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ABSTRACT

In prokaryotes, translation initiation is believed to
occur through an interaction between the 3’ tail of
a 16S rBRNA and a corresponding Shine-Dalgarno
(SD) sequence in the 5’ untranslated region (UTR) of
an mRNA. However, some genes lack SD sequences
(non-SD genes), and the fraction of non-SD genes
in a genome varies depending on the prokaryotic
species. To elucidate non-SD translation initiation
mechanisms in prokaryotes from an evolutionary
perspective, we statistically examined the nucleotide
frequencies around the initiation codons in non-SD
genes from 260 prokaryotes (235 bacteria and 25 ar-
chaea). We identified distinct nucleotide frequency
biases upstream of the initiation codon in bacteria
and archaea, likely because of the presence of lead-
erless mRNAs lacking a 5 UTR. Moreover, we ob-
served overall similarities in the nucleotide patterns
between upstream and downstream regions of the
initiation codon in all examined phyla. Symmetric nu-
cleotide frequency biases might facilitate translation
initiation by preventing the formation of secondary
structures around the initiation codon. These fea-
tures are more prominent in species’ genomes that
harbor large fractions of non-SD sequences, sug-
gesting that a reduced stability around the initiation
codon is important for efficient translation initiation
in prokaryotes.

INTRODUCTION

In prokaryotes (bacteria and archaea), translation initiation
is generally thought to occur through a base-pairing inter-
action between the 3’ tail of the 16S rRNA of the 30S (small)

ribosomal subunit and the complementary sequence in the
5" untranslated region (UTR) of an mRNA (1-3). Subse-
quently, the 50S (large) ribosomal subunit docks to the 30S
subunit to form a 70S ribosome, where an initiator tRNA is
used for protein synthesis (2,3). The ribosome binding site
in the mRNA is called the Shine-Dalgarno (SD) sequence
(GGAGAQ) that is located approximately 10 nucleotides (nt)
upstream of the initiation codon (1-3). Although this inter-
action process is thought to be a major initiator of prokary-
otic translation (3-5), the fraction of genes with an SD se-
quence in a genome widely varies among species, ranging
from 9% to 97% (6,7). In addition, previous work suggests
that the SD sequence does not necessarily contribute to effi-
cient translation initiation in species harboring a small frac-
tion of genes with an SD sequence (6). Therefore, prokary-
otes may employ additional translation initiation mecha-
nisms.

Notably, at least two other prokaryotic translation ini-
tiation mechanisms have been identified. One mechanism
depends on a leaderless mRNA that lacks a 5 upstream
sequence and directly binds to a 70S ribosome to initiate
translation (8-10). Leaderless mRNAs have been found in
various species of prokaryotes (11-15). For example, ap-
proximately two-thirds or one-quarter of the transcripts
examined were leaderless for Halobacterium salinarum or
Mpycobacterium smegmatis (belonging to Euryarchaeota or
Mycoplasma), respectively (13,14). Further, Wurtzel et al.
analyzed a transcriptome of a crenarchaeon species Sul-
Jfolobus solfataricus P2, and found 69% of protein-coding
transcripts were leaderless (15). Another prokaryotic trans-
lation initiation mechanism is mediated by ribosomal pro-
tein S1 (RPS1), the largest component of the 30S riboso-
mal subunit (16). In Escherichia coli, RPSI1 interacts with
an mRNA at ~11 nucleotides upstream of the SD sequence
(17). Bound RPSI1 then promotes translation initiation by
unfolding the mRNA structure, particularly in mRNAs
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with a highly structured 5 UTR and no or a weak SD se-
quence (6,16-19). RPS1 genes have been identified only in
bacterial genomes, suggesting that only bacteria use this
mechanism (6,20).

Although these two translation initiation mechanisms
may be essential in various bacteria and archaea, their us-
age is not well understood at a genomic level, especially
in nonmodel organisms. Therefore, to better understand
prokaryotic translation initiation mechanisms other than
SD sequence interactions from an evolutionary perspec-
tive, in this study, we conducted extensive comparisons
among genes without 5 UTR SD sequences using genome
sequences from 260 prokaryotes belonging to 14 bacte-
rial phyla and three archaeal phyla (Supplementary data).
Nucleotide hybridization energy between the 5 UTR in
an mRNA and 3’ tail of 16S rRNA was used to define
whether a gene does or does not contain an SD sequence.
Nucleotide frequency biases at each position around the
initiation codon were evaluated using G-statistics, a mea-
sure representing the deviation from the expected nucleotide
frequency among the entire genomic sequence (6,21-23).
From these analyses, we compared several features observed
around the initiation codons that are related with transla-
tion initiation mechanisms in prokaryotes.

MATERIALS AND METHODS
Genomic data and 16S rRNA genes

For this study, genome sequences and gene annotations of
260 species (235 and 25 species of bacteria and archaea, re-
spectively) were obtained from the Gene Trek in Prokaryote
Space (GTPS) database at the DNA Data Bank of Japan,
DDBJ (24). For each species, we selected protein-coding
genes that initiated from the AUG, GUG, UUG, AUA,
AUU or AUC codon (25) and ended with a stop codon, on
the basis of the annotation. For the 16S rRNA genes, we uti-
lized 13-nt sequences from the 3’ tail of 16S rRNA, which we
obtained in a previously study (6). The 3’ tails of 16S rRNAs
were determined manually, which would improve accuracy
of determination of non-SD genes.

Determination of non-SD genes

To identify genes that do not contain an SD sequence, we
calculated the Gibbs free energy (AG) of the base pairing
between 5" UTR of an mRNA and the complementary se-
quence at the 3’ end of the 16S rRNA (anti-SD sequence)
for each species. For this purpose, we used a computational
program, free_scan, based on individual nearest-neighbor
hydrogen bonding methods (26). This program computes
AG from two input sequences, using a sliding window from
the beginning to the end of the two sequences, without gaps
(26). The minimum A G was assumed to be representative
of the interaction between the two sequences. For a given
mRNA, the region from —20 (i.e. 20 bp before the initia-
tion codon) to —5 was examined: in this study, this region
was designated the SD region. We then defined the thresh-
old value as —0.8924 (kcal/mol), calculated as the mean en-
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ergy value of the three-base interactions between SD and
anti-SD sequences (GGA and CCU; GAG and CUC; AGG
and UCC). If the AG between the 3 end of a 16S rRNA
and the SD region of an mRNA was greater than —0.8924
(kcal/mol), the gene was assumed not to contain SD se-
quence. In this study, we denoted such genes as ‘non-SD
genes’. To reduce false positives in the non-SD genes, we
used a looser threshold energy value is looser than that used
in our previous reports (6,26).

Evaluation of nucleotide frequency biases using G-statistic

To examine nucleotide frequency biases around the initi-
ation codons, we applied the G-statistic to a fraction of
nucleotides at each position (6,21-23). All protein-coding
genes from each species were aligned at the initiation codons
without any gaps. At each position, the observed frequen-
cies of nucleotides (A, U, G and C) were compared with
the expected frequencies using the likelihood-ratio statistic,
which is used to test goodness of fit (27). The expected fre-
quencies were calculated for each species in four separate
categories—upstream of the initiation codon, and the first,
second and third positions in a codon in CDSs—because
the nucleotide frequencies differed among these categories.
The G-value at position i was calculated using the formula:

GV =2%"00In (051)/ ng)),

n

where 0,9 is the observed number of nucleotide n (A, U,
G and C) at position i, and E," is the expected number
of nucleotide n in the category to which position 7 belongs
(100 nt upstream of the initiation codon, or the first, second
or third position in a codon in CDSs). The G-value distri-
bution was approximated by the x 2-distribution with three
degrees of freedom. When O,(”) was larger and smaller than
E,, the values of G, [ =20,"In(0,"/E,")] became pos-
itive and negative, respectively. For this reason, we regarded
each term in this formula as a measure of the bias for each
nucleotide at a given position. Because the G, was propor-
tional to the number of genes (V) when the fractions of the
observed and expected numbers of nucleotides were iden-

tical, we defined a g, value as G, divided by the number
)

of genes N (G(i IN=2 gff)). As this g, value was not af-
fected by the number of genes, we utilized g, value for the
comparisons of nucleotide frequency biases among species
in this study.

Cluster analysis of the patterns in nucleotide frequency biases

Using the Pearson’s correlation coefficient, we quantified
similarities in patterns of nucleotide frequency bias up-
stream of the initiation codons as described in our previ-
ous report (23). The correlation coefficient between species
X and Y, rxy, was calculated using the g, values from posi-
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tions —40 to —1 in the 5 UTRs as follows:
>3 (g - &) (¢ - &)
1 n

/; > (g0 - g—x)z\/; > (g% - 2v)

where gxn” and gy,? represent the g, values of nucleotide
n (A, U, G or C) at position i (from —40 to —1) in species
X and Y, respectively, and gx and gy represent the average
of g, values among all positions and nucleotides in species
X and Y, respectively. We calculated r values for all com-
binations among the 260 examined species (Supplementary
data) and then defined the similarity score, D, as follows:

D=1-r.

rxy =

Using the D scores, a cluster analysis was conducted us-
ing the group average method implemented in R (http:/
www.r-project.org/).

Principal component analysis

We performed a principal component analysis (PCA) of g,
values from positions —40 to —1 (160 variables) in all species
examined. The PCA analysis was conducted using the amap
package in R.

Evaluation of secondary structure

We calculated the minimum A G of a secondary structure in
a given mRNA using the hybrid-ss-min program (version
3.5 with default parameters: NA (nucleic acid) = RNA, t
(temperature) = 37, [Na*] = 1, [Mg?>*] = 0, maxloop = 30,
prefilter = 22) (28,29).

Randomized sequence

We generated randomized sequences from position —20 to
+20, assuming that each nucleotide at every single posi-
tion appears independently for each species. Therefore, nu-
cleotide fractions at each position were conserved between
observed and randomized sequences for each species. The
number of generated randomized sequences was a hundred-
fold the number of genes in a given species.

RESULTS

Evaluation of nucleotide frequency biases for SD and non-SD
genes

We applied the G-statistic separately to E. coli genes with
or without SD sequences. As described in the Materials
and Methods, we identified genes with and without SD
sequences depending on the interaction energy between
the SD region in the 5 UTR of an mRNA sequence and
the 3’ tail of a 16S rRNA. Here, we denoted the two
groups of genes as ‘SD genes’ and ‘non-SD genes’ for each
species. Nucleotide frequency biases around position -9
were prominent in SD genes, but those signals were hardly
observed in non-SD genes (Supplementary Figure S1A).
As noted, the biases observed around position -9 were due

to SD sequences, and therefore these results strongly sug-
gested that our method could effectively identify the SD se-
quence. We conducted the G-statistic for non-SD genes of
260 prokaryote species used in this study (see Materials and
Methods and Supplementary data). Supplementary Figure
S1 shows results of G-statistic of representative 6 species in-
cluding E. coli as an example. In addition, G-statistics of all
260 species examined was provided as Supplementary Data.

Difference in the nucleotide biases of non-SD genes between
bacteria and archaea

Then, we compared the nucleotide frequency biases ob-
served in the 5 UTRs of non-SD genes. As shown in Sup-
plementary Figure S1, the nucleotide frequency patterns in
non-SD genes varied among species. For a detailed compar-
ison, the region from positions —40 to —1, where a unique
pattern of nucleotide appearance were utilized. We defined
a similarity score D based on the Pearson’s correlation coef-
ficient (see Materials and Methods) and conducted a cluster
analysis using this score. The resulting dendrogram (Figure
1A) indicates that all archaea examined form a single clus-
ter, suggesting that these species exhibited similar patterns
of nucleotide frequency biases for non-SD genes.

We also conducted a principal component analysis
(PCA) using g, values from positions —40 to —1 in the ¥
UTRs. Plots of the first three principal components (PCs)
reveal differences in the patterns of nucleotide frequency
biases between bacteria and archaea (Figure 1B for each
clade and Supplementary Figure S2A for bacterial and ar-
chaeal clades). Moreover, species belonging to the same
phylum tended to form clusters in the plot, indicating the
similarity of nucleotide frequency biases among closely re-
lated species. We also compared variations of PC scores
among various clades, and found that some clades showing
highly variable SD content (such as Mollicutes and « Pro-
teobacteria) previously reported (6) did not vary compared
to those of other clades (Supplementary Figure S2B). The
mean value and the standard deviation of each PC for each
phylum are summarized in Table 1.

Figure 1C indicates the eigenvector of each PC. The pro-
portions of variances explained by PC1, 2 and 3 were 0.036,
0.032 and 0.027, respectively. PC1 was similar to the SD
sequence and likely represents genes with a weak SD-like
signal. Bacteria and archaea clusters were separated mainly
by a difference in the value of PC2 (Figure 1B), which
corresponded to the U/A signal near position -25, A sig-
nal near position —-30, and G/C signal near position —35.
These nucleotide frequency biases were observed only in ar-
chaeal species (Figure 1C). PC3 was characterized by the
C signals immediately upstream of the initiation codon,
C and A signals near position —15, and U signals near
position -25. These signals were observed in species be-
longing to Chlorobi, Deinococcus-Thermus, Bacteroidetes,
Cyanobacteria and some species of Proteobacteria (Figure
1C), as indicated by positive mean PC3 scores (Table 1).

Symmetrical nucleotide biases around the initiation codons in
non-SD genes

As shown above, nucleotide frequency biases in the up-
stream regions of initiation codons were similar among
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Figure 1. Cluster and principal component analyses of the upstream regions of non-Shine-Dalgarno (SD) genes for each species. (A) Cluster dendrogram
showing similarities in the patterns of g, values upstream of the initiation codon from —40 to —1 among 260 species according to the score D. Branches
in red represent a cluster containing all archaeal species. (B) Scatter plots of principal components (PCs) 1 and 2, and 2 and 3. The symbols indicate
each taxonomic group of species. Proteobacteria were subdivided into five classes (a, B, v, 9, and €), because of the large number of species included in
this phylum (138 species). Moreover, Firmicutes were subdivided into two classes, Mollicutes and others, because the fractions of SD genes in Mollicutes
including Mycoplasma spp., are significantly lower than those in other Firmicutes (6). (C) The eigenvectors of PC1, 2, and 3 from left to right. The color
scheme for each nucleotide is shown in the bottom right. See Supplementary Figure S1 for details of G-statistics analysis.

closely related species (Figure 1B). Figure 2 presents the
mean g, values at each nucleotide position for both up-
stream and downstream regions of the initiation codon
among the species belonging to each phylum. Note that in
a coding region, nucleotide frequencies vary widely among
the first, second, and third codon positions, and biases in the
gn values were corrected (see Materials and Methods). Fig-
ure 2 suggests that the nucleotide frequency biases observed
upstream and downstream of the initiation codon for non-
SD genes are similar. For example, in Aquificae and Bac-
teroidetes, U/A and A, respectively, were overrepresented in

the 5 UTR near position —10; simultaneously, similar U/A
and A patterns were also observed at many positions in the
coding regions for each phylum. Note that this symmetri-
cal pattern could not be identified without eliminating SD
genes, as it was hidden by a strong signal from the SD se-
quence in the analysis of all protein-coding genes (Supple-
mentary Figure S3).

The presence of symmetrical nucleotide frequency biases
would hider formation of the mRNA secondary structure
around the initiation codon. In fact, many genes in bacterial
and archaeal species have been found to exhibit relatively re-
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Figure 2. Nucleotide frequency biases around the initiation codons of non-SD genes for each taxonomic group of prokaryotes. The g, value for each
nucleotide at each position was calculated from the average fractions of O, /N and those of E,/N among all species belonging to a given bacterial or
archaeal taxonomic group. Note that the g, values at the initiation codon are not shown. The color scheme for each nucleotide is shown in the bottom
right. The number of species used is shown for each group (sp., species).



Table 1. Eigenvalues of three major principal components with standard deviations (sd) of Figure 1B
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Phylum # of species PC 1 (sd) PC 2 (sd) PC 3 (sd)
Actinobacteria 22 -4.05(2.02) -2.44 (1.05) -0.86 (1.09)
Aquificae 1 245 () 2.11(-) 0.41(-)
Bacteroidetes 4 6.64 (2.62) 1.94 (0.82) 3.22(1.10)
Chlamydiae 7 1.56 (0.77) 0.01 (0.71) -2.06 (0.73)
Chlorobi 3 1.15(0.74) 1.07 (0.79) 6.26 (1.20)
Chloroflexi 2 0.39 (0.27) -2.42(0.58) -2.34 (1.41)
Cyanobacteria 9 -1.05(3.47) 0.43 (0.50) 0.96 (1.59)
Deinococcus-Thermus 3 -9.80 (0.79) -4.89 (0.54) 3.71 (2.09)
Firmicutes 37 0.66 (1.83) -0.96 (2.02) -4.10(2.23)
Firmicutes excluding Mollicutes 25 -0.07 (1.67) -1.67 (1.99) -4.15 (2.36)
Mollicutes 12 2,18 (1.03) 0.52 (1.05) -3.98 (1.94)
Fusobacteria 1 -1.81 () -0.80 (—) -4.35(-)
Planctomycetes 1 -2.08 () -1.11 (-) 2.32(-)
Proteobacteria 138 1.19 (4.00) -0.93 (1.82) 1.33(2.44)
a proteobacteria 43 -0.56 (3.77) -2.06 (2.03) -0.52 (1.68)
B proteobacteria 25 -1.05 (2.01) -1.16 (0.71) 428 (1.22)
y proteobacteria 53 4.30 (3.06) 0.25(1.20) 1.81 (2.07)
8 proteobacteria 11 -1.94 (3.06) -1.92 (2.06) 0.38 (1.20)
€ proteobacteria 6 1.31 (1.87) -0.41 (0.75) -0.13 (1.67)
Spirochaetes 6 0.97 (3.10) -0.57 (2.08) -3.25(1.66)
Thermotogae 1 -4.94 (-) -3.39(-) -5.58 (-)
Crenarchaeota 4 -2.78 (1.33) 11.4 (1.35) -0.15(2.52)
Euryarchaeota 20 -4.53(3.90) 8.67 (4.49) -1.00 (1.82)
Nanoarchaeota 1 -0.34 () 9.44 (-) 1.973 (-)

laxed structures around the initiation codon (30). Moreover,
mRNA folding around the initiation codon is known to
strongly influence the amount of protein produced (29,31-
34). In particular, Scharff e al. experimentally verified in E.
coli that the local absence of an RNA secondary structure
facilitates the initiation of Shine-Dalgarno-independent
translation (34). Therefore, we hypothesized that the sym-
metrical nucleotide frequency biases around the initiation
codon observed in non-SD genes would affect efficient
translation initiation by reducing mRNA stability in vari-
ous species of prokaryotes.

Secondary structure around the initiation codon

To test this hypothesis, we generated randomized sequences
in which nucleotide fractions at each position were identical
to those of non-SD genes for each species (see Materials and
Methods). Because g, values shown in Figure 2 displayed
the mean values of nucleotide frequencies at each site of all
non-SD genes, we could not guarantee that the nucleotide
appearance is symmetrical for each sequence around the ini-
tiation codon. If this is the case, its average mRNA folding
energy around the initiation codons tends to be weak for
observed compared with that of randomized sequences.
We computed the mRNA folding energy (AG) values
around the initiation codons (from positions —20 to +20)
of actual and randomized sequences and compared the dis-
tributions. For example, as shown in Supplementary Fig-
ure S4, the distribution of AG values obtained from ac-
tual and randomized sequences of Bacteroides fragilis be-
longing to the phylum Bacteroidetes was compared us-
ing the Wilcoxon rank-sum test. We accordingly deter-
mined that for 70 out of 260 species, the AG values of
non-SD genes were significantly weaker than those of ran-
domized sequences (P < 0.01 with the Bonferroni correc-
tion). This tendency was prominent in the following phyla:
Bacteroidetes (4/4), Chlorobi (3/3), Deinococcus-Thermus

(3/3), Cyanobacteria (7/9) and B proteobacteria (20/25).
However, two species in B proteobacteria exhibited the op-
posite tendency (P < 0.01 with the Bonferroni correction).
These results are summarized in Table 2 and the Supple-
mentary data for each phylum and each species, respec-
tively. The results suggest a tendency toward a symmetrical
nucleotide appearance around the initiation codon of each
non-SD gene to reduce stability near the initiation codon.
As a result, the nucleotide frequency biases observed up-
stream and downstream of the initiation codon are similar,
as shown in Figure 2.

We further analyzed the possibility that to ensure effi-
cient translation initiation, secondary structures around the
initiation codon are weaker in non-SD genes than in SD
genes. We compared the folding energies (AG) of mRNA
secondary structures in SD genes with those in non-SD
genes for each species, and found that 118 species exhibited
relatively relaxed structures around the initiation codons of
non-SD genes, compared with SD genes (Wilcoxon rank
sum tests, P < 0.01 with the Bonferroni correction). These
results also support the hypothesis that a weak secondary
structure around the initiation codon facilitates transla-
tion initiation in non-SD genes. However, 23 species be-
longing to Fusobacteria, Proteobacteria, Firmicutes (non-
Mollicutes) or Actinobacteria exhibited the opposite ten-
dency; in other words, SD genes contained a weaker struc-
ture around the initiation codon, compared with non-SD
genes.

Interaction between the 3’ end of 16S rRNA and the initiation
codon

A recent genome-wide ribosomal profiling analysis of E.
coli and B. subtilis found that SD-like sequences (GGU,
GGG, GGA, GUG, AGG, GAG) within coding sequences
induce pervasive translation pausing, and that such nu-
cleotide patterns are disfavored in the coding regions
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Table 2. Statistic analyses for the sequences around the initiation codon

Secondary structure
randomization

Interaction between 16S
rRNA and mRNA

Secondary structure SD
versus non-SD

Phylum # of species P <0.05 P <0.01 P < 0.05 P <0.01 P < 0.05 P <0.01
Actinobacteria 22 0 0 0(4) 0(4) 7 6
Aquificae 1 0 0 1 1 0 0
Bacteroidetes 4 4 4 4 4 0(1) 0
Chlamydiae 7 3 1 7 7 0 0
Chlorobi 3 3 3 3 3 0 0
Chloroflexi 2 0 0 0 0 0 0
Cyanobacteria 9 8 7 9 9 0(2) 0(1)
Deinococcus-Thermus 3 3 3 3 3 0 0
Firmicutes 37 1 1 1(8) 1(6) 19 15
Firmicutes excluding Mollicutes 25 0 0 0(8) 0(6) 19 15
Mollicutes 12 1 1 1 1 0 0
Fusobacteria 1 0(1) 0 0(1) 0(1) 1 1
Planctomycetes 1 0 0 1 1 0 0
Proteobacteria 138 58 (3) 50 (2) 72 (8) 70 (6) 24 (1) 21 (1)
« proteobacteria 43 7 4 9(7) 8(5) 11 10

B proteobacteria 25 21(2) 20 (2) 22 (1) 22 (1) 1(1) 1(1)
y proteobacteria 53 29 (1) 25 39 38 6 4

8 proteobacteria 11 1 1 2 2 3 3

€ proteobacteria 6 0 0 0 0 3 3
Spirochaetes 6 0 0 1 1 1 0
Thermotogae 1 0 0 0 0 1 1
Crenarchaeota 4 1 0 4 4 0 0
Euryarchaeota 20 1 1 15 14 6 5
Nanoarchaeota 1 0 0 0 0 0 0

We applied a Bonferroni correction to each p-value. The number in a parenthesis indicates the number of species showing an opposite trend statistically.

(35,36). Indeed, it was recently reported that highly ex-
pressed genes tend to contain fewer SD-like sequences in
coding regions, which was observed in various species of
prokaryotes (37,38). Interestingly, Starmer et al. previously
reported that mRNAs encoded by 2420 of 58 550 genes
from 18 species exhibited strong interactions between a
single-stranded 16S rRNA tail and a sequence around the
mRNA initiation codon (26). These results could indicate
binding-induced ribosomal complex pausing at the initia-
tion codon, which might play a role in efficient and accurate
translation initiation. In particular, such interactions might
be beneficial for mRNAs lacking the SD sequence. There-
fore, we hypothesized that non-SD genes might harbor a se-
quence around the initiation codon that could interact with
the 3’ tail of a 16S rRNA.

To test this hypothesis, we calculated the binding energy
AG between 16S rRNA tails and mRNA sequences from
position —100 to +100 from each species, using the proce-
dure previously applied for the detection of SD sequences
(see Materials and Methods). The average interaction ener-
gies of both SD and non-SD gene groups at each position
(from —40 to +40) from bacteria and archaea are shown in
Figure 3. At position +1, in agreement with Starmer et al.
(26), peaks were observed for all species examined (Figure
3 and Supplementary Figure S5 for each phylum). More-
over, the average energy at position +1 was significantly
stronger for non-SD genes than for SD genes in both bac-
teria and archaea. This result was statistically supported by
Wilcoxon-paired signed-rank tests of the average changes
in the AG of SD and non-SD genes for each species of
bacteria and archaea (at position +1, P < 0.01 with the
Bonferroni correction). This tendency was particularly ev-
ident in some species belonging to Actinobacteria, Firmi-

cutes (non-Mollicutes), Fusobacteria, Proteobacteria and
Thermotogae among bacteria, and five archaeal species of
Euryarchaeota (Wilcoxon signed-rank test comparing SD
and non-SD genes for each species, P < 0.01 with the Bon-
ferroni correction), although each one species each from
Cyanobacteria and B proteobacteria exhibited a different
trend (Table 2; Supplementary Figure S5). The average AG
interaction energies of both SD and non-SD genes for each
species are summarized in the Supplementary data. These
results support the idea that an interaction between 16S
rRNA and mRNAs may be functional to identify the ini-
tiation codon position, although it might be caused by mis-
annotation of the initiation codons. Further investigations
are needed to verify that the interaction promotes efficient
translation initiation of non-SD genes in some prokaryotic
phyla.

DISCUSSION

In this study, we demonstrated differences in the nucleotide
frequencies upstream of the initiation codons of non-SD
genes between bacteria and archaea. Previous studies statis-
tically analyzed the nucleotide composition biases around
the initiation codon in various prokaryote species (39).
However, Hasan et al. did not observe nucleotide patterns
before the initiation codon that could be distinguish be-
tween bacteria and archaea, despite the use of similar statis-
tical methods (39). This discrepancy between our and their
studies can be explained by nucleotide frequency biases re-
sulting from large fractions of SD genes in multiple bacte-
rial and archaeal species.

One major factor that differentiates the nucleotide fre-
quency biases in bacteria and archaea comprises three
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Figure 3. Average Gibbs energy changes of SD and non-SD genes in bacteria and archaea. The Gibbs energy changes, AG, of the interactions between the
3’ tail of 16S rRNA and sequences around the initiation codons of mRNAs were calculated for both SD (red line with circle) and non-SD genes (blue line)
in bacteria (left) and archaea (right). The decrease indicated by an arrow represents the position that includes the initiation codon. The upstream decreases

near position 8 indicate the presence of SD sequences.

sD Leaderless/ Secondary 16S rRNA

RPS1 Structure Interaction
oProteobacteria + Both non-SD
B Proteobacteria + + Both Both
y Proteobacteria + + non-SD non-SD
3 Proteobacteria + non-SD non-SD
¢ Proteobacteria + non-SD
Planctomycetes + non-SD
Chlamydiae + + non-SD
Spirochaetes + non-SD
Chlorobi + non-SD
Bacteroidetes + non-SD
Actinobacteria + SD non-SD
Fusobacteria + SD non-SD
::elirghc;izstollicute) ++ SD non-SD
Mollicutes + non-SD
Cyanobacteria + non-SD SD
Deinococcus-Thermus  + + non-SD
Chloroflexi +
Thermotogae ++ non-SD
Aquificae + + non-SD
Crenarchaeota + non-SD
Euryarchaeota + + non-SD non-SD
Nanoarchaeota +

Figure 4. Cladogram representing translation initiation mechanism usage
in prokaryotes. This phylogenetic classification follows that of Olsen e7 al.
(50). For the SD column, the average fraction of SD genes in a species for
each phyla (Rsp) was determined by Nakagawa et al. (6) and are presented
as follows: ++, Rsp > 0.8; +, Rgp > 0.5. For the leaderless/RPS1 col-
umn, + indicates a positive mean value of the principal component (PC)
3 (shown in Table 1) in a taxonomic group of bacteria, or if positive PC
2 for a given phylum of archaea. Note that the RPSI signal is functional
only in bacteria. For the secondary structure column, ‘non-SD’ is indicated
if a species exhibited a statistically weaker structure around the initiation
codon for non-SD genes (P < 0.01 with the Bonferroni correction, Table
2); ‘SD’ indicates a species exhibiting the opposite trend. For 16S rRNA in-
teraction column, ‘non-SD’ indicates a species that exhibited a statistically
stronger interaction between the tails of 16S rRNA and 5 UTRs of mR-
NAs from non-SD genes (P < 0.01 with the Bonferroni correction, Table
2); ‘SD’ indicates which species of Cyanobacteria exhibited the opposite
trend.

position-dependent biases found in archaea: U/A around
position 25, A around position —30, and G/C around po-
sition —35 (Figure 1B and C). These archaeal nucleotide
frequency biases might correspond to the transcriptional
initiation signals of leaderless mRNAs. In general, leader-
less mRNAs contain literally no nucleotides upstream of
the initiation codon, and therefore transcription initiation
signals can be observed immediately before the initiation
codon. Indeed, the nucleotide frequency biases obtained in
this study appear to correspond to the two common ar-
chaeal transcriptional initiation signals: i) Box A for U/A
around position —25, which is located about 26 nt upstream
of the transcription initiation site (40,41) and ii) transcrip-
tion factor B recognition element for A around position —30
and G/C around position —35, which are found immediately
upstream of Box A (12,42). Therefore, the signals observed
for non-SD genes in all examined archaeal species might be
attributable to the transcriptional signals of leaderless mR-
NAs.

For bacteria, the Pribnow box, located at 10 nt upstream
from the transcription initiation site, is known as the com-
mon transcriptional signal (43,44). This element has a con-
sensus sequence of TATAAT in E. coli (45). Therefore, AT-
rich biases observed at positions of approximately —20 to —
10 in some bacterial phyla, indicated by PC 3 (Figure 1B and
C), might correspond to the Pribnow box, thus suggesting
that mRNAs possessing these signals might be leaderless.
Indeed, these nucleotide frequency biases are prominent in
Bacteroidetes, Cyanobacteria and Deinococcus-Thermus,
which were reported to harbor a high fraction of leader-
less mRNAs, in particular for single and proximal operon
genes (46-48). However, Actinobacteria species that were
also predicted to harbor high fractions of leaderless mR-
NAs do not exhibit this pattern of nucleotide frequency bias
(Figure 1C). Therefore, the AT-rich biases observed at ap-
proximately —20 to —10 cannot be simply attributed to the
transcriptional initiation signals of leaderless mRNAs.
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The abovementioned nucleotide frequency biases might
also correspond to RPS1 binding sites. RPS1 genes are
found only in bacteria, and RPS1 is known to facilitate
translation initiation by interacting with U-rich sequences
located a few base pairs upstream of the SD sequence (6,16
19). However, RPS1 might not be functional with respect
to translation initiation in some phyla of bacteria, such as
Cyanobacteria, Fusobacteria, and some classes of Firmi-
cutes (6,20). Given these features of RPS1, some of the areas
of U-rich bias observed around position —10 in phyla such
as Actinobacteria, Bacteroidetes, or Deinococcus-Thermus
might be RPS1 binding sequences. However, the contribu-
tions of RPS1, as well as the Pribnow box, to the biases
observed in our analysis remain unclear. In addition, it is
known that archaeal translation initiation factors are more
similar to eukaryotic homologs rather than bacterial ones,
although the initiation mechanisms are totally different be-
tween archaea and eukaryotes (reviewed in 49). The differ-
ences of translation initiation factors between bacteria and
archaea might be related the distinct patterns observed in
this study.

Regarding efficient translation initiation, the relaxed
structure observed around the initiation codon might work
primarily to characterize nucleotide frequency biases in
coding regions, together with symmetrical biases in up-
stream regions in a broad range of species of bacteria and
archaea. As analyzed in this study, in many species of bac-
teria and archaea, non-SD genes tend to exhibit weaker sec-
ondary structures around the initiation codon compared
with SD genes (Table 2). Our comparison between SD and
non-SD genes suggested that such a relaxed structure could
functionally promote effective translation initiation in a
broad range of prokaryotic phyla. Moreover, interactions
between 16S rRNA and mRNAs are prominent among
non-SD genes in most phyla, although bacterial species be-
longing to Bacteroidetes, Chlorobi, and Cyanobacteria that
harbor a small fraction of SD genes do not show this pat-
tern. The relationship between these interactions and trans-
lation initiation remains unknown and further investiga-
tions are required.

Regarding the phylogeny of prokaryotes (50), we summa-
rized the results obtained in this study in Figure 4 with SD
gene usage in each phylum (6). Interestingly, the species har-
boring small fractions of SD genes that belong to Plancto-
mycetes, Chlorobi, Bacteroidetes, Cyanobacteria, Crenar-
chaeota and Nanoarchaeota phyla tended to exhibit the
nucleotide frequency bias due to leaderless mRNA and/or
RPSI1. These results suggest that the translation of non-SD
genes in species of these phyla was actively initiated through
mechanisms involving leaderless mRNA and/or RPS1 in-
teractions. Moreover, the folding energies of non-SD genes
were weaker than those of SD genes, particularly in the
species having small fractions of SD genes. Those features
were observed independently in multiple species belong-
ing to different phyla of bacteria and archaea. An assump-
tion that various prokaryotic translation initiation mech-
anisms work in a complementary manner might explain
these findings. In addition, there may be as yet unknown
translation initiation mechanisms, such as interactions be-
tween mRNA sequences around the initiation codon and
the 3’ tail of 16S rRNA. However, there are several lim-

itations of this study that the misannotation of initiation
codons in a genome may influence the results of compar-
isons. Indeed, species having high proportion of SD genes
show lower mRNA folding stability in SD genes instead
of non-SD genes, which might be explained by misannota-
tion of the initiation codon of non-SD genes. The number
of species and non-SD genes may not be enough to com-
pare comprehensively among prokaryotes. Further studies
are required for these points; however the results obtained in
this study suggest that prokaryotes have implemented var-
ious translation initiation mechanisms that have been dy-
namically diversified through evolution.

SUPPLEMENTARY DATA
Supplementary Data are available at NAR Online.

ACKNOWLEDGEMENTS

We thank Drs. Martin Haesemeyer, Hsiao-Han Chang, and
Mahoko Ueda Takahashi for their helpful comments and
discussions. We dedicate this article to the late Dr Kin-ichiro
Miura. Computations were performed partially on the NIG
supercomputer at the ROIS National Institute of Genetics.

FUNDING

JSPS KAKENHI [25891023] and MEXT-Supported Pro-
gram for the Strategic Research Foundation at Private Uni-
versities (to S.N.). Funding for open access charge: MEXT-
Supported Program for the Strategic Research Foundation
at Private Universities.

Conflict of interest statement. None declared.

REFERENCES

1. Shine,J. and Dalgarno,L. (1975) Determinant of cistron specificity in
bacterial ribosomes. Nature, 254, 34-38.

2. Dontsova,O., Kopylov,A. and Brimacombe,R. (1991) The location of
mRNA in the ribosomal 30S initiation complex; site-directed
cross-linking of mRNA analogues carrying several photo-reactive
labels simultaneously on either side of the AUG start codon. EMBO
J., 10, 2613-2620.

3. Alberts,B., Johnson,A., Lewis,J. and Raff,M. (2007) Molecular
Biology of the Cell. 5th edn. Garland Science, NY.

4. Myasnikov,A.G., Simonetti,A., Marzi,S. and Klaholz,B.P. (2009)
Structure-function insights into prokaryotic and eukaryotic
translation initiation. Curr. Opin. Struct. Biol., 19, 300-309.

5. Bokov,K. and Steinberg,S.V. (2009) A hierarchical model for
evolution of 23S ribosomal RNA. Nature, 457, 977-980.

6. Nakagawa,S., Niimura,Y., Miura,K. and Gojobori, T. (2010)
Dynamic evolution of translation initiation mechanisms in
prokaryotes. Proc. Natl. Acad. Sci. U.S.A., 107, 6382-6387.

7. Chang,B., Halgamuge,S. and Tang,S.L. (2006). Analysis of SD
sequences in completed microbial genomes: non-SD-led genes are as
common as SD-led genes. Gene, 373, 90-99.

8. Balakin,A.G., Skripkin,E.A., Shatsky,I.N. and Bogdanov,A.A.
(1992) Unusual ribosome binding properties of mRNA encoding
bacteriophage lambda repressor. Nucleic Acids Res., 20, 563-571.

9. Moll,I., Huber,M., Grill,S., Sairafi,P., Mueller,F., Brimacombe,R.,
Londei,P. and Blési,U. (2001) Evidence against an interaction
between the mRINA downstreambox and 16S rRNA in translation
initiation. J. Bacteriol., 183, 3499-3505.

10. Vesper,O., Amitai,S., Belitsky,M., Byrgazov,K., Kaberdina,A.C.,
Engelberg-Kulka,H. and Moll,I. (2011) Selective translation of
leaderless mRNAs by specialized ribosomes generated by MazF in
Escherichia coli. Cell, 147, 147-157.



1.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

Tolstrup,N., Sensen,C.W., Garrett,R.A. and Clausen,I.G. (2000) Two
different and highly organized mechanisms of translation initiation in
the archaeon Sulfolobus solfataricus. Extremophiles, 4, 175-179.
Slupska,M.M., King,A.G., Fitz-Gibbon,S., Besemer,J.,
Borodovsky,M. and Miller,J.H. (2001) Leaderless transcripts of the
crenarchaeal hyperthermophile Pyrobaculum aerophilum. J. Mol.
Biol., 309, 347-360.

Brenneis,M., Hering,O., Lange,C. and Soppa.J. (2007) Experimental
characterization of Cis-acting elements important for translation and
transcription in halophilic archaea. PLoS Genet., 3, €229.

Shell,S.S., Wang,J., Lapierre,P., Mir,M., Chase,M.R., Pyle M.M.,
Gawande,R., Ahmad,R., Sarracino,D.A., loerger,T.R. et al. (2015)
Leaderless transcripts and small proteins are common features of the
mycobacterial translational landscape. PLoS Genet., 11, e1005641.
Waurtzel,O., Sapra,R., Chen,F., Zhu,Y., Simmons,B.A. and Sorek,R.
(2010) A single-base resolution map of an archaeal transcriptome.
Genome Res., 20, 133-141.

Boni,I.V., Isaeva,D.M., Musychenko,M.L. and Tzareva,N.V. (1991)
Ribosome-messenger recognition: mRNA target sites for ribosomal
protein S1. Nucleic Acids Res., 19, 155-162.

Komarova,A.V., Tchufistova,L.S., Dreyfus,M. and Boni,I.V. (2005)
AU-rich sequences within 5" untranslated leaders enhance translation
and stabilize mRNA in Escherichia coli. J. Bacteriol., 187, 1344-1349.
Qu,X., Lancaster,L., Noller,H.F., Bustamante,C. and Tinoco,l. Jr
(2012) Ribosomal protein S1 unwinds double-stranded RNA in
multiple steps. Proc. Natl. Acad. Sci. U.S.A., 109, 14458-14463.
Duval,M., Korepanov,A., Fuchsbauer,O., Fechter,P., Haller,A.,
Fabbretti,A., Choulier,L., Micura,R., Klaholz,B.P., Romby,P. ez al.
(2013) Escherichia coli ribosomal protein S1 unfolds structured
mRNAs onto the ribosome for active translation initiation. PLoS
Biol., 11, ¢1001731.

Salah,P., Bisaglia,M., Aliprandi,P., Uzan,M., Sizun,C. and
Bontems,F. (2009) Probing the relationship between Gram-negative
and Gram-positive S1 proteins by sequence analysis. Nucleic Acids
Res., 37, 5578-5588.

Watanabe,H., Gojobori, T. and Miura,K. (1997) Bacterial features in
the genome of Methanococcus jannaschii in terms of gene
composition and biased base composition in ORFs and their
surrounding regions. Gene, 205, 7-18.

Niimura, Y., Terabe,M., Gojobori,T. and Miura,K. (2003)
Comparative analysis of the base biases at the gene terminal portions
in seven eukaryote genomes. Nucleic Acids Res., 31, 5195-5201.
Nakagawa,S., Niimura, Y., Gojobori, T., Tanaka,H. and Miura,K.
(2008) Diversity of preferred nucleotide sequences around the
translation initiation codon in eukaryote genomes. Nucleic Acids
Res., 36, 861-871.

Kosuge,T., Abe,T., Okido,T., Tanaka,N., Hirahata,M.,
Maruyama,Y., Mashima,J., Tomiki,A., Kurokawa,M., Himeno,R.

et al. (2006) Exploration and grading of possible genes from 183
bacterial strains by a common protocol to identification of new genes:
Gene Trek in Prokaryote Space (GTPS). DNA Res., 13, 245-254.
Hartz,D., McPheeters,D.S. and Gold,L. (1991) Influence of mRNA
determinants on translation initiation in Escherichia coli. J. Mol.
Biol., 218, 83-97.

Starmer,J., Stomp,A., Vouk,M. and Bitzer,D. (2006) Predicting
Shine-Dalgarno sequence locations exposes genome annotation
errors. PLoS Comput. Biol., 2, e57.

Sokal,R.R. and Rohlf,F.J. (2011) Biometry. 4th edn. W. H. Freeman,
NY.

Markham,N.R. and Zuker,M. (2005) DINAMelt web server for
nucleic acid melting prediction. Nucleic Acids Res., 33, W577-WS581.
Kudla,G., Murray,A.W., Tollervey,D. and Plotkin,J.B. (2009)
Coding-sequence determinants of gene expression in Escherichia coli.
Science, 324, 255-258.

Gu,W., Zhou,T. and Wilke,C.O. (2010) A universal trend of reduced
mRNA stability near the translation-initiation site in prokaryotes and
eukaryotes. PLoS Comput. Biol., 6,e1000664.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

Nucleic Acids Research, 2017, Vol. 45, No. 7 3931

Tuller,T., Waldman, Y.Y., Kupiec,M. and Ruppin,E. (2010)
Translation efficiency is determined by both codon bias and folding
energy. Proc. Natl. Acad. Sci. U.S. A., 107, 3645-3650.

Accetto,T. and Avgustin,G. (2011) Inability of Prevotella bryantii to
form a functional Shine-Dalgarno interaction reflects unique
evolution of ribosome binding sites in Bacteroidetes. PLoS One, 6,

e22914.
Srivastava,A., Gogoi,P., Deka,B., Goswami,S. and Kanaujia,S.P.

(2016) In silico analysis of 5'-UTRs highlights the prevalence of
Shine-Dalgarno and leaderless-dependent mechanisms of translation
initiation in bacteria and archaea, respectively. J. Theor. Biol., 402,
54-61.

Scharff,L.B., Childs,L., Walther,D. and Bock,R. (2011) Local
absence of secondary structure permits translation of mRNAs that
lack ribosome-binding sites. PLoS Genet., 7, e1002155.

Li,G.W.,, Oh,E. and Weissman,J.S. (2012) The anti-Shine-Dalgarno
sequence drives translational pausing and codon choice in bacteria.
Nature, 484, 538-541.

Schrader,JM., Zhou,B., Li,G.W.,, Lasker,K., Childers,W.S.,
Williams,B., Long,T., Crosson,S., McAdams,H.H., Weissman,J.S.
et al. (2014) The coding and noncoding architecture of the
Caulobacter crescentus genome. PLoS Genet., 10, e1004463.
Diwan,G.D. and Agashe,D. (2016) The frequency of internal
Shine-Dalgarno-like motifs in prokaryotes. Genome Biol. Evol., 8,
1722-1733.

Yang,C., Hockenberry,A.J., Jewett, M.C. and Amaral,L.A. (2016)
Depletion of Shine-Dalgarno sequences within bacterial coding
regions is expression dependent. G3 ( Bethesda),
doi:10.1534/g3.116.032227.

Hasan,S. and Schreiber,M. (2006) Recovering motifs from biased
genomes: application of signal correction. Nucleic Acids Res., 34,
5124-5132.

. Reiter, W.D., Hiidepohl,U. and Zillig,W. (1990) Mutational analysis

of an archaebacterial promoter: essential role of a TATA box for
transcription efficiency and start-site selection in vitro. Proc. Natl.
Acad. Sci. U.S.A., 87, 9509-9513.

Hausner,W., Frey,G. and Thomm,M. (1991) Control regions of an
archaeal gene: A TATA box and an initiator element promote
cell-free transcription of the tRNA(Val) gene of Methanococcus
vannielii. J. Mol. Biol., 222, 495-508.

Soppa,J. (1999) Normalized nucleotide frequencies allow the
definition of archaeal promoter elements for different archaeal groups
and reveal base-specific TFB contacts upstream of the TATA box.
Mol. Microbiol., 31, 1589-1592.

Pribnow,D. (1975) Nucleotide sequence of an RNA polymerase
binding site at an early T7 promoter. Proc. Natl. Acad. Sci. U.S.A.,
72, 784-788.

Schaller,H., Gray,C. and Herrmann,K. (1975) Nucleotide sequence
of an RNA polymerase binding site from the DNA of bacteriophage
fd. Proc. Natl. Acad. Sci. US.A., 72, 737-741.

Harley,C.B. and Reynolds,R.P. (1987) Analysis of E. coli promoter
sequences. Nucleic Acids Res., 15, 2343-2361.

Zheng,X., Hu,G.Q., She,Z.S. and Zhu,H. (2011) Leaderless genes in
bacteria: clue to the evolution of translation initiation mechanisms in
prokaryotes. BMC Genomics, 12, 361.

Wegmann,U., Horn,N. and Carding,S.R. (2013) Defining the
bacteroides ribosomal binding site. Appl. Environ. Microbiol. 79,
1980-1989.

Omotajo,D., Tate,T., Cho,H. and Choudhary,M. (2015) Distribution
and diversity of ribosome binding sites in prokaryotic genomes. BMC
Genomics. 16, 604.

Benelli,D. and Londei,P. (2011) Translation initiation in Archaea:
conserved and domain-specific features. Biochem. Soc. Trans., 39,
89-93.

Olsen,G.J., Matsuda,H., Hagstrom,R. and Overbeek,R. (1994)
fastDNAmL: a tool for construction of phylogenetic trees of DNA
sequences using maximum likelihood. Comput. Appl. Biosci., 10,
41-48.



