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The acquisition of antibiotic resis-
tance by human pathogens poses 

a significant threat to public health. 
The mechanisms that control the pro-
liferation and expression of antibiotic 
resistance genes are not yet completely 
understood. The aminoglycosides are a 
historically important class of antibiot-
ics that were introduced in the 1940s. 
Aminoglycoside resistance is conferred 
most commonly through enzymatic 
modification of the drug or enzymatic 
modification of the target rRNA through 
methylation or through the overexpres-
sion of efflux pumps. In our recent paper, 
we reported that expression of the ami-
noglycoside resistance genes encoding 
the aminoglycoside acetyl transferase 
(AAC) and aminoglycoside adenyl trans-
ferase (AAD) enzymes was controlled by 
an aminoglycoside-sensing riboswitch 
RNA. This riboswitch is embedded in 
the leader RNA of the aac/aad genes and 
is associated with the integron cassette 
system. The leader RNA can sense and 
bind specific aminoglycosides such that 
the binding causes a structural transi-
tion in the leader RNA, which leads to 
the induction of aminoglycoside antibi-
otic resistance. Specific aminoglycosides 
induce reporter gene expression medi-
ated by the leader RNA. Aminoglycoside 
RNA binding was measured directly 
and, aminoglycoside-induced changes 
in RNA structure monitored by chemi-
cal probing. UV cross-linking and 
mutational analysis identified potential 

Riboswitch control of induction of aminoglycoside resistance acetyl  
and adenyl-transferases

Weizhi He1,2,3, Xuhui Zhang1,2,3,4, Jun Zhang1,2,3, Xu Jia1,2,3,5, Jing Zhang1,2,3, Wenxia Sun1,2,3, Hengyi Jiang1,2,3, Dongrong 
Chen1,2,3,*, and Alastair IH Murchie1,2,3,*
1Key Laboratory of Molecular Medicine; the Ministry of Education; Department of Biochemistry and Molecular Biology; Fudan University Shanghai Medical 

College; Shanghai, PR China; 2Institutes of Biomedical Sciences; Fudan University Shanghai Medical College; Shanghai, PR China; 3School of Pharmacy; Fudan 

University; Pudong, Shanghai, P.R. China; 4College of Life Science; Sichuan University; Chengdu, P.R. China; 5Department of Biomedical Science; Chengdu 

Medical College; Chengdu, P.R. China

aminoglycoside binding sites on the 
RNA.

Introduction

Riboswitches are non-coding mRNAs 
that regulate the expression of biosynthetic 
genes by binding small molecule metabo-
lites or cofactors to control the biosynthetic 
pathway of the metabolite or cofactor.1-5 
They act as biosensors that regulate the 
concentration of the small molecule in 
the cell. Networks of riboswitches have an 
important role in prokaryotic metabolism 
where they employ diverse mechanisms to 
interact with transcriptional and/or trans-
lational machineries. More than 20 types 
of riboswitch have been identified that 
are responsive to a diverse set of chemical 
classes including purines and their deriva-
tives,3,6 ribonucleotide cofactors,7-11 amino 
acids,12-14 sugars,15 antibiotics,16 anions,17 
and metal ions.18,19

The aminoglycoside antibiotics were 
originally isolated as natural products 
and were among the first antibiotics used 
to treat serious bacterial infections in 
the clinic (reviewed in refs. 20 and 21). 
They target the A site in the decoding 
region of the 30S ribosomal subunit and 
inhibit translocation.22-24 Aminoglycoside 
resistance is associated with the mobile 
elements on plasmids or integrons and 
appeared soon after their introduc-
tion.21,25,26 Resistance to aminoglycosides 
is mainly conferred by enzymatic modi-
fication of the drug, methylation of the 
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genes. Our data demonstrate that the leader 
RNA can specifically bind certain amino-
glycosides such that the binding induces a 
structural change in the RNA which, in 
turn, leads to the induction of the acc/aad 
gene expression. We showed the following 
evidence to support this conclusion:

adenylylation of aminoglycoside and con-
fer resistance to the drugs28 (Fig. 1A).

We recently found that expression of 
an aac gene from Pseudomonas fluorescens 
can be controlled by an aminoglycoside-
sensing riboswitch.16 The riboswitch RNA 
is present in the leader RNAs of acc/aad 

target rRNA, or the overexpression of 
efflux pumps.27 The enzymatic modifi-
cations of the aminoglycosides include 
acetylation, adenylylation, and phos-
phorylation. Aminoglycoside acetyl trans-
ferases (AAC) or aminoglycoside adenyl 
transferases (AAD) catalyze acetylation or 

Figure 1. (A) Kanamycin B, the 4, 6 deoxystreptamine aminoglycoside antibiotic that is most susceptible to inactivation by enzymatic modification. 
The 4, 5, and 6 positions of deoxstreptamine are indicated. Arrows indicate the major sites of inactivation by N-acetylation (cyan) and O-adenylation 
(magenta). (B) Schematic representation of the proposed model for the induction of aminoglycoside resistance. Aminoglycoside binding to the 
leader RNA induces a change in the leader RNA structure such that the Anti-SD2 sequence CUUC base-pairs with SD1 consequently unmasking SD2 
for ribosomal binding and translation of the resistance gene. SD1 and SD2 are colored blue, the anti-SD2 sequence is green, and the start codon of the 
resistance gene is red.
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genes were closely related. The 75 nucleo-
tide (nt) leader RNA sequence was later 
experimentally demonstrated to be the 
minimal functional unit of an aminogly-
coside sensing riboswitch that controls the 
expression of aac/aad. Part of the DNA 
sequence corresponding to the 75 nt leader 
RNA overlaps with the attI1 site of class 1 
integrons and includes the 7 bp attI1 inser-
tion site (Fig. 2A and B).33,34 The 75 nt 
leader RNA is located between the (diver-
gent) integrase and the AAC or AAD 
resistance proteins of the class 1 integrons 
of a variety of antibiotic resistant strains. 
A blast search35 of the 75 nt leader RNA 
aac/aad sequence shows it to be located 
in the 5' conserved segment (Fig. 2A and 
B). The pie chart (Fig. 2C) shows that the 
majority of the top 150 annotated resis-
tance genes in the blast search that neigh-
bor the aac/aad sequence encode AAC or 
AAD resistance proteins. Only two non-
aminoglycoside resistance proteins were 
identified by this search, dihydrofolate 
reductase (dhfR) and the nonfunctional 
multidrug exporter (qacH). Integrons were 
originally discovered through the prolif-
eration of antibiotic resistance36 (reviewed 
in ref. 26), they have a critical role in 
plasmid-based capture and expression 
of antibiotic resistance genes. Antibiotic 
resistance genes are accumulated by the 
integron-based site-specific recombination 
mechanism. The attI1 insertion site is the 
5' site-specific recombination insertion site 
that is recognized by the integron encoded 
integrase (int).34,37,38 The integrase gene is 
expressed from a divergent promoter (Pint) 
upstream of the attI1 site (Fig. 2).39 The 
transcription of resistance gene cassettes 
inserted at the attI1 site is generally driven 
by a strong upstream promoter (P

c
) as the 

assimilated resistance genes mostly lack 
their own promoters (Fig. 2).39-41 Thus, 
the upstream sequences of genes inserted 
at the attI1 site have an important prereq-
uisite for a putative riboswitch; they are 
transcribed. In class 1 integrons, the tran-
script that encompasses the attI1 sequence 
also includes a conserved putative leader 
peptide that includes a consensus SD 
sequence (GGAG) and initiation and stop 
codons. The stop codon is located in the 
attI1 site but is created during gene cap-
ture and originates from the inserted gene 
cassette.34,40,42 The downstream sequence 

by a complementary anti-SD sequence 
that blocks ribosome binding; antibiotic 
binding induces a structural transition 
that unmasks SD2 for ribosome bind-
ing leading to translation of the resis-
tance gene (Fig. 1B). There are parallels 
between this proposed mechanism for the 
control of translational initiation and that 
the employed by flavin mononucleotide, 
S

MK
 S-adenosyl methionine, and the thia-

mine pyrophosphate-dependent regula-
tory riboswitches.7,8,29

(6) We further showed by real-time RT 
PCR that aminoglycoside-leader RNA 
interactions control gene expression at the 
level of translation and probably not at the 
level of transcription.

(7) We then investigated the role of a 
putative leader peptide embedded within 
the leader RNA on the induction of the 
aac/aad gene. In the case of induction of 
the erythromycin resistance methyltrans-
ferase ermC by macrolide antibiotics, the 
leader peptide encoded by its leader RNA 
plays an important role in ribosomal stall-
ing.30-32 We made a series of mutations 
in which the amino acid sequence of the 
leader peptide was unchanged while the 
leader RNA sequence was altered and the 
effects of these mutants were analyzed by 
reporter assays. We found that, in contrast 
to ermC, induction of the reporter gene 
was independent of nascent leader peptide 
stalling. This suggested that the induc-
tion of reporter gene expression that we 
observed was specific for the sequence of 
the leader RNA.

(8) We additionally showed that the 
induction of the reporter genes occurs 
independently of antibiotic-ribosome 
interactions i.e., induction of the reporter 
gene can also take place in the presence of 
resistant ribosomes.

Analysis of the  
Conserved Sequence  

in the aac/aad 5' Leader RNA

We analyzed the untranslated region 
mRNAs of 50 aminoglycoside resistance 
genes, including genes encoding for acetyl 
transferases, adenyl transferases, phospho 
transferases, rRNA methyl transferases, 
and efflux pumps. The leader RNA of 
two aminoglycoside acetyl transferase and 
three aminoglycoside adenyl transferase 

(1) Specific aminoglycosides induce 
expression of a reporter gene mediated 
through the acc/aad leader RNA, in 
comparison with a control leader RNA. 
Kanamycin B, sisomycin, and other 
4,6-deoxystreptamine aminoglycosides 
induce expression of the reporter gene. On 
the other hand, the control molecules; the 
4,5-deoxystreptamine derivatives ribosta-
mycin, paromomycin, or neamine failed 
to induce the reporter gene.

(2) Aminoglycoside binding to the 
leader RNA can be measured directly 
by Surface Plasmon Resonance (SPR): 
We found that the aminoglycosides that 
induce reporter gene expression in the 
reporter assays also display the highest 
affinities for the leader RNA [e.g., kana-
mycin B and sisomycin (2.78 and 6.8 μM, 
respectively)]. In contrast, the control anti-
biotics displayed lower affinities for the 
leader RNA [e.g., neamine and ribostamy-
cin (47 and 589 μM, respectively)].

(3) Aminoglycoside binding to the 
leader RNA induces a structural transition 
in the leader RNA that can be detected by 
changes in gel electrophoretic mobility 
and chemical probing. The 4,6-deoxys-
treptamine aminoglycosides that induce 
reporter gene expression and bind to the 
leader RNA with high affinity also cause a 
conformational change to the RNA upon 
binding as measured by chemical prob-
ing. This correlation suggested that there 
may be a connection between the induced 
change in RNA structure and the induc-
tion of gene expression. In comparison, 
the control (4,5-deoxystreptamine deriva-
tives) drugs that fail to induce reporter 
gene expression also bind to the leader 
RNA with low affinity and cause no struc-
tural change in the RNA.

(4) A specific cross-link can be detected 
between an inducing aminoglycoside and 
the leader RNA.

(5) Mutational analysis of the leader 
RNA confirms the main features of the 
RNA secondary structure and the impor-
tance of the structural elements within it 
for aminoglycosides binding.

Based on the above data, we proposed a 
regulatory model (Fig. 1B) to explain how 
aminoglycoside binding to the RNA can 
regulate gene expression: In the absence 
of the antibiotic the ribosome binding site 
(SD2) of the resistance gene is sequestered 
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diffusion assays and solution-based 
assays of β-galactosidase reporter gene 
expression. The induction of reporter 
gene expression by aminoglycosides was 
observed both on agar plates and in solu-
tion. Although reproducible, the relative 
induction measured in solution was rela-
tively low. A number of riboswitches that 
function at the level of translation display 
levels of reporter gene expression in this 
range, including the purine binding ribo-
switches that bind guanine3 and adenine,45 
the riboflavin binding FMN riboswitch,46 
and the S

MK
 S-adenosyl methionine bind-

ing riboswitch.29,47 Thus, the levels of 
reporter gene expression measured are close 
to previously characterized riboswitches, 
and are consistent with the riboswitch 
model of translational regulation that 
we propose7,29,46,47 (Fig. 1B). To further 

attI1 recombination site from accumulat-
ing mutations. The association of an anti-
biotic resistance gene with a site-specific 
recombination site would also confer a 
selective advantage to the integron in an 
antibiotic rich environment. A concurrent 
inducible riboswitch that responds to a 
commonly used antibiotic would there-
fore give an additional selective advantage 
to the integron cassette.

Specific Aminoglycoside- 
Induced Reporter Gene  
Expression Mediated by  
the aac/aad Leader RNA

We have shown that certain aminogly-
cosides induce reporter gene expres-
sion through interactions with the 75  nt 
leader RNA of aac/aad by both agar 

(between attI1 and the resistance gene) 
therefore contains elements of the regula-
tory sequences of the inserted resistance 
genes and shows considerable sequence 
variation.

Integration and resistance genes cap-
tured by integrons are controlled by the 
expression of the integrase gene. Integrase 
gene expression has been shown to be 
controlled by the SOS response, which, 
in turn, can be induced by sub-inhibi-
tory doses of antibiotics, including ami-
noglycosides.43,44 We have shown that 
the leader RNA sequence that includes 
the attI1 site is preserved at the level of 
the RNA (and also the DNA) sequence. 
Because the SOS response is also known 
to be highly mutagenic,43 the presence of 
the conserved regulatory RNA sequence 
would therefore stabilize and protect the 

Figure 2. (A) A schematic of the 5' conserved segment of class 1 integrons, the inserted gene cassettes (shown here as genes 1 and 2) are transcribed 
by the strong promoter Pc (derived from refs. 39, 40 and 66). The divergent promoter Pint transcribes the integrase (int) gene. Single gene cassettes 
are inserted by integrase-mediated recombination between integrase recognition sites within the attI1 (green hatching) and attC elements (yellow 
hatching), a regulatory RNA is also associated with the attC element.40 Integrase expression is linked to the SOS response that can also be induced by 
antibiotics. (B) The 75 nucleotide leader aac/aad riboswitch RNA from Pseudomonas fluorescens, the RNA is located between the divergent int and aac 
genes at the conserved 5' end of the integron. The leader RNA transcript is produced by the strong promoter Pc. SD1 and SD2 are colored blue, the 
anti-SD2 sequence green, and the start codon of the resistance gene is red. The equivalent positions of the core attI1 recognition site on the corre-
sponding DNA are indicated by the box, the arrowhead indicates the approximate position of the attC 3' DNA insertion. (C) Pye chart representing a 
blast search of the aac/aad riboswitch sequence from Pseudomonas fluorescens. Of the top 150 blast hits 111 were annotated such that the identities of 
the neighboring genes were known. The majority of neighboring resistance genes encoded aminoglycoside adenyltransferases (aad, 76) and amino-
glycoside acetyltransferases (aac, 32). There was also a minor representation of the non-aminoglycoside resistance genes dihydrofolate reductase (dhfR, 
1) and a non-functional multidrug exporter (qacH, 2).
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in Escherichia  coli.65 In this case, instead 
of targeting the ribosome, the antibiotic 
targets a predicted cyclic diguanosine 
monophosphate (c-di-GMP) phospho-
diesterase [the aminoglycoside response 
regulator gene (arr)] inducing biofilm-
specific aminoglycoside resistance. Cyclic 
diguanosine monophosphate is a second 
messenger molecule that controls cell 
surface adhesion.65 Sub-inhibitory con-
centrations of aminoglycosides (and other 
antibiotics) are also known to induce the 
bacterial SOS response through interfer-
ence with the SOS transcriptional repres-
sor LexA.43,44

The Function of the Putative 
Leader Peptide on the Induction 

of Reporter Gene Expression

The 75 nt leader RNA encodes a putative 
short leader peptide and we investigated 
function for the nascent leader peptide on 
the induction of the reporter gene expres-
sion. We made three mutations (M23–
25) in which the amino acid sequence 
of the leader peptide was retained, but 
the leader RNA sequence was altered. 
M23–25 greatly reduced the induction of 
the reporter gene. Our initial constructs 
included a point mutation (C11A) outside 
the peptide coding sequence; this point 
mutation in the mutants M23–25 also 
introduces the sequence AAAGA that 
overlaps the initiation codon of the puta-
tive leader peptide (Fig. 4A). The muta-
tion C11A was originally introduced to 
destabilize a potential competing RNA 
structure. The sequence AAAGA was 

and Rev responsive element52 and in auto 
catalytic ribozymes.53 However, amino-
glycoside binding is not simply associated 
with a general inhibitory activity.54 For 
example, in the absence of metal ions, they 
also promote self-cleavage by the hairpin 
ribozyme55 in contrast to their inhibitory 
activity against the hammerhead ribo-
zyme.56 Their potential to shape RNA 
structures has been used to create ami-
noglycoside binding RNA aptamers.57,58 
An in vitro selected streptomycin binding 
RNA58 exhibited a novel binding mode59 
that led to the prediction that a strepto-
mycin binding aptamer with a regulatory 
role may be found.60 Subsequently, a com-
bination of in vitro selection combined 
with genetic screening identified a neomy-
cin responsive synthetic riboswitch that 
could regulate translational initiation in 
S. cerevisiae.61,62

The aminoglycosides, like other natural 
product antibiotics, are secondary metab-
olites. They are synthesized by multi-step 
biosynthetic pathways involving multiple 
gene products.63 Within their natural pro-
ducer organism they rarely achieve the 
dosing levels for antibiotic activity. It is 
therefore perhaps simplistic to regard them 
solely as inhibitors of bacterial growth, and 
a role was predicted for them as effector 
molecules in the regulation of diverse bio-
logical activities.64 Novel functionalities 
are emerging for antibiotics and they can 
be considered to be modulators as well as 
inhibitors.21,54,63 For example, sub-inhib-
itory doses of the aminoglycoside tobra-
mycin have been shown to induce biofilm 
formation in Pseudomonas aeruginosa and 

investigate solution-based induction,16 we 
constructed a new reporter in which the 
full-length CDS replaced the α-fragment 
of the β-galactosidase CDS and observed 
induction of the reporter gene expression 
to be 2.5- or 3.2-fold by kanamycin B or 
sisomycin, respectively (Zhang, Chen, and 
Murchie, unpublished data), confirming 
our original observations.

Functional Specificity of  
Aminoglycoside-RNA Interactions

We showed that the 4,6-deoxystreptamine 
aminoglycosides such as kanamycin B, 
sisomycin could induce reporter gene 
expression through the 75 nt leader RNA 
but the control 4,5-deoxystreptamine 
derivatives like ribostamycin did not cause 
induction of reporter gene expression, 
suggesting that the induction of reporter 
gene expression through the 75 nt leader 
RNA requires specific aminoglycosides. 
To confirm that the induction of the 
reporter gene by certain aminoglycosides 
was mediated specifically by the leader 
RNA, we created an additional reporter 
in which the leader RNA of aac/aad was 
replaced by the leader RNA of cat-86.16,48 
No induction was observed in agar dif-
fusion assays.16 To further verify this 
observation, we measured β-galactosidase 
activity of the cat-86 leader in solution 
(Fig. 3) in the presence of inducing and 
control aminoglycosides and no induction 
was seen. This confirms that the induction 
of the reporter gene expression by specific 
aminoglycosides requires the 75 nt leader 
RNA. The induction of the reporter gene 
requires both the 75 nt leader RNA and 
certain aminoglycosides, indicating that 
interactions between the leader RNA 
and the aminoglycosides are specific. For 
inducing aminoglycosides, the correlation 
between the in vitro binding by SPR and 
the specificity of the reporter gene induc-
tion that we measure in vivo suggests that 
the drug-RNA interaction is biologically 
relevant.

Structured RNAs are comprised of 
negatively charged pockets to which the 
cationic amine groups of the aminogly-
cosides have a propensity to bind,49 addi-
tional binding sites have been identified 
in rRNA.24,50 Binding sites have also been 
found in the HIV trans-activating-region51 

Figure 3. The cat-86 leader RNA does not induce reporter gene expression in response to ami-
noglycoside antibiotics.16 Miller assay of β-galactosidase activity of the control cat-86 leader RNA 
in the absence [0] and with the aminoglycoside antibiotics kanamycin B (kanB 10 μM), sisomycin 
(siso 1.25 μM), ribostamycin (10 μM), and Neamine (50 μM). Typical induction data for aac/aad in 
the presence of kanamycin B (5 μM) is shown for comparison.
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of integron proliferation continue to 
emerge.66 It is noteworthy that as a com-
ponent of the class I integrons the ami-
noglycoside-sensing riboswitch sequence 
that we have identified is found mostly 
between the divergent int gene and the 
acetyl or adenyltransferase genes (Fig.  2 
see also Fig. 1 in ref. 66). This prepon-
derance of aminoglycoside genes inserted 
adjacent to an aminoglycoside-sensing 
riboregulatory RNA suggest that, while 
integron integration may occur randomly, 
at least within class 1 integrons, the asso-
ciation with aminoglycoside resistance 
confers a selective advantage.66 Cassette 
insertion at the aatI1 insertion site leads 
to the incorporation of regulatory features 
from the inserted gene but also intro-
duces considerable sequence variation in 

have the same phenotype as M23–25, 
compared with the mutated SD2, and the 
phenotype is comparable with the single 
point mutation M4 (A18) (Fig. 4B) that 
also retains the leader peptide sequence 
but does not have the mutation C11A 
(Fig. 4A). We therefore found no evi-
dence for a decoy SD site. This further 
confirms our original conclusion on the 
role of the leader peptide. The induction 
of the reporter gene by aminoglycosides 
is dependent on the conserved putative 
riboswitch RNA sequence and does not 
depend on leader peptide expression.

While the process of integron insertion 
has become progressively clarified in terms 
of the requirements for target sequence 
recognition and the mechanism of inser-
tion by the integrase protein, new aspects 

proposed to act as a decoy SD sequence 
(Ronald Breaker personal communica-
tion) such that overlap between the pro-
posed decoy SD sequence and the putative 
leader peptide initiation codon might dis-
rupt expression of the leader peptide. To 
investigate the possibility that the point 
mutation C11A was a decoy SD sequence 
that caused the change in phenotype that 
we observe for M23–25, we therefore 
repaired the mutation to the wild-type 
RNA and made three new mutant con-
structs M23*–25*. For comparison, the 
mutation SD2 (G60C) that inactivates 
the ribosome binding site of the resistance 
gene indicates the meaningful lower sig-
nal window (Fig. 4B). We found that the 
mutations M23*–25* also greatly reduce 
the induction of the reporter gene and 

Figure 4. (A) The sequence of the wild-type leader peptide (the start and stop codons are indicated). The wild-type leader RNA and the three conser-
vative mutant sequences M23*, M24*, and M25* (mutations underlined) are shown; the mutations retain the wild-type peptide sequence but change 
the RNA sequence. The mutants M23*, M24*, and M25* correct an additional mutation C11A (marked*) that introduces the sequence AAAGA that was 
proposed to act as a “decoy” SD sequence (dashed line) as shown. The C11A mutation was originally introduced to destabilize a potential RNA second-
ary structure in the leader RNA. The point conservative mutation M4 (A18G) that has the wild-type C11 sequence is also shown. (B) Miller assay of 
β-galactosidase activity of wild-type RNA, the original mutants M23, M24, M25, and M4 and three new mutants M23*, M24*, M25* in the presence of 5 
μM KanB. Mutant RNA activity is expressed as a proportion of wild type (WT) RNA activity. The mutation SD2 (G60C) inactivates the ribosome binding 
site of the reporter gene and indicates the meaningful lower signal window. The error bars correspond to the standard deviation of three independent 
experiments. This is a confirmation of the original observation and disproves the proposed decoy SD sequence.
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response to added aminoglycosides has 
been a well-known phenomenon for over 
three decades.28,69,70 Our data go some 
way toward explaining this long-standing 
phenomenon.

In summary, we have shown that an 
aminoglycoside-sensing RNA regulates 
an aminoglycoside antibiotic resistance 
gene. Antibiotic-specific riboswitches in 
the 5'UTRs of resistance genes would 
constitute a powerful way of controlling 
resistance gene expression within a bacte-
rial population. We speculate that drug-
sensing RNAs may have additional roles 
in controlling the expression of other drug 
inactivating enzymes.
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