AAC

Journals.ASM.org

Mutational Activation of the AmgRS Two-Component System in
Aminoglycoside-Resistant Pseudomonas aeruginosa
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The amgRS operon encodes a presumed membrane stress-responsive two-component system linked to intrinsic aminoglycoside
resistance in Pseudomonas aeruginosa. Genome sequencing of a lab isolate showing modest pan-aminoglycoside resistance,
strain K2979, revealed a number of mutations, including a substitution in amgS that produced an R182C change in the Amg$
sensor kinase product of this gene. Introduction of this mutation into an otherwise wild-type strain recapitulated the resistance
phenotype, while correcting the mutation in the resistant mutant abrogated the resistant phenotype, confirming that the amgS
mutation is responsible for the aminoglycoside resistance of strain K2979. The amgSg, 5, mutation promoted an AmgR-depen-
dent, 2- to 3-fold increase in expression of the AmgRS target genes htpX and PA5528, mirroring the impact of aminoglycoside
exposure of wild-type cells on htpX and PA5528 expression. This suggests that amgSy,, is a gain-of-function mutation that acti-
vates AmgS and the AmgRS two-component system in promoting modest resistance to aminoglycosides. Screening of several
pan-aminoglycoside-resistant clinical isolates of P. aeruginosa revealed three that showed elevated htpX and PA5528 expression
and harbored single amino acid-altering mutations in amgS (V121G or D106N) and no mutations in amgR. Introduction of the
amgSy,,, mutation into wild-type P. aeruginosa generated a resistance phenotype reminiscent of the amgSg, 5, mutant and pro-
duced a 2- to 3-fold increase in htpX and PA5528 expression, confirming that it, too, is a gain-of-function aminoglycoside resis-
tance-promoting mutation. These results highlight the contribution of amgS mutations and activation of the AmgRS two-com-

ponent system to acquired aminoglycoside resistance in lab and clinical isolates of P. aeruginosa.

Pxeudomonas aeruginosa is a significant opportunistic human
pathogen (1, 2) commonly associated with pulmonary infec-
tions in patients with cystic fibrosis (CF) (3). Aminoglycosides are
an important class of anti-pseudomonal agent often used to treat
such infections (4, 5), although their use is associated with resis-
tance development (6, 7). Targeting the 16S rRNA component of
the 30S ribosomal subunit, aminoglycosides compromise mRNA
translation fidelity, resulting in the production of nonfunctional
mistranslated or truncated polypeptides (8). Subsequent cytoplas-
mic membrane insertion of these aberrant proteins permeabilizes
the membrane (9) to allow further aminoglycoside entry and ac-
cumulation, ultimately resulting in total inhibition of all cellular
ribosomes and cell death (8). Although the exact mechanism(s) by
which aminoglycosides achieve their bactericidal effect remains
elusive, several recent studies point to the critical involvement of
reactive oxygen species (ROS), particularly hydroxyl radicals (10,
11), whose generation is linked to membrane perturbation by
aminoglycoside-induced mistranslated products and subsequent
activation of an envelope stress response controlled by the CpxRA
two-component system (TCS) (12).

Bacterial resistance to aminoglycosides typically results from
enzymatic modification of the drug, drug efflux, or target modifi-
cation (7, 13, 14), with the latter involving mutation of genes for
16S RNA (13, 14) and ribosomal proteins (13, 14) or methylation
of 16S RNA by transposon-encoded methyl-transferases (15). 16S
rRNA methyl-transferase-mediated aminoglycoside resistance is
rarely seen in P. aeruginosa (16), where the most common mech-
anism of aminoglycoside resistance involves aminoglycoside-
modifying enzymes (17) encoded by transmissible genes that are
acquired through horizontal gene transfer. This is not, however,
the case for CF isolates of P. aeruginosa, where these mechanisms
are almost unknown (6) and efflux by the MexXY-OprM multi-
drug efflux system appears to be the favored aminoglycoside re-
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sistance determinant (18-23). P. aeruginosa also possesses and
exploits an impressive intrinsic aminoglycoside resistome. Several
recent random transposon mutagenesis studies have, for example,
identified a large number of genes whose inactivation either en-
hances (24) or decreases (25-27) aminoglycoside resistance in P.
aeruginosa, including several genes involved in lipopolysaccharide
(LPS) biosynthesis (26) [LPS is the initial site of aminoglycoside
binding during entry into bacterial cells (28, 29)] and energy me-
tabolism (24) [aminoglycoside uptake by bacteria is energy de-
pendent (30)]. Disruption of genes encoding a novel TCS,
AmgRS, was also shown to enhance susceptibility to tobramycin
(27) and several additional aminoglycosides (26, 31). Intriguingly,
a homologue of the EnvZ-OmpR osmoregulatory TCS of Esche-
richia coli, AmgRS, regulates a number of genes that are more
reminiscent of CpxRA targets (27), including a number of pro-
teases (31), and appears to function as part of an envelope stress
response to aminoglycoside-induced aberrant polypeptides.

In this report, we identify missense mutations in the sensor
component, AmgsS, of the AmgRS TCS that are responsible for
aminoglycoside resistance in lab and clinical isolates. Dependent
on AmgR for resistance, these mutations apparently activate this
envelope stress response TCS in P. aeruginosa.
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TABLE 1 Bacterial strains and plasmids used in this study

Strain or plasmid Description” Reference
E. coli strains
DH5a &80d lacZAM15 endAl recAl hsdR17 (v~ my ") supEd4 thi- 1 gyrA96 relAl F~ A(lacZYA-argF)U169 68
S17-1 thi pro hsdR recA Tra™ 69
P. aeruginosa strains
K767 PAOI1 prototroph (wild-type) 70
K2979 Pan-aminoglycoside resistant derivative of K767 This study
K3159 K767AamgR 26
K3248 K2979AamgR This study
K3249 K767 derivative carrying the amgSg, g, mutation This study
K3250 K2979 derivative in which the amgSy 5, mutation has been restored to wild-type This study
K3260 K767 derivative carrying the amgSy,,,,; mutation This study
K2153 to K2159, Pan-aminoglycoside resistant clinical isolates 20
K2161 and K2162
K3257 K2161AamgR This study
K3198 K2162AamgR 26
Plasmids
pEX18Tc Broad-host-range gene replacement vector; sacB Tc* 71
pCGO005 pEX18Tc::AamgR 26
pCL4 pEX18Tc derivative carrying amgSg, s, on a 1,801-bp EcoRI-Xbal fragment This study
pCL5 pEX18Tc derivative carrying amgS,,+ on a 1,801-bp EcoRI-Xbal fragment This study
pCL6 pEX18Tc derivative carrying amgSy,,,; on a 1,801-bp EcoRI-Xbal fragment This study
pCL7 pEX18Tc derivative carrying amgSy,,oen o0 a 1,801-bp EcoRI-Xbal fragment This study

@ T, tetracycline resistant; WT, wild type.

MATERIALS AND METHODS

Bacterial strains, plasmids, and growth conditions. The bacterial strains
and plasmids used in this study are described in Table 1. Bacterial cells
were cultured in Luria broth (L broth) and on Luria agar (L agar), with
antibiotics as necessary, at 37°C. Plasmid pEX18Tc and its derivatives
were maintained or selected in Escherichia coli with 10 pg/ml tetracycline.
A tobramycin-resistant derivative of wild-type P. aeruginosa strain K767,
K2979, was recovered on L agar containing 1 pg/ml (1X MIC) tobramy-
cin following an 8-day exposure to H,0, as described previously (32).
AamgR derivatives of P. aeruginosa were constructed by mobilizing
pEX18Tc::AamgR (pCG005) into P. aeruginosa from E. coli as described
previously (26). Briefly, 700 pl of pCG005-carrying E. coli S17-1 (log
phase, cultured at 37°C) was mixed with 300 l of P. aeruginosa (station-
ary phase, cultured at 42°C) in a microcentrifuge tube, followed by cen-
trifugation. The resultant cell pellet was then resuspended in 100 pl of L
broth and subsequently spotted onto the center of an L agar plate. Follow-
ing incubation at 37°C for 16 h, bacteria were recovered from the L agar
plate in 1 ml of L broth, and P. aeruginosa transconjugants harboring
chromosomal inserts of pCGO005 were selected on L agar plates containing
tetracycline (50 pg/ml) and chloramphenicol (5 pg/ml; to counterselect
E. coli S17-1). These were subsequently streaked onto L agar plates con-
taining sucrose (10% [wt/vol]), and sucrose-resistant colonies were
screened for chromosomal deletion of amgR using colony PCR with the
primers amgRUP-F and amgRDown-R (Table 2) as described elsewhere
(26).

Construction of P. aeruginosa amgS mutants. To introduce an
R182-to-C mutation in amgS (amgSy,s,c mutation) into P. aeruginosa
strain K767, a DNA fragment carrying the mutation was first amplified
from the chromosome of strain K2979 and then cloned into the gene
replacement vector pEX18Tc. Briefly, a 1,801-bp fragment including ca.
900 bp upstream and downstream of the mutation site within the amgS
gene was amplified using PCR. Amplification was achieved using primers
amgS-1801-F and amgS-1801-R (Table 2) in a 50-pl reaction mixture
containing 10 ng of chromosomal DNA, 1 U of Phusion high-fidelity
DNA polymerase (New England BioLabs, Ltd., Pickering, Ontario, Can-
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ada), 1 X Phusion HF bulffer, 5% (vol/vol) dimethyl sulfoxide (DMSO),

TABLE 2 Oligonucleotides used in this study

Oligonucleotide sequence

Primer (5'—3") Reference

amgRUP-F GACTGAATTCCTGTAGAAG 26
TCCTGGCGGT

amgRDown-R GACTCTGCAGCGGCGCTGG 26
AGAAACTGGT

amgS-1801-F CGCCAGAATTCACGAGGTA This study
CACATGCTGAC”

amgS-1801-R GCACTGTCTAGATGGCCTT This study
ACGGGAAGACC!

amgS-V121G-F CGTCGCAGCTCTGGGGGCGCGCACUtusGadyCe

amgS-V121G-R GAGGCTCGGTGCGCGCCCC This study
CAGAGCTGCGACG*

amgS-D106N-F GATGGAGCTGGGGCCGAAC This study
ACCGAGACCCGCCTG®

amgS-D106N-R CAGGCGGGTCTCGGTGTTC This study
GGCCCCAGCTCCATC®

amgR-1150-F GATGCTGTCCATTGATCCAC This study

amgR-1150-R CGTTCATCAGCAGGTAGACC This study

qPCR-htpX-F ATCTCCAAGTGGATGGCGA This study

qPCR-htpX-R CAGCTCTTCGACGGTTTGC This study

qPCR-PA5528-F ATGCAGCGTGTTCTCAGC This study

qPCR-PA5528-R CGCTTGGCATTGGCATCCA This study

qPCR-mexX-F CTATCGGCATCACCAGCG 37

qPCR-mexX-R ATCTGGAACAGCACGGTG 37

qPCR-rpoD-F ATCCTGCGCAACCAGCAGAA 37

qPCR-rpoD-R TCGACATCGCGCGGTTGATT 37

“ The EcoRI site is underlined.
Y The Xbal site is underlined.
¢ The mutation site is underlined.
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primers at a 0.6 wM final concentration, and deoxynucleoside triphos-
phates (ANTPs) at a 0.2 mM final concentration. The mixture was heated
for 3 min at 98°C, followed by 35 cycles of 0.5 min at 98°C, 0.5 min at
70.1°C, and 0.9 min at 72°C, before finishing with 10 min at 72°C. The
PCR product was subsequently cloned into plasmid pEX18Tc as an
EcoRI-Xbal-restricted fragment to yield plasmid pCL4. pCL4 was mobi-
lized into P. aeruginosa strain K767 from E. coli strain S17-1 as described
above, and P. aeruginosa transconjugants harboring chromosomal inserts
of pCL4 were selected on L agar plates containing tetracycline (50 p.g/ml)
and chloramphenicol (5 wg/ml; to counterselect E. coli). These transcon-
jugants were then streaked onto L agar plates containing sucrose (10%
[wt/vol]), and the resultant sucrose-resistant colonies were screened for
the chromosomal amgSy, s, mutation by PCR amplification and se-
quencing of the amgS gene. To construct a derivative of K2979 in which
the amgSy, 5, Mmutation was corrected, yielding wild-type amgs, the wild-
type gene was amplified as described above from strain K767 and cloned
into pEX18Tc to yield pCL5. Plasmid pCL5 was mobilized into P. aerugi-
nosa K2979 from E. coli S17-1 as described above, and a derivative of
K2979 in which the mutation had been corrected was recovered, again as
described above, using sucrose selection, amgS amplification, and se-
quencing. To introduce an amgSy,,,,; mutation into strain K767, pCL6, a
pEX18Tc-based gene replacement vector carrying the desired mutation,
was constructed by using a site-directed mutagenesis single-primer PCR
protocol with slight modifications (33). Briefly, individual single-primer
amplifications were carried out using the mutagenic primers amgS-
V121G-F and amgS-V121G-R (Table 2) ata 0.6 wM final concentration in
a 50-pl reaction mixture containing 25 ng of pCL5 template, 1 U of Phu-
sion high-fidelity DNA polymerase, 1 X Phusion HF buffer, 5% (vol/vol)
DMSO, and dN'TPs at a 0.2 mM final concentration. The mixtures were
heated for 3 min at 98°C, followed by 25 cycles of 0.5 min at 98°C, 0.5 min
at 72°C, and 4 min at 72°C, before finishing with 10 min at 72°C. The two
PCR products were then combined in equal volumes (giving a total vol-
ume of 20 pl) and heated for 5 min at 95°C, followed by a standard slow
stepwise cooling to a final temperature of 37°C (33) to promote random
reannealing of the denatured plasmid templates and PCR products. Eight
units of Dpnl (New England BioLabs, Ltd.) was subsequently added to the
reannealed templates/products and incubated for 1 h at 37°C to digest the
methylated parental plasmid template. Finally, 5 pl of the Dpnl-treated
material was transformed into E. coli DH5a, plasmids were recovered
from transformants, and the amgS gene was sequenced. Plasmid pCL6, in
which the amgS,;,,, mutation was confirmed, was then mobilized into P.
aeruginosa K767 from E. coli S17-1 as described above, and a derivative of
K767 containing the chromosomal amgS,;,,,; mutation was identified
following sucrose selection, amgS amplification, and sequencing. Plasmid
pCL7, a pEX18Tc-based gene-replacement vector carrying the amgSp, gen
mutation, was generated as described above for pCL6 except that the
mutagenic primers amgS-D106N-F and amgS-D106N-R (Table 2) were
employed.

DNA methods. Standard protocols were used for restriction endonu-
clease digestion, ligation, transformation, plasmid isolation, and agarose
gel electrophoresis, as described by Sambrook and Russell (34). Plasmid
DNAs were also prepared from E. coli using a GeneJET plasmid miniprep
kit (Fermentas Canada Inc., Burlington, Ontario, Canada) according to a
protocol provided by the manufacturer. Chromosomal DNA of P. aerugi-
nosa was extracted using a DNeasy blood and tissue kit (Qiagen Inc.,
Mississauga, Ontario, Canada) according to the manufacturer’s protocol.
DNA fragments used for cloning were extracted from agarose gels using a
Wizard SV gel and PCR cleanup system (Fisher Scientific, Ltd., Nepean,
Ontario, Canada) and, once cloned, were sequenced to verify that no
unintended mutations were introduced during PCR. Competent E. coli
cells were prepared as described previously (35). For sequencing, the
amgRS genes were individually amplified from the chromosome of P.
aeruginosa using the primer pairs amgR-1150-F-amgR-1150-R and
amgS-1801-F-amgS-1801-R (Table 2), respectively, using components
and conditions as described above for amgS except that a 0.58-min exten-
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sion time was used for the amgR PCR. Oligonucleotide synthesis was
carried out by Integrated DNA Technologies (Coralville, IA), and nucle-
otide sequencing was carried out by ACGT Corp. (Toronto, Ontario,
Canada) using universal and custom primers. Genome sequencing and
polymorphism detection, annotation, and validation were carried out as
described previously (36).

Quantitative real-time PCR. Bacterial RNA was isolated, purified,
and reverse transcribed into cDNA as described previously (37). The
primers used in quantitative real-time PCR (those with a “qPCR” desig-
nation [Table 2]) were designed to amplify specific gene fragments with
lengths of 99 bp (htpX), 74 bp (PA5528), 142 bp (mexX), or 91 bp (rpoD)
and were validated as described elsewhere (the mexX and rpoD primers
were validated previously) (37). The amplification efficiencies of the
quantitative real-time PCR primer pairs for htpX and PA5528 were deter-
mined to be 101.6% (correlation coefficient, 7 = 0.998) and 99.7% (1 =
0.997), respectively. All quantitative real-time PCR primer pairs used in
the present study had a minimum 4-log, , dynamic range. The expression
of mexX, htpX, PA5528, and rpoD was assessed by quantitative real-time
PCR as described previously using a CFX96 real-time PCR detection sys-
tem (Bio-Rad) (37). For each gene studied, at least one control reaction
with no cDNA template was included in each experiment to check for
contamination of the reagent(s) and to identify unintended amplification
products (e.g., primer dimers). The levels of expression of the target genes
in each strain studied, normalized against that of the reference gene, were
calculated using the standard analysis feature of the CFX manager soft-
ware version 1.6 (Bio-Rad) and are reported here as fold change relative to
that in the P. aeruginosa PAO1 wild-type strain K767, unless otherwise
specified.

Antibiotic susceptibility assay. The susceptibility of P. aeruginosa to
antimicrobial agents was assessed using the 2-fold serial microtiter broth
dilution method described previously (38), with an inoculum of ~5 X 10°
cells per ml. MICs were recorded as the lowest concentration of antibiotic
inhibiting visible growth after 18 h of incubation at 37°C.

RESULTS

amg$ mutation in pan-aminoglycoside-resistant P. aeruginosa.
In a previous study, extended (8-day) exposure of wild-type P.
aeruginosa to peroxide enhanced the recovery of amikacin-resis-
tant mutants that were ultimately revealed to be pan-aminoglyco-
side resistant (32). Tobramycin-resistant isolates were also recov-
ered but not studied further. One of these, strain K2979, was here
assessed for changes in susceptibility to additional aminoglyco-
sides. As seen in Table 3, the mutant showed modest increases in
resistance to several aminoglycosides but not to the aminocyclitol
spectinomycin. Since spectinomycin is thought to be a substrate
for MexXY-OprM—resistance to this agent increases in mutants
expressing mexXY (20, 37, 39)—this suggested that aminoglyco-
side resistance in K2929 was not attributable to MexXY-OprM.
Consistent with this, mexXY expression was not elevated in strain
K2979 relative to its parent strain (data not shown). To identify
the mutation(s) responsible for the modest aminoglycoside resis-
tance of strain K2979 and thus gain some insight into the resis-
tance mechanism, its genome was sequenced. Thirty-seven muta-
tions were identified in the mutant, one of which occurred in the
amgS gene [a C-to-T transition at nucleotide 544, resulting in an
Arg-to-Cys substitution at amino acid residue 182 (R182C)], en-
coding the sensor component of the AmgRS TCS (27). As a regu-
lator of a probable envelope stress response, AmgRS contributes
to intrinsic aminoglycoside resistance—transposon insertions
into amgRS enhances susceptibility to these agents (27). To con-
firm the contribution of the amgSy, 4, mutation to aminoglyco-
side resistance in strain K2979, the mutation was engineered into
wild-type P. aeruginosa strain K767, and the impact on the amin-
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TABLE 3 Effect of amgRS mutations on pan-aminoglycoside resistance in laboratory and clinical P. aeruginosa strains

MIC (p.g/ml)”

Strain AmgR* AmgS* TOB GEN AMI STR PAR NEO SPC CAM TET ERY
Lab strains®

K767 WT WT 1 2 2 16 256 32 1,024 64 16 512

K2979 WT R182C 4 4 4 32 512 64 1,024

K3249 WT R182C 2 4 4 32 512 64 1,024 64 16 512

K3250 WT WT 2 2 2 16 256 32 1,024

K3159 - WT 0.5 (2)° 0.5 (4) 0.25 (8) 8(2) 16 (16) 4(8) 512 (2)

K3248 - R182C 0.5 (8) 0.5 (8) 0.25 (16) 8(4) 16 (32) 4 (16) 512 (2)

K3260 WT V121G 2 4 4 32 512 64 256 32 8 256
Clinical strains

K2161 WT D106N 8 32 16 64 2,048 512 256

K3257 - D106N 1(8) 2 (16) 2(8) 8(8) 64 (32) 8 (64) 256 (1)

K2162 WT WT 64 256 128 256 >4,096 512 2,048

K3198 - WT 16 (4) 64 (4) 32 (4) 128 (2) 4,096 (=2) 128 (4) 2,048 (1)

“WT, wild type; —, absent.

" TOB, tobramycin; GEN, gentamicin; AMI, amikacin; STR, streptomycin; PAR, paromomycin; NEO, neomycin; SPC, spectinomycin; CAM, chloramphenicol; TET, tetracycline;
ERY, erythromycin. Values in parentheses are fold reductions in MIC for the amgR deletion mutants relative to their corresponding parental strains.

¢ Strain K767 derivatives.

oglycoside resistance in the resulting mutant strain, K3249, was
assessed. As with strain K2979, strain K3249 showed a modest
increase in resistance to all aminoglycosides tested and no change
in susceptibility to spectinomycin (Table 3). Similarly, reverting
the amgSg, 5, mutation of strain K2979 to the wild-type sequence
in strain K3250 restored aminoglycoside susceptibility to essen-
tially wild-type levels (Table 3). Thus, it is concluded that an
amgSg, s> Mutation promotes modest pan-aminoglycoside resis-
tance in P. aeruginosa.

amgSg,s,c i a gain-of-function mutation. AmgRS is pro-
posed to regulate an envelope stress response that responds to
membrane perturbation by aminoglycoside-generated mistrans-
lated polypeptides and, as such, is activated by aminoglycosides
(27). Two known targets of AmgRS that are upregulated by ami-
noglycoside exposure and that contribute to intrinsic aminogly-
coside resistance in P. aeruginosa are htpX, encoding a cytoplasmic
membrane protease, and PA5528, encoding a protein of unknown
function (27, 31). We sought to first validate the AmgR-depen-
dent induction of htpX and PA5528 by aminoglycosides in wild-
type P. aeruginosa and then assess their AmgR-dependent expres-
sion in the amgSy 5, mutant strain K2979. Contrary to a previous
report (27), neither htpX nor PA5528 was induced by exposure of
log-phase cells to tobramycin at 1X MIC (Fig. 1), although in-
creasing tobramycin to 4X MIC did provide for a 2-fold increase
in htpX expression (no increase in PA5528 expression was ob-
served) (data not shown). In contrast, the aminoglycosides neo-
mycin, paromomycin, and streptomycin all promoted a 2- to
3-fold induction of htpX at 1 X MIC, with neomycin and paromo-
mycin also providing for a 2-fold induction of PA5528 at this level
of antimicrobial (Fig. 1). Importantly, and consistent with these
genes being AmgRS regulated, the aminoglycoside-promoted in-
duction of htpX and PA5528 was abrogated in the amgR knockout
strain K3159 (Fig. 1). Bacteriostatic agents such as chloramphen-
icol and spectinomycin, which also target the ribosome but do not
cause mistranslation or generation of membrane-perturbing ab-
errant polypeptides, failed to induce htpX or PA5528 (Fig. 1),
which is consistent with membrane perturbation being the signal
for AmgRS activation. Thus, htpX and PA5528 are markers for
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AmgRS activation by aminoglycosides, although there is some
variability with respect to a given aminoglycoside’s ability to acti-
vate this system.

As seen in Fig. 2, expression of these genes was enhanced 2- to
3-fold in the amgSg;g,c mutant strain K2979 and in the K767
derivative harboring the same mutation (i.e., K3249). Moreover,
reversion of the mutation in strain K3250 reversed this increase
(Fig. 2) confirming that the amgSg, s, mutation was indeed re-
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FIG 1 AmgR-dependent induction of htpX and PA5528 by mistranslation-
promoting aminoglycosides. Mid- to late-log phase cultures (optical density at
600 nm [ODg,] = 0.8 to 0.9) of the P. aeruginosa PAO1 strains K767 (WT)
and K3159 (AamgR) were exposed to 1X MIC of the indicated antimicrobials
(—, no antimicrobial; PAR, paromomycin; NEO, neomycin; STR, streptomy-
cin; TOB, tobramycin; SPC, spectinomycin; CAM, chloramphenicol) for 30
min before harvesting for RNA extraction. The expression of htpX (top) and
PA5528 (bottom) was subsequently assessed in these strains using real-time
quantitative PCR. Expression was normalized to rpoD and is reported relative
to the untreated wild-type strain K767. Values are means * standard errors of
the means (SEMs) (error bars) from at least three independent determina-
tions, each performed in triplicate.
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FIG 2 Effect of amgRS mutations on the expression of known AmgRS-regu-
lated genes in P. aeruginosa. The expression of htpX and PA5528 was assessed
in the indicated strains using real-time quantitative PCR. The status of the
amgR and amgS gene in each strain is indicated (WT, wild type; —, absent), as
is the identity of any mutations. Expression was normalized to rpoD and is
reported relative to that of the wild-type P. aeruginosa PAO1 strain K767 (fold-
change). Values are means * standard errors of the means (SEMs) from at
least three independent determinations, each performed in triplicate.

sponsible for activating the AmgRS TCS. As with the aminoglyco-
side-mediated activation of AmgRS, amgSp g, activation of
AmgRS in K2979 was nullified in its amgR knockout derivative,
where htpX and PA5528 expression was reduced to levels seen in
the amgR knockout derivative of K767 (Fig. 2; compare strains
K3248 and K3159). These results indicate that amgSg, ¢, is a gain-
of-function mutation that mimics the effects of aminoglycosides
on the AmgS sensor, promoting AmgR-dependent activation of
htpX and PA5528 and, consequently, modest aminoglycoside re-
sistance.

Additional amgS gain-of-function mutations in aminoglyco-
side-resistant clinical isolates of P. aeruginosa. To assess
whether AmgRS, possibly via amg$ gain-of-function mutations,
contributes to aminoglycoside resistance in clinical P. aeruginosa
isolates, several aminoglycoside-resistant CF lung isolates were
examined for increased expression of htpX and PA5528, as evi-
dence of AmgRS activation. Nine isolates [including one amino-
glycoside-susceptible control, K2155 (20)] were examined, of
which three (K2157, K2158, and K2161) showed approximately
2-fold increases in expression of both genes and one (K2162)
showed a 2-fold increase in h#pX only (Fig. 3). To assess whether
this increase in expression and resistance was linked to amgRS,
attempts were made to delete the amgR gene in these mutants.

amgR*

(fold-change)
N
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-
1

Relative gene expression

0 -

K2153 K2154 K2155 K2156 K2157 K2158 K2159 K2161 K2162

Aminoglycoside-Resistant P. aeruginosa amg$S Mutants

This gene had been deleted in K2162 previously (26), but despite
numerous attempts with the other three isolates, a knockout was
achieved in strain K2161 only. In the case of the K2162 amgR
knockout derivative, strain K3198, the impact of losing AmgR on
aminoglycoside resistance was modest and comparable to that
seen in the K767 amgR knockout derivative, strain K3159, in
which AmgRS is not activated by mutation (comparable fold re-
ductions in MICs [Table 3]), and the enhanced htpX expression
associated with K2162 was abrogated (Fig. 3). In contrast, loss of
amgR in the K2161 derivative, strain K3257, markedly reduced
aminoglycoside MICs (Table 3) as well as abrogating the enhanced
expression of both htpX and PA5528 (Fig. 3). This suggested that
in K2161, and perhaps to a lesser extent in K2162, mutational
activation of AmgRS (as reflected by the increased htpX and/or
PA5528 expression) contributed to its aminoglycoside-resistant
phenotype. To assess this, the amgS gene was amplified from the
htpX- and/or PA5528-overexpressing strains K2157, K2158,
K2161, and K2162, as well as two control strains that did not show
any increases in htpX or PA5528 expression, K2154 and K2155,
and sequenced. Ignoring silent mutations, a single missense mu-
tation producing a Val-to-Gly substitution at residue 121
(V121G) of AmgS was identified in strains K2157 and K2158,
while a single missense mutation producing an Asp-to-Asn sub-
stitution at residue 106 (D106N) of AmgS was identified in strain
K2161. Strain K2162, as well as the control strains K2154 and
K2155, lacked amino acid-altering mutations in amgS. Subse-
quent sequencing of the regulator component-encoding gene
amgR in all these isolates revealed no mutations, suggesting that in
strains K2157, K2158, and K2161, the two aforementioned amgS
mutations were responsible for the enhanced htpX and PA5528
expression and, possibly, aminoglycoside resistance of these
strains.

To confirm that V121G and D106N were additional amgS
gain-of-function mutations contributing to the aminoglycoside
resistance of the clinical isolates K2157, K2158, and K2161, we
attempted to introduce them into the chromosome of P. aerugi-
nosa wild-type strain K767 and assess their impact on htpX
and PA5528 expression and aminoglycoside resistance. The
amgSy,,, mutation was introduced into K767, yielding strain
K3260, in which a 2- to 3-fold increase in expression of htpX and
PA5528 was observed (Fig. 2). As expected, strain K3260 also
showed a modest increase in resistance to all aminoglycosides
tested but not to spectinomycin (Table 3), confirming V121G as a
second amgS gain-of-function mutation linked to aminoglycoside
resistance in P. aeruginosa, and amgS gain-of-function mutations

amgR

B htpX
[ PA5528

K3257 K3198

FIG 3 Expression of AmgRS-regulated genes in clinical isolates of P. aeruginosa. The expression of htpX and PA5528 was assessed in the indicated clinical strains
using real-time quantitative PCR. The impact of loss of amgR on htpX and PA5528 expression in the K2161 and K2162 derivatives, K3257 and K3198, respectively,
is shown at right. Expression was normalized to rpoD and is reported relative to the wild-type P. aeruginosa PAO1 strain K767 (fold-change). Values are means * standard
errors of the means (SEMs) from at least three independent determinations, each performed in triplicate.
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as contributors to pan-aminoglycoside resistance in clinical iso-
lates. Interestingly, and in contrast to the amgSgp g, mutant
strain, K3249, where no change was observed, K3260 showed an
increase (4-fold) in susceptibility to spectinomycin (Table 3).
K3260 but not K3249 was also more susceptible (2-fold) to other
ribosome-targeting bacteriostatic agents, including chloram-
phenicol, tetracycline, and erythromycin (Table 3). Unfortu-
nately, and despite considerable effort, attempts at introducing
the amgSp,yen mutation into the chromosome of strain K767
were unsuccessful, precluding its study here.

DISCUSSION

The AmgRS TCS of P. aeruginosa is an apparent envelope stress
response-regulatory protein pair predicted to respond to mem-
brane perturbation caused by aminoglycoside-generated mis-
translated polypeptides and as such plays a role in intrinsic amin-
oglycoside resistance in this organism (26, 27). Results presented
here demonstrate that this TCS also contributes to acquired resis-
tance to these agents, in both lab and clinical isolates, by means of
gain-of-function mutations in the AmgS sensor component that
activate AmgRS independent of its natural inducer(s). Still, the
contribution of these amgS mutations to aminoglycoside resis-
tance is modest (they increase resistance in the lab strain, K767,
2-fold), and, thus, the markedly greater resistance of clinical iso-
lates harboring such mutations (Table 3) likely reflects the pres-
ence of additional resistance determinants/mutations in these iso-
lates. In agreement with this, the MexXY-OprM multidrug efflux
system has been shown to contribute to the aminoglycoside resis-
tance of clinical isolate K2161 (20), which also harbors the
amgSpioen Mutation. Given the often-multifactorial nature of re-
sistance in clinical strains, determinants of modest resistance such
as amg$ gain-of-function mutations can be important contribu-
tors.

Consistent with the amgS mutations identified in this study
being gain-of-function mutations, they upregulate known
AmgRS targets, htpX and PA5528, in an AmgR-dependent man-
ner, reminiscent of the induction of these genes by the aminogly-
cosides paromomycin and neomycin. Interestingly, only htpX ex-
pression is increased in the aminoglycoside-resistant clinical
isolate K2162, and while this mutant lacks mutations in amgRS,
htpX expression in K2162 is wholly AmgR dependent. This greatly
resembles the effect of the aminoglycosides streptomycin (at 1X
MIC) and tobramycin (at 4X MIC), which also promote AmgR-
dependent htpX expression only. The differential impact of
AmgRS activation on the expression of gene targets of this TCS
might reflect the strength of the inducing signal, with a stronger
signal being needed to upregulate PA5528. Possibly, then, a mu-
tation in K2162 causes an upstream stress/signal that acts on
AmgRS to stimulate htpX expression, but this signal is weaker than
that provided by an amgS mutation or exposure to paromomycin
or neomycin and yet is comparable to the stress/signal provided by
the other aminoglycosides. Although paromomycin and neomy-
cin, 4,5-disubstituted aminoglycosides, act on the same site of the
ribosome as streptomycin (40) and 4,6-disubstituted aminoglyco-
sides such as tobramycin and gentamicin (41) and like these ami-
noglycosides cause misreading and production of aberrant poly-
peptides, there are indications of differences, too. In addition to
promoting mistranslation, neomycin and paromomycin also neg-
atively impact assembly of the 30S ribosomal subunit (42), al-
though the 4,6-disubstituted aminoglycosides were not examined
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in this study and it is unclear if they have ever been assessed in this
context. Similarly, switching the 6 substituent of ring 1 of 4,5-
versus 4,6-disubstituted aminoglycosides differentially impacts ri-
bosome inhibitory activity—replacing the 6’ NH, group with an
OH has a major negative impact on ribosome inhibition by the
4,6-disubstituted aminoglycoside kanamycin, while replacing the
NH, of neomycin with OH (resulting in paromomycin) has a
minimal impact (43). In any case, there are clearly differences in
the AmgRS-responsive stress signals propagated by neomycin and
paromomycin compared to the other aminoglycosides. Whether
this relates to the degree of stress or differences in stress signals is
at present unknown.

A puzzling observation in the present study is the lack of htpX
induction by tobramycin at 1 X MIC—htpX induction required
the use of 4X MIC. Interestingly, and in contrast to the other
aminoglycosides and ribosome-targeting agents examined in this
study, tobramycin failed to elicit immediate growth inhibition
when applied to log-phase P. aeruginosa at 1 X MIC—immediate
growth inhibition was seen only at 4 X MIC for this agent (data not
shown). Since by definition 1X MIC tobramycin is sufficient to
kill/block growth of P. aeruginosa in a typical susceptibility assay
involving diluted overnight cultures (typically 5 X 10° cells/ml),
this agent is apparently less effective on denser P. aeruginosa cul-
tures. The apparent lack of perturbation of log-phase cells by 1X
MIC tobramycin likely explains the failure of tobramycin to in-
duce htpX at 1 X MIC.

As a TCS, the AmgS histidine kinase is expected to sense/bind
its cognate ligand/signal, activating its kinase activity to phos-
phorylate AmgR, which in turn binds to and promotes expression
of target genes (e.g., htpX and PA5528). Thus, amgS gain-of-func-
tion mutations probably stimulate the kinase activity and AmgR
phosphorylation by mimicking the effect of its ligand(s)/signaling
molecule(s). Such mutations have been reported for other TCS
kinases (44), including EnvZ (45-49), the closest homologue of
AmgS and part of the E. coli osmoregulatory TCS, EnvZ-OmpR,
which controls expression of the ompC and ompF porin genes
(50). These kinases are characterized by an N-terminal periplas-
mic sensor or input domain flanked by 2 transmembrane domains
(51) (Fig. 4) and a C-terminal output module that contains a
phosphotransfer/dimerization domain and ATP binding/catalytic
domain (52), with the input and output domains being connected
by a cytoplasmic linker region that occurs immediately following
the second transmembrane domain (47) (Fig. 4). Mutations acti-
vating EnvZ (45-47) and other kinases (44, 53, 54) often map to
the linker region, a domain called HAMP (because it is present in
histidine kinases, adenyl cyclases, methyl-accepting chemotaxis
proteins, and phosphatases) that is proposed to transmit signals
from the periplasmic input sensor domain to the cytoplasmic out-
put domain (55). Activating mutations in the periplasmic sensor
domain in EnvZ have not generally been described, although there
is one report of a P148S mutation in the sensor domain of EnvZ in
a bile-resistant mutant E. coli strain (56), where bile resistance can
be an indicator of increased ompC expression and, therefore, of
activation of OmpR. Based on an alignment with EnvZ, the AmgS
gain-of-function mutations described in the present study map to
the sensor domain (D106N and V121G) and the linker (R182C)
(Fig. 4). That the V121G and R182C mutations map to function-
ally separate regions of AmgS is noteworthy given the differential
impact of these mutations on susceptibility to the bacteriostatic
agents spectinomycin, chloramphenicol, tetracycline, and eryth-
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FIG 4 Sequence alignment of AmgS from P. aeruginosa and its homologue EnvZ from E. coli. Sequences were obtained from the NCBI protein database (NCBI
references: AmgS, NP_253886.1; EnvZ, NP_417863.1). A multiple sequence alignment program, T-Coffee (72), was used. Residue numbers (EnvZ annotation;
domains based on references 51 and 47) are provided in parentheses. The C-terminal cytoplasmic catalytic domain alignment (EnvZ annotation, residues 237 to
450) is not displayed. The three putative gain-of-function AmgS mutation sites (D106, V121, and R182) are in bold and indicated by asterisks (*). TM,

transmembrane domain.

romycin, which, like aminoglycosides, target the ribosome but,
unlike aminoglycosides, do not cause mistranslation. Whether
this difference in susceptibility reflects a difference in the region
being disrupted (sensor versus linker) or is unique to the V121G
mutation is unclear. In any case, it is curious that mutational ac-
tivation of AmgS would, in some instances at least, specifically
compromise resistance to bacteriostatic ribosome-targeting
agents while at the same time promoting resistance to bactericidal
ribosome-targeting agents like aminoglycosides.

Mutations in envelope stress response TCS sensor kinase genes
are not uncommon in bacteria and have been linked to antimicro-
bial resistance, usually to envelope-targeting agents. For instance,
mutations in the ¢pxA gene encoding the sensor kinase of the
CpxRA envelope stress response TCS has been shown to facilitate
amikacin (57) and cephalosporin (58) resistance in E. coli and
Salmonella enterica serovar Typhimurium, respectively. In addi-
tion, a G226D mutation in envZ has also been linked to cephalo-
sporin resistance in S. Typhimurium (58). Similarly, mutations in
the vraS (59, 60) and graS (61) sensor kinase genes of the VraRS
and GraRS envelope stress response TCSs of Staphylococcus aureus
have been shown to promote reduced susceptibility to glycopep-
tide antibiotics. Mutations in the sensor kinase genes of related
envelope-modifying TCSs, including the phoQ and pmrB genes of
the PhoPQ and PmrAB TCSs, which are best characterized in
Salmonella enterica and P. aeruginosa, also promote antimicrobial
resistance. Responsive to Mg”" and Fe’", these TCSs control
genes linked to LPS modification and promotion of resistance to
polycationic antimicrobials, including the polymyxins and anti-
microbial peptides that target the cell envelope (62-64). Muta-
tions in the HAMP linker region of PmrB have been found in
polymyxin B-resistant lab isolates of Salmonella enterica serovar
Typhimurium (65) and colistin-resistant clinical isolates of P.
aeruginosa (66), in the latter instance associated with increased
expression of the LPS modification arn locus, which is a target for
PmrA and a determinant of colistin resistance (63). Mutations in
the sensor domain of PmrB have also been reported in polymyxin
B (67)- and colistin (66)-resistant clinical isolates of P. aeruginosa,
in the latter instance again associated with increased arn expres-
sion. Clearly, then, envelope stress responses can promote antimi-
crobial resistance in P. aeruginosa and other pathogens, and, as
such, mutational activation of the regulatory TCSs can be a deter-
minant of resistance in these bacteria.
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