A  o l  G G A  oe �9 

G T G  - o  �9 G C G  e u  G A G  - "  G G G  . o l  

o. n i i , i a , , n A J t , i , 
1 2 3 1 2 3 1 2 3 1 2 3 

Fig. 1. Relative use (R) of the 59 degenerate codons in three gone sets: Muscle genes (e), liver genes (m), immunoglobulin, globin, and 
peptide hormone genes (o) 

codon usage was only marginally significant (0.05 < P < 
0.10)). The muscle and liver synonym usage patterns for 
the remaining 15 amino acids could not be distinguished 
at this level of confidence in the • test, which is con- 
sistent with the overall similarity suggested by Fig. 1. 

It seems unlikely that the small number of statisti- 
cally significant differences between the muscle and 
liver gone sets could represent tissue-specific "match- 
ing" of synonymous codon usage patterns in mRNA 

with the anticodon profiles of  the corresponding tglqh 
populations. The major differences concern the coaV 
parative use of GCT vs GCC for alanine, and AGA 
vs AGG for arginine (Table 2 and Fig. 1). C u ~  
evidence indicates that in eukaryotes GCU and or, 
are decoded with the same anticodon, and the s afire 
may also be true for AGA and AGG (see Nishi~Oza 
1979). Thus there is no reason to think that muscle 
and liver tRNA populations could differ in their relative 
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abilities to decode GCU vs GCC, or AGAvs AGG. This 
SUggests that the observed differences in alanine and 
arginine codon usage are probably not related to any 
differences between muscle and liver tRNA populations. 

The best evidence for tissue-specific coadaptation 
of codon usage patterns and tRNA anticodon pro- 
tiles COmes from studies of the silk gland of the silk 
Worm (Garel et al. 1974; Sprague et al. 1977). Our 
analysis of synonymous codon usage in muscle and liver 
genes, and in a third set of genes encoding tissue-specific 
Proteins (see below) indicates that this phenomenon is 
not of general importance in vertebrates. Several inter- 
Pretations are possible at this point. First, there may be 
no relationship at all between codon usage patterns and 
tRNA populations in vertebrate tissues, Second, there 
nlay be a functionally important relationship, but one 
Which does not vary greatly in different tissues. For 
exanaple, the various abundant mRNAs could all be 
adapted to the same population of tRNAs in the manner 
described by Bennetzen and Hall (1982) for bacteria and 
Yeast. Third, tissue-specific codon: anticodon adapta- 
tions may be restricted to tissues that, like the silk gland, 
but unlike muscle and liver, devote much of their 
translational activity to proteins of unusually simple 
amino acid composition. 

We have also calculated codon R values for a pooled 
set of 18 genes (genes 73-90  in the compilation of 
~rantharn et al. (1980)) encoding mammalian immuno- 
globulins, globins, and peptide hormones. These are 
Presented in Fig. 1, along with R values for the muscle 
and liver gene sets. The obvious tendency for the R 
values of the three gene sets to cluster for most codons 
indicates that all three gene sets display very similar 
Patterns of synonymous codon usage. This result argues 
further against the idea that the use of distinct tissue- 
!l~eeific codon usage patterns might be a generally 
lraP~ facet of  tissue-specific gene expression at 
hae translational, or any other level. On the other 

nd, the codon usage pattern homogeneity indicated 
In l~ig. 1 is entirely consistent with the "genome" hypo- 
!hesis, or rule, of Grantham et al. (1980), that all genes 
in a given genome (or type of genome) tend to con- 
form to a common codon usage pattern. The small 
number of codon usage differences between the muscle 
and liver gene sets discussed above could reflect in- 
COmplete averaging out of gene-specific peculiarities 
by the gene pooling process. If this is the case, we should 
eXPect that these differences will not be maintained 
~Vhen the analysis is extended to include a greater 
~urnber of muscle and liver genes than is now available. 

In light of  their similar patterns of synonymous 
~_don usage it is instructive to consider some of the 

tferences between muscle and liver and the particular 
ge•e sets compared. Skeletal muscle is derived from 
.~ebryonic mesoderm, whereas liver is derived from 

endoderm (Balinsky 1970). The muscle gene set 
Is entirely avian, the liver gene set entirely mammalian. 

Most of the liver gene products are secreted proteins (see 
Table 1), but none of the muscle gene products (con- 
tractile proteins) is. Contractile proteins are highly 
conserved evolutionarily whereas most of the liver 

proteins are less highly conserved (see Table i). Thus, 
apparently none of these factors contributes greatly to 
synonymous codon usage patterns of  vertebrate genes. 

The consensus codon usage pattern that emerges 
in Fig. 1 is apparently a general feature of vertebrate 
gene primary structure. How this pattern is established 
and maintained, and what, if any, is its functional 
significance, are questions we cannot answer directly. 
But we can consider a related question - can the ob- 
served codon usage pattern be explained by mutation 
alone (among synonyms which are in every sense pheno- 
typically equivalent), or are we obliged to invoke natural 
selection (with some codons making a greater contribu- 
tion to the fitness of the organism than other, formally 
synonymous, codons)? 

Consider any codon in genomic DNA. The third 
position is occupied by either an A �9 T, or a G �9 C, base 
pair. If the distribution were an equilibrium determined 
simply by the rates of the various single base mutations 
one would expect that both orientations of, say, a G �9 C 
pair would occur equally often. That is, there should 
be no preference for having the C in the coding DNA 
strand and the G in the anticoding strand, or vice versa. 
The same would also be true for A �9 T base pairs. And, 
although any ratio of A �9 T to G �9 C base pairs could 
be accomodated by a simple mutation model, one 
would expect that this ratio would be the same for 
all synonym groups free of natural selection in any one 
organism. 

If we look at the whole group of two-codon fami- 
lies in Fig. 1 (codons for amino acids having only two 
codons), we see that the above expectations are a 
fairly good description of the observed codon usage pat- 
tern. In this group (TTPy 1 , TAPy, CAPy, CAPu, AAPy, 
AAPu, GAPy, GAPu, and TGPy) there is no preferred 
net orientation of A �9 T or G - C base pairs in the third 
codon position (i.e., RNN A ~ RNN T, and RNNG~ 

RNNC) , and there is a rather homogeneous A .  T to 
G .  C ratio, with the latter slightly in excess (i.e., 

RNNA, RNN T < 1; RNN G, RNN C ;, 1). Thus a simple 
model based only on single base mutation rates without 
any influence of natural selection could explain the 
general features 2 of synonymous codon usage in two- 
codon families in Fig. 1. According to this model 
the slight excess of  G �9 C would be interpreted to indi- 
cate that A"  T pairs to mutate to G"  C pairs more 
frequently than vice versa. 

1 Py = T or C, Pu = A or G, N = A, C, G or T, XY = any specified 
dinucleotide 

2 To carry the analysis further, the greater R value inequality for 
TTPy, CAN, and AAN, as compared with TAPy, TGPy, and 
GAN, may indicate the operation of additional factors 
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A different picture emerges in the case o f  four- 
codon families (XYN, where all four  XYN codons are 
synonyms).  In most  four-codon families in Fig. 1 there is 
a decided preference for one or the other orientation o f  
G �9 C base pairs in the third eodon position. Where XY= 
TC, CC, AC, GC, or GG, the preference is for C in the 
coding DNA strand and G in the anticoding strand, i.e., 

R x y  C > RXy G. The reverse preference is observed 
where XY = CT, or GT. This distr ibution is difficult to 
explain by  models based on muta t ion  alone 3 and there- 
fore seems to indicate that ,  in four-codon families in 
vertebrate genes, some synonyms contr ibute a greater 
degree o f  fitness than others and are favored by  natural 
selection. In whatever sense this fitness is reflected 
phenotypical ly ,  it does not  appear to vary in different  
tissues, for the foregoing observations apply wi thout  
exception to all three gene sets compared in Fig. 1. 

The question o f  the exact  functional significance 
o f  synonymous codon usage patterns is probably  best 
approached by  experiment .  It should be possible to 
interconvert synonymous codons by in vitro muta- 
genesis in a cloned gene, introduce the altered gene 
into a host cell, and determine whether  any o f  its 
functions,  e,g., replication, transcription, translation,  
have been impaired.  Our analysis suggests that  in de- 
signing experiments o f  this nature concerning verte- 
brate genes the taxonomic class and tissue o f  origin 
of  the host cell should be less impor tant  considerations 
than its overall suitabil i ty for the experiment.  Also, 
alterations within four-codon families, particularly 
XYC ~" XYG interconversions are more likely to  have 
an effect on function than alterations within two- 
codon families. 
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