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Abstract 

Background The aminoglycosides are established antibiotics that inhibit bacterial protein synthesis by binding to 
ribosomal RNA. Additional non-antibiotic aminoglycoside cellular functions have also been identified through ami-
noglycoside interactions with cellular RNAs. The full extent, however, of genome-wide aminoglycoside RNA interac-
tions in Escherichia coli has not been determined. Here, we report genome-wide identification and verification of the 
aminoglycoside Kanamycin B binding to Escherichia coli RNAs. Immobilized Kanamycin B beads in pull-down assays 
were used for transcriptome-profiling analysis (RNA-seq).

Results Over two hundred Kanamycin B binding RNAs were identified. Functional classification analysis of the RNA 
sequence related genes revealed a wide range of cellular functions. Small RNA fragments (ncRNA, tRNA and rRNA) or 
small mRNA was used to verify the binding with Kanamycin B in vitro. Kanamycin B and ibsC mRNA was analysed by 
chemical probing.

Conclusions The results will provide biochemical evidence and understanding of potential extra-antibiotic cellular 
functions of aminoglycosides in Escherichia coli.
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Introduction
The aminoglycosides are effective broad-spectrum antibi-
otics that primarily inhibit protein synthesis by binding 
to the 30S ribosomal subunit at the A site in the decod-
ing region of 16SrRNA leading to inhibition of translo-
cation and mistranslation of mRNA [1–3]. Accumulating 
evidence confirms that, in addition to their function as 

bactericidal antibiotics, the aminoglycosides also have 
additional broader and diverse cellular roles. As natural 
products, the aminoglycosides are synthesized by com-
plex and tightly regulated biosynthetic pathways [4–6]. 
The producer organisms, typically Actinomycetes, encode 
resistance factors that encompass all of the major mecha-
nisms that confer antibiotic resistance to self-protect 
the producer form the antibiotic. These include target 
site modification (ribosomal methyltransferases), drug 
modification (acetyl, adenyl and phosphotransferases) 
and efflux pumps [7]. These resistance mechanisms are 
recruited to protect antibiotic resistant pathogens, where 
exposure to low levels of the aminoglycosides induces 
resistance in the clinic [8–10]. Aminoglycosides have 
been shown to bind to the 5’ leader RNA of aminoglyco-
side acetyltransferase (AAC) or adenyltransferase (AAD) 
causes a structural transition around the ribosome bind-
ing site which in turn regulates the translation of these 
resistance genes [11–14]. Aminoglycoside binding sites 
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are known in rRNA [3, 15], HIV trans-activating region 
[16] and Rev responsive element [17] and autocatalytic 
ribozymes [18]. Aminoglycosides are known to inhibit 
hammerhead ribozyme cleavage [19] and can enhance 
hairpin ribozyme activity in the absence of metal ions 
[20]. The aminoglycosides have been shown to modulate 
the activity of the nucleolytic ribozymes [19–23]. Ami-
noglycoside antibiotics can induce bacterial biofilm for-
mation in Pseudomonas aeruginosa and in Escherichia 
coli (E.coli) [24]. In E.coli the transcriptional SOS stress 
response is induced directly by the fluoroquinolones 
[25], Beta-lactams [26] and trimethoprim [27] antibiot-
ics and indirectly through the induction of SOS regulated 
DNA polymerases by the tetracycline antibiotics [28]. 
Although the SOS response is triggered by the antibiot-
ics in a number of pathogens including Vibrio cholerae, 
the aminoglycosides do not trigger the SOS response in 
E.coli [29, 30].

The development of in  vitro selection methods, sys-
tematic evolution of ligands by exponential enrich-
ment  (SELEX) allows the selection of RNA aptamer 
domain for a specific small molecule [31–34]. SELEX 
enables the identification of RNA aptamers that bind 
small ligands with high affinity [35–38]. RNA aptam-
ers have been identified using SELEX against a variety 
of small molecules such as Theophylline or antibiotics 
including tetracycline [39], ciprofloxacin [40] and various 
aminoglycosides. Identification of RNA aptamers against 
aminoglycosides such as lividomycin [41], neomycin 
[42], tobramycin [43, 44] and Kanamycin B in  vitro has 
been reported. In particular, a stem loop structural motif 
that binds to Kanamycin B has been identified through 
SELEX. Although the sequences of the Kanamycin B 
binding motifs were completely different from the known 
sequences of the aminoglycoside-binding domains, the 
consensus RNA motifs share a shape-specific bulged 
stem loop that binds the aminoglycosides with nanomo-
lar affinity [45].

Although a variety of non-antibiotic cellular functions 
of aminoglycosides have been described, and aminogly-
coside binding aptamers have been identified by SELEX, 
few studies that investigate cellular RNAs that bind Kan-
amycin B have been reported so far. Such cellular RNAs 
that bind to Kanamycin B may be potential functional 
sites for Kanamycin B that reveal further novel cellular 
effects of Kanamycin B. Here we report the genome-wide 
identification of Kanamycin B binding to RNA in E. coli 
by using immobilized Kanamycin B beads and transcrip-
tome-profiling analysis (RNA-seq). We identified over 
two hundred RNAs that bind to Kanamycin B through 
the Kanamycin B pull-down assay. Functional classifi-
cation analysis was performed on the RNA sequence 
related genes. We further verified the binding of RNA 

with Kanamycin B in vitro. We performed chemical prob-
ing of ibsC mRNA with Kanamycin B. Confirmation of 
cellular RNA binding by Kanamycin B is consistent with 
the notion that Kanamycin B might participate in wider 
biological processes or mimic an existing interactions, in 
addition to their function as ribosomal antibiotics.

Results
Overview of RNA‑seq profiling and selection of RNA
In order to investigate potential cellular functions for 
Kanamycin B and identify Kanamycin B binding cellu-
lar RNAs, immobilized Kanamycin B Sepharose beads 
were used to select against total E. coli RNA, followed 
by transcriptome-profiling analysis (RNA-seq). Previous 
studies suggested that addition of 1 μM Kanamycin B had 
no effect on E. coli cell growth and was thus a reasona-
ble concentration of Kanamycin B to use [46]. Cells were 
grown in the absence or presence of 1 μM Kanamycin B 
for 6  h and total RNA was extracted. The total RNA of 
the above two groups was pulled down with Kanamy-
cin B Sepharose beads respectively, after washing the 
Kanamycin B binding RNA was subjected to RNA-seq 
analysis. The total RNA sample of each group was used 
as a control in parallel. Totally 12 stand-specific cDNA 
libraries were constructed containing 456.69million raw 
reads; 456.59 million clean reads (accounting for 99.98% 
of raw reads) were recorded after the removal of adapter 
sequences, low quality reads and those with more than 
5% N bases. The clean reads with an average of ~ 97.68% 
Q30 (sequencing error rate < 0.1%) base rate for each 
sample, were used for further expression analysis. Ulti-
mately, the high-quality clean reads were mapped to the 
E. coli str. K-12 substr. MG1655 genome.

To investigate the reproducibility of the three biological 
repeat experiments, principal component analysis (PCA) 
of the RNA-Seq data was used. The result showed that 
PC1 and PC2 had values of 32.04% and 18.42%, respec-
tively, and accounted for 50.46% of the principal compo-
nents. The PCA revealed consistency between the three 
biological replicates of total RNA or Kanamycin B bind-
ing RNA from samples without or with 1 μM Kanamycin 
B (Fig. 1). This analysis suggests reasonable reproducible 
of biological repeats (Fig. 1).

Identification of Kanamycin B binding RNA
To identify the Kanamycin B binding RNA from the 
RNA-Seq data, DEseq2 software was used to select RNA 
sequences that are enriched more than twofold and p 
value less than 0.05 in the Kanamycin B pull down RNAs 
compared to the control RNA (total RNA). The RNA 
sequences that were within the selection criteria from 
the three biological repeats are clustered as heatmap 
enrichment (Fig. 2). Two hundred and fifteen Kanamycin 



Page 3 of 12Chang et al. BMC Genomics          (2023) 24:120  

B binding RNA sequences were identified under the 
growth condition without Kanamycin B (Fig.  2a, Table 
S1). Under the conditions in which cells were grown in 
the presence of 1  μM Kanamycin B, 230 Kanamycin B 
binding RNA sequences were obtained (Fig.  2b, Table 
S2). There were 134 RNA sequences identified in both 
conditions (Table S3) and some Kanamycin B binding 
RNAs were unique to each one of the conditions (Fig. 2c). 
When 0  μM and 1  μM of Kanamycin B was added, 81 
and 96 unique genes were identified that interacted with 
Kanamycin B (Fig.  2c). This was probably due a change 
in the the overall transcription profile in the presence of 
1  μM of Kanamycin B [46]. The Kanamycin B binding 
RNAs included rRNA, tRNA, ncRNA and mRNA includ-
ing non-translated region RNA (Fig.  2d). Examples of 
Kanamycin B binding RNAs that are enriched more than 
tenfold in the presence of 1 μM Kanamycin B are shown 
in Table 1.

Functional classification of Kanamycin B binding RNA
To investigate the function of the Kanamycin B binding 
RNA associated genes, DAVID [47] function analysis was 
used, based on ECOCYC database [48, 49]. Figure 3a and 
Table S1 shows the function of the Kanamycin B binding 
RNA associated genes classified into known or predicted 
functional groups or unannotated groups under the cul-
ture condition in the absence of Kanamycin B. These 

genes encode proteins that are known or predicted to be 
involved in the following cellular functions: programmed 
cell death, post-transcriptional gene silencing by RNA 
transcription, response to stimulus, anaerobic respira-
tion, biosynthetic process, catabolic process, regula-
tion of single-species biofilm formation, lipid metabolic 
process, cell adhesion, DNA recombination, regulation 
of translation, transmembrane transport, rRNA, tRNA 
and others with no annotation. In cultures with 1  μM 
Kanamycin B, the function of the Kanamycin B binding 
RNA associated genes fall into the same classification as 
Fig. 3a with one additional group of 8 genes that encode 
proteins involved in oxidation and reduction processes 
(Fig. 3b), suggesting that Kanamycin B maybe associated 
with or involved with the cellular oxidation and reduc-
tion process. In the GO term functional annotation in the 
ECOCYC database, the number of genes that belong to 
each functional group in E. coli is known [48]. The per-
centage of the numbers of the enriched genes (pull down 
RNA) associated with each functional group of the total 
number of genes involved in each gene function in E. coli 
was calculated. This analysis shows that the functions of 
the pull down RNA largely fall into cell death (42.11% 
and 31.58% for 0 and 1  μM Kanamycin B respectively) 
and post-transcriptional gene silencing by RNA groups 
(62.5% for 0 and 1 μM Kanamycin B) (Fig. 3a and b), sug-
gesting that Kanamycin B cellular function is related to 
cell death and post-transcriptional gene silencing by 
RNA.

Measurement of affinity binding of the identified 
Kanamycin B pull down RNAs with Kanamycin B
The Kanamycin B binding RNAs identified by using 
Kanamycin B Sepharose beads included tRNA, rRNA, 
ncRNA and mRNA (Fig.  2d and Table S1 and S2). 
The mRNAs identified contained sequences of vari-
ous lengths, the majority of which are over 1000 nt 
but a few are shorter, such as ibsC mRNA and smaller 
ncRNA, rRNA and tRNAs were also identified of ~ 200 
nt, that are feasible to make in  vitro. To verify that 
the identified RNAs bind to Kanamycin B in  vitro by 
an alternative method, MicroScale Thermophoresis 
(MST) was then used to measure binding of Kanamy-
cin B to 24 ncRNA, 2 tRNA, 1 rRNA, 1 ibsC mRNA. 
The RNAs were prepared and labeled with fluorescein-
5-thiosemicarbazide [50]. The binding measurements 
were made on a Monolith NT.115 system (NanoTem-
per Technologies) [51, 52]. On titration of Kanamycin 
B increased binding was observed for 24 ncRNA, sug-
gesting the formation of a Kanamycin B-RNA complex. 
The dissociation constants (KD) for Kanamycin B-RNA 
complex are shown in Fig. 4. Binding to the 16S rRNA 
(A site) was observed with a KD of 9.98  μM. Since 

Fig. 1 Principal component analysis of the RNA-Seq data. The small 
icon indicates the original samples, colours are used to differentiate 
the four treatment groups
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rRNA ribosome A site is a known Kanamycin B bind-
ing site, it serves as a positive control for the binding 
measurement (Fig.  4a) [2]. The ncRNA rydC was not 
enriched in the pull-down experiment, and no binding 
with Kanamycin B was observed. This RNA can there-
fore be considered as a negative control for the binding 
measurement (Fig.  4a). 5S rRNA is among the highly 
enriched in the pull-down experiments and binds to 
Kanamycin B with KD of 2.84  μM. Two tRNAs also 
bind Kanamycin B (Fig.  4b). The binding affinities of 
the tested RNAs for Kanamycin B is tabulated in Fig. 4c 
(Fig. S1). Thus, these results show a good correlation 
between the results of the pull-down assay and the 
in vitro MST binding data.

Chemical probing of ibsC mRNA in the presence 
of Kanamycin B
The ibsC mRNA that encodes a peptide toxin, shows 61 
fold of enrichment in the pull down assay (Table 1) with 
a binding affinity of 26  μM to Kanamycin B by MST 
measurement (Fig. 4c). The secondary structure of the 
ibsC mRNA has been reported [53]. To further investi-
gate the effect of Kanamycin B binding on the structure 
of ibsC RNA, we performed selective 2′-hydroxyl acyla-
tion analyzed by primer extension (SHAPE) on ibsC 
mRNA on titration of Kanamycin B by capillary elec-
trophoresis with fluorescence detection. In the absence 
of Kanamycin B, our data shows that the ibsC RNA 

Fig. 2 Analysis of enriched genes. a The hierarchical cluster analysis of enriched genes in 0 μM Kanamycin B pull down assay. b The hierarchical 
cluster analysis of enriched genes in 1 μM Kanamycin B pull down assay. Rows represent relative expression level of enriched genes and columns 
represent the different treatments. The relative quantitative changes within the row are shown in colour: red indicates a relative higher expression 
level whereas blue indicates a relative lower expression level. c The Venn diagram displays the number of the shared and unique genes that are 
enriched in the Kanamycin B pull down assay. d Tabulation of the classification of the Kanamycin B pull down RNA
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folds into a secondary structure that is largely similar 
to the reported structure from enzymatic and chemi-
cal footprinting (Fig. 5a) [53]. In response to Kanamy-
cin B titration, the reactivity of some nucleotides show 
progressive changes (Fig. 5b and Fig. S2). In particular, 
a clear reduction in reactivity is observed on Kana-
mycin B titration at nucleotides in the region of 107U 
within a loop located before the stop codon of the pep-
tide (Fig. 5c and d). The changes in reactivity at certain 
nucleotides may be due to Kanamycin B binding to 
the RNA at these nucleotides or through a Kanamycin 
B induced a structural transition in the RNA, both of 
which would be indistinguishable. Kanamycin B bind-
ing sites or structural changes upon binding occur-
ring before the stop codon of ibsC mRNA indicate that 
Kanamycin B binding may affect translation of the IbsC 
peptide toxin. The reduction in reactivity as measured 
at 107U was consistent with a KD of Kanamycin B for 
the RNA of ~ 70 μM (Fig. 5e), while MST measurement 
show binding affinity of 26 μM (Fig. 4c).

Discussion
Kanamycin B, as an aminoglycoside antibiotic is known 
to inhibit translation by binding to the A site of the ribo-
some. Here we have identified over two hundred Kana-
mycin B binding RNA sequences genome-wide in E. 
coli in this study (Table 1, Table S1 and S2). Kanamycin 
B immobilized Sepharose beads were used to pull-down 
RNA that was subsequently subjected to RNA-seq. Bind-
ing of these small RNAs was further verified by MST 
(Fig. 4). Functional classification analysis of the Kanamy-
cin B binding RNA sequences revealed that Kanamycin B 
binding RNA may participate in a wide arrange of biolog-
ical processes (Fig. 3), suggesting Kanamycin B may have 
additional non-antibiotic functions through binding to E. 
coli RNAs.

The Kanamycin B binding RNAs were identified by 
the enrichment of the RNA in pull-down experiment 
compared to the total RNA control. However, the well-
known Kanamycin B binding site 16S RNA the A-site 
in the ribosome was not identified by the enrichment 
criteria. This may have been due to disruption of the 

Table 1 Genes enriched greater than 10 fold in 1μM Kanamycin B pull down assay

Transcript
Name

Transcript ID Type Location Product Fold Change

rrfF b3272 rRNA cytosol 5S ribosomal RNA 61.87

ibsC b4665 mRNA inner membrane toxic peptide IbsC 60.49

rrfB b3971 rRNA cytosol 5S ribosomal RNA 56.83

rrfE b4010 rRNA cytosol 5S ribosomal RNA 56.12

trpT b3761 tRNA cytosol tRNA-Trp(CCA) 49.42

rrfG b2588 rRNA cytosol 5S ribosomal RNA 48.15

ryfD b4609 ncRNA no annotation small regulatory RNA RyfD 45.91

rrfD b3274 rRNA cytosol 5S ribosomal RNA 45.71

rrfH b0205 rRNA cytosol 5S ribosomal RNA 45.14

rrfC b3759 rRNA cytosol 5S ribosomal RNA 38.82

ffs b0455 ncRNA cytosol signal recognition particle 4.5S RNA 35.04

ibsD b4664 mRNA inner membrane putative toxic peptide IbsD 24.27

ssrS b2911 ncRNA no annotation 6S RNA 21.89

rrfA b3855 rRNA no annotation 5S ribosomal RNA 18.27

glmY b4441 ncRNA no annotation small regulatory RNA GlmY 17.82

dicF b1574 ncRNA no annotation Qin prophage; small regulatory RNA DicF 16.18

alaW b2397 tRNA cytosol tRNA-Ala(GGC) 15.94

sibD b4447 ncRNA no annotation small RNA SibD 14.08

fliG b1939 mRNA inner membrane, cell 
projection

flagellar motor switch protein FliG 12.73

ryjA b4459 ncRNA no annotation small RNA RyjA 11.73

insA2 b0265 mRNA cytosol IS1 protein InsA 11.64

fnrS b4699 ncRNA no annotation small regulatory RNA FnrS 11.32

ves b1742 mRNA cytosol HutD family protein Ves 11.09

valV b1665 tRNA cytosol tRNA-Val(GAC) 10.53

cydH b4602 mRNA inner membrane cytochromebd-I ubiquinol oxidase accessory 
subunit CydH

10.05
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ribosomal A-site during the RNA purification step of 
the pull-down assay. There were 35 tRNAs identified as 
Kanamycin B binding RNAs in this study of which two 
tRNA transcripts have been verified to bind to Kana-
mycin B by MST. Aminoglycoside binding to tRNAs 
in  vitro have been previously reported [54]. Together 
with the observations in this study, Kanamycin B bind-
ing to tRNA may have a biological function that still 
requires further investigation.

In order to investigate if there is a commonly shared 
Kanamycin B binding motif among all the identified 
pull down RNA, we used CMfinder (a covariance model 
based RNA motif finding algorithm) to predict RNA 
motif. No main common covariance motif was found 
although we noticed shared stem loops with differ-
ent specific sequences. In the study of in vitro selection 
of unnatural RNA against Kanamycin B [45], they also 
found a stem loop structural motif but the sequences of 

Fig. 3 Functional classification of enriched genes in Kanamycin B pull down assay. ECOCYC database was used for the functional classification of 
the genes. a Functional classification of 215 enriched genes in 0 μM Kanamycin B pull down assay. b Functional classification of 230 enriched genes 
in 1 μM Kanamycin B pull down assay. The percentage of the number of each enriched gene group in the whole functional classification gene 
number in E. coli is shown in brackets
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the RNA were totally different from the known sequences 
of the Kanamycin B binding site or the A-site in the ribo-
some. They suggested that the Kanamycin B-binding 
region has a shape-specific stem loop with a specific 
sequence. These studies collectively suggest that Kana-
mycin B binding may favour a stem loop in RNA but with 
different sequences (Fig. S3). The data from our SHAPE 
analysis of ibsC RNA on titration of Kanamycin B sug-
gest that the Kanamycin B binding site may be located 
within the stem loop (Fig. 5). Kanamycin B binding to the 
ibsC mRNA specifically at the stem loop before the stop 
codon may effect translation of the peptide toxin or ibsC 
and sibC binding and consequently effect their role in cell 
death [53].

Bacterial biofilms are complex multicellular aggregates 
that form in response to environmental challenges. There 
have been reports that some aminoglycoside antibiot-
ics induce bacterial biofilm formation [24]. Thirty-three 
small ncRNAs involved in biofilm formation, motility, 
and fimbriae formation in E. coli have been identified 

[55]. Ten of the thirty-three small ncRNAs were also 
identified in this study and their in vitro binding to Kana-
mycin B was measured by MST. Since Kanamycin B is a 
secondary metabolite natural product that is synthesised 
to protect the bacteria within its local environment, it 
may also function as a small regulator molecule. These 
observations together point to the possibility that Kana-
mycin B may serve as a signaling molecule in the complex 
process of antibiotic induced bacterial biofilm formation.

Small metabolite molecules have been reported to 
regulate gene expression by binding to untranslated 
RNA [56, 57]. Aminoglycosides sensing riboswitches 
regulate the translation of the aminoglycoside resistance 
genes [12, 58]. Aminoglycosides have also been shown to 
bind to the nucleolytic ribozymes twister ribozyme and 
change their activity [19–21, 23, 59]. These individual 
evidences suggested that aminoglycosides have non-anti-
biotic cellular functions. However, here we have reported 
genome-wide identification of Kanamycin B binding 
RNAs that are unknown before. The results presented in 

Fig. 4 Kanamycin B binding measurements to RNA using MST. a Binding curve generated by MST for Kanamycin B binding to the positive and 
negative control RNAs. Error bars were calculated from three independent biological repeats with duplicate measurements of each sample. A 
signal-to-noise ratio of more than 5 is desirable, while more than 12 reflects an excellent assay. b Binding curve generated by MST for binding of 
Kanamycin B to tRNA, 5sRNA or ncRNA. c Binding affinity of 28 enriched RNAs with Kanamycin B measured by MST
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Fig. 5 SHAPE probing of ibsC mRNA on Kanamycin B titration. a Electropherogram of NMIA-modified RNA with NMIA ([ +] NMIA, blue trace), 
compared with that of unmodified RNA ([ −] NMIA, black trace). b Analysis of NMIA modification electropherogram of ibsC RNA with 20 μM 
Kanamycin B (red trace), compared with 0 μM Kanamycin B (blue trace). c The secondary structure of the ibsC RNA [53]. d Histogram of NMIA 
modification of the in vitro transcribed RNA nucleotides (58–62) on titration of Kanamycin B. The reactivity of the nucleotide is calculated as the 
ratio of the height of the nucleotide to the height of all nucleotides. e Kanamycin B binding measured through changes in NMIA reactivity at the 
107U position in the RNA, on titration with Kanamycin B (data taken from Figure S2)
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this study pave foundation for further understanding of 
novel aminoglycoside cellar functions.

Materials and methods
Bacterial growth and total RNA extraction
Total RNA was extracted from E.coli K-12 derived JM109 
strain grown in LB to log phase with the Trizol method 
(Invitrogen, USA). DNase I (TakaRa, Japan) was used for 
RNA purification. The RNA quality was assessed by for-
maldehyde agarose gel electrophoresis and was quanti-
tated spectrophotometrically (NanoDrop 2000).

Immobilization of kanamycin B to Sepharose beads
Kanamycin B was immobilized on Pierce™ NHS-Acti-
vated Agarose (Thermo Scientific™). For this, 0.05 g dry 
agarose was swollen in MilliQ-H2O and twice washed 
with coupling buffer (0.1  M sodium phosphate, 0.15  M 
NaCl, pH7.2). After a second wash with coupling buffer, 
the agarose was mixed 1:2 with 10  mM Kanamycin 
B solution in coupling buffer. The reaction was pro-
tected from light and incubated overnight at 4  °C on an 
H5600 rotator (Labnet). Afterwards, unreacted Kana-
mycin B was washed, away with ~ 2 volumes of coupling 
buffer. Finally, quenching buffer was added (1  M Tris, 
pH7.5/8.0), and incubated for 20 min. A non-derivatized 
column (mock), consisting of NHS-Activated Agarose 
that had been treated with coupling buffer without Kana-
mycin B.

Kanamycin B pull‑down Assay
RNA was folded by heating the mixture to 95  °C for 
5 min and placed on ice water for 5 min, the volume was 
adjusted to 1 column volume (CV, 500 μl) with 1 × bind-
ing buffer (40 mM HEPES pH 7.4, 100 mM KCl, 2.5 mM 
 MgCl2, 0.1% NP40), respectively. For depletion of RNAs 
able to bind the affinity matrix, the RNA was first incu-
bated for 30 min with 1 CV of the mock column. After 
negative selection, unbound RNAs were added to 1 CV 
Kanamycin B-coupled agarose and incubated for 30 min 
at room temperature. Next, the column was washed with 
20 CV binding buffer and specific bound RNAs were 
eluted by 5 mM Kanamycin B in 1 × binding buffer. The 
RNA precipitated with an equal volume of isopropanol, 
1/300 volume of Glycoblue, 0.1 volume of 3  M NaOAc 
pH 5.2. RNA pellet was washed in 1 ml 70% EtOH, and 
pellets were resuspended in 10 μl  H2O.

Library preparation
The cDNA libraries are constructed using the NEBNext 
Ultra II Directional RNA Library Prep Kit (New Eng-
land Biolabs). The library preparations were constructed 
according to the manufacturer′ s protocol. Three bio-
logical replicates of each library were sequenced on an 

Illumina HiSeq X Ten (Illumina, San Diego, CA, USA) by 
AZENTA (Suzhou, China). RNA-seq data were uploaded 
to the Sequence Read Archive of the National Center 
for Biotechnology Information (accession number: 
PRJNA756617, PRJNA760293).

Sequence reads mapping and assembly
Firstly, raw reads in the fastq format were filtered to 
remove reads containing adaptors, reads containing poly-
N and low quality reads using Trim Galore [60]. At the 
same time, Q20, Q30, GC-content and sequence dupli-
cation levels in the clean data were calculated. All of the 
subsequent analyses were carried out using high quality 
clean reads. The clean reads were then mapped to the E. 
coli str. K-12 substr. MG1655, genome assembly (NCBI: 
NC_000913.3) by using bowtie2 v2.4.2 [61].

The DEseq2(1.28.0) [62] package was applied to fil-
ter the RNAs with fold change over inputs ≥ 2 and P 
value < 0.05 were defined as enriched.

Identification of Kanamycin B binding RNA
EcoCyc is a literature-based database for E.coli, contain-
ing information about its genome, gene regulation, and 
metabolic pathways. All enriched genes were assigned a 
functional category based on available databases (Eco-
CYC [48, 49], DAVID [47]).

Principal component analysis
PCA was analysed with the plotPCA function in DESEQ2 
package. The scores of the first and second principal 
components were plotted into two-dimensional space to 
represent the spatial relationships within the repeat sam-
ples for visualization [63].

Micro Scale Thermophoresis (MST)
The RNAs were produced by in vitro transcription using 
the appropriate DNA templates and T7 RNA Polymer-
ase (T7 RNA Polymerase was produced in our labora-
tory). The corresponding DNA templates were prepared 
by PCR amplifying the genomic DNA of E. coli JM109 
using specific primers with the promoter sequence 
(TAA TAC GAC TCA CTA TAG G) for T7 RNA poly-
merase at the 5′-end. PCR amplified using Phanta Max 
Super-Fidelity DNA Polymerase (Vazyme) according to 
the supplier’s instructions. After ethanol precipitation, 
the DNA template was used for in  vitro transcription. 
In  vitro transcription was carried out in 40  mM Tris- 
HCl (pH 7.9), 20  mM  MgCl2, 0.01%(v/v) TritonX-100 
and 2 mM sperdine at 37 °C for 4 h. The RNAs was were 
purified by denaturing polyacrylamide gel electrophore-
sis (PAGE), and isolated from the gel by crush-soaking 
in 300  mM NaOAC and 1  mM EDTA. After precipita-
tion with ethanol, the molarity of RNAs was determined 
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by spectrophotometric measurement using NanoDrop 
1000 Spectrophotometer (Thermo Scientific). Purified 
RNA was labeled with fluorescein- 5-thiosemicarbazide 
as previously described [50]. The Fluorescein-RNA was 
annealed by heating to 95 °C for 5 min and then cooled 
to room temperature. The prepared RNA and antibiot-
ics were both incubated in 1 × binding buffer (40  mM 
HEPES pH 7.4, 100  mM KCl, 2.5  mM  MgCl2) at room 
temperature. MST experiments were conducted in trip-
licate on a Monolith NT.115 system (NanoTemper Tech-
nologies) [51, 52].

SHAPE
The ibsC RNA with 3′ linkers transcribed by T7 RNA 
polymerase was subjected to SHAPE analysis on titration 
of Kanamycin B. A series of concentrations of Kanamy-
cin B were used with approximately 20 pmol of RNA in 
1 × binding buffer (40 mM HEPES pH 7.4, 100 mM KCl, 
2.5 mM  MgCl2), and RNA was probed by 2 μl of freshly 
prepared 65  mM N-methylisatoic anhydride (NMIA, 
TCI) in DMSO at 25 °C for 2.5 h [11]. Control RNA sam-
ples were prepared with DMSO without NMIA. After 
ethanol precipitation, the RNA was used for cDNA syn-
thesis by SuperScript IV Reverse Transcription Kit (Invit-
rogen) with 2 pmol FAM labeled primer. DNA sequences 
were analyzed by ABI 3730 DNA sequencer. Sequence 
markers were produced by reverse transcription of the 
RNA using a SuperScriptTM IV Reverse Transcription 
Kit with ddNTPs. The reactivity of each nucleotide is cal-
culated as the ratio of the height of the each nucleotide to 
the height of all nucleotides and normalized against the 
control RNA sample with no added NMIA.

Abbreviations
E.coli  Escherichia coli
SELEX  Systematic evolution of ligands by exponential enrichment
PCA  Principal component analysis
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KD  Dissociation constants
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NMIA  N-methylisatoic anhydride
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