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Abstract

It is long known that Kasugamycin inhibits translation of canonical transcripts containing a
5’-UTR with a Shine Dalgarno (SD) motif, but not that of leaderless transcripts. To gain a
global overview of the influence of Kasugamycin on translation efficiencies, the changes of
the translatome of Escherichia coliinduced by a 10 minutes Kasugamycin treatment were
quantified. The effect of Kasugamycin differed widely, 102 transcripts were at least twofold
more sensitive to Kasugamycin than average, and 137 transcripts were at least twofold
more resistant, and there was a more than 100-fold difference between the most resistant
and the most sensitive transcript. The 5’-ends of 19 transcripts were determined from
treated and untreated cultures, but Kasugamycin resistance did neither correlate with the
presence or absence of a SD motif, nor with differences in 5-UTR lengths or GC content.
RNA Structure Logos were generated for the 102 Kasugamycin-sensitive and for the 137
resistant transcripts. For both groups a short Shine Dalgarno (SD) motif was retrieved, but
no specific motifs associated with resistance or sensitivity could be found. Notably, this was
also true for the region -3 to -1 upstream of the start codon and the presence of an extended
SD motif, which had been proposed to result in Kasugamycin resistance. Comparison of the
translatome results with the database RegulonDB showed that the transcript with the high-
est resistance was leaderless, but no further leaderless transcripts were among the resistant
transcripts. Unexpectedly, it was found that translational coupling might be a novel feature
that is associated with Kasugamycin resistance. Taken together, Kasugamycin has a pro-
found effect on translational efficiencies of E. colitranscripts, but the mechanism of action is
different than previously described.

Introduction

About 50 years ago it was discovered that a new isolate later named Streptomyces kasugiensis
produced an antibiotic that was active against many different bacteria [1]. The new antibiotic
was named Kasugamycin, because the producing strain had been isolated near the Kasuga
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shrine at Nara City in Japan. Kasugamycin has been applied in medicine to treat Pseudomonas
aeruginosa infections and is still used in agriculture to fight plant pathogens [2-6].

Characterization of the Kasugamycin action revealed that it binds to the 30S ribosomal sub-
unit and the 70S ribosome of E. coli with a 1:1 stoichiometry, but not to the 50S subunit. It was
found to inhibit the initiation step of translation [7]. As it inhibits binding of the initiator
tRNA (tRNA;) to the P-site (peptidyl site) of the ribosome, it was long thought that Kasugamy-
cin also binds to the P-site and acts via competitive inhibition [7]. However, the structures of
complexes of Kasugamycin with the Thermus thermophilus 30S subunit and with the E. coli
70S ribosome have been determined [8,9] and revealed that in both cases the Kasugamycin
binding site did not overlap with the tRNA; binding site. Instead, Kasugamycin bound further
upstream, at the E-site of the ribosome, which is devoid of a tRNA during initiation. Kasuga-
mycin blocked the normal path of the 5’-UTR of the mRNA upstream of the start codon, and
in both cases it was concluded that the inhibitory effect on tRNA; binding must be indirect.
Notably, the localization of the Kasugamycin binding site nicely explained earlier observations
that Kasugamycin inhibits translation initiation on canonical transcripts with a Shine Dal-
garno motif in its 5-UTR, but not on leaderless transcripts lacking a 5’-UTR [10]. It has been
argued that two effects contribute to the lack of inhibition at leaderless transcripts: 1) obvi-
ously, in the absence of a 5’-UTR there is no steric hindrance between Kasugamycin and the
mRNA, and 2) leaderless mRNAs need the 70S ribosome for translation initiation [11], and
the presence of the 50S subunit strengthens tRNA; binding in the P-site [9].

Several additional lines of evidence indicate that the mechanisms of translation initiation
are drastically different for canonical transcripts with 5-UTR and SD motif versus leaderless
transcripts, e.g. 1) leaderless transcripts tolerate only very few nucleotides upstream of the start
codon to allow efficient translation, both in E. coli [12] and the archaeon Haloferax volcanii
[13,14], and thus the region of the SD motif is inhibitory for leaderless initiation, 2) leaderless
transcripts need the undissociated 70S/80S ribosome [11,15], 3) the initiation factor depen-
dence is different for canonical transcripts and leaderless transcripts [10,16,17], 4) the temper-
ature-dependence of translation on both types of transcripts is different [16], and 5) and the
start codon preference is different, again both in E. coli [18,19] and in H. volcanii [14].

Some species are known to make extensive use of leaderless transcripts, e.g. the lower
eukaryote Giardia lamblia contains exclusively leaderless transcripts [20], 72% of the tran-
scripts of haloarchaea is leaderless [13], and 33% and 47%, respectively, of the transcripts of
the bacterium Corynebacterium glutamicum and Deinococcus deserti are leaderless [21-23].
The fraction of leaderless transcripts in E. coli was not known at the start of this project. It was
known that only about 60-70% of all E. coli genes are preceded by a SD motif and follow the
canonical model [24,25]. However, the transcripts of the other genes might be leaderless or
might belong to another class of non-canonical transcripts, which contain a 5’-UTR that is
devoid of a SD motif. As Kasugamycin does not inhibit translation on leaderless transcripts,
the characterization of the translatome after treatment with Kasugamycin seemed to be an
ideal approach for the enrichment and identification of cellular leaderless transcripts. Nearly
all studies on the binding site of Kasugamycin or the molecular mechanism of its action have
been performed with E. coli, therefore, also the current study also used this species. Other
archaeal and bacterial species have higher fractions of leaderless transcripts, however, results
obtained with these species could not have been compared to previous publications.

In addition, it has been revealed that the degree of inhibition of translation on leadered
mRNAs is not identical, but that considerable differences exist [9]. It has been proposed that
the—ill-defined—specific interactions of the respective mRNAs with the Kasugamycin-30S
complex are responsible for the extent of inhibition, or even for the absence of inhibition for
some examples of leadered transcripts. The region of -3 to +1 was predicted to be of specific
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importance for the inhibitory effect of Kasugamycin on leadered transcripts. In addition, it has
been proposed that the inhibitory effect of Kasugamycin on leadered transcripts is smaller
when the 5°-UTR contains a strong SD motif [8]. Therefore, a genome-wide quantification of
the inhibitory effect on the translatome of E. coli aimed at identification of mRNA features that
make transcripts especially sensitive and especially resistant, respectively, to the inhibition by
Kasugamycin. Especially, the approach should clarify whether a correlation exists between the
presence of a strong SD motif and a high resistance to Kasugamycin. To this end, the 5’-ends
of 19 transcripts from treated and from untreated cells have been determined, bioinformatics
analyses of the 5’-UTRs from the groups of sensitive and resistant transcripts have been per-
formed, and the translatome results have been compared with RegulonDB.

Results
The effect of Kasugamycin on the growth of E. coli

The E. coli strain MG1655 was used for the present study, because it is widely used, its genome
has been sequenced [26], and it is often regarded as a “wild-type” strain in spite of several
mutations. First, the concentration dependence of Kasugamycin inhibition was determined.
Fig 1 shows the growth of MG1655 in the presence of various Kasugamycin concentrations,
and it was revealed that the minimal inhibitory concentration is 500 ug/ml. This is a higher
sensitivity than has been reported for the E. coli strain W3110, for which a concentration of
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Fig 1. Inhibitory effect of Kasugamycin on the growth of E. coliMG1655. Cultures were grown in the
presence of different Kasugamycin concentrations, and the optical densities were determined at the indicated
times. Three biological replicates were grown, and average values and standard deviations are shown. Empty
diamonds: control without Kasugamycin; filled squares: 100 pg/mi; filled triangles: 250 pg/mi; filled circles:
500 pg/ml; asterisks: 750 pg/ml; filled diamonds: 1000 pg/ml.

doi:10.1371/journal.pone.0168143.9001
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750 pg/ml did not inhibit growth totally, but only reduced the growth rate by a factor of five
[27]. To be on the safe side, it was decided to use a concentration of 750 ug/ml for all following
experiments.

The effect of Kasugamycin on the translatome of E. coli

Each translatome analysis was started with one fresh MG1655 colony. Cultures were grown
exponentially from ODggo of 0.02 to ODggp of 0.2. At this point, 30 ml were removed as a non-
treated control, and Kasugamycin was added to the remaining 130 ml. After 10 minutes culti-
vation in the presence of Kasugamycin, 30 ml were removed to yield the Kasugamycin-treated
sample. Cells of the treated cultures and the untreated controls were harvested by centrifuga-
tion. After resuspension of the cell pellets, cells were lysed by sonication, and cell debris was
removed by centrifugation. Density gradients were used to separate a fraction containing free
mRNAs, which were not translated at the time of cell harvesting, and a fraction containing
polysomal mRNAs, which were actively translated at the time of cell harvesting. Both fractions
were used to isolate RNA, to generate fluorescently-labeled cDNA, and to compare the transla-
tion status of all mMRNAs by competitive hybridization using an E. coli DNA microarray. Fig 2
gives an overview of the experimental approach of the translatome analysis. Five independent
biological replicates were analyzed for the untreated control as well as for Kasugamycin-
treated samples.

The DNA microarray was comprised of probes for 4382 genes. The analysis was restricted
to transcripts that yielded results in at least three of the five biological replicates in the
untreated as well as the treated cultures, which was the case for 2801 genes. All results are

+ / - Kasugamycin

Cell extract

Density gradient centrifugation

——> free RNA ——= red cDNA —

DNA
microarray

—> polysomes ——> green cDNA ——

Fig 2. Schematic overview of a translatome experiment.

doi:10.1371/journal.pone.0168143.9002
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summarized in S1 Table. The relative average translational efficiencies and their standard devi-
ations were calculated for the 2801 transcripts in the untreated and treated cells (ratio of ribo-
some-bound versus free mRNA). In addition, the variation coefficients were calcutated
(quotients of standard deviations and average translational efficiencies). High variations can
have different reasons, therefore, all results with high variation coefficients (60% or more)
were inspected individually. When high variations were caused by obvious outliers, these val-
ues were excluded from the analysis (red values in S1 Table). Lastly, the degree of inhibition by
Kasugamycin was calculated as the ratio of the relative translational efficiencies in the treated
culture divided by the relative translational efficiencies of the untreated culture, and the result-
ing values were named “Kasugamycin effect values” (KEVs). Because the translatome results of
the untreated and the treated culture had been normalized, a value of one does not mean that
Kasugamycin does not have any effect on translation, but it represents the average Kasugamy-
cin effect. A KEV below 1 represents an over-average degree of inhibition by Kasugamycin
and the transcripts were termed “sensitive”, a KEV above 1 represents an under-average inhi-
bition (and not a stimulation by Kasugamycin) and the transcripts were termed “resistant”. Of
course the differences between treated and untreated samples (KEV values) have different sig-
nificanes for the 2801 genes, e.g. because the number of analyzable replicates varied. To
address this quantitatively, a statistical t-test was performed for all 2801 genes, and the result-
ing p-values are also included in S1 Table.

The KEVs were transformed into log, values, and the distribution is shown in Fig 3. A nor-
mal distribution around the average value was obtained. An at least twofold deviation from the
average was defined as threshold, and thus transcripts with KEVs of 0.5 or lower were regarded
as sensitive (log, < -1) and transcripts with KEVs of 2.0 or higher were regarded as resistant
(log, >1) to Kasugamycin, respectively. Using this definition, 102 of the analyzed 2801 tran-
scripts were Kasugamyin sensitive, while 137 of the 2801 transcripts were Kasugamycin
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Fig 3. The distribution of Kasugamycin resistance in the translatome of E. coli. The KEV value
representing a quantitative value of the degree of Kasugamycin resistance was calculated for each of the
2801 analyzed E. colitranscripts as explained in the text. The KEV values were transformed into log, values,
and the number of transcripts was plotted against the resistance.

doi:10.1371/journal.pone.0168143.9003
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resistant. The degree of inhibition of Kasugamycin varied considerably: the translational effi-
ciency of the most resistant transcript was 100-fold higher than that of the most sensitive tran-
script. As described in the folloging paragraphs, we used several approaches to unravel
systematic differences between the resistant versus the sensitive transcripts, which could be
informative about the Kasugamycin function.

Analysis of 5’-UTRs of selected sensitive and resistant transcripts

Ten sensitive transcripts with KEVs from 0.48 to 0.25 and ten resistant transcripts with KEV's
from 2.14 to 5.21 were chosen and their 5’-ends were determined by 5’-RACE using untreated
cultures as well as cultures after a 10 minutes Kasugamycin treatment. In one case the 5-end
determination was unsuccessful, the results of the remaining 22 transcripts of 19 genes are
summarized in Table 1 together with relevant features, e.g the presence of a SD motif and its
distance from the start codon. In all cases the 5’-ends were identical in treated and untreated
cultures. The small difference of 31 nt to 28 nt of the dnaB transcript was regarded as insignifi-
cant and both represent the same transcript. It has been reported that a Kasugamycin treat-
ment of 2 hours results in a change of transcript 5’-ends in some cases [28]. We could not find
any indication for an influence of Kasugamycin on the 5’-end after a ten minutes treatment,
neither for sensitive nor for resistant transcripts.

Table 1. Transcripts with experimentally-determined 5’-ends and selected features.

b-No. Gene KSG effect 5-UTR 5’-UTR Distance to SD-motif Sequence at SD site'
[KEV] - KSG + KSG AUG
[nt] [nt] [bp]
b1809 yoaB 0,25 31 31 5 yes TGAGGACA
b1238 tdk 0,34 34 34 3 no GCCTGTGG
b3180 yhbY 0,36 31 31 7 yes TAAGCAAA
b1779 gapA 0,37 36 36 5 no GCTGGTGG
b2765 sscR 0,37 24 24 4 no TGTAGAGA
b1824 yobF 0,39 27 27 5 no TACAGTTC
b2412 ZipA 0,40 47 47 6 no CAACAGAG
b3357 crp 0,45 166 166 7 yes AGAGGATA
b3357 crp 68 68
b0762 ybhT 0,47 193 193 5 yes TCTGGAGT
b0762 ybhT 22 22
b0947 ycbX 0,48 25 25 5 yes TGAGGACC
b2682 ygaZ 2,38 48 48 6 yes TAAGCGTA
b0882 ClpA 2,56 53 53 5 yes GGGGGAGG
b0882 CIpA 173 173
b4052 dnaB 2,61 31 28 6 no TAACTCCA
b0081 mraZ 2,69 45 45 5 yes GGGTGAGG
b3958 argC 2,74 118 118 4 no TGAATAGC
b0850 ybjC 3,07 21 21 7 yes TGCAGAGG
b2208 napF 3,61 77 77 6 yes GATGGAAG
b3321 rpsd 3,79 20 20 5 no GAGCTCTG
b3179 rrmJ 5,21 67 67 6 no CATGGGAA
SD consensus TAAGGAGG

Tthe nucleotides that match the SD consensus are shown in bold

doi:10.1371/journal.pone.0168143.t001
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Comparison of the 5’-UTRs of the sensitive and the resistant transcripts did not lead to the
identification of any systematic difference. None of the 22 transcripts was leaderless, therefore,
the Kasugamycin treatment had not led to the expected exclusive enrichment of leaderless
transcripts in the group of resistant transcripts. There was no obvious difference in GC con-
tent, AU-rich motifs, etc. A SD motif was present in the 5’-UTRs of 5 out of 10 sensitive tran-
scripts and in 5 out of 9 resistant transcripts. The average distance between the SD motif and
the start codon was 5.8 nt for the sensitive as well as for the resistant transcripts. The 5-UTR
length varied from 22 nt to 193 nt for the sensitive transcripts and 20 nt to 173 nt for the resis-
tant transcripts. For two sensitive transcripts and one resistant transcript two different 5’-ends
were obtained. In all three cases one of the two alternative 5-UTRs was very long with more
than 150 nt. The most probable explanation is that these three genes are preceded by two pro-
moters, alternatively, the shorter transcript might have been generated from the longer tran-
script by processing. It has been observed before that E. coli genes can be preceded by two (or
more) promoters, and it has been estimated that this is true for about 20% of all genes [29].
Taken together, 5’-end determination and 5-UTR comparison of 22 transcripts of 19 genes
did not unravel any systematic differences between sensitive and resistant transcripts.

Bioinformatic analyses of sensitive and resistant transcripts

Another approach to identify systematic differences between sensitive and resistant transcripts
was a bioinformatics analysis of all transcripts of the two groups. To this end, the regions
around the start codons from -40 to + 40 were extracted for all 102 genes with KEV of lower
than 0.5 and the 137 genes with KEV of higher than 2.0. RNA Structure LOGOs were gener-
ated for both groups of genes with the aim to detect signatures for Kasugamycin resistance
and/or sensitivity. RNA Structure LOGOS compare the occurrences of the four nucleotides at
each position of multiple sequence alignments with the statistical expectations based on the
fractions of the four nucleotides in the input sequences. The height of the bases corresponds to
the degree of deviation from the statistical expectations. The bases are shown upright when the
occurrence is higher than the statistical expectation, and inverted when the occurrence is
lower than the statistical expectation. The LOGO for the more than twofold sensitive genes is
shown in Fig 4A, the LOGO for the more than twofold resistant genes is shown in Fig 4B. In
both cases the SD motif was retrieved, with slight differences. The motif GGAG was retrieved
for the sensitive genes at positions -10 to -7, while the motif GAGGAA was retrieved for the
resistant genes from -12 to -7. Thus the SD motif is somewhat more extended for the resistant
genes, in accordance with the prediction that a strong SD leads to higher resistance [8]. How-
ever, in both cases the information content is very small, and it is even smaller for the resistant
genes (0.27 bit for G at -9) than for the sensitive genes (0.46 bit for G at -10). Thus, while the
SD motif can be retrieved in both groups of genes, it is not a highly conserved determinant of
any of the two groups and also not suitable to differentiate between sensitive and resistant
genes. As controls, RNA Structure LOGOs were also calculated for three further group of
genes, 1) 100 “rather sensitive” genes with KEV values of 0.15-0.61 (S1 Fig), 2) all 97 “very
average” genes with KEV values of 0.99-1.01 (S2 Fig), and 3) 100 “rather resistant” genes with
KEV values of 1.80-1.99 (S3 Fig). The three LOGOs look very similar, in each case a short SD
motif was retrieved with a low information content of around 0.5 bits. Therefore, the RNA
structure LOGOs indicated that a correlation between the presence of a SD motif and the
degree of Kasugamycin resistance does not exist, Furthermore, they did not reveal any other
motif that could differentiate between Kasugamycin resistant, average, and sensitive genes.
Notably, this is also true for the positions -3 to -1, which had been predicted to be crucial for
Kasugamycin resistance.
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A 0.455

bits

B 0.264

Fig 4. RNA Structure Logos of the groups of Kasugamycin sensitive and Kasugamycin-resistant genes. For the respective genes
40 nt upstream of the start codon and the first 40 nt of the open reading frames were retrieved from the database EcoGene3. The start
codons were removed and the sequences were used to generate RNA Structure Logos at http://www.cbs.dtu.dk/~gorodkin/appl/slogo.html.
RNA Structure LOGOS show the deviation of the occurrences of the four nucleotides at any position of a multiple sequence alignment from
the statistical expectations based on the respective fractions of the four nucleotieds of the input sequences. The height of the nucleotides
corresponds to the degree of deviation. Upright nucleotides have a higher occurrence as expected, inverted nucleotides a lower
occurrence. A line indicates the border between the 40 nt upstream and the 37 nt downstream of the start codon. The information content
(in bits) of the highest position is indicated A. LOGO of 102 Kasugamycin-sensitive genes (KEVs of < 0.5 in S1 Table). B. LOGO of 137
Kasugamycin-resistant genes (KEVs >2.0in S1 Table).

doi:10.1371/journal.pone.0168143.9004
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In an attempt to identify possible important motifs that do not have a fixed distance to the
start codon, the program MEME was used to analyze both groups of genes. Unfortunately, no
convincing motif that is present in a non-negligible fraction of genes in any of the two groups
could be detected. The inspection of the functions of the sensitive and resistant genes in S1
Table also did not lead to the recognition of an over-average accumulation of specific biologi-
cal functions in any of the two groups. Taken together, bioinformatics analyses of the groups
of sensitive and resistant clones could not uncover any motif that might discriminate between
them.

Comparison of the results with the database RegulonDB

As an alternative approach to unravel transcript features possibly involved in Kasugamycin
resistance or sensitivity, the results of the translatome study were compared to the database
RegulonDB [30]. Features of possible relevance were retrieved for all sensitive and resistant
transcripts that are listed in RegulonDB, and the results are summarized in S2 and S3 Tables.

Remarkably, the transcript with the highest Kasugamycin resistance, the torS transcript, has
only 5 nt upstream of the start codon and is thus leaderless (S3 Table). However, it is the only
example of the 137 resistant transcripts that is listed as being leaderless in RegulonDB. In con-
trast, four of the 90 sensitive transcripts, yoaB, ycaM, yieK, and ynfA, are listed to be leaderless
in RegulonDB (S2 Table). However, RegulonDB lists two or more different 5’-ends for these
four transcripts, making it impossible to correlate the observed Kasugamycin sensitivity to a
specific leaderless or leadered version. Nevertheless, it is obvious that the 137 resistant genes
do not contain a high fraction of leaderless transcripts.

Next, the sequences of the 5-UTRs were analyzed, but no correlation between sequence,
GC content, or presence of a SD motif with the degree of Kasugamycin resistance could be
observed. The average length of 5’-UTRs of resistant genes was somewhat larger than that of
sensitive genes (Table 2), but both groups of genes contained very short to very large 5-UTRs
(S2 and S3 Tables). Therefore, it might be that the fraction of structured 5-UTRs is somewhat
higher in the group of resistant genes and structured 5-UTRs have a higher resistance, but the
difference might as well be a random effect due to the given lengths of 5’-UTRs of transcripts
that are sensitive or resistant for other reasons.

However, it turned out that the fraction of genes that are downstream genes in polycistronic
transcripts is much higher in the group of resistant than in the group of sensitive genes
(Table 2). RegulonDB contains 105 of the resistant transcripts, 46% of which are noted to be
localized as downstream genes on polycistronic transcripts, in contrast, this is only true for
16% of the 73 sensitive transcripts that are listed in RegulonDB. A small intergenic distance of
less than 15 nt in the genome annotation was taken as an indication for the formation of a

Table 2. Summary of selected features extracted from RegulonDB, which exhibit differences for the
groups of Kasugamycin-sensitive versus—resistant genes. The number of genes that exhibit the
respective feature are listed.

Feature Sensitive Resistant
No. genes in group 102 137

Not in RegulonDB 28 32

Listed in RegulonDB 73 105
Single or fist gene 61 59
Average 5-UTR length [nt] 81 121

Distal in polycistronic transcript (Regulon DB) 12 (16%) 46 (44%)
Intergenic distance <15 nt (genome annotation) 13 (13%) 39 (28%)

doi:10.1371/journal.pone.0168143.t002
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polycistronic transcript regardless of the occurrence of the gene in RegulonDG. 28% of the 137
resistant genes had such a small intergenic distance to the upstream gene, but only 13% of the
102 sensitive genes. Taken together, translational coupling might be a second and novel feature
of transcripts associated with resistance to Kasugamycin, in addition to the lack of a 5>-UTR.

Taking a different perspective, all genes were retrieved from RegulonDB that are proposed
to have leaderless transcripts, and their translational efficiencies according to the translatome
analysis were tabulated (S4 Table). RegulonDB lists 77 transcripts with a 5-UTR of four nt or
less, and 97 transcripts with 5-UTRs of seven nt or less (54 Table). Only 16 of the 97 tran-
scripts had been detected in the translatome analysis, indicating that the vast majority of 81
transcripts were either not present in cells in mid-exponential growth phase in complex
medium, or their concentrations were so low that it was below the detection limit. In accor-
dance with this view, for only 17 of the 97 genes transcripts could be observed in a transcrip-
tome analysis (Lange, Schweitzer and Soppa, unpublished data).

For 14 of the 16 transcripts detected by the translatome analysis, RegulonDB lists more
than one 5’-end and thus it is unclear whether the leadered or the leaderless version of the
transcript was measured in the translatome analysis. Therefore, the determined low or average
Kasugamycin resistances of these transcripts do not contradict the model that leaderless tran-
scripts are resistant. Another transcript belongs to a downstream gene in an operon, and thus
the tabulated leaderless version is probably a cleavage product and might be a degradation
intermediate. This leaves a single gene with a single, leaderless transcript. It is the forS tran-
script that was found to have the highest Kasugamycin resistance of all 2801 transcripts ana-
lyzed (S1 Table). After a 10 minute Kasugamycin treatment, it has a 100-fold higher
translational efficiency than the most sensitive gene.

Because only a minority of the leaderless transcripts tabulated in RegulonDB were
expressed under optimal conditions in complex medium, a literature search was performed to
identify specialized functions of cellular leaderless transcripts in E. coli. Unexpectedly, 28 of
the 97 genes listed to have transcripts with a very short “5’-UTR” in RegulonDB turned out to
be genes for regulatory RNAs (sSRNAs), tRNAs, RNaseP-RNA, and RNAs of toxin-antitoxin
systems (S4 Table). For many of the remaining 69 genes differential expression and/or biologi-
cal function have not been published, therefore, specific conditions that should allow the
experimental validation of a large number of leaderless Kasugamycin resistant cellular E. coli
transcripts could not be identified.

Discussion
The effects of Kasugamycin on E. coli

Kasugamycin is long known as an inhibitor of translation. More specifically, it was found to
bind to the 30S and 70S, but not to the 50S ribosome, to inhibit the initiation step of transla-
tion, and to prevent the initiator tRNA to bind to the P-site of the ribosome [7]. Of course,
inhibition of translation leads to subsequent effects on additional biological functions, and the
categories “direct effects”, “indirect effects”, “secondary effects”, and “bystander effects” have
been proposed [31]. It has been shown that a 30 minute Kasugamycin treatment of E. coli does
not only influence translation, but has a considerably effect on the transcriptome and changed
the transcript levels of several hundred genes [27]. After a 90 minutes treatment with Kasuga-
mycin the occurrence of aberrant 61S ribosomes was observed, which lacked several proteins
and could translate leaderless transcripts, but lost the ability to translate leadered transcripts
[28]. As subsequent effects might overwhelm and hide the direct effects, a short-term 10 min-
utes treatment was chosen in this study, with the aim maximize direct and minimize indirect
effects. However, even after only 10 minutes not only translation was affected, but also changes
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in the transcriptome were observed (Lange, Schweitzer and Soppa, unpublished results).
While the magnitude of the effects were smaller, the trends observed for the 10 min (our
results) and the 30 min [27] treatment were similar, i.e. the levels of transcripts for ribosomal
and other translational proteins increased, while transcript levels for enzymes of the central
metabolism decreased. While the Kasugamycin effects on the transcriptome were similar after
10 minutes and 30 minutes, there was no correlation between the transcriptome changes after
a 10 minutes treatment compared to a 120 minutes treatment (Lange, Schweitzer and Soppa,
unpublished results).

It is unclear whether the transcriptome changes after a 10 minutes treatment already repre-
sent subsequent down-stream effects of inhibiting translation initiation, or whether itis a
direct effect of binding of Kasugamycin to one or more additional targets in the cell. It has
been proposed that most antibiotics do not only bind to the target for which they are well-
known, but that they have additional targets in the cell [31]. Because the inhibition of addi-
tional direct targets might have subsequent down-stream effects on translation initiation, the
possibility that several targets might exist underscores the importance of short-term analyses,
which concentrate on the elucidation of direct effects.

The search for features determining Kasugamycin resistance or
sensitivity

The structures of complexes comprised of Kasugamycin bound to either the 30S ribosomal
subunit of T. thermophilus or to the 70S ribobome of E. coli have been determined [8,9]. Both
studies were in agreement that the Kasugamycin binding site does not overlap with the bind-
ing site of the tRNA;, but that Kasugamycin binds to an upstream site, overlapping with the E
site of the ribosome. These results rationalized earlier knowledge that Kasugamycin does not
inhibit translation initiation on leaderless transcripts, or, to be exact, translation initiation on
the leaderless phage transcript cI (often analyzed in fusion to a reporter transcript).

The results of the two structural studies also led to the prediction that the positions -3 to +1
of mRNAs would be of crucial importance for the sensitivity or resistance of a leadered tran-
script toward Kasagamycin [9]. In addition, it was reported that the presence of a strong SD
motif resulted in Kasugamycin-resistance of the respective transcript [8]. While these results are
true for the few specific transcripts investigated, the translatome analysis has revealed that they
cannot be extrapolated to general rules. The RNA Structure Logos of the groups of Kasugamy-
cin-sensitive and—resistant genes did not reveal any specific sequence dependence of the region
-3 to -1. Furthermore, the presence of a strong SD motif does not seem to be a general determi-
nant of Kasugamycin resistance, because the SD motif was retrieved with an extremely low
information content from the group of resistant genes, and the SD motif was also retrieved from
the group of sensitive genes. Therefore, while the X-ray structures correctly describe the Kasuga-
mycin binding site on the 30S subunit of the ribosome, they cannot explain general features that
result in sensitivity or resistance of transcripts towards the antibiotic in the cytoplasm of E. coli.

Analyses of the groups of resistant and sensitive genes with gene features tabulated in Regu-
lonDB did not unravel any correlation between the degree of resistance and most features like
5’-UTR length, GC content, biological function, etc. Unexpectedly, the fraction of genes that
are downstream genes on polycistronic transcripts (RegulonDB) was much higher in the
group of resistant genes (46%) than in the group of sensitive genes (16%). Similarly, 28% of the
resistant genes had a small intergenic distance to the upstream gene in the genome annotation,
but only 13% of the sensitive genes. Therefore, translational coupling might be a novel mecha-
nism leading to Kasugamycin resistance. Translational coupling means that translation of a
downstream gene depends (exclusively or to a certain degree) on the translation of an
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upstream gene, and this coupling can be caused by different molecular mechanisms. One
mechanism rests on the formation of a stem-loop structure between the upstream region of
the downstream gene and parts of the open reading frame of the upstream gene, thereby
occluding the SD motif of the downsteam gene. Translation of the upstream gene destroys this
stem-loop and liberates the SD motif, thus enabling novel translation initiation by new ribo-
somes at the downstream gene. This mechanism has been described to operate at the atpHA
gene pair of the operon encoding the ATP synthase [32]. Translational coupling has also been
described for three other gene pairs of the atp operon, and the tightness of coupling followed
the order atpHA > atpFH > atpEF > atpAG [33]. The KEV value for three of the downstream
genes have been quantified, they were 1.44 for atpA, 1.76 for atpF, and 2.47 for atpG. At least
atpG belongs to the resistant genes, however, the KEV values of the other two genes are not
very high and there is no correlation to the tightness of coupling. A second mechanism of
translational coupling on is named “termination-reinitiation” for eukaryotic viruses [34]. It
requires an overlap of or a very short distance between the two coupled genes. The small sub-
unit of the ribosome that had translated the upstream gene remains bound to the transcript
and initiates translation at the nearby downstream gene. This mechanism has been proposed
to operate also in E. coli, e.g. trpB and trpA have overlapping stop/start codons and this prox-
imity is required for efficient coupling [35]. The E. coli genome contains several hundred over-
lapping gene pairs, and thus this mechanism of translational coupling vie termination-
reinitiation might be quite common. Experimentally it has been shown to occur at five addi-
tional E. coli gene pairs with overlapping stop/start codons (Huber and Soppa, unpublished
results). In addition, it has been proposed that the ribosome (or the small subunit) can scan
the transcript in both directions after termination and restarts at the nearest native or artifi-
cially introduced start codon [36]. It is an attractive hypothesis that reinitiating ribosomes,
which had not left the transcript after termination, might have a higher Kasugamycin resis-
tance compared to cytoplasmic small subunits that are involved in novel initiation. The small
distance between several resistant genes and their upstream genes (Table 2) might hint in that
direction. Unfortunately, apart from atpG the translation of none of the resistant operon-
bound genes has been studied, and thus future experiments are required to clarify whether one
or both of the discussed mechanisms of translational coupling can lead to Kasugamycin resis-
tance. However, translational coupling cannot explain the resistance of the majority of tran-
scripts. Thus it seems that not only the absence of a 5-UTR and possibly translational
coupling, but also further molecular mechanisms can lead to Kasugamycin resistance.

The scarcity of leaderless transcripts in E. coli

It is well documented that leaderless transcripts are resistant to the inhibition by Kasugamycin
[8,9,11,37]. Therefore, it was anticipated that the group of resistant genes should be dominated
or at least enriched in leaderless transcripts. Indeed, the transcript with the highest resistance,
the torS transcript, is leaderless according to RegulonDB. However, this is the only leaderless
transcript in the group of 135 resistant genes. A recent analysis of the E coli transcriptome led
to the identification of five leaderless transcripts [38]. Three of these transcripts were derived
from prophages, and only two belonged to cellular transcripts, i.e. pgpA encoding phosphati-
dylglycerophosphatase A and rhoB encoding a helicase.

Taken together, our translatome analysis and a transcriptome analysis [38] led to the exper-
imental verification of only three cellular leaderless transcripts. However, both studies ana-
lyzed E. coli cultures grown under optimal conditions, and leaderless transcripts might prevail
under different conditions, e.g. during starvation or under stress adaptation. To identify fur-
ther leaderless E. coli transcripts, the database RegulonDB was analyzed. RegulonDB lists 77
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transcripts with a 5’-UTR of four nt or less, and 97 transcripts with 5’-UTRs of seven nt or less
(S4 Table). Only 16 of the 97 transcripts had been detected in the translatome analysis, indicat-
ing that the vast majority of 81 transcripts were not present in cells in mid-exponential growth
phase in complex medium. In accordance with this view, for only 17 of the 97 genes transcripts
were observed in the transcriptome analysis (Lange, Schweitzer, and Soppa, unpublished
results). It remains to be discovered under which conditions the majority of genes with lead-
erless transcripts are induced.

Unexpectedly, 28 of the genes listed to have transcripts with a very short “5-UTR” in Regu-
lonDB turned out to be genes for regulatory RNAs, tRNAs, RNaseP-RNA, and RNAs of toxin-
antitoxin systems. This reduces the maximal number of leaderless RNAs of protein-coding
genes of E. coli to 69. This very small fraction of leaderless transcripts in E. coli (maximally
1.7%) is in contrast to other species of bacteria, archaea, and eukaryotes, e.g. in haloarchaea
72% of the transcripts are leaderless [13], in the bacteria Mycobacterium tuberculosis, C. gluta-
micum, and D. deserti and 26%, 33%, and 47%, respectively, of all primary transcripts are lead-
erless [21-23], and in the eukaryotes Giardia lamblia all transcripts are leaderless [20].
Therefore, E. coli does not seem to be the best species to characterize the mechanism of transla-
tion initiation on leaderless transcripts, as results obtained with a species that hardly makes
use of leaderless transcripts might not be representative. E. coli had been chosen for this study
because the molecular mechanism of Kaugamycin has been studied nearly exclusively with
this species. In the future, archaeal or bacterial model species with a high fraction of leaderless
transcriptsshould also be used to characterize the effects of Kasugamycin, and specifically,
whether all leaderless transcripts are Kasugamycin-resistant.

Conclusions

Kasugamycin does not only influence translation, but—directly or indirectly—also leads to
transcriptome changes. The results of the translatome analysis are not in accordance with pre-
vious predictions that the positions -3 to -1 upstream of the start codon and an extended Shine
Dalgarno motif are crucial for the Kasugamycin resistance of transcripts. Instead, the group of
Kasugamycin resistant transcripts is enriched in downstream genes of polycistronic operons
with a short distance to the upstream gene. Therefore, translational coupling seems to be a
novel mechanism of Kasugamycin resistance, which has not been discussed before. RNA
Structure Logos did not reveal any significant sequence motif diversity between sensitive and
resistant genes, therefore, various individual transcript features seem to be compatible with
Kasugamycin resistance. The transcript with the highest resistance was leaderless, in accor-
dance with previous predictions, but it was the only leaderless transcript that could be
detected. This translatome study, a transcriptome study, and the database RegulonDB indicate
that the number of leaderless E. coli transcripts is extremely small, in contrast to other species
of bacteria and archaea, which contain high fractions of leaderless transcripts.

Materials and Methods
E. coli strain and media

The E. coli strain MG1655 was kindly provided by Isabella Moll (University of Vienna, Aus-
tria). It was cultivated in LB complex medium under standard conditions.

Translatome analysis

The tranlatome analyses with E. coli were performed similar to the translatome analyses with
two species of haloarchaea described previously [39]. Each translatome analysis was started
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with a freshly grown E. coli colony that was used to inoculate a 5 ml overnight culture. An ali-
quot was diluted 100-fold into fresh medium and cultivated for 2 h to generate an exponen-
tially growing culture. This was used to inoculate 150 ml medium with an ODggq of 0.02. The
culture was incubated until it reached an ODgq, of 0.2. 30 ml were removed as an untreated
control. Kasugamycin was added to the culture (750 pg/ml), and a further 30 ml aliquot was
removed after ten minutes incubation. Immediately after removal the aliquots were added to
25 g ice pre-cooled to -20°C. Cells were harvested by centrifugation and resuspended in 350 pul
lysis buffer (10 mM Tris/HCl pH 7.4, 10 mM magnesium acetate, 60 mM NH,Cl, 6 mM beta-
mercaptoethanol). Cell were lysed by sonication, and cell debris was removed by
centrifugation.

Aliquots of cell extracts with an OD,4, of 10 were layered onto sucrose density gradients
ranging from 10% (w/w) to 40% (w/w) sucrose. Centrifugation was performed in a SW40
swing-out rotor at 17 000 rpm for 19 h. The gradients were fractionated using Teledyne 160
gradient harvester in fractions of about 0.7 ml volume. The OD 4 curves were used to identify
fractions with free RNA and with polysomal RNA, respectively, which were pooled separately.
RNA isolation, cDNA synthesis, and DNA microarray analysis were performed as described
previously [40, 41]. The analyses were performed separately for Kasugamycin-treated and for
mock treated cultures. In each case, five biological replicates were performed, including a dye
swap for two replicates. The translational efficiencies were calculated as the quotients of the
values for the polysomal and the free RNAs. Average values, standard variations and variation
coefficients were calculated. As the variance of translatome analyses can be larger than that of
transcriptome analysis, the Excel table was sorted according to the variation coefficients, both
for the Kasugamycin-treated and mock-treated cultures. The results with variation coefficients
of 60% and higher were visually inspected, and obvious outliers were removed from the analy-
sis. Lastly, the degree of the Kasugamycin effect on the translational efficiency was calculated
as the quotient of the results of the Kasugamycin-treated and the mock-treated culture.

Databases and bioinformatic analyses

The following databases were used to address the E. coli genome sequence and retrieve
sequences: EcoGene2 (www.ecogene) [42] and Halolex (www.halolex.mpg.de) [43]. The data-
base RegulonDG (regulondb.ccg.unam.mx) was used to retrieve selected features of E. coli
genes, e.g. the lengths of 5-UTRs and the genomic localization. The presence of possible
sequence motifs in groups of genes was analyzed using RNA Structure Logo (www.cbs.dtu.
dk/~gorodkin/appl/slogo.html) [44] for motifs with a fixed distance to the translation start
codon and with MEME (meme.nbcr.net/meme) [45] for motifs with a variable distance to the
start codon. For the generation of RNA Structure LOGOs the respective fractions of the four
nucleotides were calculated for each set of genes and used to determine deviations from statis-
tical expectations. They were quite similar for the five analyzed gene sets and had values of
0.28-0.30 for A, 0.22-0.24 for G, 0.21-0.23 for C, and 0.25-0.27 for T.

Supporting Information

S1 Fig. RNA Structure Logo of 100 “rather sensitive genes” with KEV from 0.51 to 0.61.
For further explanations see the Legend of Fig 4.
(PPT)

$2 Fig. RNA Structure Logo of all 97 “very average genes” with KEV from 0.99 to 1.01. For
further explanations see the Legend of Fig 4.
(PPT)
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S3 Fig. RNA Structure Logo of 100 “rather resitant genes” with KEV from 1.80 to 1.99. For
further explanations see the Legend of Fig 4.
(PPT)

S1 Table. Summary of results of comparing the translatomve of E. coli in the presence and
absence of Kasugamycin. Listed are the gene names, annotation, results of the five DNA
microarray analyses in the absence and presence of Kasugamycin, respectively, average results,
KEV values, and the p-values of a t-test.

(XLS)

$2 Table. List of genes that are translationally down-regulated in the presence of Kasuga-
mycin.
(XLS)

S3 Table. Resistant transcripts (KEV >2.0) and selected features taken from RegulonDB.
(XLS)

$4 Table. List of all genes that are listed in RegulonDB to be leaderless (5‘-UTRs of 7 nt or
less) and selected features.
(DOC)
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