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Abstract

The overall composition upstream of start codons in Escherichia coli was evaluated and viewed in connection with global tran-
scriptome data. Genes starting with AUG as initiation codon tended to be expressed at higher levels than the non-AUG genes, and
the upstream region of the non-AUG genes showed negligible signs of Shine–Dalgarno sequences. The latter is in sharp contrast to
the AUG genes. Viewing these findings in connection with the current literature, it is proposed that a distinct mechanism for ini-
tiation of translation might exist for non-AUG genes that are not preceded by a Shine–Dalgarno sequence. A survey covering a
range of other eubacteria (Firmicutes, Proteoacteria, and Actinobacteria) reveals that it is mainly among the Proteobacteria that
non-AUG genes do not display clear signs of Shine–Dalgarno regions.
� 2005 Elsevier Inc. All rights reserved.
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Until the mid 1970s the mechanism of initiation of
translation was unknown but was anticipated that some
feature at the 5 0-end of mRNA directed ribosomal bind-
ing. The studies undertaken by Shine and Dalgarno in
the 1970s towards the understanding that in many bac-
teria highly expressed genes tend to have a consensus se-
quence that is complementary to a stretch of nucleotides
at the 3 0-end of 16S rRNA [1,2]. Subsequently it has
been shown that initiation complex is formed when the
30S subunit ribosome is bound to mRNA and that this
ribosomal binding involves an interaction between a
stretch of nucleotides on the mRNA (Shine–Dalgarno
sequence) and the 16S rRNA (for a review of the initia-
tion of translation see [3]). However, although this
mechanism has been firmly established in Escherichia

coli, it is also a fact that this bacterium is very well capa-
ble of initiating translation from mRNA which is short-
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leadered or leaderless [4,5]. This means that there must
be other factors governing this process. Start codons
themselves seem to be implied in the translational effi-
ciency with AUG generally being the more efficient
codon [6,7], and likewise, the nucleotides at the 3 0 side
of the start codon also have strong influence [7–9]. It
has been suggested that a �downstream box� exists, being
a sequence capable of base-pairing with the penultimate
stem of 16S rRNA (working much in the same fashion
as a Shine–Dalgarno sequence, but located 3 0 to the start
codon) [10,11], although the evidence currently does not
seem overwhelmingly solid [12–14].

Thus for any given mRNA, the efficiency of initiation
of translation therefore seems to be determined by the
composition of the start codon and the nucleotides on
the 5 0 side of it. It naturally comes into mind that se-
quence alignment, such as the Smith–Waterman algo-
rithm [15], could be considered for studies of the
Shine–Dalgarno sequences, perhaps in conjunction
with estimates free energy estimates of duplex formation
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between the mRNA and the 16S rRNA. This would al-
low for study of single genes, and has been used in the
study by Ma et al. [16].

There are however some drawbacks of this approach.
First and foremost, it has not been validated that se-
quence alignment can predict when a stretch of nucleo-
tides in fact is a Shine–Dalgarno sequence. And second,
dynamic programming algorithms are subjective in the
sense that the alignment result is highly dependent on
subjective and empirical parameters such as gap opening
and gap extension values, mismatch scores, etc. And
third, the precise length of the 3 0-end of 16S rRNA is
typically not precisely determined, so often the flatfiles
only indicate an estimated length of the 3 0-end of 16S
rRNA (Siv. G. Andersson, Uppsala University, Sweden,
personal communication).

This is also an argument why computation of the esti-
mated drop in free energy of duplex formation may be
less appropriate. In a study by Schurr et al. [17], the rela-
tionship between calculated energy of duplex formation
and efficiency of the Shine–Dalgarno sequence did not
reveal any clear relationship. In addition to this there
is no good way of knowing how long the mRNA is just
from the sequence files; this itself also has to be deter-
mined specifically (experimentally, not by bioinformat-
ics) for each cistron.

For this study, an objective method (non-randomness
analysis) was used in stead. The advantage of this meth-
od is that it does not rely on assumptions regarding
length of 16S rRNA at the 3 0-end, length of mRNA up-
stream of start codons, and dynamic programming
empirism, but the drawback is that it can only be ap-
plied to a pool of genes and not to one single gene
(i.e., it cannot tell if a given sequence harbours a poten-
tially strong Shine–Dalgarno sequence, etc.).
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Fig. 1. Plot of non-randomness for the genes in E. coli having AUG as
start codon (N = 3543). A clear peak in the v2 value is observed around
10 nt upstream of start codons.
Materials and methods

Genomes. This study is centered around analysis of the E. coli

genome (NC_000913 [18]) downloaded from GenBank (ftp://
ftp.ncbi.nih.gov/genomes). In addition to this, the fully sequenced
genomes of other bacteria belonging to Firmicutes, Actinobacteria,
and Proteobacteria (a, b, c, d, and e subgroups) were downloaded.
These three classes were chosen because they represent the majority of
pathogenic bacteria and those that have major industrial importance.

Inclusion criterion for this study was that the genes have correct
start and stop codons, no undetermined nucleotides, no internal stop
codons, and an intact frame.

Non-randomness analysis. Non-randomness analysis was used, as
implemented in the NORA software package [19]. In brief, with this
analysis the entire genomic composition is first assessed by counting all
adenines, thymines, guanines, and cytosines. Next, it is assumed that
all nucleotides are dispersed randomly throughout the genome. This
assumption is naturally invalid, and non-randomness analysis mea-
sures the degree by which this assumption is compromised. If the total
genomic fraction of guanine is fG and we pick N nucleotides for
analysis then we would expect to find Cexp,G = N · fG guanines in our
sample following the assumption, and this may or may not be close to
the actually observed number Nobs,G. A v2 value integrates the
knowledge for all four nucleotides:

v2 ¼
X4

i¼1

ðCobs;i � Cexp;iÞ2

Cexp;i
. ð1Þ

The higher the v2 value the larger the deviation between observed and
expected counts. This analysis is carried out for all nucleotides that
correspond to position one, two, three, and so forth upstream of start
codons. A plot of v2 values versus position upstream of start codons is
constructed on this basis.

For species utilizing Shine–Dalgarno sequences (E. coli as an
example) a clear peak in v2 values is observed in that region, i.e.,
peaking around 10 nt upstream of the start codon. This is accompa-
nied by an overrepresentation of guanine and adenine. The latter is
because the nucleotides that are involved in basepairing with the 3 0-end
of 16S rRNA are 5 0-. . .ACCUCCU. . .-3 0. This analysis was carried out
separately for genes starting with the canonical AUG start codons and
for those starting with a non-AUG start codon.

Expression data. To find out if AUG-starting genes generally have
higher expression than non-AUG genes, mRNA expression data from
Bernstein et al. [20] for E. coli grown in rich medium were included in
this study. A separate parser for this set of expression data was pro-
grammed, and the relative mRNA expression levels were retrieved and
split on AUG vs. non-AUG genes.
Results and discussion

Escherichia coli

Non-randomness plots for E. coli are shown in Fig. 1
(genes starting with an AUG codon) and Fig. 2 (genes
starting with a non-AUG codon). The peak around po-
sition 10 upstream of the start codons appears more
sharp in Fig. 1 than in Fig. 2. However, v2 values cannot
be readily compared when the number of genes (N) in
the two pools (AUG vs. non-AUG) is not equal. The
workaround in this situation is to scale the v2 value by
dividing with N (it follows from Eq. (1) that the v2 value
is linearly proportional to the number of genes sam-
pled). This way, a plot showing the average contribution
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Fig. 2. Similar to Fig. 1, but for genes with non-AUG start codons
(N = 727).
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Fig. 4. mRNA levels of AUG-staring genes vs. non-AUG starting
genes, using the microarray mRNA expression data from Bernstein
et al. [20], for E. coli grown in rich medium (Luria–Bertani broth). The
median mRNA level for the AUG genes is significantly higher than for
non-AUG genes (P < 0.001).
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per gene to the v2 value can be made as a function of po-
sition upstream of start codons. This plot is shown in
Fig. 3. And here the difference between the two datasets
becomes very clear, in that the AUG-starting genes
clearly have a much more restricted composition, with
guanine and adenine being overrepresented, and cyto-
sine being underrepresented (not shown), as expected
for genes using Shine–Dalgarno regions. There is thus
much stronger compositional indication of Shine–Dal-
garno sequences in the AUG genes. As illustrated in
Fig. 4, the median mRNA level in the AUG group is
higher than in the non-AUG group.

The data suggest that in E. coli the prevalence of
Shine–Dalgarno sequences is higher in the AUG group
than in the non-AUG group, which accords well with
the finding of Ma et al. [16], and this in turn suggests
that an ‘‘alternative way’’ to initiate translation is em-
ployed more often with non-AUG genes. Currently, it
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Fig. 3. The data from Figs. 1 (d) and 2 (s) scaled to show the average
contribution to v2 for genes in the two datasets. Clearly, the
composition upstream of start codons in AUG-starting genes is much
more non-random than in genes having non-AUG start codons.
has been established that the rpsA protein plays an
important role in the translation of E. coli, as regards
leadered mRNA [21]; rpsA is involved in the initiation
process through an interaction with initiation factor
III (IF3). Thus, E. coli rpsA null mutants are better
capable of initiating translation from mRNA that is
leaderless. When IF3 levels are low, the translation from
leadered mRNA is prone to increased erroneous initia-
tion of translation on upstream AUGs [22,23]. Thus,
rpsA and IF3 seem to positively promote translation
from leadered mRNA, and this is to some degree in con-
trast to IF2, which seems to have positive effect on trans-
lation of transcript that does not have leaders [24]. It is
important to note that it has been observed that transla-
tion of leaderless mRNA is promoted by binding direct-
ly to 70S ribosome particles [25,26]. In effect the
leaderless mRNA is highly depending on AUG start co-
dons [27].

Summing it up in general terms, AUG is prominent
either in leadered mRNA with Shine–Dalgarno sequenc-
es (traditional mechanism for initiation of translation),
or in mRNA that does not have leaders (initiation by
the 70S particle). Thus, there might exist a third mecha-
nism of initiation for the genes having non-AUG start
codons; these are highly likely to have leaders [27] and
have less trace of Shine–Dalgarno sequences.

Other bacteria

A range of other bacteria of Firmicutes, Proteobacte-
ria, and Actinobacteria were analysed the same way.
Most, if not all, bacteria of Firmicutes and Actinobacte-
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Fig. 5. Plots similar to Fig. 3 but for S. pyogenes (N = 1535 in the
AUG group, N = 162 in the non-AUG group).
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ria show more marked peaks in v2 values for the group
of non-AUG genes than what was observed in E. coli

(Fig. 3). Fig. 5 shows a plot generated with
Streptococcus pyogenes (NC_002737); in this bacterium
there is no visible difference between the AUG group
and the non-AUG group. The very flat curve for non-
AUG genes is in fact only seen with Proteobacteria,
but there seems to be no rule about how closely related
bacteria are (phylogenetically) and to what extent their
non-randomness plots are similar. For example, with
Pseudomonas aeruginosa (NC_002516), which is a mem-
ber of the c subdivision of the Proteobacteria, and thus a
close relative to E. coli, the non-AUG peak is just slight-
ly lower than the AUG peak, while with Caulobacter

crescentus (AE_005673), which is a member of the a sub-
division Proteobacteria and thus more distant to E. coli

than Ps. aeruginosa, the plot appears very similar to that
obtained with E. coli, as shown in Fig. 6.

On basis of Figs. 3 and 6, we can readily see that two
species that are closely related (E. coli and Ps. aerugin-

osa) may give plots that appear more different from each
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Fig. 6. Plots similar to Figs. 3 and 5, but for Ps. aeruginosa, which, like
E. coli, belongs to the c-Proteobacteria. The inset figure is a similar
plot for C. crescentus, which belongs to the a-Proteobacteria.
other than plots generated for two more distantly relat-
ed species (E. coli and C. crescentus). The phenomenon
that non-AUG genes do not give rise a non-randomness
peak is for this reason at present of limited phylogenetic
value. It should be emphasized, though, that the very
clear visible differences in scaled v2 values between
AUG genes and non-AUG genes were observed only
for Proteobacteria. This may be because the methodolo-
gy needs further improvement or because there truly
might be no general rule about the evolution of start co-
dons and Shine–Dalgarno sequences.
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