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In prokaryotes, Shine–Dalgarno (SD) sequences, nucleotides upstream from start codons on messenger RNAs (mRNAs)
that are complementary to ribosomal RNA (rRNA), facilitate the initiation of protein synthesis. The location of SD
sequences relative to start codons and the stability of the hybridization between the mRNA and the rRNA correlate
with the rate of synthesis. Thus, accurate characterization of SD sequences enhances our understanding of how an
organism’s transcriptome relates to its cellular proteome. We implemented the Individual Nearest Neighbor Hydrogen
Bond model for oligo–oligo hybridization and created a new metric, relative spacing (RS), to identify both the location
and the hybridization potential of SD sequences by simulating the binding between mRNAs and single-stranded 16S
rRNA 39 tails. In 18 prokaryote genomes, we identified 2,420 genes out of 58,550 where the strongest binding in the
translation initiation region included the start codon, deviating from the expected location for the SD sequence of five
to ten bases upstream. We designated these as RSþ1 genes. Additional analysis uncovered an unusual bias of the start
codon in that the majority of the RSþ1 genes used GUG, not AUG. Furthermore, of the 624 RSþ1 genes whose SD
sequence was associated with a free energy release of less than 8.4 kcal/mol (strong RSþ1 genes), 384 were within 12
nucleotides upstream of in-frame initiation codons. The most likely explanation for the unexpected location of the SD
sequence for these 384 genes is mis-annotation of the start codon. In this way, the new RS metric provides an
improved method for gene sequence annotation. The remaining strong RSþ1 genes appear to have their SD sequences
in an unexpected location that includes the start codon. Thus, our RS metric provides a new way to explore the role of
rRNA–mRNA nucleotide hybridization in translation initiation.
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which gene sequences appear to partition themselves into two
categories: those with obvious SD sequences and those
without. The inability of sequence techniques to pinpoint
the exact location of the SD sequence poses a problem
because its location is believed to affect translation initiation
[7–10].
The second approach, using free energy calculations, is
based on thermodynamic considerations of the proposed
mechanism of 30S binding to the mRNA and overcomes the
limitations of sequence analysis. Watson–Crick hybridization
occurs between the 39-terminal, single-stranded nucleotides
of the 16S rRNA (the rRNA tail) and the SD sequence in the
mRNA and has a signiﬁcant effect on translation [3,4]. The
formation of hydrogen bonds between aligned, complementary nucleotides is the basis of Watson–Crick hybridization
and results in a more stable, double-stranded structure with

Introduction
In 1974 Shine and Dalgarno [1] sequenced the 39 end of
Escherichia coli’s 16S ribosomal RNA (rRNA) and observed that
part of the sequence, 59–ACCUCC–39, was complementary to
a motif, 59–GGAGGU–39, located 59 of the initiation codons
in several messenger RNAs (mRNAs). They combined this
observation with previously published experimental evidence
and suggested that complementarity between the 39 tail of the
16S rRNA and the region 59 of the start codon on the mRNA
was sufﬁcient to create a stable, double-stranded structure
that could position the ribosome correctly on the mRNA
during translation initiation. The motif on the mRNAs, 59–
GGAGGU–39, and variations on it that are also complementary to parts of the 39 16S rRNA tail, have since been referred
to as the Shine–Dalgarno (SD) sequence. Shine and Dalgarno’s theory was bolstered by Steitz and Jakes in 1975 [2] and
eventually experimentally veriﬁed, in 1987, by Hui and de
Boer [3] and Jacob et al. [4].
Since Shine and Dalgarno’s publication, two different
approaches have been used to identify and position SD
sequences in prokaryotes: sequence similarity and free energy
calculations.
Methods based on sequence similarity include searching
upstream from start codons for sub-strings of the SD
sequences that are at least three nucleotides long [5].
Identiﬁcation errors can arise from this approach for several
reasons [6]. A threshold of similarity does not exist that can
clearly delineate actual SD sequences from spurious sites with
a signiﬁcant, but low, degree of similarity to the SD sequence.
The lack of certainty has led to a number of observations in
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Synopsis
More than 30 years ago researchers first discovered a sequence of
messenger RNA (mRNA) nucleotides in bacteria that ribosomes
recognize as a signal for where to begin protein synthesis. Today,
genome annotation software takes advantage of this finding and
uses it to help identify the location of start codons. Because these
sequences, now referred to as Shine–Dalgarno (SD) sequences, are
always upstream from start codons, annotation programs look for
them in the region 59 to these candidate sites. In a comprehensive
analysis of 18 bacterial genomes, the authors show that when
looking for SD sequences, it sometimes pays off to analyze unlikely
locations. By examining the region that immediately surrounds the
start codon for SD sequences, the authors identify many misannotated genes and in so doing offer a method to help check for
these in future annotation projects.

lower free energy than the participating single-stranded
sequences. One long-standing implementation of this model,
Mfold [11], quantiﬁes the degree of hybridization and the
stability of RNA secondary structure by calculating the
change in energy (DG 8) [12–14]. This method for estimating
free energy has been adapted to identify SD sequences by
repeatedly calculating the DG 8 values for progressive alignments of the rRNA tail with the mRNA in the region
upstream of the start codon [5,6,15,16]. All of these studies
have observed a trough of negative DG 8 upstream of the start
codon whose location is largely coincident with the SD
consensus sequence. This second approach can both identify
the SD sequence and pinpoint its exact location as that
having the minimal DG 8 value. However, the exact location of
the SD sequence is dependent on the nucleotide indexing
scheme of the algorithm, i.e., on which nucleotide is
designated as the ‘‘0’’ position.
To normalize indexing and to further extend free energy
analysis through the start codon and into the coding region
of genes, we created a new metric, relative spacing (RS). This
metric localizes binding across the entire translation initiation region (TIR), relative to the rRNA tail, enabling us to
characterize binding that involves the start codon as well as
sequences downstream. RS is also independent of the length
of the rRNA tail, and this property allows for comparison of
binding locations between species.
By examining sequences downstream from start codons, we
could explore mRNAs that lack any upstream region, the
leaderless mRNAs [17–22]. The lack of any 59 untranslated
leader in the mRNAs has prompted searches for other
sequence motifs that could interact with the 16S rRNA.
One of these, the downstream box hypothesis [23], has been
disproved [24]. Thus, there is a continued search for an
explanation for the highly conserved sequences 39 of the
initiation codon that have been observed in many leaderless
mRNAs [22,23,25].
In this study we use the RS metric to identify the positions
of minimal DG 8 troughs for genes of 18 species of
prokaryotes as a test of its usefulness as a means to improve
existing annotation tools, i.e., by identifying SD sequences.
We observe 2,420 genes where the strongest binding in the
entire TIR takes place one nucleotide downstream from the
start codon, at RSþ1. Of these, 624 genes have unusually
strong binding (less than 8.4 kcal/mol). We then determine if
these 624 genes were mis-annotated and conclude that 384
are.
PLoS Computational Biology | www.ploscompbiol.org

Results
The average DG 8 value at each position of the TIR for each
species is shown in Figure 1, aligned according to RS. The
DG 8 troughs upstream from RS 0 are consistent with previous
experimental studies on the location of the SD sequence [7,8],
as well as with computational studies either simulating free
energy changes [15,26] or using information theory [27]. The
DG 8 trough immediately after the ﬁrst base in the initiation
codon, at RSþ1, is unexpected, but present in a signiﬁcant
portion of genes in all species examined. The histograms of
Figure 2 show the distributions of RS positions of the
strongest SD-like sequences (where DG 8 , 3.4535, see the
Materials and Methods section for more details) in each TIR
for all genes within a species. For all genes that contain an
SD-like sequence, we will call genes where the lowest DG 8
value is at RSþ1, þ1 genes, and þ1 genes where DG 8 ,  8.4
kcal/mol, strong þ1 genes. Genes where the strongest SD-like
sequence is between RS-20 and RS-1, inclusive, are designated
upstream genes, and similarly, downstream genes are genes where
the strongest SD-like sequence is between RSþ1 and RSþ20,
keeping in mind that these designations do not imply that
other SD-like sequences do not exist in the TIR, but only that
they do not bind with as low a DG 8 value to the rRNA. If a
trough of minimal free energy can be deﬁnitive of the SD
sequence, a site whose location is presumed to be upstream
from the coding region, the þ1 genes are unexpected in that
they exist within, not upstream from, the coding region. Our
study focuses on the characterization of the sequence
interactions that give rise to strong þ1 genes and on possible
explanations for their presence; we have reserved the downstream genes for future analysis.
We thought of four hypotheses to explain the unexpected
RSþ1 result. 1) The þ1 site is an artifact of our model or
implementation. 2) The þ1 trough could result from known
sequence bias around the start codon, assuming the start
codon annotation is correct. 3) The start codon annotation
could be incorrect: the presence of in-frame start codons
downstream of the annotated start codons would be
consistent with this interpretation. 4) If there were sequence
errors in the start codon, they could potentially change the
free energy calculation for alignments in which the three
nucleotides of the start codon participated. All four of these
hypotheses were examined.
We were quickly able to dispose of our ﬁrst hypothesis. The
þ1 site is not an artifact of the individual nearest neighbor–
hydrogen bond (INN-HB) model or its implementation. Both
the individual nearest neighbor (INN) and the INN-HB RNA
secondary structure models are based on thermodynamics
and use experimentally derived parameters. Implementations
of INN models using dynamic programming have a wellestablished history of accurately predicting secondary structures for short RNA sequences [11,14,28,] and SD sequence
identiﬁcation [6,9,15,16,26,29]. The more recent INN-HB
model improves secondary structure predictions in newer
versions of Mfold [14]. While this study is the ﬁrst use of the
INN-HB model for SD sequence detection, it is not the ﬁrst
example of its use for oligo–oligo hybridization predictions
[30]. With the exception of the þ1 site, the results that our
implementation of the INN-HB model generate are consistent with both experimental [7,8] and computational studies
[15,31–33] of SD and coding sequences. Furthermore, analysis
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Figure 1. Average DG 8 Values in the TIRs for 18 Organisms
For all 18 genomes in our study, we calculated the average DG 8 value for each RS position. Zero on the x-axis corresponds to the 59 A residue in the
rRNA sequence 59–ACCUCC–39 being positioned over the first base in the initiation codon. The dramatic drops in DG 8 prior to RS 0 show the presence
of SD sequences. The sudden drop in DG 8 immediately after the first base in the initiation codon (at RSþ1) shows that there is a significant binding
potential between the 16S rRNA and the mRNA close to the initiation codon, an unexpected location. (A) was drawn from data generated by free_scan
and (B) is from data generated from RNAhybrid [34]. Differences between the two graphs are discussed in the text.
DOI: 10.1371/journal.pcbi.0020057.g001

Figure 2. Normalized Histogram Plots Showing the RS for the Lowest DG 8 Values in the TIRs
The x-axis shows the RS, or distance between the 59 A residue in the rRNA sequence 59–ACCUCC–39 from the 39 tail and the first base in the start codon.
Negative numbers indicate that the 59 A is upstream from the start codon, while positive numbers indicate that it is downstream. The y-axis is the
fraction of genes in a genome where the lowest DG 8 value is at a particular RS.
DOI: 10.1371/journal.pcbi.0020057.g002
PLoS Computational Biology | www.ploscompbiol.org
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performed with RNAhybrid [34] is consistent with our results
(see Figure 1). Based on this evidence, it is clear that the þ1
site is not an artifact of the model we are using or of its
implementation.
The second hypothesis assumes that the signiﬁcant negative
free energy value at RSþ1 results primarily from nucleotide
biases in the ﬁrst two codons of the coding region. Obviously
there is extreme codon bias in the start codon for all genes
and, therefore, for all species examined, as shown in Table 1.
Studies of TIR sequences in E. coli have shown considerable
bias in the second codon, too [35–37]. To examine this bias,
sequence logos [38,39] (http://weblogo.berkeley.edu/) were
created for the region of mRNA that would be aligned with
the rRNA tail for RSþ1 (see Figure 3, radC, for an example of
this alignment). Figure 4 is a sequence logo for E. coli genes
that includes the ﬁrst two codons. This logo was representative of the sequence logos for all 18 organisms (unpublished
data). For E. coli, the sequence logo gives two options for
relatively abundant sequences that could bind to the rRNA
tail: AUGA and GUGA. AUGA has a positive DG 8 value of
0.21 kcal/mol and cannot explain the trough of DG 8. The
alternate sequence, GUGA, has a negative DG 8 value of 1.88
kcal/mol. However, if all 570 E. coli genes whose start codons
are GUG had this value, the total would be too small to cause
the average value of the 4,254 E. coli genes to be 0.79 kcal/
mol. Using the same approach with the sequence logos for the
remaining 17 organisms, sequence bias of the ﬁrst two codons
also failed to explain the average negative free energy trough
associated with the RSþ1 alignment.
The third hypothesis assumes incorrect sequence annotation for the start codon in the strong þ1 genes. To eliminate
the possibility that a bias in a particular sequence annotation
program caused the RSþ1 site, we veriﬁed that the genomes in
our study had been annotated using different tools (see Table

2). GLIMMER was used for half of the genomes, and the
remaining genomes were annotated with GeneMark, FrameD,
ORPHEUS, and GeneLook. Thus, if the RS þ1 site can be
explained as sequence annotation errors, these errors are
being made by a variety of software packages.
One way to detect sequence annotation errors as the cause
of the RSþ1 site is to look for in-frame start codons
downstream from the start codons annotated in GenBank.
To investigate this potential explanation for strong þ1 genes,
12-nucleotide-long sequences downstream from the annotated start codon were scanned for in-frame start codons. The
results are shown in Table 3. The rationale for scanning 12
nucleotides downstream came from the observation that, in
the majority of genes, the SD sequence is located within 10
nucleotides upstream from the start codon. As seen in Table
3, only a small percentage of the TIRs of upstream genes have
in-frame start codons downstream from the annotated start
site. In contrast, the majority of strong þ1 genes have
downstream, in-frame start codons that could serve as the
actual start codons. This ﬁnding is consistent with the
interpretation that at least a subset of strong þ1 genes
actually have errors in start codon annotation. All 28 strong
þ1 genes in E. coli contain a disagreement between the
GenBank annotated start codons and the EcoGene database
annotation, a database employing hand-curated annotation
that is presumably more accurate [40]. These disagreements
in annotation are probably the result of Blattner et al.
selecting the start codon that will allow the open reading
frame (ORF) to be extended as far upstream as possible [41].
E. coli’s radC gene provides a useful example: assuming the
GenBank annotation to be correct, the RS metric identiﬁes
radC as a strong þ1 gene. However, as can be seen in Figure 3,
the initiation region sequence has an in-frame GUG six bases
downstream from the annotated start codon. If the down-

Table 1. Usage Statistics for the Three Most Common Initiation Codons: AUG, GUG, and UUG
Organism

A. aeolicus
B. japonicum
B. longum
B. subtilis
C. tetani
E. coli
H. influenzae
L. johnsonii
Nostoc
S. aureus
S. meliloti
S. thermophilum
Synechocystis
T. maritima
T. tengcongensis
T. thermophilus
X. axonopodis
Y. pestis

Start Codon UsageStrong þ1 Genes

Start Codon Usage—Upstream Genes
AUG

GUG

UUG

AUG

GUG

84%
83%
82%
78%
80%
90%
96%
86%
84%
85%
88%
57%
83%
71%
77%
75%
82%
81%

9%
16%
12%
8%
8%
8%
4%
7%
15%
7%
7%
34%
17%
18%
12%
20%
12%
11%

8%
1%
6%
13%
12%
2%
1%
7%
1%
8%
6%
9%

(50)
(25)
(62)
(454)
(185)
(37)
(7)
(107)
(12)
(198)
(113)
(199)

5%
2%
33%
8%
6%

11%
11%
5%
6%
8%

(157)
(221)
(48)
(104)
(143)

95%
98%
33%
83%
92%
100%
100%
75%
93%
89%
100%
98%
100%
96%
100%
90%
96%
96%

(554)
(2,965)
(889)
(2,826)
(1,216)
(2,041)
(918)
(1269)
(1398)
(2049)
(1777)
(1275)
(721)
(1038)
(1566)
(793)
(1,446)
(1,514)

(57)
(575)
(134)
(306)
(115)
(193)
(34)
(98)
(254)
(158)
(140)
(752)
(150)
(269)
(242)
(216)
(214)
(213)

(1)
(2)
(1)
(1)
(5)

25% (1)
7% (3)

2% (3)
4% (2)
10% (4)
4% (1)

UUG
(19)
(109)
(1)
(10)
(73)
(28)
(2)
(3)
(38)
(8)
(8)
(121)
(15)
(50)
(24)
(37)
(23)
(26)

33% (1)
8% (1)
1% (1)

11% (1)

4% (1)

For all 18 organisms, AUG is the most commonly used start codon in upstream genes. The most commonly used start codon in strong þ1 genes is GUG.
The total number of genes in each row may not add up to the total number of genes in an organism for two reasons: not all þ1 genes were examined, only strong þ1 genes, and a small
set of genes do not use AUG, GUG, or UUG for start codons.
DOI: 10.1371/journal.pcbi.0020057.t001
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Figure 4. A Sequence Logo for E. coli
mRNA bases between positions 7 to 5 would need to bind to the rRNA
tail for RSþ1. For each position, the sequence logo displays amount of
information content and the frequency of nucleotides. Positions that
have no information content are blank, whereas those with information
content contain a stack of nucleotide characters. The size of the
nucleotide character in the stack is proportional to its frequency at that
position.
DOI: 10.1371/journal.pcbi.0020057.g004

in actuality at least a portion of these genes used AUG as their
start codons. The RSþ1 trough would then, presumably, result
from these sequencing errors. To test this hypothesis, GUG
start codons in strong þ1 genes were changed to AUG start
codons, and AUG start codons in all other genes were
changed to GUG. Free energy values were calculated for these
new sequences, and RS values were determined for each gene.
For strong þ1 genes, the RS values for the lowest DG 8 values
were uniformly distributed (unpublished data). In the case of
the remaining genes, the changes resulted in many more of
the initiation regions having their most stable binding at
RSþ1. However, the DG 8 value at RSþ1 in these modiﬁed start
codon sequences was only marginally stronger than the free
energy trough still present at the upstream SD site. The small
difference in energy values between the upstream SD site and
the RSþ1 site contrasts with that seen using the actual
sequences of RSþ1 genes. In those cases, the difference in
energy values is quite large, as seen in Table 4.

Figure 3. Examples from E. coli Showing How RS Is Calculated
The complementary bases, plus G/U mismatches, that are predicted to
bind together are capitalized. The predicted SD sequence consists of the
capitalized letters in the mRNA. The location of the start codon is
indicated with the hat character, , and the location of the 59 A residue in
the rRNA sequence 59–ACCUCC–39 is indicated with a v. The RS is the
distance between the 59 A and the first base in the start codon. If the SD
is upstream from the start codon, then the RS is given as a negative
number. If the SD is downstream, it is given as a positive number. Both
SD sequences for wecF and argD come before the start codons (in these
cases, the start codon is AUG). The RS for wecF is 4 and for argD it is
10. radC’s SD sequence includes the start codon, GUG, and the RS is þ1.
DOI: 10.1371/journal.pcbi.0020057.g003

^

stream GUG codon were the true start codon, then the gene
would not be a strong þ1 gene but would have its trough of
minimal free energy in the regular, upstream SD position.
Future experiments could differentiate these alternatives by
examining the amino acid sequence of the gene’s protein.
Another type of annotation error may explain the strong
þ1 genes that remain after accounting for those whose start
codons are incorrectly located, the number of which, by
species, are shown in Table 3. In E. coli, there are ﬁve strong
þ1 genes in which mis-annotation of their start codon
position does not serve as an explanation of the unexpected
position of their minimal free energy trough. In the GenBank
database, all of these ﬁve genes are tagged as ‘‘hypothetical’’
or ‘‘putative,’’ indicating that the assumption that they
encode a polypeptide has not been veriﬁed. It is possible
that they do not encode proteins. Therefore, at least in the
case of E. coli, a strong case can be made for mis-annotation
causing the RSþ1 designation of these genes.
The fourth hypothesis proposes that sequence errors might
account for the presence of a minimal free energy trough at
the RSþ1 alignment. To examine this idea further, Table 1
summarizes the frequencies of the three start codons in genes
with minimal free energy troughs in the expected, upstream
alignment (the upstream genes) versus strong þ1 genes. It is
immediately apparent that there is a signiﬁcant bias in strong
þ1 genes toward the use of GUG start codons. One possible
reason strong þ1 genes preferentially utilize GUG as the start
codon is that sequencing errors may have occurred, and that
PLoS Computational Biology | www.ploscompbiol.org

Table 2. A Summary of the Annotation Programs Used for the
Genomes in This Study
Organism

Annotation Tool

Year Published

A. aeolicus [55]
B. japonicum [56]
B. longum [57]
B. subtilis [58]
C. tetani [59]
E. coli [41]
H. influenzae [60]
L. johnsonii [61]
Nostoc [62]
S. aureus [63]
S. meliloti [64]
S. thermophilum [65]
Synechocystis [66]
T. maritima [67]
T. tengcongensis [68]
T. thermophilus [69]
X. axonopodis [70]
Y. pestis [71]

Comparative analysis only

1998
2002
2002
1997
2003
1997
1995
2004
2001
2004
2001
2004
1996
1999
2002
2004
2002
2002

GLIMMER
ORPHEUS
GeneMark
GLIMMER

comparative analysis only
a

GeneMark

FrameD
GLIMMER
GLIMMER and ORPHEUS
FrameD
GLIMMER and GeneLook
GeneMark
GLIMMER
GLIMMER
GeneMarkS
GLIMMER and GeneMark
GLIMMER

In addition to the program listed, all genomes used comparative ORF identification
methods, i.e., BLASTP and BLASTX applied to a non-redundant sequence database. The
variety of annotation tools used to characterize ORFs suggests that the RS þ1 site is not an
artifact of any single tool.
a
Both the original annotation and the reviewed REFSEQ used GeneMark.
DOI: 10.1371/journal.pcbi.0020057.t002
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Table 3. Downstream Start Codons
Organism

A. aeolicus
B. japonicum
B. longum
B. subtilis
C. tetani
E. coli
H. influenzae
L. johnsonii
Nostoc
S. aureus
S. meliloti
S. thermophilum
Synechocystis
T. maritima
T. tengcongensis
T. thermophilus
X. axonopodis
Y. pestis

Downstream Start Codons

Adjusted RS

Upstream Genes

Strong þ1 Genes

1

4

7

10

15%
16%
17%
17%
11%
15%
10%
8%
14%
13%
15%
17%
17%
27%
19%
21%
17%
19%

70%
50%
33%
50%
92%
82%
50%
50%
56%
56%
12%
52%
53%
85%
88%
44%
38%
48%

0
21
0
0
10
7
0
0
6
0
0
3
5
4
4
2
2
5

1
18
1
0
2
9
0
0
7
0
0
10
1
2
3
10
5
5

13
12
0
6
51
6
1
1
8
5
0
44
0
36
14
3
1
2

0
5
0
0
10
1
0
1
2
0
1
7
2
2
0
3
1
1

(14 of 20)
(56 of 111)
(1 of 3)
(6 of 12)
(73 of 79)
(23 of 28)
(1 of 2)
(2 of 4)
(23 of 41)
(5 of 9)
(1 of 8)
(64 of 124)
(8 of 15)
(44 of 52)
(21 of 24)
(18 of 41)
(9 of 24)
(13 of 27)

The percentages of genes with in-frame start codons (AUG, GUG, or UUG) within 12 nucleotides of the annotated start site are shown for both upstream genes and strong þ1 genes.
Strong þ1 genes are much more likely to have in-frame downstream start codons. The Adjusted RS column shows what the RS would be for strong þ1 genes if the downstream start
codon was the true start site, as well the number of initiation regions that would have that RS.
DOI: 10.1371/journal.pcbi.0020057.t003

formation that a signiﬁcant portion of their 59 bases are
involved in [15]. On the other hand, Ma et al. enforce a 12nucleotide limit on the length of the rRNA tails and truncate
any that are longer [9]. Sakai et al. base their anti-SD motifs
on the most frequent 7-mer found within 40 bases upstream

Table 5 summarizes our results. It lists the total number of
genes examined in each species, the number of upstream,
downstream, þ1, and strong þ1 genes identiﬁed, as well as the
number of strong þ1 genes that do not appear to be artifacts
of mis-annotation.

Discussion
There is a long history of investigating SD sequences using
approaches grounded in thermodynamics [5,6,9,15,16,26]. As
newer models are proposed and more accurate parameter
values published, these methods have improved over the
years. Here we present a new method that uses these previous
approaches as a point of departure and that, through both
major and minor changes, enhances our ability to characterize SD sequences accurately.
Three major differences separate our method from prior
methods. The primary difference is that we are examining
both upstream and downstream sequences. Investigating
downstream sequences allowed us to observe the large
number of hybridization sites that include the start codon.
The second main difference is our use of RS as a means to
compare hybridization locations among species. The third
difference is our use of the INN-HB model instead of the INN
model.
There are also many minor differences between our
method and its predecessors. The most common are discrepancies in rRNA tail selection. We deﬁned the 16S rRNA tails
based on proposed secondary structures and conserved
single-stranded 16S rRNA motifs. The sequences we used
are the maximum number of single-stranded nucleotides
available for hybridization based on accepted models of
rRNA secondary structure. Osada et al. used the last 20
nucleotides of the 16S rRNA sequence without consideration
of secondary structure models and the intramolecular helix
PLoS Computational Biology | www.ploscompbiol.org

Table 4. Binding at the Start Codon for Strong þ1 Genes
Compared with Upstream Binding
Organism

N ¼ Strong þ1 Genes

DG 8
10 to 4 RS Strong RSþ1

A. aeolicus
B. japonicum
B. longum
B. subtilis
C. tetani
E. coli
H. influenzae
L. johnsonii
Nostoc
S. aureus
S. meliloti
S. thermophilum
Synechocystis
T. maritima
T. tengcongensis
T. thermophilus
X. axonopodis
Y. pestis

20
111
3
12
79
28
2
4
41
9
8
124
15
52
24
41
24
27

0.44
1.59
5.33
3.42
0.74
0.77
0.00
3.21
1.21
0.25
2.66
2.67
1.81
2.17
1.65
2.57
2.73
1.03

13.76
10.38
9.65
10.78
10.97
11.09
9.29
11.20
10.49
12.19
9.86
12.37
9.26
12.67
10.74
12.95
9.88
10.71

To determine the differences in DG8 between the strong binding at RSþ1 and the most
stable binding found within the canonical location for SD sequences, 10 to 4 RS, for
these same genes, we calculated their averages, DG 8. The number of genes used to
calculate each average, N, the number of strong þ1 genes, is listed in the second column.
DOI: 10.1371/journal.pcbi.0020057.t004
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Table 5. A Summary of Predicted rRNA–mRNA Binding
Organism

Genes

US Genes

DS Genes

þ1 Genes

Strong þ1 Genes

Unexplained Strong þ1 Genesa

A. aeolicus
B. japonicum
B. longum
B. subtilis
C. tetani
E. coli
H. influenzae
L. johnsonii
Nostoc
S. aureus
S. meliloti
S. thermophilum
Synechocystis
T. maritima
T. tengcongensis
T. thermophilus
X. axonopodis
Y. pestis

1,529
8,317
1,727
4,106
2,373
4,254
1,656
1,821
5,366
2,739
3,332
3,337
3,167
1,858
2,588
1,982
4,312
4,086

661
3,655
1,085
3,600
1,516
2,272
960
1,447
1,667
2,405
2,030
2,226
871
1,464
2,029
1,059
1,764
1,870

267
1,573
174
184
461
554
115
89
808
117
340
543
475
190
234
340
624
654

38
579
46
45
141
163
32
18
232
30
103
229
135
74
64
82
196
182

20
111
3
12
79
28
2
4
41
9
8
124
15
52
24
41
24
27

6
55
2
6
6
5
1
2
18
4
7
60
7
8
3
23
15
14

US (upstream) genes are those where the strongest SD-like sequence DG 8 , 3.4535 in the TIR takes place between RS-20 and RS-1, inclusive.
DS (downstream) genes are those where the strongest SD-like sequence in the TIR takes place between RSþ1 and RSþ20, inclusive.
þ1 Genes have their strongest SD-like sequence at RSþ1.
Strong þ1 Genes are þ1 genes that have DG 8 , 8.4 kcal/mol at RSþ1.
Unexplained Strong þ1 Genes shows the number of strong þ1 genes that do not have in-frame start codons within 12 nucleotides downstream from the annotated start codon. We
predict that strong þ1 genes that do have in-frame start codons just downstream are mis-annotated.
a
These unexplained genes could be non-expressing ORFs, as discussed in the text.
DOI: 10.1371/journal.pcbi.0020057.t005

of the start codon on the mRNA sequences [26], without
reference to rRNA sequences.
As a result of these differences, our method improves SD
sequence characterization. Table 6 shows the effect of using

the INN-HB model in lieu of the INN model, used in Ma et al.,
as well as allowing for ﬂexible tail lengths. For each organism
common to both studies, we were able to identify more
upstream SD sequences. Sakai et al. were unable to observe an

Table 6. Model Comparisons
Organism

A. aeolicus
B. subtilis
E. coli
H. influenzae
Synechocystis
T. maritima
B. japonicum
B. longum
C. tetani
L. johnsonii
Nostoc
S. aureus
S. meliloti
S. thermophilum
T. tengcongensis
T. thermophilus
X. axonopodis
Y. pestis

12-mer rRNA Tails

Full Length rRNA Tails

SD% with INN [9]

SD% with INN-HB

48.1%
89.4%
57.1%
53.7%
26.0%
90.1%
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA

58.6%
94.3%
66.9%
65.5%
37.7%
91.6%
59.0%
73.5%
71.6%
85.2%
39.4%
93.1%
76.9%
83.9%
91.0%
79.1%
51.6%
60.5%

of
of
of
of
of
of

1,487
3,624
3,908
1,533
2,906
1,685

of
of
of
of
of
of
of
of
of
of
of
of
of
of
of
of
of
of

1,489a
3,629a
3,882a
1,527a
2,912a
1,696a
7655
1644
2373
1672
4660
2387
3062
3033
2264
1835
4022
3564

SD% with INN-HB
59.2%
95.9%
68.1%
65.9%
39.3%
92.7%
60.7%
76.9%
74.4%
90.8%
40.5%
95.5%
78.1%
85.1%
91.6%
82.4%
53.5%
61.9%

of
of
of
of
of
of
of
of
of
of
of
of
of
of
of
of
of
of

1,489a
3,629a
3,882a
1,527a
2,912a
1,696a
7655
1644
2373
1672
4660
2378
3062
3033
2264
1835
4022
3564

The INN-HB model is able to identify a larger percentage of SD sequences in the 20 nucleotides upstream from the start codon than the INN model. When using the INN-HB model, the SD
threshold is DG 8  3.4535 kcal/mol, which is the average value from binding GGAG, GAGG, and AGGA to the 16 rRNA tail. This is equivalent to using DG 8  4.4 kcal/mol as threshold for
the INN model [9] (see text for more details). The third and fourth columns show the difference between using the same 12-nucleotide long rRNA tails that Ma et al. used, and using the
longer tails used in our study.
a
Despite limiting our examination to only genes with at least 100 codons, which is the procedure used in Ma et al., we ended up with slightly different dataset sizes. The RefSeq versions
for the genome files are the same, but the source of these discrepancies is unknown.
NA, Not available.
DOI: 10.1371/journal.pcbi.0020057.t006
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could stimulate translation initiation on leaderless genes, and
2) the binding site at RSþ1 could be used as a translational
standby site, i.e., sequences that hold the 16S rRNA close to
the SD sequence [42]. In the former case, it is highly unlikely
that the unexplained strong þ1 genes in our study are
leaderless because leaderless translation favors AUG start
codons [18], in contrast to the strong þ1 genes that favor GUG
(see Table 1). In the latter case, it is unlikely that the þ1 site
functions as a translational standby site, because its location
is too close to where the SD sequence should be; and for
strong þ1 genes, there does not appear to be an SD sequence.
Both ours and previous studies have also shown that many
bacterial genes lack SD sequences upstream from proposed
start codons (see Tables 5 and 6), suggesting the possibility of
alternative mechanisms for recruiting ribosomes. Using Ma et
al.’s criteria, only 68.1% genes in E. coli with more than 100
amino acids contained upstream SD sequences. The two
cyanobacteria in our study, Nostoc and Synechocystis, both have
relatively small percentages of upstream SD sequences. These
two organisms are believed to be closely related to the free
living predecessor of chloroplasts, which are thought to use
SD sequences as well as alternative mechanisms to recruit
ribosomes for translation (see Zerges [43] for a review).
Furthermore, there is at least one example of a gene in E. coli
that is efﬁciently translated without a canonical SD sequence
[44], implying that these alternative mechanisms may exist in
a variety of bacteria. One possible mechanism could be stemloop structures within the TIR that form an SD-like sequence
between loops. Boni et al. have shown that a disjointed SD
sequence brought together by secondary structures is likely to
function for the E. coli gene rpsA [44]. It is also possible that
there are viable substitutes for SD sequences. By generating a
library of upstream sequences without canonical SD sequences and a low percentage of guanine bases, Kolev et al. were
able to identify sequences in E. coli that would not bind to the
16S rRNA tail, but which increased the efﬁciency of translation initiation beyond that of a consensus SD sequence [45].
We emphasize that our method is not for detecting start
codons de novo, but for improving annotation accuracy once
a candidate start codon is proposed by some other means.
Our data suggests that we can identify unlikely start sites by
examining the surrounding nucleotides, both upstream and
downstream, and by using RS to characterize SD sequences. If
the strongest binding between the TIR and the rRNA tail
includes the candidate start codon, the true start codon may
be in-frame and within 12 nucleotides downstream.

Figure 5. Average DG 8 Values in the TIR for Synechocystis
The trough prior to RS 0 clearly shows the presence of an SD motif in
many genes.
DOI: 10.1371/journal.pcbi.0020057.g005

upstream DG 8 trough indicative of SD sequences in
Synechocystis [26]. Our method reveals the SD trough (see
Figure 5 and Table 6). Comparison with Schurr et al.’s results
[6] shows beneﬁts to using the INN-HB model in conjunction
with RS and examining downstream sequences. Of the 38
genes they identiﬁed as having DG 8  0 kcal/mol, and thus no
discernible binding site for the rRNA tail, we were able to
identify eight as þ1 genes, and two as having stronger than
average SD sequences between ﬁve and ten bases upstream
from the start codons. Of the eight þ1 genes, two had inframe start codons within 12 bases downstream from the
annotated start codon. The remaining 28 genes were able to
bind to the rRNA tail farther downstream from the annotated
start codon. These results show the beneﬁt of our approach
by providing more resolution of the TIR in genes that have
unusual nucleotide sequences relative to previous methods.
Our method is also useful for detecting errors in sequence
annotation. Table 5 shows that most of the strong þ1 genes
are probably mis-annotated. Only a few strong þ1 genes
remain that do not ﬁt this explanation. Of the ﬁve that
remain in E. coli, none are experimentally veriﬁed, and they
have no assigned function, making it likely that they are not
true genes, but only vestigial ORFs.
That said, it is harder to understand the strong þ1 genes
that do not appear to be the result of annotation errors in the
17 other organisms we studied. For example, B. longum’s
strong þ1 gene rnpA, a ribonuclease P protein component,
does not contain an in-frame start codon downstream from
the annotated start site. CTC02285, a strong þ1 gene in
Clostridium tetani that codes for protein translation initiation
factor 3 (IF3), is also without a downstream initiation codon.
Bradyrhizobium japonicum has many strong þ1 genes without
downstream start codons: polE, which codes for the polymerase epsilon subunit, cycK, nah, and 52 others. Thus, while a
large percentage of the strong þ1 genes appears to be the
result of sequence annotation errors, there remains a
signiﬁcant number that require an alternative explanation.
Two possible explanations for strong þ1 genes that do not
seem to be artifacts of annotation errors are: 1) the þ1 site
PLoS Computational Biology | www.ploscompbiol.org

Conclusions
We have built on existing methods for characterizing SD
sequences by developing software that utilizes the most
recent nucleotide hybridization model, INN-HB, examining
sequences that are both upstream and downstream from the
start codon, and using RS to indicate position. Our method
has allowed us to identify both a larger percentage of SD
sequences than previous methods and many potential
annotation errors. Our method could be used to enhance
genome annotation quality by accurately locating SD
sequences with respect to proposed start codons. SD
sequences that contain these start codons could indicate that
a more likely start position is within 12 nucleotides downstream.
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Table 7. A Summary of the Data and Its Sources Used in This Study
Organism

RefSeq Version

Genes

Secondary Structure

16S rRNA 39 Tail (59 to 39)

A. aeolicus
B. japonicum
B. longum
B. subtilis
C. tetani
E. coli
H. influenzae
L. johnsonii
Nostoc
S. aureus
S. meliloti
S. thermophilum
Synechocystis
T. maritima
T. tengcongensis
T. thermophilus
X. axonopodis
Y. pestis

NC_000918.1
NC_004463.1
NC_004307.2
NC_000964.2
NC_004557.1
NC_000913.2
NC_000907.1
NC_005362.1
NC_003272.1
NC_002952.2
NC_003047.1
NC_006177.1
NC_000911.1
NC_000853.1
NC_003869.1
NC_005835.1
NC_003919.1
NC_004088.1

1,529
8,317
1,727
4,106
2,373
4,254
1,656
1,821
5,366
2,739
3,332
3,337
3,167
1,858
2,588
1,982
4,312
4,086

d.16.b.A.aeolicus
d.16.b.B.japonicum
NA
d.16.b.B.subtilis
d.16.b.C.tetania
d.16.b.E.coli.K12
d.16.b.H.influenzaea
NA
NA
d.16.b.S.aureus
NA
NA
d.16.b.Synechocystis
d.16.b.T.maritima
NA
d.16.b.T.thermophilus.2a
NA
d.16.b.Y.pestisa

gaucAccuccuuua
gaucAccuccuuu

GI:15282445
GI:27375111
GI:58036264
GI:50812173
GI:28209834
GI:49175990
GI:16271976
GI:42518084
GI:17227497
GI:49482253
GI:15963753
GI:51891138
GI:16329170
GI:15642775
GI:20806542
GI:46198308
GI:21240774
GI:22123922

gaucAccuccuuucu
gaucAccuccuuucu
gaucAccuccuuucu
gaucAccuccuua
gaucAccuccuua
gaucAccuccuuucu
gaucAccuccuuu
gaucAccuccuuucu
gaucAccuccuu
gaucAccuccuuucuaag
gaucAccuccuuu
gaucAccuccuuuc
gaucAccuccuu
gaucAccuccuuucu
gaucAccuccuuu
gaucAccuccuua

All GenBank files were downloaded from NCBI (http://www.ncbi.nlm.nih.gov). All 16S rRNA secondary structures were downloaded from the Comparative RNA Web Site (http://www.rna.
icmb.utexas.edu). The capitalized A in the 16S rRNA 39 tails is the nucleotide used to calculate RS.
a
The structure was not used to define the 39 tail due to either the presence of the wild-card character, ‘N’, or the lack of sequence altogether.
DOI: 10.1371/journal.pcbi.0020057.t007

Materials and Methods

there was no predicted secondary structure, the majority of the 16S
rRNA genes.
Tails for all 18 organisms used in our study are listed in Table 7.
Quantifying the helix formation between the 39 16S rRNA tail and
the mRNA initiation region with free_scan. For each gene in each
organism, we predicted the change in the free energy, DG 8, required
to bring the two strands of nucleotides together and to form a double
helix structure using free_scan, a program we wrote. In the absence
of catalytic enzymes, chemical reactions with DG 8 values greater than
zero require additional energy from an external source and are
unlikely to occur spontaneously. On the other hand, reactions with
DG 8 values less than zero are likely to take place. This method has
been used in many studies of SD sequences [6,9,15,16,47–49], as well
as in the genome annotation program GLIMMER [29].
To calculate DG 8 at each position, free_scan begins by pairing the
59 end of the TIR with the 39 end of the rRNA tail and then pairs the
mRNA and the rRNA in the 39 direction of the TIR and the 59
direction of the rRNA tail. free_scan calculates DG 8 using the INNHB model [13], extended to allow for symmetrical internal loops
(loops that contain an equal number of bases in both RNA strands):
X
DG ˚ ¼ DGinit˚þ
nj DG ˚ðNNÞ þ mtermAU DGtermAU˚

Genome sequences. All genome sequences were downloaded from
the National Center for Biotechnology Information (NCBI) GenBank
database (http://www.ncbi.nlm.nih.gov). Table 7 contains the names of
the species whose sequences were analyzed, their RefSeq version
numbers, the number of genes selected from each genome, their
predicted 16S rRNA secondary structure, and the sequence of the
rRNA tail used for the analysis.
Selecting criteria for gene sequences. For all genomes, all gene
sequences with gene¼ or locus_tag¼ tags were included in our
dataset, except those that also included a transposon¼ or pseudo tag.
We deﬁned the TIR as 35 bases upstream and 35 bases downstream
of the ﬁrst base in the start codon. To this sequence, we added a
number of additional nucleotides equivalent to the number of
nucleotides in the species rRNA tail to the downstream sequence. For
example, TIR sequences in a species whose rRNA tail length was 13
nucleotides would be 83 bases long (35 nucleotides upstream þ 35
nucleotides downstream þ 13 more downstream). Several observations determined this sequence window. In the majority of cases
examined, SD sequences were within 10 nucleotides of the start
codon. Although the hypothesis that a downstream box interacted
with rRNA during translation initiation [23] was rejected [24],
evidence from leaderless mRNAs suggests that sequences downstream
and within 20 nucleotides of the start codon are involved [22,23,25].
Other studies that have analyzed initiation regions of mRNA
sequences for negative free energy troughs [6,9,15,16] have not
examined bases downstream of the annotated start codon: downstream sequence analysis allowed for start codon annotation error
detection.
Determining the 39 rRNA tails for the 16S rRNAs. To determine
the 39 tails for the 16S rRNAs, we downloaded predicted secondary
structures from The Comparative RNA Web Site [46] (http://www.rna.
icmb.utexas.edu). We deﬁned the 39 tail as the single-stranded terminal
39 nucleotides, and then, to verify consistency, compared these
sequences with all annotated copies of the 16S rRNA in the genome.
If no secondary structure was available for an organism, we
attempted to deﬁne the 39 tail from the genome sequence alone. First,
we let the 39 end of the sequence deﬁne the 39 end of the tail. We then
looked in the 59 direction for the ﬁrst instance of the three letter
motif, 59–GAT–39, because this motif was found consistently on the 59
end of the tails of 16S rRNAs with predicted structures. The location
of this motif was then used to deﬁne the 59 end of the 39 tail.
When there was a conﬂict between the genome sequence and the
secondary structure or between multiple sequences within a single
genome, we chose the tail found in the secondary structure or, if
PLoS Computational Biology | www.ploscompbiol.org

j

þ DGsym˚þ

X
Loopk

ð1Þ

k

In this formula, DGinit 8 is the amount of free energy required to
initiate a helix between the two strands of RNA; DG 8 (NN) is the free
energy released by the hybridization of a particular nearest neighbor
doublet, and nj is its number of occurrences in the duplex. mtermAU
is the number of terminal AU pairs, and DG termAU 8 is the free energy
penalty for having a terminal AU pair. Finally, DGsym 8 is the penalty
for internal symmetry and Loopk the penalty for the kth internal loop.
free_scan’s hybridization parameter values for Watson-Crick binding
are from Xia et al. [13], G/U mismatches from Mathews et al. [14], and
loop penalties from Jaeger et al. [50]. free_scan uses a dynamic
programming algorithm to determine the optimal number, location,
and length of internal loops that minimize DG 8. Bulges, where one of
the two strands of RNA has intervening nucleotides between bases that
bond with the other strand, as well as secondary structures involving
only one of the two strands of RNA, are ignored due to uncertainty
about how much space is available within the 30S ribosomal complex
to accommodate these structures, as well as the limitations they put on
our ability to calculate RS. Dangling 59 or 39 ends are not considered
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detected because of computational limitations in identifying pseudoknot secondary structures.
To determine the effect of using the INN-HB model on the
detection of SD regions, we did the following computational experiment. By limiting the TIR to the 20 bases preceding the initiation
codon and excluding all genes with fewer than 100 codons, we
compared the number of SD sequences the INN-HB model was able to
identify with previously published results that use the INN model [9].
The threshold DG 8 that Ma et al. used to deﬁne an SD sequence was
4.4 kcal/mol, which is the value predicted by the INN for the
hybridization between three core SD sequences and the 16S rRNA tail:
mRNA:5 9 -GGAG-3 9
;
rRNA:3 9 -CCUC-5 9

and

mRNA:5 9 -AGGA-3 9
rRNA:3 9 -UCCU-5 9

;

ð2Þ

The INN-HB, however, does not assign all three hybridizations the
same DG 8 value because the ﬁrst two have 11 hydrogen bonds each,
while the third only has 10 hydrogen bonds. The INN does not take
this difference into account because all three hybridizations consist
of one GG/CC doublet and two AG/UC doublets. With the updated
parameters for both the doublets as well as the helix initiation
penalty, combined with a penalty for terminal A/U pairings, the INNHB predicts the DG 8 value 3.61 kcal/mol for the ﬁrst two helices and
3.14 kcal/mol for the third helix. Thus, we deﬁned our SD threshold
to be the average DG 8 for all three helices: 3.4535. It is worth noting
that the bulk of the difference between the thresholds calculated by
the INN and the INN-HB is a result of their distinct helix initiation
penalties (DGinit ¼ 3.4 8 kcal/mol for the INN and DGinit ¼ 4.08 8 kcal/
mol for the INN-HB). Table 6 summarizes the comparison between
the two models. Since we used an equivalent threshold to deﬁne
sufﬁcient binding for an SD sequence, we can conclude that INN-HB
model is responsible for the increase in the number of SD sequences
identiﬁed.
Our programs, free_scan and free_align are available at Source
Forge: http://sourceforge.net/projects/free2bind.
Locating the SD sequence and determining SD RS. We located the
SD sequence by the position of the lowest DG 8 value calculated
within the initiation region. If DG 8 . 3.4535 kcal/mol, then the gene
was assumed not to have an SD sequence. This threshold is based on
the work of Ma et al. [9] (see above).
The SD’s RS is the position of the 59 A in the rRNA sequence 59–
ACCUCC–39, relative to the ﬁrst base in the start codon. This 59 A is
the same base Chen et al. used to determine aligned spacing [7], which
is another metric used to compare the locations of SD sequences. If
the SD is upstream from the start codon, its RS is negative, while if it
is downstream, its RS is positive. If the two are opposite one another,
its RS is zero. See Figure 3 for RS examples taken from E. coli.
Deﬁning strong binding. We deﬁned strong binding as any binding
between the mRNA and the 39 16S rRNA tail that has DG 8  8.4
kcal/mol. This value is the DG 8 obtained from the optimal basepairing between the rRNA and the original Shine–Dalgarno
sequence, 59–GGAGGU–39.

Figure 6. An Overview of How DG 8 Values Are Calculated in Each TIR
For each base in each initiation region, we simulated the change in free
energy required for the 39 16S rRNA tail to hybridize with the mRNA. A
minimum of two consecutive bases need to pair, and for the binding to
occur spontaneously require a change more negative than 4.08 kcal/
mol [13], the value for DGinit 8, In this example, the initiation region from
E. coli’s gene hcaF, alignment 1 is set to zero because the change in free
energy required to bring together a single complementary double is not
favorable. Alignment 2 and 71 are set to zero because there are no
complementary doublets. Alignment 6 is set to 16.5 because it requires
16.5 kcal/mol less than 4.08 kcal/mol to hybridize.
DOI: 10.1371/journal.pcbi.0020057.g006

because of ambiguities about what constitutes a dangling end on the
mRNA sequences and on the 59 end of the 16S rRNA tail.
After the free energy value for the ﬁrst alignment in the mRNA is
calculated, free_scan shifts the rRNA tail downstream one base,
and the second alignment is examined. This process, illustrated in
Figure 6, was carried out for 71 alignments in the mRNA. We selected
the initiation regions from each gene to allow for 35 DG 8 values to be
computed before the start codon, one at the start codon, and 35 DG 8
values after.
Xia et al. created the INN-HB model [13] to improve the DG 8
estimates obtained using the prior INN models [28,51–54]. This
improvement is obtained by adding a term to correctly count the
number of hydrogen bonds that form in the terminal doublets in
helices. The INN, in contrast, overestimates the stability of helices
with terminal AU base pairs and underestimates the stability of
helices with terminal GC base pairs [13].
To verify the accuracy of free_scan, we ran our analysis again
using RNAhybrid [34] and plotted the average DG 8 value for each RS
position (Figure 1). RNAhybrid uses free energy parameters from Xia
et al. [13] and Mathews et al. [14], but does not include DGinit 8 or
mtermAUDGtermAU 8. We set the energy cutoff to 4.075225 kcal/mol
and subtracted this value from RNAhybrid’s output to compensate
for its lack of initiation penalty. We also turned off bulges and loops
because these structures, when asymmetrical, are the alignment
equivalent of inserting gaps, making it impossible to calculate RS. By
forcing RNAhybrid to exclude internal loops, we prevented it from
correctly identifying many SD sequences that contain symmetrical
loops. This factor, combined with the lack of penalties for terminal
A/U pairs, explains the bulk of the differences between the output of
RNAhybrid and free_scan. Figure 1 demonstrates that both
programs show distinct binding at RS þ1 in all 18 genomes. Thus,
the RS þ1 site is not an artifact of our particular INN-HB
implementation.
We did not compare our results to RNAcofold because it uses a
linker sequence to join the two sequences into a single strand of RNA
prior to folding, and allows for intramolecular folding. These two
conditions could cause potential binding sites to be overlooked. If the
mRNA sequence being examined for binding sites formed a stemloop structure with an SD sequence in the loop, then it would not be

PLoS Computational Biology | www.ploscompbiol.org

mRNA:5 9 -GAGG-3 9
rRNA:3 9 -CUCC-5 9
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