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Gene Length in Escherichia coli: 

The level of synonymous codon bias is shown to be positively correlated to gene length in Escherichia co/i genes 
which are thought to be expressed at similar levels; these are genes whose products are present in multimeric 
proteins in equimolar amounts. It is argued that the positive correlation could be caused by selection to avoid 
missense errors during translation. Since the cost of producing a protein is proportional to its length, selection in 
favor of codons which increase accuracy should be greater in longer genes, and long genes should therefore have 
higher synonymous codon bias. It is also shown that there is variation in synonymous codon use which is inde- 
pendent of either expression level, gene length, amino acid composition, or chromosomal location. This variation 
is consistent with selection for translational accuracy but may have other origins. 

Introduction 

I&herichia coli preferentially uses synonymous 
codons which bind the commonest tRNAs, or which 
bind the tRNAs with normal base pairing (Ikemura 
1985; Bulmer 1988~). It is thought that this is due to 
selection to maximize the rate, minimize the proofread- 
ing costs, or maximize the accuracy of translation (Bul- 
mer 1991). The level of synonymous codon bias varies 
between genes; highly expressed genes show greater 
levels of bias than weakly expressed genes (Gouy and 
Gautier 1982; Ikemura 1985). This is thought to be due 
to stronger selection on “translational efficiency” in 
more highly expressed genes. However, among the 
weakly expressed genes there is variation in synony- 
mous codon use which is related to chromosomal po- 
sition. Genes close to the origin of replication tend to 
use G- and C-ending codons whereas those close to the 
terminus use A- and T-ending codons (Deschavanne and 
Filipski 1995). In this case the variation is probably 
caused by differential DNA repair (Sharp 1991; Des- 
chavanne and Filipski 1995). 

There is also variation in the synonymous codon 
bias along the length of genes; at both the start and end 
of E. coli genes there is lower codon bias in favor of 
the codons which match the commonest tRNAs with 
normal base pairing (Bulmer 1988b; Chen and Innouye 
1990; Eyre-Walker and Bulmer 1993; Eyre-Walker 
1996). In both cases this appears to be due to conflicting 
selection pressures imposed by the constraints of ribo- 
some binding. For instance, many genes overlap the 
Shine-Dalgarno sequence of the next gene on the chro- 
mosome; this generally constrains the codons which 
overlap to use codons which match rare tRNAs, or 
which bind the tRNA with a wobble base pair (Eyre- 
Walker 1996). 

In this paper I investigate whether synonymous co- 
don bias is related to gene length. Since synonymous 
codon bias is known to be strongly correlated to gene 
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expression levels, it is neccessary to control for this fac- 
tor. This I have attempted to do by using genes whose 
products are present in a multimeric protein in a one- 
to-one ratio; foremost among these multimeric proteins 
is the ribosome which contains 51 different proteins 
present in equimolar amounts (Lewin 1994). 

Materials and Methods 

All sequences used in this study were extracted 
from GenBank (version 90) using the GCG sequence 
analysis program (Devereux, Haeberli, and Smithies 
1984). The level of synonymous codon bias was esti- 
mated by two methods. In the first method the CA1 was 
calculated as described by Sharp and Li (1987) with the 
minor modifications suggested by Bulmer (1988~). In 
the second method the CA1 was calculated as an un- 
weighted average across amino acids. The codon adap- 
tion index (CAI) is normally calculated as 

CA1 = exp 
T 7 ‘lJxlJ 

( i 

$,Fn, ’ 
(1) 

where xjj is a value which reflects the relative usage of 
thejth codon in the ith codon family in a reference set 
of highly expressed genes, and nij is the number of times 
the ijth codon appears in the gene (see Sharp and Li 
1987 for precise definition of xii). However, this statistic 
is dependent upon the amino acid composition (Sharp 
and Li 1987; Silva, personal communication). To over- 
come this problem the following statistic was calculated: 

/ c xlinii j \ 

t2) 

where m is the number of codon families used in the 
calculation. Since CAI, is undefined if one codon family 
is not represented in the gene it is often necessary to 
exclude some codon families to include certain genes. 
For the nonribosomal protein data set this proved to be 
fairly straightforward; exclusion of three codon families 
meant that the statistic could be calculated for all the 
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genes in the sample. However, for the ribosomal proteins 
the tradeoff was more qualitative; exclusion of three co- 
don families allowed CAI, to be calculated for 20 out 
of 3.5 genes, whereas exclusion of 15 (out of 18) codon 
families would allow the statistic to be calculated for 
every gene. Since it is clearly desirable to include as 
many codon families as possible, CAI, was calculated 
only excluding the three codon families of cysteine, his- 
tidine, and tyrosine. 

Heterogeneity within a group of CAI, values was 
tested by taking the logarithm of the CAI, value (a); 
this is expected to be approximately normally distrib- 
uted. Its variance is the variance of the c ~,,a ni, values 
(see eq. 2). A suitable test statistic is then 

where 

? 

(Z; - 2)2 
v, ’ (3) 

This statistic is approximately x2 distributed with p - 
1 degrees of freedom, where p is the number of genes 
being compared. 

Both of the CA1 values are biased in a statistical 
sense; short genes are expected on average to have 
slightly higher estimates of codon bias simply because 
of small sample sizes. To check that this was not a prob- 
lem all the analyses were repeated using the logarithm 
of the two statistics. It can be seen that the logarithm of 
both CA1 and CAI, is an arithmetic average and is there- 
fore unbiased. The results were qualitatively unchanged 
by the log transformation. 

The first 50 and last 20 codons of each gene were 
removed since they have lower synonymous codon bias 
than codons in the middle of the gene in E. coli (Eyre- 
Walker and Bulmer 1993; Eyre-Walker 1996). This ap- 
pears to be due to conflicting selection pressures im- 
posed by ribosome binding. Genes which were less than 
30 codons (after removal of the start and end of the 
gene) were eliminated from the sample to reduce sam- 
pling errors. 

Information on stoichiometry was taken from the 
literature. In most cases the stoichiometry of the proteins 
used in this study has been thoroughly investigated; 
however, there are a few proteins in the sample for 
which the stoichiometry is not known with certainty. 
These are DNA polymerase III, evolved beta-galactosi- 
dase, cytochrome o type oxidase, and succinate dehy- 
drogenase. The current model for the structure of DNA 
polymerase III is that all 10 components are present in 
equimolar concentrations except B, which is present at 
twice the concentration (Maki, Maki, and Kornberg 
1988). For the other proteins Hall, Bretts, and Wootton 
(1989) have suggested that the two subunits of the 
evolved beta-galactosidase protein (ebgA and ebgC) 
might be present in equimolar amounts on the basis of 
silver staining; Matsushita, Patel, and Kaback (1984) 

have suggested that the three components of the cyto- 
chrome o type oxidase protein are in a 1: 1: 1 ratio since 
their molecular weights add up to the molecular weight 
of the multimeric protein; and it seems likely that the 
subunits of succinate dehydrogenase are in equimolar 
amounts since the protein is similar in structure and ami- 
no acid sequence to fumarate reductase (Cole et al. 
1982), in which the flavoprotein and iron-sulfur subunits 
are present in equimolar concentrations (Dickie and 
Weiner 1979). References for stoichiometry of each pro- 
tein are given in table 2. All the genes in this study are 
present as single copies in the E. coli genome as far as 
is known. 

The analysis was split into two separate parts; since 
many ribosomal proteins have been sequenced in E. coli 
they were treated separately from the other genes. For 
the second data set genes present in a 1: 1 ratio were 
paired and the natural logarithm of the ratio of their CA1 
values and the natural logarithm of the ratio of their 
lengths were calculated. The numerator and denominator 
were allocated alphabetically: e.g., pheS over pheT. In 
the case of proteins such as the ATP synthetase, in 
which more than two subunits are present in equimolar 
concentration, the longest gene was paired with the 
shortest, the second longest with second shortest, and so 
on. 

For the ribosomal genes both Pearson’s and Spear- 
man’s correlation coefficients were calculated. However, 
in analyzing the second data set least-squares regression 
was applied using a model with no intercept (i.e., forc- 
ing the line of best fit to go through the origin). There 
are two related reasons for doing this; first genes of the 
same length are expected to have the same CA1 value; 
i.e., the regression line is expected to go through the 
origin under both the null and the alternative hypothe- 
ses. Second, the regression line and the significance of 
the regression are independent of how the ratios are cal- 
culated if the line is forced through the origin. For in- 
stance, I have arbitrarily chosen to put pheS over pheT 
to calculate the ratio of CA1 values and gene lengths; I 
could, however, have put pheT over pheS. These differ- 
ent orderings would give different results under normal 
least-squares regression and nonparametric measures of 
correlation. 

Results 
Ribosomal Proteins 

Table 1 gives the 35 ribosomal proteins which are 
100 codons or longer, with their CA1 values and lengths. 
All the ribosomal proteins listed are present as single 
copies in the ribosome. In figure 1 the CA1 value is 
plotted against the length of the gene (the x axis is plot- 
ted as a log scale for graphical reasons only). There is 
a positive and significant correlation between the level 
of codon bias and the length of the gene (Pearson’s cor- 
relation coefficient rp = 0.409, P < 0.02; Spearman’s 
rank correlation coefficient r, = 0.473; P < 0.006). This 
does not appear to be a consequence of amino acid com- 
position since the correlations between CAI, (excluding 
Cys, His, and Tyr) and gene length are similar to the 
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Table 1 
Ribosomal Proteins 

Protein LOCUS 

Ll ........ 
L2 ........ 
L3 ........ 
L4 ........ 
L5 ........ 
L6 ........ 
L9 ........ 
LlO ....... 
L11 ....... 
Ll3 ....... 
Ll4 ....... 
Ll5 ....... 
Ll6 
Ll7 ....... 
Ll8 ....... 
L19 ....... 
L20 ....... 
L21 ....... 
L22 ....... 
L23 
L24 ....... 
SI ......... 
s2. ........ 
s3. ........ 
s4. ........ 
s5. ........ 
S6. 
s7. ........ 
S8. 
s9. ........ 
SIO ........ 
SII.. ...... 
s12 ........ 
Sl3 ........ 
s14 ........ 

rplA 
rplB 
rplC 
rplD 
rplE 
rplF 
rpll 
rpM 
rplK 
rplM 
rplN 
rp/O 
rplP 
@Q 
rplR 
rplS 
rplT 
rplU 
rplV 
rplW 
rplX 
rpsA 
rpsB 
rpsC 
rpsD 
rpsE 
rpsF 
rpsG 
rpsH 
rpsl 
rpsJ 
rpsK 
rpsL 
rpsM 
rpsN 

Length CA1 CAI,, 

235 0.777 0.747 
274 0.748 0.747 
210 0.760 0.719 
202 0.122 0.740 
180 0.633 0.609 
178 0.602 0.587 
150 0.773 “.C. 
166 0.703 0.709 
143 0.749 0.812 
143 0.778 n.c. 
124 0.657 0.466 
145 0.434 0.634 
137 0.618 n.c. 
128 0.612 n.c. 
I18 0.584 n.c. 
I16 0.612 0.766 
119 0.732 n.c. 
104 0.653 “.C. 
III 0.630 n.c. 
101 0.522 n.c. 
105 0.532 0.527 
557 0.79 I 0.81 I 
242 0.786 0.793 
234 0.765 0.784 
207 0.608 0.604 
168 0.521 0.567 
132 0.666 n.c. 
180 0.608 0.673 
131 0.569 n.c. 
131 0.874 n.c. 
104 0.655 n.c. 
130 0.662 0.697 
125 0.770 0.787 
119 0.455 n.c. 
100 0.348 n.c. 

Non.--n.c. = not calculated due to nussing codon families 

values obtained with the normal CAI, and are close to 
being significant even though the sample size is consid- 
erably smaller (n = 20: rp = 0.422, P < 0.06; r, = 
0.388, P < 0.09). 

Other Proteins 

Table 2 gives the nonribosomal protein gene pairs 
which are present in a 1:I ratio in a multimeric protein, 
along with their lengths and CA1 values. The logarithm 
of the ratio of their CA1 values is plotted against the 
logarithm of the ratio of their lengths in figure 2. There 
is a positive correlation which is significant (r* = 0.186, 
P < 0.02); i.e., if one gene in a pair is longer, then it 
tends to have higher codon bias. It is interesting to note 
that there is also a positive correlation between CA1 and 
gene length within the six DNA polymerase III genes 
included in this sample (yp = 0.828, P < 0.04); however, 
the correlation is largely due to the fact that the (Y sub- 
unit gene, dnaE, is considerably longer and more biased 
than the other genes. The correlation between the log 
ratios is significant even if some of the gene pairs for 
which stoichiometry has not been so thoroughly inves- 
tigated are excluded (table 3). If evolved beta-galacto- 
sidase is removed the correlation becomes marginally 
nonsignificant (r* = 0.119, P < 0.07). If we remove all 
of those points the correlation is not significant; this is 
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FIG. 1 .-CA1 value plotted against gene length for 35 riboaomal 
genes from E. coli. 

perhaps not surprising since several of the gene pairs for 
which stoichiometry has not been well investigated have 
extreme length ratios; i.e. they are the gene pairs for 
which we expect to see the most striking differences in 
codon bias. 

The results are qualitatively unchanged if we cal- 
culate the CA1 value in a way which is independent of 
amino acid composition. For this data set, CAI, was 
calculated excluding the codons for Phe, Tyr, and Cys, 
which allowed CAI, to be calculated for every gene in 
the sample. Overall there is a significant correlation be- 
tween the log ratio of the CAI, values and the log ratio 
of lengths * (r = 0.164, P < 0.03) even if some of the 
gene pairs for which stoichiometry is not firmly estab- 
lished are excluded (table 3). 

Unexplained Variation 

In the both ribosomal and other multimeric proteins 
there is variation in synonymous codon use which is 
unexplained by gene length. To test whether this varia- 
tion is due to sampling error I have calculated the log- 
arithm of CAI, along with its standard error for 18 of 
the 20 ribosomal genes for which CAI, can be calcu- 
lated, grouping the genes according to length in either 
25-bp or 50-bp batches (e.g., 100 bp to 124 bp, 125 bp 
to 149 bp, etc.) (table 4). rpsA and rplB are not used in 
these analyses since there are no genes of similar length. 
CAI, was used instead of CA1 to eliminate variation in 
bias due to amino acid composition. x2 tests show there 
is significant heterogeneity in synonymous codon bias 
in both groupings (x2 = 43.61, df = 15, P < 0.001 for 
50 bp; x2 = 23.00, df = 12, P < 0.05 for 25 bp), 
suggesting that there are factors other than gene expres- 
sion level, gene length, and amino acid composition 
which affect synonymous codon use. One possible ex- 
planation for this heterogeneity could be chromosmomal 
location since synonymous codon use is known to vary 
along the E. coli genome (Deschavanne and Filipski 
1995). This can be tested since 14 of the ribosomal pro- 
teins listed in table 4 lie in the 74th minute of the chro- 
mosome; restricting the analyses to these genes gives a 
significant result for the 50-bp grouping (x2 = 23.0, df 
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Table 2 
Nonribosomal Proteins 

Protein Subunit” Locus Leneth CA1 CAL Stoichiometrvh 

RNA-polymerase. 

Glycyl tRNA synthetase. 

Phenylalanyl tRNA synthetase. 

Nitrate reductase’ 

Nitrate reductase” 

Cytochrome d oxidase 

Fumarate reductase 

Succinate dehydrogenase 

Evolved beta-galactosidase, 

Ribonucleoside di-phosphate reductase 

Glutamate synthase. 

Aspartate trans-carbamoylase. 

Anthranylate synthetase 

Tryptophan synthetase 

ATP H’ synthetase.. 

ATP H+ synthetase 

ATP H+ synthetase 

Carbamoyl phosphate synthetase. 

P-aminobenzoate synthetase. 

Topoisomerase IV. 

DNA gyrase...................... 

Cytochrome o type oxidase 

Pyruvate dehydrogenase. 

Succinyl coA synthetase. 

Acetyl coA synthetase 

DNA polymerase III. 

DNA polymerase III. 

DNA polymerase III. 

a 

P 
(Y 

P 
a 

P 
(Y 

P 
I 
II 
Large 
Small 
Large 
Small 
CX 
P 
Bl 
B2 
Large 
Small 
Catalytic 
Regulatory 
II 
I 
(Y 
P 
ct 
P 
E 
Y 

: 
Small 
Large 

rpoB 1,343 0.648 0.666 
rpoc 1,408 0.582 0.715 
&YSl 304 0.582 0.560 
glyS2 690 0.569 0.577 
pheS 332 0.579 0.596 
pheT 796 0.519 0.530 
narc 1,248 0.529 0.542 
narH 513 0.565 0.536 
narY 515 0.424 0.407 
narZ 1,247 0.364 0.384 
cydA 524 0.519 0.527 
cydB 380 0.524 0.590 
frdA 603 0.594 0.592 
frdB 245 0.588 0.58 I 
sdhA 589 0.527 0.547 
sdhB 239 0.337 0.354 
ebgA 1,032 0.435 0.438 
ebgC 173 0.334 0.327 
nrdA 762 0.532 0.535 
nrdB 377 0.517 0.543 
gltB 1,515 0.43 1 0.450 
gltD 472 0.468 0.478 
pyrB 312 0.414 0.425 
pyrI 154 0.364 0.373 
trpD 532 0.355 0.392 
trpE 521 0.359 0.371 
trpA 269 0.341 0.364 
trpB 398 0.420 0.447 
atpA 514 0.682 0.728 
atpD 461 0.702 0.743 
atpc 140 0.501 0.486 
utpG 288 0.479 0.503 
atpB 272 0.439 0.413 
atpH 178 0.406 0.424 
carA 383 0.439 0.439 
carB I.074 0.559 0.578 
pabA 188 0.27 1 0.283 
pabB 454 0.332 0.337 
pm-C 753 0.423 0.438 
parE 631 0.444 0.452 
g.vA 879 0.541 0.557 
gyB 805 0.558 0.588 
cyoB 664 0.496 0.534 
CYOC 205 0.521 0.566 
aceE 887 0.674 0.667 
aceF 631 0.614 0.645 
WCC 389 0.624 0.623 
SUCD 290 0.64 I 0.690 
accA 320 0.520 0.501 
UCCD 305 0.452 0.470 
dnaE 1,161 0.387 0.405 
holD 138 0.294 0.414 
holA 344 0.257 0.301 
holC 148 0.310 0.254 
dnaQ 244 0.273 0.254 
holB 335 0.294 0.316 

1 

2 

3 

4 

4 

5 

6 

6” 

7 

8 

9 

10 

11 

14 

15 

16 

17 

18 

19 

20 

21 

22 

22 

22 

“ Commonly used name for the subunit, if any. 
h References: I. Lewin (1994). 2. Ostrem and Berg (1974). 3. Hanke et al. (1974). 4. Blasco et al. (1990). 5. Miller, Hermodson, and Gennis (1988). 6. Dickie 

and Weiner (1979). 7. Hall, Bretts, and Wootton (1989). 8. Thelander and R&hard (1979). 9. Miller and Stadtman (1972). IO. Beck, Kedzie, and Wild (1989). I I. 
Zalkin (1980). 12. Creighton and Yanohky (1965). 13. Foster and Fillingame (1982). 14. Trotta et al. (1971). 15. Roux and Walsh (1992). 16. Pang and Marians 
(1993) 17. Kowalczylowski, Dixon, and Rehrauer (1994). 18. Matsushita, Patel, and Kaback (1984). 19. Reed (1974). 20. Nishimura (1986). 21. Guchnait et al. 
( 1974). 22. Maki, Maki, and Kornberg (1988). 

L Nitrate reductase from the narGHIJ operon. 
d Nitrate reductase from the nnrZYWV operon. 
c Structure Inferred from fumarate reductase. 
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FIG. 2.-The log of the ratio of CA1 values plotted against the 
log of the ratio of gene lengths for 28 E. co/i gene pairs. Open squares 
are points from multimeric proteins for which the stoichiometry is not 
known with certainty, tilled circles are points from multimeric proteins 
which have been well investigated with respect to stoichiometry. 

= 11, P < 0.025) but not the 25bp grouping (x2 = 7.2, 
df = 6). 

Discussion 

Synonymous codon bias in favor of those codons 
preferred by highly expressed genes, the codons which 
bind the commonest tRNAs with normal base pairing, 
appears to be positively correlated to gene length in E. 
coli. There are several possible explanations of this re- 
lationship. First, it is possible that proteins which are 
present in a one-to-one ratio in a multimeric protein are 
not expressed at the same level. The concentrations of 
a few proteins used in this paper have been studied. 
Howe and Hershey (I 983) have measured the concen- 
trations of 13 ribosomal proteins in E. coli and found 
them to be approximately equal under a variety of grow- 
ing conditions, and Pedersen et al. (1978) have shown 
that the two components of phenylalanyl tRNA synthe- 
tase are present at similar concentrations (table 4). 

However, there is a reason one might expect longer 
genes to be expressed at a slightly higher level than 
shorter genes; longer genes are more likely to have er- 
rors in them. Hence, to obtain a certain concentration of 
functional protein, longer genes should be more highly 
expressed. Let x be the average rate of translational er- 
rors per codon. The probability of producing a protein 
molecule without any errors is (1 - x)” = e?lr. If we 
make the assumption that every protein molecule with 
an error is functionless then the gene must be expressed 
at e”” times the level needed if translation was perfect. 
Thus, the relative expression of two proteins of size ~1, 
and n2 is &(nlmn,). The error rate during translation, x, 
has been estimated to be -5 X 10-j (Parker 1989) for 
missense errors, in which the incorrect amino acid is 
incorporated, and -3 X IO-” (Kurland 1992) for pro- 
cessivity errors, in which the protein is truncated. Most 
processivity errors are thought to occur when the ribo- 
some drops off the mRNA (Kurland 1992). Let us be 
conservative and assume that all these errors lead to 
functionless proteins. A gene for a protein of 1,161 co- 

Table 3 
Nonribosomal Protein r2 Values 

R2 

EXCLCJDING CA1 CAI, 

None ........................... 0.186* 0.164* 
Evolved beta-galactosidase ......... 0.119 0.089 
Succinate dehydrogenase. .......... 0.154* 0.130 
Cytochrome o type oxidase ........ 0.216* 0.195* 
DNA polymerase III .............. 0.155* 0.202* 
Alloftheabove .................. 0.03 I 0.067 

* P < 0.05. 

dons is then expected to be expressed approximately 2.3 
times more than a gene of 138 codons (i.e., DNA poly- 
merase III (Y and cp subunits, the proteins which show 
the most extreme difference in length in the data used 
here). If we assume that only processivity errors are im- 
portant the difference drops to 1.4-fold. 

In table 5 I have compiled the concentrations of 
various proteins in E. coli cells along with their CA1 
values (excluding the first 50 and last 20 codons), the 
concentration being used as a measure of gene expres- 
sion levels. The CA1 value is plotted against the loga- 
rithm of the concentration in figure 3. The correlation is 
surprisingly good given that the concentrations are taken 
from cells growing under very different conditions to 
those found in nature (rp = 0.777, P < 0.0001). How- 
ever, it seems that we would need at least a 2-fold dif- 
ference in expression level to detect a difference in CAI, 
and hence it seems unlikely that we would be able to 
observe the expression level consequences of transla- 
tional errors. 

The correlation between synonymous codon bias 
and gene length could also be caused by conflicting se- 
lection pressures acting upon synonymous codon use; at 
certain sites selection in favor of the codons which 
match the commonest tRNAs with normal base pairing 
might be overwhelmed by other selection pressures in 
favor of other synonymous codons. For instance, at the 
start and end of E. coli genes there is lower codon bias 
in favor of the codons which bind the commonest 
tRNAs with normal base pairing because of the close 
proximity of many genes and constraints imposed by 
ribosome binding (Eyre-Walker and Bulmer 1993; Eyre- 
Walker 1996). If these conflicting selection pressures 
were stronger or more prevalent in shorter genes, then 
a positive correlation between synonymous codon bias 
and gene length would be produced. In principle, this 
hypothesis should be testable by looking at the substi- 
tution rate; the synonymous substitution rate should be 
negatively correlated to the level of conflicting selection 
pressures, as appears to be the case at the start (Eyre- 
Walker and Bulmer 1993) and end (unpublished data) 
of E. coli genes. Unfortunately, there is not enough data 
to perform this test; furthermore, the hypothesis is some- 
what ad hoc. 

Translational accuracy can potentially create a cor- 
relation between synonymous codon bias and gene 
length by a different mechanism to that described above. 
It is generally thought that synonymous codon bias is a 
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Table 4 
Heterogeneity in Codon Bias 

Locus Length Map (min) CAI, Log, CAI, SE x2 (50 bp) ~2 (25 bp) 

rplX. 
rpl.5. 
rplN. 
rpsL. 
rpsK 
rplK. 
rpl0 
rp/J...... 
rpsE 
rp/F.. 
rpsC 
rplE. 
rplD 
rpsD 
rplC. 
rpsC 
rplA.. 
rpsB 

Overall 

105 
116 
124 
125 
130 
143 
145 
166 
168 
178 
180 
180 
202 
207 
210 
234 
235 
242 

74 0.528 
58 0.766 
74 0.466 
74 0.787 
74 0.697 
89 0.812 
74 0.635 
89 0.709 
14 0.567 
74 0.587 
74 0.673 
74 0.609 
74 0.740 
74 0.604 
74 0.719 
74 0.784 
89 0.747 

4 0.793 

-0.639 
-0.267 
-0.763 
-0.239 
-0.361 
-0.208 
-0.454 
-0.344 
-0.567 
PO.533 
-0.396 
-0.496 
-0.302 
-0.505 
-0.330 
-0.244 
-0.292 
-0.231 

0.254 
0.122 
0.09 1 10.60** 
0.103 
0.085 
0.077 
0.126 26.77*** 3.43 
0.113 
0.105 2.08 
0.119 
0.119 
0.111 2.81 0.7 1 
0.067 
0.060 
0.084 5.87 
0.075 
0.076 
0.049 14.03* 0.31 

43.61*** 23.00* 

* P < 0.05. 
**p i 0.01. 

***p i 0.001. 

consequence of selection to maximize translational 
speed, minimize the costs of proofreading, or maximize 
the accuracy of translation; by using codons which 
match common tRNAs or which bind the tRNA effi- 
ciently, it is thought that the time to find and bind the 
correct tRNA is minimized, along with the probability 
of misincorporating an incorrect tRNA (Bulmer 1991). 
Both missense and processivity errors can potentially 
lead to a positive correlation between synonymous co- 
don bias and gene length. Since the cost of producing a 
protein in terms of the energy used and the resources 
consumed is proportional to gene length, selection to 
avoid missense errors should be stronger in longer 
genes. The strength of selection should be proportional 
to nE, where E is the expression level of the protein and 
n is the number of codons. For instance, consider a site 
at which errors render the protein molecule nonfunc- 
tional; if the error rate is (Y, the cost to the cell is pro- 
portional to anE; i.e., this is the average number of ami- 
no acids which are incorporated into nonfunctional pro- 
tein molecules. This equation shows that synonymous 
codon bias should be as dependent upon gene length as 
it is upon expression level; if genes with a 2-fold dif- 
ference in expression level have markedly different co- 
don bias, genes with a 2-fold difference in length should 
also have different bias. Several of the contrasts in gene 
length in the two data sets are around 5-fold; these dif- 
ferences in length should be detectable given the rela- 
tionship between CA1 and expression level shown in 
hgure 3. 

Processivity errors can also potentially generate a 
positive relationship between codon bias and gene 
length since the cost of a processivity error is propor- 
tional to the amount of the protein produced before the 
peptide is truncated. Long genes will therefore have 
higher levels of bias overall. However, synonymous co- 
don bias should increase along a gene if selection is 

acting to minimize the number of processivity errors. 
Although synonymous codon bias is indeed lower at the 
5’ end of E. coli genes (Bulmer 1988b; Chen and In- 
nouye 1991; Eyre-Walker and Bulmer 1993) this is 
largely restricted to the first 50 codons, and I have ex- 
cluded that region. Furthermore, the lower codon bias 
at the beginning of the genes appears to be consistent 
with conflicting selection pressures in several respects 
(Eyre-Walker and Bulmer 1993). 

In contrast, the strength of selection to maximize 
the rate of translation or to minimize the costs of proof- 
reading is expected to be independent of gene length. 
Selection is thought to be acting upon the elongation 
rate to reduce the time the ribosome is bound to the 
mRNA by increasing the rate at which each ribosome 
proceeds along the message; this leads to an increase in 
the concentration of free ribosomes and hence to an 
overall increase in the rate of protein production (Bul- 
mer 1991; Kurland 1991). Since the effect of delaying 
a ribosome during elongation on the concentration of 
free ribosomes is the same in long and short genes. the 
strength of selection should be independent of gene 
length. Similarly, the cost of proofreading is expected 
to be independent of gene length. When a charged tRNA 
binds to the mRNA in the A site of the ribosome, GTP 
is cleaved to GDP and elongation factor G is released. 
The time taken to perform this reaction allows the ri- 
bosome extra time to reject incorrect tRNAs; this is a 
process known as kinetic proofreading (Kurland 1992). 
The process consumes energy in terms of the GTP con- 
sumed, and time, and therefore exerts a cost on the cell. 
The cost is independent of gene length. 

The present results therefore suggest that selection 
against missense errors might be a major source of se- 
lection upon synonymous codon use. This is supported 
by the work of Mikkola and Kurland (1992) who found 
that ribosomes from natural isolates of E. coli vary con- 
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Table 5 
Protein Concentrations 

Locus Concentration CA1 

ompA 

a&A”. 

rplL ............ 
rpsDh 

mopA ........... 
rplCh ........... 
rpsA ............ 
rpsF” 

rplFb. ........... 
rplAh. ........... 
rp.0 ........... 
rpsEh 

rplEh. ........... 
jiisA ............ 
rplKh 

rplBh. ........... 
ilvE. 

rplP ............ 
tsf .............. 
rpsHh ........... 
lpd 

rpoA ............ 
ppc ............. 

SUL.C ............ 
nceF 

infC”. ........... 
rpoB ............ 
cydD ............ 
pheS ............ 

gltA. ............ 
USPS ............ 
i&S ............. 
pheT ............ 

sucA ............ 
hiss. ............ 
glnS ............ 

!\vu ............ 

nrgS ............ 
SUCB ............ 
VOlS ............ 
thrS. ............ 
IruS ............ 
pps ............. 

arcrC’ 

trpR’. ........... 
lacl’ ............ 

36,820 0.782 
29,070 0.809 
25,390 0.777 
11,260 0.608 
10,510 0.800 
10,500 0.760 

10,220 0.791 
10,220 0.666 
10,030 0.602 
9,940 0.777 

9,650 0.765 

9,560 0.52 1 
8,800 0.633 

8,700 0.764 
8,500 0.749 
8,043 0.748 

7,530 0.510 
7,100 0.703 

6,740 0.792 
4,070 0.569 

4,010 0.680 
3,960 0.477 

2,300 0.444 
1,860 0.624 

,800 

,800 

,410 

,360 

,310 

,040 

,020 

,010 
960 

900 

880 

820 

800 

620 

600 

580 

580 

520 

500 

100 

30 

10 

0.614 

0.414 

0.648 

0.265 

0.579 

0.564 

0.622 

0.513 

0.519 

0.513 

0.453 

0.554 

0.438 

0.522 

0.595 
0.620 

0.487 

0.61 I 
0.472 

0.268 

0.284 

0.305 

Nore.--Concentration expressed as the numbers of protein molecules per 

E. w~l, cell. Most expressmn levela were taken from Pedersen et al. (197X), with 

additional information from Bloch, Phillips. and Neldhardt (I 980) and Phillips, 

Bloch, and Neidhardt (1980). 

a Elongatmn factor tu is coded for by two genes which have recently un- 

dergone gene conversion (Sharp 1991). Only one gene is included m the sample. 

The expression level was calculated as half the level given in Pederaen et al. 

(1978) which was for both genes. 

h The expression level for most of the ribosomal proteins and one initiation 

factor was taken from Howe and Hershey (1983). The expression levels were 

standardized to those given by Pedersen et al. (1978) using the expression level 

of rp.sA. 

i Expression levels of nmC, trpR, and la<,/ were taken from Cnsadaban 

(1976). Rose and Yanofsky (I 974) and Gilbert and Muller-Hill (I 966). 

siderably in their translation rate. This suggests that se- 
lection upon the rate of elongation at least is weak, an 
interpretation confirmed by the ease with which the wild 
isolates evolved fast translation speeds in chemostats. 
However Hartl, Moriyama, and Sawyer (1994) found no 
evidence that synonymous codon bias was the conse- 

0.8 

1 

1 
0.3 0 

1” 
0 0 

t 

0.2 I ““.‘I . *‘.“.1 . . ,‘....I . ,...“t 

10 100 1000 10000 100000 

concentration 

FIG. 3.-CA1 value plotted against protein concentration (mole- 
cules per cell) for 46 E. coli genes. 

quence of selection to reduce missense errors using a 
test suggested by Akashi (1994). They examined codon 
bias in those codons which had undergone an amino 
acid substitution between E. coli and S. typhimurium and 
those which had not. They found no difference. Akashi 
(1994) suggested that bias should be greater at the con- 
served amino acid sites if selection is acting upon trans- 
lation accuracy, since those sites appear to be important 
in terms of protein function, a pattern Akashi (1994) 
observed in Drosophila melanogaster. However, the test 
is weak in the case of E. coli and S. typhimurium be- 
cause the level of amino acid divergence is very low, 
particularly in genes which show the highest levels of 
synonymous codon bias (Sharp 1991). Furthermore, the 
conservation of an amino acid is only a good measure 
of functional importance if most amino acid substitu- 
tions are fixed by genetic drift; if positive selection plays 
a major role in amino acid substitution the link between 
conservation and functional importance is much less 
clear-cut. 

Although synonymous codon bias appears to be 
correlated to gene length, this, along with expression 
level, amino acid composition, and chromosomal posi- 
tion, does not appear to be able to explain all the vari- 
ation in synonymous codon bias between genes. There 
would appear to be a number of possibilities. First, the 
variation could be caused by amino acid substitution. 
Since many codon families in E. coli have different op- 
timal codons, amino acid substitutions can depress the 
level of bias in a gene (Akashi 1994). This is probably 
not a problem in enteric bacteria since the rate of non- 
synonymous substitution is about Y20 the rate of syn- 
onymous substitution (Sharp 1991); the effects of an 
amino acid substitution on codon bias will therefore be 
quickly obliterated. Second, the variation could be 
caused by context effects. Gouy (1987) has shown that 
synonymous codon use is dependent upon the adjacent 
bases even in highly expressed genes. However, it seems 
unlikely that this effect would be strong enough to cause 
the variation in synonymous codon use observed. Third, 
if selection is acting to reduce missense errors, the 
strength of selection upon synonymous codon bias will 
depend upon the effect of the errors; selection will be 
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weak if most mistakes have little effect on the perfor- 
mance of the protein, and bias correspondingly low. Fi- 
nally, it is possible that there are other selective factors 
affecting synonymous codon use, such as we find at the 
start (Eyre-Walker and Bulmer 1993) and end (Eyre- 
Walker 1996) of E. coli genes. This possibility is sup- 
ported by the level of synonymous site divergence be- 
tween E. coli and S. typhimut-ium, which is lower than 
we would expect if there were no conflicting selection 
pressures acting upon synonymous codon use (Eyre- 
Walker and Bulmer 1995). 
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