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Abstract. It is shown that synonymous codon usage is
less biased in favor of those codons preferred by highly
expressed genes at the end of Escherichia coli genes than
in the middle. This appears to be due to the close prox-
imity of many E. coli genes. It is shown that a substantial
number of genes overlap either the Shine-Dalgarno se-
quence or the coding sequence of the next gene on the
chromosome and that the codons that overlap have lower
synonymous codon bias than those which do not. It is
also shown that there is an increase in the frequency of
A-ending codons, and a decrease in the frequency of
G-ending codons at the end of E. coli genes that lie close
to another gene. It is suggested that these trends in com-
position could be associated with selection against the
formation of mRNA secondary structure near the start of
the next gene on the chromosome. Stop codon use is also
affected by the close proximity of genes; many genes are
forced to use TGA and TAG stop codons because they
terminate either within the Shine-Dalgarno or coding se-
quence of the next gene on the chromosome. The impli-
cations these results have for the evolution of synony-
mous codon use are discussed.
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Introduction

Many organisms preferentially use a subset of the syn-
onymous codons available to them (Sharp 1989). In
Escherichia coli the codons used are those which bind
the commonest tRNAs with normal base pairing (Tke-
mura 1985; Bulmer 1988). Similarly the three stop, or
termination, codons are used unequally—TAA is used in
E. coli in preference to TGA, which itself is used in
preference to TAG (Sharp and Bulmer 1988). It seems
likely that in both cases the preferential use of certain
synonymous sense or stop codons is a strategy to max-
imize the rate of translation or to minimize the costs of
translational errors (Sharp and Bulmer 1988; Kurland
1991; Bulmer 1991). However, since selection on syn-
onymous codon bias is thought to be quite weak (Bulmer
1991), any conflict with other selection pressures can
lead to the use of suboptimal synonymous codons. For
instance, synonymous codon use is less biased at the start
of E. coli genes, probably because of constraints imposed
by ribosome binding (Eyre-Walker and Bulmer 1993).
Many genes in bacteria are in the same orientation and
very close together, if not actually overlapping; for ex-
ample, the last base pair of hisC is the first base pair of
hisB in E. coli. This could lead to a conflict of interest
since the region upstream from the start codon is in-
volved in binding the ribosome (Gold 1988). Although
the requirements for ribosome binding are not yet fully
characterized, two factors, of relevance here, are thought
to be involved. First, there is a sequence, the Shine-
Dalgarno (S-D) sequence, which binds the end of 16S
rRNA component of the ribosome (Gold 1988). This
sequence is generally required for gene expression. Sec-
ond, it seems likely that there is an avoidance of mRNA
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secondary structure around the start codon, since the in-
troduction of secondary structure at the start of E. coli
gene substantially reduces expression (de Smit and van
Druin 1990; Vellanoweth and Rabinowitz 1992). As 1
will show below, many genes are sufficiently close to-
gether that the end of the one gene impinges on the
region upstream from the next gene on the chromosome
where the S-D sequence is located, and where selection
is likely to be acting against the formation of mRNA
secondary structure.

In this paper [ will show that synonymous codon use
is less biased in favor of those codons preferred by highly
expressed genes at the end of E. coli genes. An investi-
gation will be made into to what extent this can be at-
tributed to the close proximity of genes. I will also
briefly consider whether S-D sequences that are over-
lapped by a coding sequence are different from those
which are not in terms of strength and position.

Materials and Methods

The analyses use two datasets. The first is a compilation of 1,286
complete E. coli genes from the Ecoseq6 database (Rudd 1992, pers
comm). The second is a set of sequences from Ecoseq5 (Rudd 1992,
pers comm) which cover the 100 bases upstream and the 100 bases
downstream from the start codon of 1,037 genes.

The codon adaptation index (CAI) was calculated by the method of
Sharp and Li (1987) with minor modifications suggested by Bulmer
(1988): i.e., let x;;, = Log, wywhere wy, is the frequency of codon k of
amino acid { in a reference set of highly expressed genes, divided by the
frequency of the most commonly used codon of amino acid i. The CAI
value for a set of codons is then computed as

CAI = Exp(¥) 4y

where % is the average value of x; for the codons considered; 95%
confidence intervals for the CAI value were calculated by first com-
puting the confidence interval for £.

Following Schurr et al. (1993) the probable S-D sequence of a gene
was located by searching the 30 bp upstream from the start codon for
the sequence that formed the strongest interaction with the last 13
nucleotides of the E. coli 168 tRNA sequence (3'-AUUCCUCC-
ACUAG-5"). The strength of the interaction between the mRNA and
16S rRNA was calculated using the rules of Freier et al. (1986) and
Jaeger et al. (1989). The calculations were kindly performed by Dr.
D.G. Higgins. Terminal mismatches and the 3.4 kcal/mol associated
with duplex initiation were included in the calculation of the free en-
ergy, whereas dangling ends were not. If two sequences upstream from
a gene gave the same free energy upon binding the 16S rRNA sequence
one of them was chosen at random. No hairpin loops were allowed in
either the mRNA or the 16S rRNA (i.e., the sequences were not al-
lowed to bind to themselves). For each gene a sequence was located
that gave a reduction in free energy on binding the 168 rRNA sequence.
The distance between the ribosome binding site and the start codon was
calculated as the number of nucleotides separating the start codon and
the base that would bind the capitalized U in the 16S rRNA sequence
3’-auuccUccacuag-5'. This base appears to be involved in most inter-
actions with the S-D sequence (Schurr et al. 1993).
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Fig. 1. The CAI value plotted against the distance from the stop

codon for the 1,286 complete genes in Ecoseg6.

Results

Synonymous Codon Use

In general E. coli tends to use those synonymous codons
that bind the commonest {tRNAs, with normal base pair-
ing (Ikemura 1985; Bulmer 1988). This is especially the
case in highly expressed genes (Tkemura 1985; Bulmer
1988). Figure 1 shows the codon adaptation index (CAI)
value over the last 100 codons of 1,286 E. coli genes.
The CAI value is a measure of how frequently codons
preferred by highly expressed genes are used (they are
the codons that bind the commonest tRNAs, or that bind
the tRNA with normal base pairing); it varies from 1.000
when only those codons that are most favored by highly
expressed genes are used to 0.240 when synonymous
codon use is random (Eyre-Walker and Bulmer 1993). It
is evident that synonymous codon use is less biased in
favor of the codons used by highly expressed genes in
the last 20 codons of the gene than in the middle.

It seems possible that this decline in synonymous
codon bias at the end of genes could be associated with
the close proximity of genes oriented in the same direc-
tion on the chromosome; many genes may be sufficiently
close together so that the end of one gene overlaps either
the Shine-Dalgarno sequence or the coding sequence of
the next gene on the chromosome. To test this idea we
need to know where a gene terminates relative to the next
gene on the chromosome and where the S-D sequence of
the downstream gene is located. In order to find the
position of one gene relative to another on the chromo-
some the 100 bp upstream and the 100 bp downstream
from 1,037 E. coli genes were searched for the last 20 bp
of 1,286 complete E. coli genes. Out of the 1,286 com-
plete gene sequences 389 were found to terminate within
80 bp of the start codon of another gene. The distribution
of the intergenic distances is shown in Fig. 2. There is a
clear tendency for termination to occur within 20 bp of
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Table 1. The CAI value of codons whose third position overlaps an
S-D sequence or another coding sequence
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Fig. 2. The distribution of intergenic distances.

the start codon of the next gene, with an overlap between
the stop codon of one gene and the start codon of the
next gene (the —1 and —4 columns in Fig. 2) being par-
ticularly common. It is clear that many genes overlap the
S-D or coding sequence of the next gene on the chro-
mosome. The probable position of the S-D sequence up-
stream from each of the 389 downstream genes was lo-
cated by searching the 30 bp upstream from each gene
for the sequence that formed the most stable interaction
with the last 13 bp of the 16S rRNA sequence (see Meth-
ods).

Table 1 shows the CAI value of those codons at the
end of the upstream gene that overlap either the coding
or S-D sequence of the downstream gene, and those
codons that lie upstream and downstream from the S-D
sequence; only those genes that overlap the S-D se-
quence are considered. It is evident that codon bias
is substantially reduced in the part of the gene that
overlaps the S-D or coding sequence; in fact the CAl
value is significantly below the value one would expect
if codon usage were random (0.24 in E. coli; Eyre-
Walker and Bulmer 1993). This is probably because
the perfect complement to the 165 rRNA sequence
(5'-TAAGGAGGTGATC-3") only has two optimal
codons in the three potential reading frames, GGT and
ATC, but three very rare codons, GGA and AGG (twice).
Note that the GGA is complementary to the most com-
monly bound part of the 165 rRNA sequence, the central
3'-CCUC-5" (Schurr et al. 1993). Any gene that overlaps
the S-D sequence will therefore tend to show low codon
bias at its 3’ end.

However, overlaps of the upstream gene with the
S-D and coding sequence of the downstream gene do
not appear to be the sole cause of the low codon bias
at the end of the gene; there is still a significant trend
in codon bias even when the overlapping codons are
removed from the analysis (Fig. 3, Spearman’s rank
correlation r, = 0.305, P < 0.0028). Note that the sam-
ple sizes are different in Figs. 1 and 3, in part explain-
ing why any trend in codon bias is less obvious in the
latter. Interestingly, this low codon bias appears o be

CAI interval

4 codons 3’ to S-D 0.363 0.316-0.417
Overlapping S-D or distal gene 0.196 0.171-0.225
4 codons 5’ to S-D 0.336 0.306-0.370
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Fig. 3. The CAI value plotted against the distance from the stop
codon for the 389 genes that terminate within 80 bp of another gene
excluding codons that overlap the S-D or coding sequence of the down-
stream gene.
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Fig. 4. The frequency of A at the third codon position, at the end of
the 389 E. coli genes, excluding those codons that overlap either the
S-D or coding sequence of the next gene on the chromosomme. The stop
codon is omitted.

associated with some trends in composition. Figure 4
shows the frequency of A in the third codon position
over the last 100 codons, excluding those codons that
overlap either the S-D or coding sequence of the next
gene on the chromosome. It is clear that the frequency of
A increases toward the end of the gene particularly over
the last five codons (7, = 0.374, P = < 0.0005). There is
also a less obvious decrease in the frequency of G (r, =
0.328, P < 0.002), but no discernible changes in the
frequency of C (r, =0.174, P < 0.09) and T (r, = 0.072,
P < 0.5). Interestingly, the trends in A and G are also
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Table 2. The frequency of A relative to the stop codon, and to the
start codon of the next gene®

Within 15 bp
of start codon
of next gene

>15 bp away
from start codon
of next gene

Within 5 codons of stop
codon

Between 6 and 30 codons
from stop codon

0.274 (0.020) 0.219 (0.013)

0.301 (0.045) 0.181 (0.004)

* Figures in parentheses are standard errors. The stop codon and codons
overlapping the S-D or coding sequence of the distal gene were ex-
cluded

detectable at the first and second codon positions (results
not shown).

There are two general explanations for the increase in
the frequency of A: either it could be associated with the
end of the gene itself—for instance, there might be sig-
nals at the end of the gene important for efficient termi-
nation (Brown et al. 1990; Arkov et al. 1993)—or it
might be a consequence of forces acting at the start of the
next gene: for instance, the avoidance of mRNA second-
ary structure around the S-D sequence (Gold 1988; Eyre-
Walker and Bulmer 1993). To differentiate between
these two possibilities a 2 x 2 table was constructed for
those codons that did not overlap either the S-D or cod-
ing sequence of the next gene on the chromosome.
Ccdons were classified as being either within 5 codons,
or etween 6 and 30 codons of the stop codon; and within
15 bp, or more than 15 bp from the start codon of the
next gene. The dataset was also divided into two groups
according to CAI value (less than 0.37 and greater than
0.37) to ensurc that gene expression level was not a
confounding factor. However, there was no significant
difference between the contingency tables for the two
groups of genes (x* = 7.565, df = 4, P > 0.10), so the
tables were combined to give Table 2. Table 2 shows that
it is the close proximity of genes that is largely respon-
sible for the high frequency of A at the end of the genes;
i.e., codons that are near the start codon of the next gene
have a high frequency of A whether or not they are near
the end of the gene. However, there might also be an
increase in A associated with the proximity of the stop
codon, since in those codons that are further than 15 bp
from the start codon of the next gene, the codons that are
within five codons of the stop codon have a higher fre-
quency of A in the third codon position than those
codons that are further away (z = 2.79, P < 0.006). This
is also true for codons that are further than 30 bp or 45
bp from the start codon of the next gene (results not
shown). It is important to appreciate that the changes in
composition are likely to be causing the reduction in
codon bias rather than vice versa, since a reduction in
codon bias need not lead to a change in composition (see
Sharp 1989).

Stop Codon Use

E. coli uses the stop codon TAA in preference to TGA,
especially in highly expressed genes, and TAG is used
only very rarely (Sharp and Bulmer 1988). Sharp and
Bulmer suggested that this might be due to selection
upon the termination rate, or against translational read-
through. In this section I explore another factor: Stop
codon use reflects the use of stop codons that have other
simultaneous coding functions. For instance, 54 genes in
the sample overlap the next gene by 4 bp; this constrains
them to terminate with TGA. Likewise those genes that
overlap by 1 bp must generally terminate either with a
TGA or a TAA since most genes start ATG. The 16S
rRNA sequence that binds the S-D sequence is 3'AUUC-
CUCCACUAG-5'. This can bind either TAA or TGA at
the 5’end of the S-D sequence (note that U binds both A
and G) or a TGA 2 bp from the 3’ end (Shine and Dal-
garno 1974). Table 3 lists the stop codon use at each of
these sites. Interestingly, at least 55% of TGA stop
codons appear to be constrained to be TGA because they
overlap the coding sequence (excluding the 1-bp over-
laps) or the S-D sequence (excluding those that bind the
3" end of 16S rRNA). Similarly, 4 out of 16 TAG stop
codons are constrained by overlapping the coding se-
quence.

With so many stop codons having other functions, it is
tempting to suggest that much of stop codon use can be
understood in terms of conflicting pressures and the dis-
tance between genes; i.e., TAA is the preferred codon
(because of faster termination or lower levels of transia-
tional read-through), and TGA and TAG are only used
when the sequence has other coding functions. This
causes TGA to be used more often than TAG because of
the tendency for genes to terminate either in the S-D
sequence or the start codon of the distal gene. TAA in-
creases in frequency with increasing gene expression
level because highly expressed genes do not tend to over-
lap the next gene on the chromosome (Eyre-Walker
1995). To test the latter parts of this hypothesis (i.e., [1]
that TGA is used in preference to TAG because of the
high frequency of 4-bp overlaps and [2] that TAA use
increases with CAI value because the distance between
genes is related to the CAI value [Eyre-Walker 1995]),
the dataset of upstream genes was divided into three
groups according to their CAI value: less than 0.35,
greater than 0.35 but less than 0.50, and greater than
0.50. Table 4 shows the stop codon use for those genes
that terminate upstream from the S-D sequence. It is
evident that TGA is used in preference to TAG even in
those genes that do not overlap either the 5-D or coding
sequence of the distal gene. Furthermore, the use of TAA
is still correlated to the CAI value of the gene. Further-
more, the use of TAA is still correlated to the CAI value
of the gene. Overlaps between stop codons and the S-D
or coding sequence of the next gene on the chromosome
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Table 3. The number of stop codons at various positions of known function

Overlap Overlap

>4 bp >4 bp
Stop 5" end of 3’ end of 1-bp 4-bp (231 (312
codon Overall S-D 5-D overlap overlap frame) frame)
TAA 232 25 0 28 0 3 10
TGA 141 5 6 18 54 0 12
TAG 16 0 0 1 0 3 i

Table 4. Percentage stop codon use in genes that terminate upstream
from the S-D sequence of the distal gene, expressed in percents®

High CAI Medium CAI Low CAL
TAA 84.6 (33) 79.0 (49) 61.1(33)
TGA 12.8 (5) 16.1 (10) 31.5(17)
TAG 2.6(1) 48(3) 7.4 (4)

* Figures in parentheses are the actual stop codon use

are therefore not solely responsible for the biases in E.
coli stop codon use.

The Strength of the Ribosome Binding Site

Since many genes overlap the S-D sequence of the next
gene it is of interest whether S-D sequences that also
code for part of a protein are compromised in any way in
terms of strength and position relative to the start codon.
The strength in this case is the estimated free energy of
the structure that forms between the 168 rRNA and the
S-D sequence, and the distance is the number of bases
between the start codon and one of the central bases in
the 16S rRNA sequence (see Materials and Methods).
The strength of the ribosome binding site is slightly,
but significantly, greater for those S-D sequences that
overlap the upstream gene (—6.74 £ 0.15 kcal/mol) than
for those that do not (=5.97 £ 0.16 kcal/mol) (1 = 3.41,P
< 0.0007), whereas the distance between the start codon
and the S-D sequence is slightly greater (11.24 = 0.41
against 9.48 + 0.39, t = 2.98, P < (0.003). However, in
both cases the differences are small relative to the overall
spread of values (they amount to less than half a standard
deviation, which is ~2 kcal/mol for the energy, and ~5 bp
for the distance) so the S-D sequences that code for part
of a protein are not very different from those that do not.

Discussion

It has been shown that synonymous codon use is less
biased in favor of codons preferred by highly expressed
genes at the end of E. coli genes and that this is, at least
in part, due to the fact that many E. coli genes terminate
very close to the next gene on the chromosome; in doing

so they overlap either the coding sequence or sequences
just upstream from the start codon that are known to be
involved in gene expression. It seems likely that Law-
rence and Hartl (1991) did not observe this trend in
codon bias because they used tenfold-fewer genes. It has
also been shown that many genes use TGA or TAG stop
codons because they overlap a sequence with another
function. In particular many genes overlap the next gene
by 4 bp, which constrains them to terminate with TGA.,

Since a proportion of genes terminate in the opposite
orientation to the next gene on the chromosome it is
possible that some of the low synonymous codon bias at
the end of E. coli genes is caused in part by the end of
one gene overlapping the end of another gene or se-
quences downstream from another gene important for
termination (of transcription or translation). To investi-
gate this possibility the 1,286 complete gene sequences
were searched for perfect matches to the complement of
the last 15 bp of each complete gene. Only four gene
pairs were found, so overlaps, between the ends of cod-
ing sequences at least, seem an unlikely explanation of
the low codon bias at the end of E. coli genes.

The changes in composition at the end of genes are
consistent with selection against the formation of mRNA
secondary structure around the start codon of the next
gene on the chromosome. As Eyre-Walker and Bulmer
(1993) point out, A is likely to be the most favored base
in such regions since it only binds U weakly, whereas G
is likely to be the least favored base since it binds U
weakly and C strongly. The origins of the increase in the
frequency of A associated with the proximity to the stop
codon (rather than to the start codon of the next gene) are
less evident. It might be associated in some way with
termination (Brown et al. 1990; Arkov et al. 1993).

The preferential use of certain synonymous and stop
codons in E. coli appears to be due to selection, either in
favor of rapid elongation or termination rate or against
translational errors. However, this leaves a problem—
why ‘‘suboptimal’” synonymous and stop codons are
ever used. There are four main possibilities. First, the use
of suboptimal stop codons could be a strategy to regulate
gene expression (Grosjean and Fiers 1982; Konigsberg
and Godson 1983). This seems unlikely since initiation
appears to be rate limiting in translation (Bulmer 1991).
Second, there could be a balance between selection and
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mutation, with both forces sufficiently strong to make
genetic drift inconsequential. This hypothesis predicts
very high levels of synonymous site polymorphism
(Shields 1990) that are not observed in E. coli (e.g., see
Hall and Sharp 1991; Guttman and Dykhuizen 1994).
Third, selection in favor of the optimal codons could be
sufficiently weak so that genetic drift counteracts the
effect of selection (Sharp 1989). And fourth, there could
be other conflicting selection pressures acting upon syn-
onymous codon bias; for instance, Eyre-Walker and
Bulmer (1993) have recently shown that suboptimal syn-
onymous codons are used more frequently at the start of
the genes because of conflicting selection pressures,
probably associated with ribosome binding. The findings
in this paper support a role for the fourth of these alter-
natives, particularly in the case of stop codon use, where
over 50% of the TGA codons of genes that terminate
within 80 bp of another gene in the same orientation have
another easily identifiable coding function.
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