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ABSTRACT Class 1 integrons accumulate antibiotic resistance genes by site-specific
recombination at aatl-1 sites. Captured genes are transcribed from a promoter lo-
cated within the integron; for class 1 integrons, the first gene to be transcribed and
translated normally encodes an aminoglycoside antibiotic resistance protein (either
an acetyltransferase [AAC] or adenyltransferase [AAD]). The leader RNA from the
Pseudomonas fluorescens class 1 integron contains an aminoglycoside-sensing ribo-
switch RNA that controls the expression of the downstream aminoglycoside resistance
gene. Here, we explore the relationship between integron-dependent DNA recombina-
tion and potential aminoglycoside-sensing riboswitch products of recombination derived
from a series of aminoglycoside-resistant clinical strains. Sequence analysis of the clinical
strains identified a series of sequence variants that were associated with class |
integron-derived aminoglycoside-resistant (both aac and aad) recombinants. For the
aac recombinants, representative sequences showed up to 6-fold aminoglycoside-
dependent regulation of reporter gene expression. Microscale thermophoresis (MST)
confirmed RNA binding. Covariance analysis generated a secondary-structure model
for the RNA that is an independent verification of previous models that were de-
rived from mutagenesis and chemical probing data and that was similar to that of
the P. fluorescens riboswitch RNA. The aminoglycosides were among the first antibi-
otics to be used clinically, and the data suggest that in an aminoglycoside-rich environ-
ment, functional riboswitch recombinants were selected during integron-mediated re-
combination to regulate aminoglycoside resistance. The incorporation of a functional
aminoglycoside-sensing riboswitch by integron recombination confers a selective ad-
vantage for the expression of resistance genes of diverse origins.

KEYWORDS DNA recombination, integrons, riboregulation, riboswitch,
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he extensive use of antibiotics in the clinic, in commercial farming, and in veterinary

applications has suffused them into the environment (1). This environmental
contamination has led to significant selective pressures on commensal and pathogenic
bacteria resulting in the evolution and proliferation of antibiotic resistance genes (2, 3).
The emergence of antibiotic resistance is a prevalent and worsening threat to current
medical practice (2). Environmentally, pathogen survival is driven by selective genetic
adaptation; genetic variants are generated in response to host immune systems,
environmental stresses, and antibiotic challenges, and these evolutionary changes to
the pathogen are driven by mutation and genetic recombination (4). Genetic recom-
bination is an important evolutionary driving force and plays a key role in the gener-
ation of genetic diversity.

Integrons are a simple genetic apparatus that through site-specific recombination
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FIG 1 (A) The conserved 5’ segment of the class 1 integrons. The strong promoter P_ (8, 9, 35) transcribes the inserted gene cassette
(i.e., the aac resistance gene), while the divergent promoter P, transcribes the integrase (int) gene. Single-gene cassettes are inserted
by int-mediated recombination between int recognition sites. The int expression is linked to the SOS response that can only be
induced by nonaminoglycoside antibiotics in E. coli. (B) The leader aac riboswitch RNAs from the different pathogens, the positions
of the ribosome binding sites SD1 and SD2, conserved sequences, and variable sequences are indicated; the anti-SD sequences are
located within the variable 2 region. The RNA is located between the divergent int and aac genes at the conserved 5’ end of the
integron. The dashed box shows the equivalent positions in the RNA of the core DNA attl-1 recognition site, and the triangle indicates
the approximate position of the attC 3’ DNA insertion. (C) The BLAST search results for the aac and aad riboswitch sequence from P.
fluorescens. A total of 111 of the top 150 BLAST sequences were annotated to identify the neighboring genes. The majority of
neighboring resistance genes were aad (n = 76) and aac (n = 32), although one non-aminoglycoside resistance gene, that for
dihydrofolate reductase (dhfR), as well as a nonfunctional multidrug exporter gene (gacH), were also noted.

accumulate exogenous genes into a sequence context that ensures their accurate
expression as functional proteins (reviewed in reference 5). In antibiotic-resistant
bacteria, antibiotic resistance genes are accumulated on plasmids by a site-specific
recombination mechanism of horizontal gene transfer which is mediated by integrons.
The association of integrons with plasmids that carry multiple antibiotic resistance
genes led to their original discovery. However, further investigation has identified that
the integrons associated with antibiotic resistance had their origins as chromosomal
elements that were recruited by transposition into plasmids and selected through
exposure to antibiotics (5, 6). Three essential components are required for the seques-
tration of the exogenous genes, as follows: the first is an integrase (a site-specific
recombinase, encoded by the int gene); the second is the target recognition sequence
for the integrase gene (attl-1); and finally, the captured genes are efficiently transcribed
from a promoter sequence (P_) upstream of the attl-1 site and expressed (Fig. 1). The
transcript mRNA has been shown to function as a regulatory RNA containing a small
open reading frame consisting of a Shine-Dalgarno (SD) sequence and a putative leader
peptide to coordinate efficient expression of the downstream (inserted exogenous)
resistance genes (7-12).

The aminoglycoside antibiotics target the A site in the decoding region of the 30S
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ribosomal subunit and inhibit translocation during translation (13-15). Resistance to
aminoglycosides occurs either through the enzymatic modification of the aminoglyco-
sides, methylation of the target rRNA, or the overexpression of efflux pumps and is
associated with mobile integron-containing plasmids (5, 16-18). Enzymatic modifica-
tion of aminoglycosides by acetyltransferases (N-acetylation, AAC), nucleotidyltrans-
ferases or adenyltransferases (O-adenylylation [ANT or AAD] [10]), or phosphotrans-
ferases (O-phosphorylation [APH]) blocks aminoglycoside binding to their target site
(the A site of the ribosome), leading to aminoglycoside resistance (19-21). Mobile
plasmids carrying aac and aad genes, associated with the class | integrons, accumulate
multiple antibiotic resistance genes and are a major contributor to the proliferation of
antibiotic resistance.

The expression of resistance genes enables bacteria to survive in an antibiotic-rich
environment; however, in the absence of antibiotics, their expression imposes a
significant metabolic drain upon the cells (3, 22, 23). In order to reduce the fitness
burden associated with antibiotic resistance, cellular mechanisms of antibiotic detec-
tion are deployed to regulate the expression of resistance genes and ensure an
appropriate response upon exposure to the antibiotic (3, 22-24). For the antibiotic
classes that target the bacterial ribosome, most of the sensing mechanisms are imple-
mented at the RNA level and generally consist of strategies of translational and
transcriptional attenuation that are exploited to detect antibiotic incursion (reviewed in
references 25 and 26). Acting in cis, regulatory sequences in the 5" untranslated regions
(5'UTRs) of the antibiotic resistance genes are activated in the presence of antibiotics.
Translational attenuation occurs when, in the absence of the antibiotic, the 5'UTR folds
to mask the ribosome-binding site (RBS) of the resistance gene, leading to ribosome
stalling at neighboring short open reading frame (wORF) sequences. Antibiotic ribo-
some interactions stimulate an alternative base-pairing scheme in the 5'UTR RNA,
effectively derepressing gene expression by unmasking the RBS (27-30). For transcrip-
tional attenuation, the 5'UTR RNA folds to adopt a transcriptional terminator structure
that leads to the premature termination of transcription, and gene expression becomes
derepressed when this structure becomes destabilized in the presence of the antibiotic
(31).

Riboswitches are noncoding regulatory RNAs that specifically bind to small
metabolites to regulate the expression of downstream genes (reviewed in refer-
ences 32 and 33). An aminoglycoside-sensing riboswitch in the 5'UTR RNA of the
aac gene of a Pseudomonas fluorescens resistance plasmid has been identified that
controls downstream aac gene expression (10). Reporter constructs expressing
B-galactosidase (B-Gal) under the control of this 5’"UTR demonstrated aminoglycoside-
dependent induction of B-Gal gene expression in response to added 4,6-
deoxystreptamine aminoglycosides compared to the control molecules ribostamy-
cin, neamine, and 4,5-deoxystreptamine derivatives, which did not induce B-Gal
expression. Essential functional features of the RNA secondary structure were
confirmed by mutational analysis. There was also a correlation between the levels
of induction measured and the aminoglycoside affinity for the leader RNA as
measured by surface plasmon resonance (SPR). Higher-affinity molecules also in-
duced changes in electrophoretic mobility and the chemical reactivity of the RNA
consistent with a change in the RNA structure upon drug binding. Aminoglycoside-
dependent B-Gal expression was also detected in strains that were resistant to
aminoglycosides through ribosomal methylation or antibiotic acetylation, confirm-
ing that the induction observed was independent of aminoglycoside-ribosome
interactions (10). This led to the proposal of a translation-based riboswitch model
for the mechanism of gene regulation by the aminoglycoside-sensing RNA. The
ribosome-binding site (SD2) (Fig. 1) of the resistance gene is sequestered by a
complementary anti-SD sequence that blocks ribosome binding in the absence of
the antibiotic (Fig. 4). Upon antibiotic binding, a structural transition unmasks SD2
for ribosome binding, leading to the translation of the resistance gene (10).

At the RNA level, the aminoglycoside-sensing riboswitch functions to regulate aac
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gene expression and aminoglycoside resistance through acetylation of the drugs. At
the DNA level, aminoglycoside resistance is acquired through class 1 integron-driven
site-specific recombination of the aac gene. The DNA sequence of the aminoglycoside-
sensing riboswitch RNA overlaps with and is an integral part of the att/-1 site, which is
the recombination site of the class 1 integron-encoded integrase and extends into the
neighboring gene (7, 11, 12, 34). In this study, we set out to investigate the relationship
between integron-dependent DNA recombination and the potential aminoglycoside-
sensing riboswitch products of recombination. Sequence analysis of clinical strains
identified a series of sequence variants that were associated with class | integron-
derived aminoglycoside-resistant (both aac and aad) recombinants. Representative
sequences showed aminoglycoside-dependent regulation of reporter gene expression;
RNA binding was confirmed by microscale thermophoresis (MST), and covariance
analysis generated a secondary structure model for the RNA, suggesting a mechanism
for the riboswitch that was consistent with previous models derived by chemical
probing.

RESULTS

Analysis of the relationship between integron recombination and the ribo-
switch. Of the 126 nucleotides (nt) of the P. fluorescens aminoglycoside-sensing ribo-
switch RNA, the minimal functional unit was demonstrated to be 75 nt (10). The DNA
sequence that encodes the 75-nt aminoglycoside-sensing riboswitch RNA overlaps the
site-specific attl-1 recombination insertion site of the class 1 integrons (Fig. 1B) (12, 35).
In the class 1 integrons, the DNA sequence that encodes the leader riboswitch RNA is
positioned between the (divergent) integrase and the AAC and ANT resistance genes,
which encode the aminoglycoside acetyltransferases and adenyltransferases, respec-
tively (36). A BLAST search of the 75-nt riboswitch leader RNA aac sequence in P.
fluorescens revealed that in excess of 200 sequences have different levels of homology
with the 75-nt aminoglycoside-sensing riboswitch. Moreover, 111 of the top 150
sequences in the BLAST search were next to annotated genes, which were predomi-
nantly aad (n = 76) and aac (n = 32) (Fig. 1C) (10, 37). In this study, we have focused
on the analysis of the leader riboswitch RNA upstream of the aac genes. The study of
the riboswitch RNAs upstream of the aad genes will be reported separately (our
unpublished data). The riboswitch RNA of the aac gene is widely distributed over a
range of antibiotic-resistant pathogens, such as Pseudomonas aeruginosa, Campylobac-
ter jejuni, and Escherichia coli. Across all of the sequences, only two other non-
aminoglycoside resistance genes, (i) dihydrofolate reductase (dhfR) and (ii) a nonfunc-
tional multidrug exporter gacH, were identified.

Further analysis of these sequences revealed that the 5’ end of the RNAs consis-
tently included SD1, a fully conserved region, two variable regions, and a second RBS
(SD2). The fully conserved region corresponds to the DNA sequence overlapping the
integrase binding site attl-1. Because each integron is the product of an independent
genetic recombination event, the sequences between the attl-1 site and the aac genes
show considerable sequence variation, as they contain remnants of the regulatory
sequences of the inserted resistance genes. The strong upstream integron promoter
(P transcribes the captured aac resistance genes. Since they are the product of
integron recombination at the att/-1 site, the promoters from the acquired resistance
genes are absent (9, 34, 38, 39). The 3’ ends of the RNA sequences therefore vary
considerably, extending to the aac gene coding sequence (Fig. 1B).

Different aac leader RNAs show aminoglycoside-dependent induction of re-
porter gene expression. Certain aminoglycosides were shown to induce reporter gene
expression by the interaction of the aminoglycosides with the 75-nt aac riboswitch RNA
of P. fluorescens on the plasmid pGEX-leaderRNAaac/aad-lacZa by Miller assays in
solution and by agar diffusion assays on solid medium. A number of leader RNA
sequences were identified (Fig. 1 and Table S1) by BLAST sequence analysis, and these
sequences contained regions that differed from the published riboswitch RNA in P.
fluorescens. Mutations (even point mutations) in the P. fluorescens riboswitch RNA
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impaired the riboswitch (10). In contrast, the riboswitch RNAs in our study contained
regions of significant local sequence variation. Thus, we examined the functions of
these RNA sequences. We investigated the regulatory role of six riboswitch RNAs from
the search and compared their function with that of the riboswitch RNA of P. fluore-
scens. The DNA coding sequence of the published riboswitch RNA was replaced in the
reporter plasmid pGEX- leaderRNAaac/aad-lacZa by each of the six riboswitch RNAs,
with the P. fluorescens sequence (aac-1) included for comparison (10, 37, 40). Then, each
reporter construct was transformed into the E. coli strain JM109, and B-Gal activity was
examined in the presence of aminoglycoside antibiotics by agar diffusion assays on
plates or in solution by Miller assays, as previously described (10). Reporter gene
expression was measured in the presence of the 4,6-deoxystreptamine aminogly-
cosides sisomicin, gentamicin, kanamycin B, amikacin, and tobramycin (20); the
4,5-deoxystreptamine derivatives ribostamycin, the fragment molecule neamine,
and paromomycin were used as controls. Previous control experiments with anal-
ogous constructs containing the leader RNA of the cat-86 gene (encoding chlor-
amphenicol acetyltransferase) (41) were shown to be unresponsive to added ami-
noglycosides (10) and verified that reporter gene expression was specific for the
AAC leader RNA. As additional negative controls, the DNA sequence encoding the
AAC leader RNA was replaced by two different leader RNAs, the UTR of the ermCL
gene (erythromycin resistance methyltransferase gene) (29) and a randomly se-
lected UTR (from a fragment of the E. coli ghoS gene) of similar nucleotide
composition to the AAC leader RNAs. In these constructs (pGEX- leaderRNAermC-lacZa
and pGEX- leaderRNAghoS-lacZa), reporter gene expression was also shown to be
unresponsive to aminoglycoside antibiotics (Fig. 2B and S3). Because the control RNAs
do not affect reporter gene expression in the presence of added aminoglycosides, this
suggests that aminoglycoside-dependent effects on reporter gene expression are
specific to the AAC leader RNAs. The results show that each of the six riboswitch RNAs
could mediate the induction of reporter gene expression by 4,6-deoxystreptamine
aminoglycosides but not by the 4,5-deoxystreptamine derivatives (Fig. 2B and C and
S1), although very faint zones of induction were observed at the higher (100 uM) drug
concentrations for ribostamycin and paromomycin in the diffusion assays. These find-
ings are broadly similar to those observed for the published riboswitch in P. fluorescens.
It was previously reported that mutations or even a single point mutation in the
riboswitch in P. fluorescens were sufficient to impair its function. Although the six
riboswitch RNAs examined in this study contained sequence variations, these RNAs
could still function as riboswitches to activate downstream gene expression. Prolonged
(30-day) incubation of the AAC-6 sequence with subinhibitory doses of gentamicin
(3 M) (42) showed the AAC-6 sequence to be stable toward mutagenesis (not shown).
This suggests that not only were the specific RNA sequences required for the riboswitch
to function but also that a common feature of the leader RNAs was preserved by the
class | integron-mediated site-specific recombination event that generated each ribo-
switch. These variations in the leader RNA sequences of aac were originally introduced
at the DNA level during the site-specific recombination by the class | integron when the
bacteria were under survival pressure in an aminoglycoside-rich environment.

The aminoglycosides induce reporter gene expression of diverse aac leader
RNAs with distinct specificities. It is also noteworthy that the leader RNAs of aac-3
and aac-5 induced the reporter gene expression by amikacin at levels similar or higher
than those previously published for aac-7 by kanamycin B (Fig. 2A). Further, in the
presence of gentamicin, the leader RNA of aac-6 mediated the induction of reporter
gene expression 5-fold compared to that of aac-1 with kanamycin B (Fig. 2A). These
results suggest that the sequence variants within the riboswitch RNAs may confer
specificity for particular antibiotics to enhance the resistance response to certain
aminoglycosides. Moreover, each of the riboswitch RNA sequences showed distinctive
discrimination between different aminoglycosides. For example, for the leader RNA of
aac-6, gentamicin induced the reporter gene expression by 5-fold, while for the leader
RNA of aac-4, maximal (4-fold) induction of the reporter gene expression was observed,
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FIG 2 (A) Miller assays of the six leader aac riboswitch RNAs. The fold change upon addition of the highest-
inducing antibiotic is shown for aac-1 to aac-6 riboswitch RNAs. (B) Agar diffusion assays of cells transformed with
the reporter plasmid containing the erm-C leader RNA grown on plates with isopropyl-B-p-thiogalactopyranoside
(IPTG). Each filter disc was spotted with 1 ml of a 100 M solution of the aminoglycosides, as follows: 1, sisomicin;
2, gentamicin; 3, neamine; 4, ribostamycin; 5, kanamycin b; 6, amikacin; 7, paromomycin; and 8, tobramycin. (C)
Agar diffusion assays of cells transformed with the reporter plasmid containing the aac-6 leader RNA grown on
plates with IPTG. Each filter disc was spotted with a solution of the aminoglycosides 1 to 8. (D) B-Gal activity (in
Miller units) of the reporter gene upon titration of the aminoglycosides 1 to 8. Error bars are standard deviations

of the results from at least three independent experiments.
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FIG 3 (A) Microscale thermophoresis (MST) binding curve for the aac-6 leader riboswitch RNA with gentamicin.
Inset shows the Hill plot and Hill coefficient (n) for gentamicin binding. Error bars are standard deviations of the
results from at least three independent experiments. (B) Binding affinities (in micromolar) of the aminoglycoside
antibiotics for the aac-6 riboswitch RNA. Error bars are standard deviations of the results from at least three

independent experiments.

but with sisomicin instead. In these experiments, we used the published reporter
construct for Miller and agar diffusion assays (10), but we replaced the P. fluorescens
riboswitch with the six different riboswitch RNAs. From these results, we can conclude
that the distinct preference for different aminoglycosides for each riboswitch was due
to specific interactions between the riboswitch RNA sequences and particular amin-
oglycosides and not through interactions with other cellular components (like ribo-
somes, for example), which are invariant between the different constructs.

The aac leader RNA binds aminoglycosides. Surface plasmon resonance (SPR) (10,
43) was previously used to detect aminoglycoside binding to the P. fluorescens ribo-
switch RNA directly. The binding data were consistent with the results from the reporter
assays. The aminoglycosides that induce reporter gene expression generally bind to the
riboswitch RNA with higher affinity, and the control aminoglycosides that fail to induce
reporter gene expression bind to the riboswitch RNA with low affinity. To obtain further
biochemical evidence, based on the reporter assay results for the riboswitch RNAs, we
employed an independent technique, that of microscale thermophoresis (MST) to
measure the binding of aminoglycosides to RNA. We selected and prepared the
aac-6 leader RNA by in vitro transcription using T7 RNA polymerase. Then, the RNA
was labeled with fluorescein-5-thiosemicarbazide as previously described (44).
Aminoglycoside-to-fluorescent-RNA-binding measurements were made on a Monolith
NT.115 system by NanoTemper Technologies (45, 46); the results showed an increase in
the measured response upon titration of the aminoglycosides, indicating the formation
of an aminoglycoside-RNA complex. Figure 3B shows the dissociation constants (K,) for
the aminoglycoside-RNA complex formed, as measured by MST. Tobramycin, gentami-
cin, and amikacin showed the highest affinity for the RNA, at 1.2, 3.7, and 7.5 uM,
respectively, and noncooperative binding behavior (with corresponding Hill constants
[n] of 1.01, 1.07, and 0.80), which indicates the formation of a 1:1 complex (Fig. 3A and
S2). In contrast, ribostamycin and neamine bound with lower affinities, at 98 and
167.3 uM, respectively (Fig. 3B and S2). Thus, the results showed that the aminoglyco-
sides that induce reporter gene expression in the reporter assays in Fig. 2C and D also
displayed the higher affinities for the riboswitch RNA in MST measurements. In contrast,
the control aminoglycosides exhibited lower affinity for the riboswitch RNA. Thus, an
alternative method, MST, confirmed aminoglycoside binding to the aac-6 riboswitch
RNA and gave comparable values to previous SPR measurements for aminoglycoside
binding to the P. fluorescens riboswitch RNA.
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FIG 4 (A) Secondary structure of the aac riboswitch in P. fluorescens (10). (B) The consensus sequence and secondary-structure model for the aac riboswitch.
Conserved nucleotides are indicated by color, with red (at least 97%), black (90%), and gray (75%). Red, gray, and white circles denote positions where
nucleotide identity is less conserved at 97%, 75%, and 50%, respectively. R and Y identify purines and pyrimidines, respectively. Base pairs shaded in red exhibit
natural covariation, while those in blue and green exhibit compatible and covarying mutations. (C) Sketch of the domain swap between the leader RNA of aac-6
in P. aeruginosa (black and blue) and aac in P. fluorescens (brown and red). The chimeric RNA structures are colored black and red. (D and E) Agar diffusion assays
(D) and B-Gal activity (in Miller units) (E) of cells transformed with the reporter plasmid containing the chimeric RNA. Each filter disc was spotted with the
aminoglycoside antibiotics, as follows: 1, sisomicin; 2, gentamicin; 3, neamine; 4, ribostamycin; 5, kanamycin b; 6, amikacin; 7, paromomycin; and 8, tobramycin.

The error bars are standard deviations of the results from at least three independent experiments.

The integron preserves the aminoglycoside-sensing riboswitch function. A
model for the mechanism of the riboswitch of P. fluorescens was previously proposed
on the basis of chemical probing data and mutational analysis. In the absence of
aminoglycosides, the ribosome-binding site SD2 (GGAG) is sequestered by the anti-SD2
(CUUCQ) sequence, blocking the ribosomal access. In the presence of aminoglycosides,
aminoglycoside binding induces a structural transition that allows the pairing of
anti-SD2 with SD1 (GGAG), making SD2 available for the initiation of translation. This
leads to translation of the downstream gene (Fig. 4A). In this study, analysis of the
aminoglycoside riboswitch sequences showed that their SD2 and anti-SD2 sequences
varied in some positions, and these sequence variations were generated by integron-
dependent site-specific recombination (Fig. 1B). Despite the variations of the SD2 and
anti-SD2 sequences in these riboswitches, they continued to function as aminoglyco-
side riboswitches in the reporter assay. To further investigate the mechanism of the
riboswitch sequences and to uncover how the relationship between integron-mediated
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site-specific recombination preserves riboswitch function, the sequences from the
BLAST search were further analyzed by covariance analysis.

Covariance analysis generated covariant RNA structures for 13 resistant bacterial
strains that included Gram-positive and Gram-negative pathogens (Fig. 4 and Table S1).
This is consistent with the model proposed for the P. fluorescens riboswitch RNA, which
was based on chemical probing data (10). In the structures derived from covariance
analysis, although the SD2 (RRAG) and anti-SD2 (YUNC) sequences were variable, in the
absence of the aminoglycosides, SD2 remains sequestered by the anti-SD2 sequence
and, upon aminoglycoside binding, undergoes a structural transition. This process
allows the anti-SD2 sequence to pair with SD1 and consequently make SD2 available
for ribosome binding. The variable sequences at SD2 and anti-SD2 of the riboswitch
RNA are products of selective site-specific recombination into the integron DNA that in
each case preserves riboswitch function so that aminoglycoside resistance can be
controlled in an antibiotic-rich environment. In the situation where the recombination
events take place in the absence of selection, the strain may become sensitive to the
antibiotic because a functional riboswitch has not been preserved.

To test the covariant structure, we performed a domain swap experiment, illustrated
in Fig. 4C. The domains from two variant sequences (AAC-6 [P. aeruginosa] and AAC [P.
fluorescens]) were exchanged to form a chimeric RNA, which would be predicted to
have a riboswitch function. The chimeric RNA construct (pGEX-leaderRNAaac/aad-
lacZa) was tested on plates in the presence of aminoglycoside antibiotics or in solution
using gentamicin as a representative aminoglycoside. The chimeric RNA was found to
mediate reporter gene expression with aminoglycosides on plates, and titration of
gentamicin induced a 3.6-fold increase in B-Gal expression (Fig. 4D and E) comparable
to that observed for the original sequences (Fig. 2C). This result further substantiates
the covariance analysis findings.

DISCUSSION

Here, we have studied the relationship between the class 1 integron, a site-specific
DNA recombination system, at the DNA level and its attendant aminoglycoside-sensing
riboswitch at the RNA level. The P. fluorescens aminoglycoside-sensing riboswitch RNA
is associated with the site-specific DNA recombination system class 1 integron (8, 10).
The DNA sequence corresponding to the 75-nt riboswitch RNA overlaps the recombi-
nase binding site (att/-7). The 75-nt aminoglycoside-sensing riboswitch of P. fluorescens
was used to identify homologous sequences in surviving aminoglycoside-resistant
pathogen strains by BLAST searching. Analysis of six sequences that are the end
products of site-specific recombination by class 1 integrons showed that there was
considerable sequence variation compared to the P. fluorescens riboswitch. Despite the
sequence variation for each of the six RNA sequences, 4,6-deoxystreptamine aminogly-
cosides induce reporter gene expression to retain the aminoglycoside-sensing ribo-
switch function. Direct binding between the aac-6 UTR and the aminoglycosides was
also observed through MST measurements. Further sequence covariance analysis
showed that the sequence from nucleotides 1 to 60 adopted the same secondary
structure, and that binding of SD2 to anti-SD was maintained through complementarity
between the variant SD2 and anti-SD sequences (Fig. 1B). Antibiotic binding results in
a structural transition that unmasks SD2 for ribosome binding. The combination of
reporter assays and covariance analysis suggests a structural transition model analo-
gous to that of the P. fluorescens riboswitch in which antibiotic binding liberates SD2 to
initiate translation of the reporter gene. In the presence of antibiotics, the selection of
recombinants that maintain complementarity with the RBS of the resistance gene
confers a survival advantage.

The integrase enzyme controls integration and resistance gene capture by inte-
grons. The transcriptional repressor LexA controls expression of the integrase gene.
Conditions that stress the cell and induce the bacterial SOS response lead to expression
of the integrase gene through derepression of LexA. Subinhibitory doses of certain
antibiotics induce the SOS response, which is highly mutagenic (47, 48), and the
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presence of the conserved regulatory RNA sequence also acts to stabilize and protect
the attl-1 recombination site from accumulating deleterious mutations. The aac leader
RNA sequences are maintained and function as regulatory RNAs alongside their estab-
lished DNA function as a (attl-1) binding site for the integrase. This association of a
concomitant inducible riboswitch that responds to a commonly used antibiotic class
therefore provides an additional selective advantage to the integron cassette in an
antibiotic-rich environment (34).

The leader RNA sequences (aac-1 to aac-6) may also be differentiated on the basis
of their behavior toward individual aminoglycosides with, for example, gentamicin
causing 5-fold induction of the aac-6 reporter gene (Fig. 2). These differences in
antibiotic specificity are not consistent with possible regulatory models based upon
aminoglycoside-ribosome interactions or with other global effects on translation, as has
been suggested (49), because the individual strains expressing aac-1 to aac-6 have
identical genetic backgrounds; the only difference between the strains occurs through
the expression of the leader RNA. Therefore, the different specificities observed for the
effect of the aminoglycosides on the induction of reporter gene expression are prob-
ably due to specific interactions between the individual riboswitch RNA molecules and
the particular aminoglycosides.

The aac riboswitch sequences demonstrate progressive induction of reporter genes
in response to increased doses of the antibiotic. After the initial induction, at higher
antibiotic doses, a decline in reporter gene expression is observed. Normally, these
conditions would induce expression of the aminoglycoside acetyltransferase resistance
gene, leading to resistance to the drug. In the antibiotic-sensitive cells, however,
inhibition of translation still takes place, leading to the observed reduction in reporter
gene expression, which precedes cell death. All of the reporter constructs display
significant background levels of reporter gene expression in the absence of aminogly-
cosides. The aminoglycosides are exemplary Michaelis-Menten substrates for the
acetyltransferase enzymes (50, 51). Thus, although basal levels of gene expression are
associated with the aac riboswitch sequences, because the catalytic rate of the enzyme
is proportional to enzyme concentration, even a small increase in enzyme concentra-
tion will lead to a proportional increase in substrate turnover (we observed 2- to 5-fold
induction, comparable to that observed in clinical strains [42]), such that at much
higher enzyme concentrations, it is likely that the acetyl cofactor (acetyl coenzyme A)
would become limiting; thus, no benefit from the production of an additional acetyl-
transferase enzyme would accrue. The riboswitch may therefore be regarded as a
“dimmer switch” (52) that provides a response proportional to the dose of the drug.
This mechanism allows the cells to respond rapidly to an antibiotic threat, and the
commitment of cellular resources to the production of the resistance protein is only
made when required. This mechanism reduces the metabolic load on the cells, reduc-
ing the fitness cost of maintaining the resistance plasmids and protecting their long-
term stability.

In the class | integrons, the first gene of the integron cassette confers resistance to
aminoglycoside antibiotics; each of the sequences tested came from a clinical strain
and was associated with a downstream acetyltransferase gene, and in each case, the
sequence was shown to function as an aminoglycoside-sensing riboswitch. Because
each integron is the product of a unique recombination event, this suggests that the
initial acquisition of the resistance gene by the class | integrons conferred a significant
selective advantage. Genetic recombination rather than mutation accounts for the
rapid development of resistance. Aminoglycoside resistance quickly emerged after their
introduction in the clinic (16, 21, 53), and compared to the accumulation of mutations,
the efficiency of the integron apparatus for the expression of the resistance genes
confers a selective advantage through the aminoglycoside-sensing riboswitch.

The rapid progression of antibiotic resistance represents a continuing challenge in
the clinic (2). Further detailed understanding of the regulation of resistance gene
expression may identify novel antibiotic targets and supply new strategies for combi-
nation therapies. Significant progress has been made in elucidating the molecular

June 2019 Volume 63 Issue 6 €00236-19

Antimicrobial Agents and Chemotherapy

aac.asm.org 10


https://aac.asm.org

Integron-Derived Aminoglycoside Riboswitches

details of the RNA-based regulatory processes that control ribosomal antibiotic resis-
tance; however, the differences in the chemical structures of ribosomal antibiotics
and consequent variety of antibiotic binding modes combined with the multiplicity
of antibiotic binding sites and the range of ribosomal functions that are targeted by
the antibiotics suggest that simple “one-size-fits-all” models for attenuation will
necessarily need to be adjusted to accommodate different classes of antibiotics
(54-56). These mechanisms were originally discovered on a gene-by-gene basis
whereby the mechanism of resistance to the antibiotic and its mode of regulation
were investigated in specific clinically resistant antibiotic strains. Recent advances
in the application of genome-wide techniques for the analysis of transcription
termination events have identified transcriptionally attenuated regulatory RNAs
that control the expression of antibiotic resistance genes (54). Further genome-wide
analysis will provide insights into translation- and transcription-dependent regula-
tory processes in the future.

It is becoming apparent that in addition to their established interactions with the
ribosome and the resistance enzymes, the aminoglycosides have a wider role in their
producer and other organisms. Like other natural product antibiotics, the aminoglyco-
sides are secondary metabolites. Their biosynthesis involves multiple gene products
and complex biosynthetic pathways (57). As such, they should not be regarded as
simply inhibitors of bacterial growth; rather, they have been predicted to act as
regulatory effector molecules for a range of biological activities (58). Novel function-
alities for antibiotics continue to emerge such that they can be considered to be
modulators as well as inhibitors (17, 56, 58, 65). The aminoglycosides have also recently
been shown to induce T-box transcriptional riboswitch activity (59); they display
organism-specific effects on the bacterial SOS response, inducing it in Vibrio cholerae
but not in E. coli (47), and subinhibitory doses can induce biofilm formation (60). We
speculate that aminoglycoside-sensing riboswitch mechanisms may have additional
undiscovered cellular regulatory roles.

MATERIALS AND METHODS

Chemicals and reagents. All aminoglycoside antibiotics and oligonucleotide primers were pur-
chased from Sangon. SuperScript Ill was purchased from Invitrogen. T7 RNA polymerase was purified
in-house.

Bioinformatics analysis. Homologous riboswitch sequences of the 75-nt leader RNA were initially
identified by a BLAST search (https:/blast.ncbi.nim.nih.gov) (10); subsequently, additional sequences
were identified using Infernal (version 1.1) (61) to search the RefSeq database (version 85) (62).
Covariance analysis was implemented using CMfinder (66, 67) and covariance models drawn using R2R
(63).

Reporter construction and reporter assays. Reporter plasmid pGEX-leaderRNAaac/aad-lacZe, as
previously reported (10), was used as a vector to clone candidate riboswitch and control sequences
(Table S1). Agar diffusion and Miller assays were performed as described previously (10, 64).

Microscale thermophoresis. The riboswitch RNA was prepared by in vitro transcription using T7 RNA
polymerase. Purified RNA was labeled with fluorescein-5-thiosemicarbazide, as previously described (44).
The fluorescein-RNA and antibiotics were both prepared in 50 mM HEPES (pH 8.0), 100 mM NaCl, and
0.2mM MgCl,. The RNA was annealed by heating to 95°C for 2 min and then cooled to room
temperature. MST experiments were conducted in triplicate on a Monolith NT.115 system (NanoTemper
Technologies) (45, 46) and the normalized fluorescence (AFnorm) was determined from the MST traces
for titration experiments.

SUPPLEMENTAL MATERIAL

Supplemental material for this article may be found at https://doi.org/10.1128/AAC
.00236-19.

SUPPLEMENTAL FILE 1, PDF file, 2.4 MB.
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