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Abstract This study represents two different large-scale
proteomic experiments analyzing the antibiotic response
and the mechanisms of production of β-lactamases in the
nosocomial pathogen Stenotrophomonas maltophilia. Two-
dimensional gel electrophoresis on the cytoplasmic protein
fraction, together with iTRAQ® differential labeling and
2-D liquid chromatographic separation (2D-LC) MS/MS
on the enriched membrane protein fraction, revealed 73
proteins with a change in abundance upon imipenem chal-
lenge. These proteins belong to several different functional
pathways. We observe an increase in β-lactamase produc-
tion as well as in proteins important for their function in the
periplasm. The up-regulation of the L1 and L2 β-lactamases,
alongwith their activator LysR transcriptional factor AmpR, is
linked to an increase in proteins responsible for peptidoglycan
remodeling and stress response. The interesting identification
of an increase in abundance after treatment of the two-

component GGDEF signaling protein and an integral mem-
brane sensor signal transduction histidine kinase, indicates
that induction of the β-lactamases is not restricted to the
ampR-ampD-ampG pathway. This is the first proteomic study
in S. maltophilia upon imipenem stimulation to further unrav-
el the cellular adaptation resulting in β-lactamase production.
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Introduction

Antibiotic resistance is a public health issue worldwide. A
growing group of Gram-negative non-fermenting bacteria
has become unsusceptible to most currently used broad-
spectrum antibiotics. They are typically responsible for
severe nosocomial infections in critically ill patients and
lead to reduced recovery rates. We therefore need a thorough
understanding of the responses of these bacteria to antibi-
otics, which will enable us to develop new strategies to keep
pace with this phenomenon of rapidly increasing antibiotic
resistance (McGowan 2006; Livermore 2009; Fournier and
Raoult 2011; Wecke and Mascher 2011).

The signature of protein expression, characterizing the
adaptation of the bacteria to changes in growth conditions
for survival, is increasingly being used to find molecular
mechanisms of action of known and potentially new antibi-
otic compounds (Brötz-Oesterhelt et al. 2005; Wenzel and
Bandow 2011). Two-dimensional gel electrophoresis
(2-DE) based approaches are commonly found in applica-
tions for bacterial quantitative proteomics, also for the study
of the antibiotic response (Jungblut 2001; Bandow et al.
2003; Lin et al. 2010; Vashist et al. 2010; Wenzel et al.
2011). Unfortunately, membrane proteins are frequently
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under-represented in 2-DE maps because of their hydropho-
bic and low abundant nature (Poetsch and Wolters 2008;
Thein et al. 2010). The involvement of these membrane
proteins in antibiotic resistance is also very interesting to
study because they are located at the first bacterial barriers
antibiotics encounter and they can be the drug target them-
selves. However, shotgun proteomics combined with differ-
ential isotopic labeling for quantitation offers an attractive
alternative to 2-DE to study these membrane proteins. One
of these techniques is the Isobaric Tag for Relative and
Absolute Quantitation (iTRAQ®) method, where peptides
from different samples are labeled by amine-specific
reagents (Ross et al. 2004). As much as eight different
samples can be labeled and processed together in order to
reduce technical bias. The reliability of protein identification
as well as the proteome coverage are also improved by
tagging almost all peptides, due to the specific reaction of
the label with amines after tryptic digestion. This technique
was used by Yun et al. (2011), who combined it with other
label-free proteomic approaches, thus identifying 484 pro-
teins of common and antibiotic-specific protein responses to
tetracycline and imipenem in a clinical Acinetobacter bau-
manii strain. Another group analyzed the membrane protein
profile of Escherichia coli stimulated with an antimicrobial
peptide, by combining iTRAQ® with a classical two-
dimensional liquid chromatographic separation coupled
with tandem mass spectrometry (2D LC-MS/MS) approach
(Zhou and Chen 2011).

Here, we focus on the third most frequently found Gram-
negative non-fermenting bacterium in severe nosocomial
infections, i.e., Stenotrophomonas maltophilia (Sader and
Jones 2005). The organism is associated with bacteraemia,
pneumonia, skin, and soft-tissue infections in immunocom-
promised patients. The risk factors include prolonged
hospital stay, mechanical ventilation, previous exposure
to broad-spectrum antibiotics, malignancy, and even
transplantation. The association of high mortality with
these infections is largely due to the intrinsic and acquired
resistance of S. maltophilia to many of the currently utilized
antibiotics, including β-lactams (Senol 2004; Paez and Costa
2008; Looney et al. 2009; Ryan et al. 2009; Sanchez et al.
2009; Abbott et al. 2011). In the present study, the β-lactam
compound imipenem (carbapenem) was used. This drug
inhibits penicillin-binding proteins (PBPs), and therefore, the
peptidoglycan synthesis leading to bacterial lysis. It is widely
used in clinical settings, but increased resistance is observed
against it. Drug resistance determinants were also found to
shield the recently determined genome of the clinical S. mal-
tophilia strain K279a (Crossman et al. 2008). This resistance
can be attributed to an increased impermeability of the outer
membrane, the production of efflux pumps, and the presence
of β-lactam hydrolyzing enzymes. L1 and L2 β-lactamases
are two known examples of the latter in S. maltophilia. The L2

enzyme is a class A serine β-lactamase that is susceptible to
clavulanic acid, a clinically used β-lactamase inhibitor,
whereas the L1 enzyme is not. The L1 enzyme belongs to
the zinc-dependent class B metallo-β-lactamases. The expres-
sion of both β-lactamases is induced during β-lactam chal-
lenge, even to a different degree, and confers resistance to
these β-lactams (Avison et al. 2002; Mercuri et al. 2002). The
mechanisms resulting in chromosomal β-lactamase produc-
tion are of great interest to counteract the increased resistance
against those broadly used β-lactams but are currently not
fully understood. The induced expression of the L1 and L2
β-lactamases is regulated, to a different degree, by a LysR
transcriptional factor (ampR gene) found upstream of the L2
gene (blaL2) (Hu et al. 2008a; Okazaki and Avison 2008; Lin
et al. 2009). TheN-acetylmuramoyl-L-alanine amidase ampDI
is reported to be involved in the regulation of ampR by
degrading the ampR activatory ligand, and subsequently
repressing the L1 and L2 β-lactamase production during
normal growth (Yang et al. 2009). Huang et al. (2010) also
demonstrated that the membrane-bound permease ampG, and
its upstream gene ampN, are essential for L1 and L2
β-lactamase induction. However, this operon does not show
a gene dosage effect on the expression of the β-lactamases.
The inactivation of the PBP1a gene mrcA causes a higher
basal production of L1 and L2 β-lactamases in S. maltophilia
KJ but does not increase their induction. This derepression
depends on a functional ampN-ampG permease and on ampR
(Lin et al. 2011). The regulation of both β-lactamases thus
appears to be closely coupled with peptidoglycan recycling,
but it is not yet known whether the regulation by the LysR
transcriptional factor (ampR gene) is directly affecting both
β-lactamases and whether it is the only regulation system.

In order to get more insight into the physiological
changes upon antibiotic stress, and in an attempt to better
understand the mechanisms resulting in β-lactamase pro-
duction and bacterial adaptation, we have chosen a proteo-
mic set up, that provides a broad view on the state of cells.
We used two different strategies to analyze the bacterial
response of S. maltophilia to the β-lactam antibiotic imipe-
nem: the differential expression profiles of the soluble proteins
were investigated using 2-DE, while changes at the membrane
protein level, the target area of imipenem, were examined by
2D-LC separation and Matrix Assited Laser Desorption
Ionization (MALDI)—mass spectrometry (MS) after
iTRAQ® differential labeling.

Materials and methods

Bacterial cell culture

The imipenem-resistant S. maltophilia strain 44/98 was
recovered from the Clinical Microbiology Unit of the Varese
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University hospital in Italy (Mercuri et al. 2002) and is
available at the BCCM/LMG bacteria collection with acces-
sion number LMG 26824. It was grown aerobically over-
night as separate cultures in Luria Bertani (LB) medium in a
rotatory shaker at 37 °C, up to the stationary phase, which
corresponds to an Optical Density (OD) at 600 nm of
approximately 2. The cells were then diluted ten times in
fresh LB medium and allowed to grow further in the same
conditions. When they reached the mid-exponential
growth phase (OD600nm00.65–0.75), half of the cultures
were stimulated with 25 μg/mL imipenem (Minimal
Inhibitory Concentration, MIC>32 μg/mL) (Howe et
al. 1997; Mercuri et al. 2002). After 3 h of incubation,
cells were harvested by centrifugation for 15 min at
4,000×g and washed with 50 mM Tris–HCl, pH 8
(Mercuri et al. 2002). The cell pellets were then stored
at −80 °C until further use.

β-Lactamase assay

Two milliliters of six biological replicate cultures sampled at
different time points after induction with 25 μg/mL imipenem
were collected by centrifugation for 10 min at 13,000×g. The
cell pellets were dissolved in 2 mL of 10 mMHEPES–NaOH,
pH 7.5, containing a (EDTA-free) protease inhibitor mixture
(Roche Applied Science, Vilvoorde, Belgium), and were then
sonicated for 30 s (Branson Digital Sonifier® S-250D,
Danbury, CT, US; horn frequency of ∼20 kHz, power of
60 W). The protein solution was subsequently centrifuged
for 20 min at 1,500×g and the supernatant was retained.
Protein concentrations for each of these bacterial extracts were
determined in triplicate using the BCA™ protein assay
(Thermo Scientific, San Jose, CA, US) on a 680XR micro
plate reader (Bio-Rad, Hercules, CA, US). Appropriate dilu-
tions of protein extracts were employed in the enzymatic
reaction. β-lactamase activity of the cells was measured at
different time points after induction with imipenem (0 min,
30 min, 1, 2, 3, 4, and 5 h) by monitoring the initial rate of
hydrolysis of 100 μM CENTA™ β-lactamase substrate
(Δε4050+6,400 M−1 cm−1 , Calbiochem, Darmstadt,
Germany) at 25 °C using an Uvikon XL spectrophotometer
(Secomam, Ales, France) (Bebrone et al. 2001). L1 and L2
β-lactamase activities were differentiated by adding 50 mM
EDTA to the protein solution and incubation for 30 min at 4 °C
(Gould et al. 2006; Hu et al. 2008b). One unit of β-lactamase
activity was defined as the hydrolysis of 1 nmol of substrate per
minute, at 25 °C.

2-D gel electrophoresis of the soluble protein fraction

Six out of twelve independently grown bacterial cultures
were incubated with imipenem as described above. The
cultures were centrifuged (4,000×g) and the pellets were

resuspended in a solution consisting of 9 M urea, 4 %
CHAPS (3-3[(3-cholamidopropyl)dimethylamonio]-1-
propanesulfonate), 1 % dithiothreitol (DTT), 20 mM Tris,
0.5 mg/mL bovine pancreas DNase I, 0.25 mg/mL bovine
pancreas RNase A, 50 mMMgCl2 and the protease inhibitor
mixture. A volume of 1.5 mL of this solution was added per
gram of biomass. The cells were then vortexed and sonicated
to homogeneity, on ice, for 30 s (Branson Digital Sonifier®
S-250D; horn frequency of ∼20 kHz, power of 60 W). After
20 min of centrifugation at 16,100×g, the soluble protein
fraction was retained and the concentration determined using
the Coomassie Plus Bradford™ Assay kit after appropriate
dilution (Thermo Scientific). 2-DE was carried out as
described in Supplement Section 1.

The Proteomweaver software v.4.0 (Bio-Rad) was used
to determine the ratio of difference in protein expression
between cells induced with imipenem and those without.
Additional statistical analysis was carried out using SPSS
v.15. Normal distribution of the resulting quantitative ratios
and coefficients of variation (CV) were evaluated with the
Kolmogorov–Smirnov test, Shapiro–Wilk statistics, and
Q–Q plots. The reproducibility of the gels was assessed
with a Pearson's correlation test. The following analysis set
was employed in Proteomweaver: the protein spots had to
be present in 80 % of the replicate gels and the intensities
had to be higher or lower in all of the treated gels compared
to those of the control experiment (Mann–Whitney–
Wilcoxon test, p00.00). The significant difference in inten-
sity distribution of spots between the two groups was deter-
mined by a Kolmogorov–Smirnov statistic (p≤0.05). Only
the significantly different spots were retained for further
investigation, taking into account a cut-off of twofold
increase or decrease in spot intensity. Spots absent in
either the control group or the β-lactam treated group
were also included for further investigation.

Protein identification of differential spots by mass
spectrometry

The spots of interest were identified as described by Van
Mulders et al. (2011). The peptide mixture was analyzed by
MALDI-TOF/TOF (time-of-flight) mass spectrometry and/or
nano-LC-ESI-MS (electrospray ionization) (Supplement
Section 1). For protein identification, an in-house Mascot
server (version 2.1.0) was used with a database containing
the NCBI protein sequences of S. maltophilia strains K279a
(4,386 entries) and R551-3 (4,039 entries); the shuffled decoy
sequences created for all those sequences, as well as a list of
commonly found contaminants. This database contained a
total of 17,012 entries. The shuffled decoy database was
created with the Decoy Database Builder software (Peakardt)
(Reidegeld et al. 2008). For the MALDI MS and MS/MS
spectra, noise filtering with a coefficient of 0.9 and

Appl Microbiol Biotechnol (2012) 95:717–733 719



background subtraction (baseline fit peak width032, baseline
fit flexibility00.5, baseline fit degree00.1) were performed in
Data Explorer (v.4.9, ABSciex, Darmstadt, Germany), prior to
MASCOT analysis. For the MASCOT database search, the
number of allowed missed cleavages was set to 2. Carbami-
domethylation of cysteine and oxidation of methionine were
selected as variable modifications. The selected MS accura-
cies were 100 ppm for MALDI MS data and 1.5 Dalton (Da)
for quadrupole-ion trap (QTRAP)MS data; for MS/MS data it
was 0.5 Da. The expectation value was set to be maximally
0.05 for the data generated by the QTRAP mass spectrometer.
The functional annotation of the differential proteins was
retrieved from the KEGG database and complemented with
information about function and conserved domains from the
Uniprot and NCBI protein databases. The predicted cellular
localization of the proteins was derived from PSORTb v 3.0.2
(Yu et al. 2010).

Isolation of the membrane protein fraction

The membrane proteins of eight S. maltophilia cultures
(four controls and four imipenem-treated) were isolated
according to an adaption of the protocols used by Pessione
et al. (2003) and Molloy (2008). Cells were collected by
centrifugation and resuspended in 5 mL 50 mM Tris–HCl,
pH 8, to which 0.5 mg/mL bovine pancreas DNase I,
0.25 mg/mL bovine pancreas RNase A, 50 mM MgCl2,
and the protease inhibitor mixture were added. After
sonication on ice for 1 min (Branson Digital Sonifier®
S-250D; ∼20 kHz, 60 W), unbroken cells were centrifuged at
2,500×g for 8 min at 4 °C. The supernatant, S1, was collected,
and the cell pellet subjected to another round of resuspension,
sonication, and centrifugation, resulting in the collection of
supernatant S2. Both supernatants were mixed and 20 mL of
ice-cold 0.1 M Na2CO3 at pH 11 was added. The mixture was
then stirred on ice for 1 h and subsequently centrifuged for 1 h
at 100,000×g using the Avanti J-301 centrifuge (Beckman
Coulter, Fullerton, CA, US). The resulting pellet, containing
the membrane proteins, was solubilized in 40 mM Tris–HCl,
pH 8, containing 7 M urea, 2 M thiourea, 1 % amidosulfobe-
taine 14 (ASB-14), 0.5 % Triton-X-100, 0.1 % sodium
dodecyl sulfate (SDS), 0.5 mg/mL bovine pancreas DNase I,
0.25 mg/mL bovine pancreas RNase A, 50 mM MgCl2, and
protease inhibitor mixture.

Labeling with iTRAQ® Reagents

The membrane proteins were labeled with the iTRAQ®
Reagents 8-plex kit (ABSciex), according to the manufac-
turer's instructions, with some modifications. The proteins
were precipitated by acetone and resuspended in 60 %
methanol/30 mM ammonium bicarbonate and 0.1 % SDS,
prior to trypsin digestion, to remove any contaminants. The

protein concentration was assessed after resuspension, using
the Coomassie Plus Bradford™ Assay kit. An amount of
25 μg of protein was taken for digestion and labeling. The
imipenem-treated S. maltophilia peptide samples were
labeled with iTRAQ® Reagents 114, 116, 117, and
121, and the control samples with the Reagents 113,
115, 118, and 119. After 2 h of labeling at room
temperature, the eight samples were mixed, dried in a
Speedvac (SC110, Thermo Savant, Holbrook, NY, US),
and stored at −20 °C until analysis.

2-D liquid chromatographic separation

A reversed phase (RP) high pressure liquid chromatographic
(HPLC) separation of the peptides at pH 10, followed by a
separation at pH 3, was chosen as the 2D-LC strategy (Gilar
et al. 2005). Some 100 μg of combined labeled peptide
samples were first injected, utilizing a 100 μL loop, on a
Luna 5u C18 column (150×2.0 mm, 5 μm, 100 Å;
Phenomenex, CA, US) placed in an Ettan LC chromatograph
(GE Healthcare, Diegem, Belgium). The LC pump was oper-
ated at a flow rate of 0.2 mL/min. The mobile phases were
20 mM ammonium formate, pH 10, in 2 % acetonitrile (ACN)
as solvent A, and with the same salt in 80 % ACN as solvent
B. The separation gradient consisted of a linear increase from
0 % to 50 % solvent B over 35 min, followed by 50 % to
100% solvent B over 15min. This percentagewas maintained
for 10 min prior to a return to the starting conditions. The
eluted peptides were fractionated in a 96-well plate at a 1 min
interval (resulting in 62 fractions) and conditioned for the next
separation by drying in a Speedvac followed by resuspension
in 5 % ACN with 0.1 % trifluoroacetic acid (TFA). The
column effluent was registered at 214, 220, and 280 nm by a
UV-900 monitor (GE Healthcare). The number of fractions
was restricted to 36 by pooling some fractions after manual
inspection of the chromatogram profile based on peak inten-
sity. Of these fractions, 10 μL was loaded by a Famos micro-
autosampler (Dionex-LC Packings, Hercules, CA, US) onto a
RP trapping column (Pepmap C18, 800 μm×5 mm) using the
Switchos device, equipped with two micro 2-position/10 port
valves (Dionex-LC Packings). The loading pump operated at
10 μL/min, using 0.05 % TFA in 5 % ACN as the mobile
phase. After 8 min, the valve was switched and the sample
was eluted onto the analytical separation column (Pepmap
C18, 75 μm×150 mm), in a back flush mode, using the
nano-LC pump operating at 250 nL/min. Here, the mobile
phases were 0.1 % TFA in 5 % ACN (solvent A) and 0.1 %
TFA in 80 % ACN (solvent B). Peptides were resolved by
gradient elution with a linear increase from 0 % to 50 %
solvent B over 25 min, followed by 50 % to 100 % solvent
B over 10 min. This was maintained for another 10min before
returning to the initial conditions. The column effluent was
monitored at 214 nm using a 3 nL UV flow cell (Dionex-LC

720 Appl Microbiol Biotechnol (2012) 95:717–733



Packings). The effluent was directly spotted by the Probot
device (Dionex-LC Packings) on an OptiTOF™ LC/MALDI
target plate, at 30 s intervals, together with matrix flowing at a
rate of 1.029 μL/min. The matrix consisted of 4 mg/mL
α-cyano-4-hydroxycinnamic acid, 70 % ACN, 1 % TFA,
10 mM dibasic ammonium citrate and 0.01 pmol/μL
Glu-fibrinopeptide B.

Offline LC-MALDI mass spectrometric analysis

The MALDI plate was analyzed with the 4800 Plus MALDI
TOF/TOF Analyzer (ABSciex) as described in Supplement
Section 1. While the mass spectrometric identification of
a peptide was made in the MS mode using the com-
bined peak intensity of all iTRAQ® labeled samples, the
relative quantitation of that peptide was accomplished in
the MS/MS mode using the peak intensity of the eight
different iTRAQ® reporter ions. ProteinPilot™ (v. 3.0.),
involving the Paragon and Pro-Group algorithms from
ABSciex, was the software used for identification and
quantitation of the proteins (Shilov et al. 2007). The
same database was searched as in the 2-DE experiment,
with the exception of the shuffled decoy part, since this
was created on the fly in ProteinPilot™(17,162 entries).
The tolerance utilized for matching was based on infor-
mation of the mass accuracy of the instrument: MS
accuracy at 0.5m/z, MS/MS accuracy at 1m/z. The
selected parameters were: iTRAQ-label modification at
the peptide level, fixed MMTS modification of cysteine,
variable biological modifications, and amino acid sub-
stitutions. Background correction was employed. In ad-
dition, a false discovery rate (FDR) analysis was
performed automatically by the software. Following this
analysis, the proteins with a local FDR<5 % were
exclusively retained. Of these proteins, only proteins
with an “unused score” greater than 1.0 (identification of
90 % confidence) were further investigated. The ratios of
protein abundance in imipenem-treated bacteria compared to
untreated cells were automatically corrected for experimen-
tal bias by calculating the median average protein ratio
of every labeled sample and correcting the median to
unity. This correction factor was then applied to all
quantitation results. Excel was employed to analyze
the peptide reporter area distribution and the reproduc-
ibility between the different labels. Finally, only proteins
with a statistically significant difference in abundance in
the induced S. maltophilia cultures compared to the
non-induced cultures (ProteinPilot™, p≤0.05), in at
least two of the four biological replicates, were kept
as results. The functional annotation and cellular local-
ization of the differential proteins were derived similarly
as for the 2-DE results.

Validation with quantitative real-time PCR (qPCR)

Interesting protein differences were validated at the mRNA
level by qPCR. Total RNA from three control and three
induced S. maltophilia cultures was extracted using the
RNA protect Bacteria Reagent and RNeasy Plus Mini kit
(QIAGEN, Hilden, Germany) as described by the manufac-
turer, with some modifications (Supplement Section 1). To
remove residual DNA, a DNase I treatment was then per-
formed for 2 h at 37 °C in a final volume of 200 μL
containing 100 U of RNase-free DNase I, 40 U of RNase
inhibitor, and DNase I incubation buffer. Subsequently,
DNase I was inactivated and the total RNA was further
purified by standard phenolization and precipitation
techniques (Sambrook et al. 1989). After precipitation,
the RNA pellet was solubilized in 50 μL of RNase-free
water and stored at −80 °C until further use (Werbrouck
et al. 2006). A NanoDrop ND 1000 spectrophotometer
(NanoDrop Technologies, Wilmington, DE, US) was
employed to determine RNA concentrations and purity.
Afterwards, cDNA was synthesized from 0.75 μg RNA
using the Transcriptor First Strand cDNA synthesis kit
with random hexamer primers, according to the manu-
facturer's instructions (Roche Diagnostics). To assess the
presence of remaining DNA, each RNA sample was
subjected to a cDNA synthesis reaction without addition
of “Transcriptor reverse transcriptase enzyme” (NoRT).

Primers for the genes of interest from the S. maltophilia
strain 44/98 were designed on the basis of the genome of S.
maltophilia K279a and R551-3, as well as of some sequence
information from strain 44/98 itself, with the Primer3Plus
software (Untergasser et al. 2007) (Supplement Section 1;
Supplement Section 2, Table S1). qPCR was carried out on a
CFX96™ instrument (Bio-Rad) with each reaction contain-
ing IQ SYBR Green Supermix (Bio-Rad), forward and
reverse primers of an optimized concentration, and 5 μL
of 1:10 diluted cDNA, making up a final volume of 15 μL.
The cycling conditions were as follows: initial denaturation
at 95 °C for 10 min, followed by 40 cycles of 15 s at 95 °C,
and 60 s at 60 °C; detection was of the SYBR Green signal.
After the final cycle, melting curve analysis was performed
to examine the specificity of each reaction. The green fluo-
rescence of the PCR products was continuously monitored
throughout a temperature gradient from 60 °C to 95 °C, with
0.3 °C increments of 15 s. All measurements were done in
triplicate, and each assay included a triplicate no-reverse
transcriptase (NoRT) and no-template control (NTC) for
every primer pair. The reaction efficiency of the primers
was derived from a standard curve generated by serial
dilution of a cDNA pool of all S. maltophilia 44/98 samples
(Supplement Section 2, Table S2).

The crossing point (Cq) values were determined by the
single threshold method, using an auto calculated baseline
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threshold and baseline subtracted curve fit (CFX Manager
software version 1.1.308.1111, Bio-Rad). The Cq values
were exported to qbasePLUS v.1.5 (Biogazelle, Ghent,
Belgium) and corrected for primer-specific amplification
(Supplement Section 2, Table S2), applying the standard
curve amplification efficiencies (Hellemans et al. 2007).
The expression ratios from the three biological repli-
cates were normalized using three stable reference genes
(Supplement Section 2, Tables S3 and S4), selected as
most stable ones at the protein level for the tested
conditions (Vandesompele et al. 2002). After assessing
the quality of the qPCR experiment with qbasePLUS, the
resulting normalized ratios were exported to Excel. Fur-
thermore, a two-tailed Student's t test was performed on
the logarithmic transformed ratios after determination of
equality of variance between the groups by an F test
(Supplement Section 2, Table S5).

Results

Induction of L1- and L2-β-lactamases upon stimulation

Production of the L1 and L2 β-lactamases was investigated
by measuring the initial hydrolysis of CENTA™
β-lactamase substrate in crude extracts of six biological
replicates. There is a low-level basal total β-lactamase
activity and a rapid increase upon exposure to a sub-lethal
concentration of imipenem (25 μg/ml). The strongest activity
was seen 3 h after stimulation with imipenem (Fig. 1), while
the cells still grew exponentially, similarly to the untreated
cells. Consequently, the cells were collected at this time point
for the proteomic and qPCR experiments. Upon addition of
50 mM of the zinc-chelator EDTA, the activity of the L1
metallo-β-lactamase was inhibited. In all time-related sam-
ples, the β-lactamase activity was reduced by more than 90 %
after incubation with EDTA, showing that the hydrolysis of
imipenem was mainly due to the L1 β-lactamase (Mercuri et
al. 2002).

Changes in abundance of soluble proteins induced
by imipenem

Soluble proteins from six control and six imipenem-treated
S. maltophilia 44/98 cultures were subjected to 2-DE. After
scanning of the gel images, one gel of the control group was
eliminated because of a skewed pattern and very low spot
detection. The remaining cropped images were investigated
with Proteomweaver, which detected between 500 and 600
spots per gel (Supplement Section 3, Table S1). The repro-
ducibility of the gel images (Supplement Section 3, Fig. S1,
Table S2) and the distribution of the coefficients of variation
(Supplement Section 3, Fig. S2–S3, Tables S3–S4) were

analyzed with SPSS v. 15. The mean coefficient of variation
of the spot intensities were 20.4 % and 24.5 % in the
imipenem-treated and control group, respectively. Proteins
that showed a regulation factor≥2 (26 spots) or≤0.5
(7 spots) were excised for in-gel trypsin digestion and MS
identification (Supplement Section 3, Tables S5–S6). Spots
that were completely absent in the other group were also
excised. One spot was not found in the induced group,
whereas 38 spots were missing in the control group
(Supplement Section 3, Tables S7–S8). Of the 72 excised
spots, 42 proteins were identified with 95 % confidence
(p≤0.05) (Supplement Section 3, Tables S9–S10). The excised
spots represent 1.64 % of all predicted proteins from S. malto-
philia strain K279a, while 0.96 % was also identified with
enough confidence (1.78 % and 1.04 %, respectively, for strain
R551-3). The excised spots that did not result in a confident
identification by mass spectrometry, mostly belonged to the
very faint spots after fluorescent staining andwere not abundant
enough to be detected. As expected, only a small proportion of
the proteome showed changes in protein abundance upon
adaptation to the imipenem challenge (Bandow et al. 2003;
Lin et al. 2010; Vashist et al. 2010). Some of the predicted
proteins will not be visible on the 2-DE gels because they are
low abundant, have isoelectric points that are not resolved by
the first dimensions, or they are too hydrophobic (Brötz-
Oesterhelt et al. 2005). Therefore, the hydrophobic membrane
proteins were enriched from the samples and separated by a
gel-free 2D-LC MS method after stable isotope labeling for
quantitative proteomics. The proteins identified by 2-DE as
differentially expressed (Fig. 2) after imipenem treatment can

Fig. 1 Total and L2 β-lactamase activity in units per microgram of
protein (left vertical axis) of S. maltophilia 44/98, in function of the
incubation time (hours) with 25 μg/mL (83.5 pM) imipenem (MIC>
32 μg/mL). The error bars represent the standard error of the mean
(SEM) of six biological replicates. One unit of β-lactamase activity is
defined as the hydrolysis of 1 nmol of substrate per minute at 25 °C.
The corresponding growth curve, where the optical density (OD) was
measured at 600 nm, is also shown (right vertical axis)
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be found in Tables 1 and 2, classified according to their most
important function.

One of those proteins, exclusively observed in the
imipenem-treated cultures, was the metallo-β-lactamase
L1, which confirmed the increased activity seen in the
β-lactamase assay. The L2 enzyme was not found in this
experiment. This protein has a pI of 9.6, and although we
used IPG-strips with a broad pI (3–10) range, it is commonly
observed that proteins with such a high pI are not well
resolved in a 2-DE experiment. Furthermore, the induced
β-lactamase activity is mainly due to the L1-metallo-β-lacta-
mase and only a small increase of the L2 enzyme activity is
observed. Anyway, the L2-β-lactamase exhibits a low activity
against imipenem and a higher activity against extended-
spectrum cephalosporins (Walsh et al. 1997; Mercuri et al.
2002). The UDP-N-acetylmuramoylalanyl-D-glutamyl-2,
6-diaminopimelate/D-alanyl-D-alanyl ligase protein (MurF
protein) was more abundant after treatment with the antibiotic.
This points to an increase in peptidoglycan biosynthesis, an
expected phenomenon as a compensation for the action of
imipenem on the inhibition of the cell wall synthesis (Typas et
al. 2012). Furthermore, stimulation affected mainly protein
translation, carbohydrate metabolism and amino acid metab-
olism. Except for a putative aminopeptidase and three ribo-
somal proteins, the proteins involved in these three pathways
showed an increased abundance. Other pathways were
increased after imipenem stimulation, such as the metabolism
of nucleotides and lipids, the energy metabolism and the
machineries for replication and repair as well as of transcrip-
tion. There are some conflicting results on the changes in
protein abundance of the GroEL protein involved in general
protein folding events during stress response, a property they
share with the increased expression of DnaK chaperone pro-
tein (Frydman 2001). Different spot intensity ratios were
observed for the GroEL protein, probably reflecting modified
or processed forms of GroEL, for instance phosphorylation

(Sherman and Goldberg 1992). We also detected an increased
amount of two components of the protein quality pathway
involving Clp protease, namely the two ATP-dependent Clp
subunits ClpX and ClpA (Camberg et al. 2011). Similarly, the
putative UvrABC system protein B (UvrB protein) was in-
creased upon antibiotic challenge, reflecting an oxidative
stress response linked to adaptation to antibiotic stress (Crowley
and Hanawalt 1998; Cirz et al. 2005). Contrary to the other
proteins involved in stress response, the abundance of the uni-
versal stress protein A (UspA domain protein) was found to be
decreased (Kvint et al. 2003). It is not clear at this stage whether
this concerns the non-phosphorylated form. Besides those gen-
eral pathways, there was an interesting increased abundance of a
two-component system response regulator GGDEF signaling
protein upon antibiotic challenge (Hoch 2000). Furthermore,
the experiment revealed an elevated abundance of a flagellin
protein, which suggests biofilm formation as an additional anti-
biotic resistance mechanism (de Oliveira-Garcia et al. 2002).
Finally, we observed a reduced expression of bacterioferritin,
which plays a role in the cellular iron homeostasis.

Changes in abundance of membrane proteins induced
by imipenem

Membrane proteins from control and treated S. maltophilia
44/98 cultures, with similar OD600nm values, were analyzed
by differential labeling followed by RP-RP LC and
MALDI-TOF/TOF analysis. The samples were randomly
labeled with iTRAQ® Reagents. All duplicate RP-LC
MALDI-TOF/TOF MS runs, resulting in 13,102 non-
empty spectra, were analyzed at once by ProteinPilot™.
When an identity confidence cut-off of 90 % was chosen,
3,102 distinct peptides originating from 383 proteins were
identified (44.8 % of total spectra; Supplement Section 4,
Table S1, S4, and S5, Fig. S1). Of these, two were contam-
inant bovine proteins and eight were false positive

Fig. 2 Average 2-DE gel
images of Stenotrophomonas
maltophilia 44/98 treated with
(a) and without (b) 25 μg/mL
imipenem. The differential
spots, identified by mass spec-
trometry, are indicated by a
circle and arrows, in addition to
the spot number
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Table 1 Proteins identified by 2-DE as being more abundant after imipenem treatment (classified according to their function)

Metabolic role/protein name Gi nra Gene namea pIc MW (Da)d Fold changee Spot nrf

β-Lactam resistance

Putative metallo-β-lactamase l1 precursor 190012514 Smlt2667 6.24 30,862.10 AC 762

AC 742

Two-component system

Putative GGDEF signaling protein 190014041 Smlt4295 5.41 67,123.92 AC 1399

Peptidoglycan biosynthesis and metabolism

UDP-N-acetylmuramoylalanyl-D-glutamyl-2,
6-diaminopimelate/D-alanyl-D-alanyl ligase

190010720 murF 5.83 48,239.84 2.7658 701

Bacterial chemotaxis/type III secretion

Putative flagellin 190012175 fliC 5.16 41,432.25 AC 711

190012176 flaA 5.64 39,886.47

Transcription

DNA-directed RNA polymerase, β-subunit 190010860 rpoC 6.69 155,286.13 2.5864 425

Replication and repair

Putative UvrABC system protein B (protein UvrB) 190011541 uvrB 5.35 75,715.97 2.4468 281

Translation

Translation elongation factor Tu 190010852 tufB 5.35 42,961.15 AC 1237

190010864 5.35 42,961.15

190010852 5.35 42,961.15 AC 741

190010864 5.35 42,961.15

Prolyl-tRNA synthetase 190010639 proS 5.34 62,179.77 2.2849 263

Translation initiation factor IF-2 190013184 infB 6.71 94,768.21 2.2222 345

Folding, sorting, degradation, and stress response

ATP-dependent Clp protease, ATP-binding subunit ClpX 190010945 clpX 5.37 47,412.31 AC 1173

ATP-dependent Clp protease, ATP-binding subunit ClpA 190012207 clpA 5.55 83,669.49 2.6468 642

Putative GroEL protein 190013964 groEL 5.11 57,374.58 AC 1520

Putative GroEL protein 190013964 groEL 5.11 57,374.58 2.5209 1438

Putative GroEL protein 190013964 groEL 5.11 57,374.58 2.2199 1156

Putative chaperone protein DnaK 190011885 dnaK 5.00 68,469.11 AC 729

Energy metabolism

ATP synthase F1, α-subunit 190013866 atpA 5.47 55,482.23 2.5864 425

Putative catalase 190011316 katA 6.36 56,966.87 2.5876 480

NADH-quinone oxidoreductase, F subunit 190013195 nuoF 6.21 48,313.06 2.0995 199

Carbohydrate metabolism

Putative isocitrate/isopropylmalate dehydrogenase 190010937 Smlt0982 5.61 35,635.78 AC 735

Putative glyceraldehyde 3-phosphate dehydrogenase 190013575 gap 5.59 36,130.33 AC 735

Isocitrate dehydrogenase, NADP-dependent 190014021 icd 5.50 79,691.45 AC 718

Putative 7-phosphoenolpyruvate synthase 190012798 pps 5.17 82,672.04 2.461 309

Putative 2-oxoglutarate dehydrogenase E1 component 190013006 sucA 6.10 104,191.08 2.8916 1343

Putative NADP-dependent malic enzyme 190013706 maeB 6.34 83,070.80 3.4433 65

Putative pyruvate dehydrogenase E1 component 190010473 aceE 5.73 99,806.90 2.6615 604

Aconitate hydratase 1 190012115 acn 5.69 98,711.15 2.7774 1408

Amino acid metabolism

Phosphoserine aminotransferase 194349117b Smal_2540 5.74 38,907.15 AC 722

Putative adenosylhomocysteinase 190010743 sahH 5.47 52,860.30 2.8971 241

Putative urocanate hydratase 190012925 Smlt3110 5.58 60,007.27 2.4083 704

Putative diaminobutyrate-2-oxoglutarate aminotransferase 190011339 dat 5.82 52,123.23 2.7658 701

Putative adenosylhomocysteinase 190010743 sahH 5.47 52,860.30 2.7534 232

Glutamine synthetase, type I 190010152 glnA 5.22 51,754.83 2.2199 1156
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identifications. Applying a “Local False Discovery Rate
(FDR)” threshold <5 %, calculated by the ProteinPilot™
FDR analysis (Supplement Section 4, Table S7), 349 pro-
teins were retained. This corresponds to 7.96 % of the
predicted proteome of S. maltophilia strain K279a (8.65 %

for strain R551-3). This workflow resulted in 27 % of the
349 proteins to be localized in the cytoplasmic membrane
and 12 % in the outer membrane. In comparison, the cellular
prediction of all S. maltophilia K279a proteins in our data-
base with PSORTb resulted in 22.62 % of cytoplasmic

Table 1 (continued)

Metabolic role/protein name Gi nra Gene namea pIc MW (Da)d Fold changee Spot nrf

Nucleotide metabolism

Putative polyribonucleotide phosphorylase 190013180 pnp 5.42 75,381.51 2.4468 281

Inosine-5′-monophosphate dehydrogenase 190011954 guaB 6.29 51,518.25 2.7239 495

GMP synthase, large subunit 190011955 guaA 5.56 57,172.48 2.7534 232

Lipid metabolism

Acetyl-CoA carboxylase, biotin carboxylase 190013990 accC 6.55 49,241.45 2.2703 169

Putative 3-hydroxyacyl-CoA dehydrogenase oxidoreductase 190011938 Smlt2052 6.35 85,951.61 4.2363 362

Putative 3-ketoacyl-CoA thiolase 190011937 Smlt2051 5.75 42,190.42 2.4209 410

Putative 3-ketoacyl-CoA thiolase 190010165 fadI 7.15 45,840.27 3.5559 494

Hypothetical

Conserved hypothetical exported protein 190012215 Smlt2345 5.76 70,899.46 2.1569 202

a Gi-protein entry number and gene name of the NCBI protein database of S. maltophilia strain K279a (http://www.ncbi.nlm.nih.gov)
b Entry number of strain R551-3
c Theoretical isoelectric point (pI) of the protein
d Theoretical molecular weight (MW) of the protein in Dalton (Da)
e The fold changes determined by Proteomweaver are given. AC0absent in control samples
f Spot numbering as indicated in Fig. 2

Table 2 Proteins identified by 2-DE as being less abundant after imipenem treatment (classified according to their function)

Metabolic role / Protein name Gi nra Gene namea pIc MW (Da)d Fold changee Spot nrf

Translation

Ribosomal protein L1 190010856 rplA 9.54 23,976.75 0.4598 501

Folding, sorting, degradation, and stress response

Putative GroEL protein 190013964 groEL 5.11 57,374.58 0.1742 130

Putative GroEL protein 190013964 groEL 5.11 57,374.58 0.4547 1117

Putative GroEL protein 190013964 groEL 5.11 57,374.58 0.4958 363

UspA domain protein 190014299 Smlt4591 5.20 15,938.22 0.3687 247

Amino acid metabolism

Putative aminopeptidase 190010648 pepA 5.35 51,203.37 AI 924

Cellular iron homeostasis

Putative bacterioferritin 190013384 bfr 4.93 21,510.09 0.453 1109

Hypothetical

Conserved hypothetical TPR repeat family protein 190010021 Smlt0008 6.87 43,205.87 0.4886 555

a Gi-protein entry number and gene name of the NCBI protein database of S. maltophilia strain K279a (http://www.ncbi.nlm.nih.gov)
b Entry number of strain R551-3
c Theoretical isoelectric point (pI) of the protein
d Theoretical molecular weight (MW) of the protein in Dalton (Da)
e The fold changes determined by Proteomweaver are given. AI 0 absent in samples induced with imipenem
f Spot numbering as indicated in Fig. 2
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membrane proteins and 3.58 % of outer membrane proteins
(24.29 % and 3.99 %, respectively, for strain R551-3). This
discrepancy is due to contamination of the membrane
fraction by highly abundant cytoplasmic proteins, such
as the GroEL protein and hydrophobic ribosomal pro-
teins. This was unavoidable and similar to what is
observed in other studies (Thein et al. 2010). Finally,
24 proteins in this experiment were found to have a
consistent statistically significant increased abundance
after treatment with imipenem, while 7 proteins displayed a
decreased abundance (Tables 3 and 4; Supplement Section 4,
Table S6) or 0.71 % of the predicted proteome of S. malto-
philia strain K279a (0.77 % for strain R551-3). In accordance
to the results of the 2-DE experiment, a small proportion of
proteins show changes in abundance upon antibiotic challenge
and are involved in the energy and nucleotide metabolism, in
transcription as well as in replication and repair. A
change in peptidoglycan biosynthesis and metabolism
was also observed by the increase in UDP-N-acetylglucos-
amine-N-acetylmuramyl-(pentapeptide) pyrophosphoryl-
undecaprenol N-acetylglucosamine transferase (MurG protein)
(Typas et al. 2012). Moreover, the increased level of an integral
membrane sensor signal transduction histidine kinase indicates,
once more, the involvement of another two-component system
in the adaptation of S. maltophilia to imipenem (Hoch 2000).
Besides these confirmations, the iTRAQ® experiment on the
enriched membrane protein fraction also identified changes in
the membrane transport and secretion pathways, in which the
putative outer membrane usher protein precursor (MrkC pro-
tein), the putative RND/Acr family transmembrane transporter
(SmeO protein) (Crossman et al. 2008), the putative protein-
export membrane protein (SecD protein) (Pradel et al. 2009) and
the parB-like partition protein (ParB protein) were more abun-
dant after antibiotic stimulation. In contrast, a TonB-dependent
receptor and the putative RND family acriflavine resistance
protein A precursor (SmeG protein) were less abundant
(Koebnik 2005; Crossman et al. 2008). The putative histone-
like protein and two ribosomal proteins were found to be less
present in the induced cultures.

Two peptidases similar to PepO peptidase had an in-
creased abundance observed in the iTRAQ® experiment,
while a leucyl aminopeptidase was found to be absent in
the imipenem-stressed bacteria in the 2-DE experiment. In
addition, the proteins encoded by the GroEL and GroES
operon (De Carolis et al. 2010) were decreased in abun-
dance according to the iTRAQ® experiment, while some
modified forms of the GroEL protein were found to be in-
creased according to the 2-DE experiment, probably truncated
or phosphorylated GroEL (Sherman and Goldberg 1992). In
the iTRAQ® experiment there is ,however, no differentiation
between the modified forms of a protein possible, so the
quantitation is done based on the average quantity of all
unique peptides from all possible forms of a protein.

Validation of some proteins by qPCR

Of all proteins showing a differential abundance after treat-
ment with imipenem, 12 were retained for validation at the
mRNA level by qPCR (Supplement Section 2, Table S1)
because of their functional annotation and possible implica-
tion in the antibiotic response, as discussed later. Three
reference genes for normalization were chosen from both
proteomic experiments as being the most stable under both
conditions used, namely the putative survival protein surA
(surA, Smlt0820), ribosomal protein L15 (rplO, Smlt0925)
and putative delta-aminolevulinic acid dehydratase (hemB,
Smlt4497). The primer sequences as well as the amplifica-
tion efficiencies, reference gene stabilities, resulting normal-
ization factors and ratios derived from the qbasePLUS

analysis can be found in Supplement Section 2, Tables
S1–S5. An increased abundance of L1 metallo-
β-lactamase (Smlt2667), L2 β-lactamase (Smlt3722), and
UDP-N-acetylmuramoylalanyl-D-glutamyl-2,6-diaminopi-
melate/D-alanyl-D-alanyl ligase (murF) was confirmed at the
RNA level (Fig. 3). A significant increase in L2 β-lactamase
on the mRNA level but not on the protein level can be
explained by its low activity against imipenem. It is mini-
mally responsible for the increased β-lactamase activity, as
shown in the assay, but it is still induced upon imipenem
challenge. The primers designed for murF were spanning a
region from murF (Smlt0752) as well as from murE
(Smlt0751). The up-regulation observed for the murEF gene
after induction with imipenem can be extrapolated to the
whole operon (Smlt0750–Smlt0761). This operon is homol-
ogous to the well-studied Mra operon, containing cell enve-
lope biosynthesis and division genes, in E. coli and
Pseudomonas aeruginosa. Therefore, not only the increased
abundance of the MurF protein, but also that of the MurG
protein was validated on the RNA level. A TonB-dependent
receptor (Smal_3321, Smlt3905) was observed to be de-
creased (Fig. 3). The flagellin fliC was shown to have a
down-regulation at the mRNA level (Fig. 3), contrary to the
findings at the protein level in the 2-DE experiment. These
discrepancies might indicate complex post-transcriptional
regulation mechanisms. A good correlation between tran-
scriptome and proteome quantification is often solely found
for high abundant “housekeeping” proteins. Differences be-
tween proteome and transcript ratios have been found in
other experiments as well (Gygi et al. 1999; Griffin et al.
2002). In addition, we analyzed the abundance of some
transcripts from genes already known to be implicated in
β-lactamase induction in other S. maltophilia strains. In
accordance, we observed a correlated up-regulation of the
putative HTH and LysR transcriptional factor (ampR,
Smlt3723) and the L2 β-lactamase (blaL2) operon in the S.
maltophilia 44/98 cultures that were grown for 3 h after
induction with imipenem (Fig. 3; Supplement Section 2,
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Fig. S1, Table S6) (Okazaki and Avison 2008; Lin et al.
2009). Even though the putative N-acetylmuramoyl-L-
alanine amidase (ampDI) was shown to be involved in the
derepression of L1 and L2 β-lactamases (Yang et al. 2009),
we observed that neither ampDI (Smlt1562) nor ampDII
(Smlt0154) mRNA levels were regulated by imipenem in-
duction. There was also no significant effect on the expres-
sion of the operon constituted of the known putative
β-lactamase induction signal transducer ampG (Smlt0413)
and the putative endonuclease/exonuclease/phosphatase
family protein ampN (Smlt0412) (Huang et al. 2010).

Discussion

This study represents two different large-scale quantitative
proteomic experiments investigating the antibiotic response
and the mechanisms of production of β-lactamases in S.
maltophilia 44/98 upon stimulation with imipenem. The
growth phases, in presence or absence of the antibiotic, were
not significantly different for both conditions, so differences
in the proteomes can be linked to the imipenem challenge
alone. The analysis of the soluble protein fraction by 2-DE,
followed by MS identification resulted in 42 proteins having
a change in abundance. Additionally, the investigation of the
membrane proteins with iTRAQ® labeling, followed by RP
(pH10)/RP (pH3) separation and subsequent MALDI-TOF/
TOF analysis identified 31 proteins with differential protein
abundance. The bacterial adaptation to the imipenem chal-
lenge can be seen in the change of protein abundances in
different functional pathways.

β-lactamase production

The increased β-lactamase activity upon stimulation with
imipenem is essentially due to the L1 metallo-enzyme,
which is in agreement with the existence of different induc-
tion patterns for the L1 and L2 β-lactamases, dependent on
the strain and antibiotic used (Avison et al. 2002; Mercuri et
al. 2002). Moreover, the L1 metallo-β-lactamase was exclu-
sively detected in the imipenem-treated cultures in the 2-DE
experiment (Table 1).

The increase of β-lactamase production is accompanied
by that of proteins important for its folding and secretion,
such as the MreB, DnaK, and SecD proteins (Tables 1
and 3). The metallo-β-lactamase is exported to the
periplasm by the Sec-dependent translocation with the
help of the bacterial cytoskeleton “putative rod shape-
determining protein” MreB (Pradel et al. 2009). Concerning
theDnaK protein, it is known that the L1β-lactamase precursor
is protected during transport from cytoplasmic proteases, being
assisted by the DnaK chaperone system, of which an increased
truncated form is observed after stimulation (Morán-Barrio et
al. 2009). Additionally, the production of the putative protein-
export membrane protein SecD, which promotes the release of
the mature protein into the periplasm in the Sec-dependent
protein export machinery (Pradel et al. 2009), also appears to
be increased. We also observe an increase in the Hflc protein
(Table 3), shown to inhibit SecY protein degradation by the
FtsH protein, resulting in more Sec-dependent translocation
(Kihara et al. 1996). In conclusion, S. maltophilia reacts to
the imipenem challenge by mainly increasing its L1 metallo-
β-lactamase production and that of the proteins needed to
protect and export this β-lactamase to the periplasm, where it
can hydrolyze the imipenem.

ampR-ampDI-ampG dependent β-lactamase induction

The proteome results were complemented with results from
other studies on the induction of β-lactamase activity. These
studies addressed the issue by disrupting or knocking out
genes and observing the influence of this loss on the pro-
duction of β-lactamase in other S. maltophilia strains and
with different types of antibiotics as well as at different time
points after stimulation. Our study shows an up-regulation
of ampR after imipenem treatment in S. maltophilia 44/98
(Fig. 3). This results coincide with the role of ampR as an
activator of L1 and L2 β-lactamase production in an in-
duced state (Okazaki and Avison 2008; Lin et al. 2009). As
was shown for cephalosporin-induced S. maltophilia KJ, the
mRNA level of ampDI was not influenced by antibiotic
challenge, even though it is associated with β-lactamase
derepression (Yang et al. 2009). In another study, the ampN
and ampG operon was found to be essential for β-lactamase
in S. maltophilia KJ, but an increased amount of ampG did

Fig. 3 Bar chart of the average calibrated normalized relative quantity
(CNRQ) in logarithmic scale (Log (10) ) of the mRNA levels of the
selected genes, normalized to the geometric mean of three reference
genes, in the three control cultures compared to the three cultures
induced with 25 μg/mL imipenem. The error bars represent the aver-
age Log (10) standard error. Significant changes are depicted by an
asterisk (Student's t test, p<0.05). The CNRQ values and
corresponding standard error were derived from qbasePLUS
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not alter the basal nor the induced β-lactamase activity
(Huang et al. 2010). We do not observe an increase in
mRNA from ampG upon imipenem challenge. These pro-
teins, essential for β-lactamase induction, could be activated
upon antibiotic challenge without necessarily having to be
up-regulated. The possibility exists that β-lactamase induc-
tion is more complex and triggered by additional unknown
mechanisms, besides the elevated levels of peptidoglycan
intermediates that specifically activate ampR derepression
by ampDI.

Peptidoglycan remodeling

Interestingly, the MurF and MurG proteins are more abun-
dant after treatment with imipenem (Tables 1 and 3). These
proteins belong to the same operon (Smlt0750–Smlt0761),
which is homologous to the well-studied Mra operon of E.
coli and P. aeruginosa responsible for proteins involved in
cell envelope biosynthesis and cell division. This links the
regulation of both β-lactamases with peptidoglycan recy-
cling. The involvement of the peptidoglycan enzymes and
intermediates in β-lactam resistance was also demonstrated
by Moya et al. (2009), who linked the inactivation of PBP4
to the overproduction of the chromosomal β-lactamase
AmpC in P. aeruginosa. In contrast, Lin et al. (2011)
showed that the inactivation of PBP1a, mrcA, caused a basal
L1 and L2 β-lactamase hyperproduction after antibiotic
challenge but no increased induction. However, both
research groups clearly link peptidoglycan cell wall
enzymes and intermediates to ampR-dependent overexpres-
sion of β-lactamases, similar to what we observe in our
study. We also demonstrate an increase of the FtsZ protein
partner putative cell division protein ZipA homolog
(Table 3), which recruits the FtsZ protein to the cell mem-
brane for making it a partner in the cell division apparatus
(Hale and de Boer 1997). A similar response for the ZipA
protein after imipenem treatment was observed in A. bau-
manii (Yun et al. 2011). Apparently, the β-lactam resistance
response and stress response at the cell envelope are
interacting.

Two-component systems

The role and underlying mechanisms of two-component
systems (TCS) in β-lactam response, and more particularly
in β-lactamase induction, is still uncertain. On the one hand,
Moya et al. (2009) clearly demonstrated a role for the
CreBC two-component system in β-lactam resistance and
induction of the AmpC β-lactamase in P. aeruginosa, of
which the exact mechanism and function is not fully under-
stood yet. On the other hand, Lin et al. (2011) showed that
this TCS is not involved in mrcA protein nor ampDI protein
derived β-lactamase hyperproduction in S. maltophilia KJ,

but they could not rule out a role for this CreBC TCS in
β-lactam resistance nor the implication of other TCS sys-
tems. Furthermore, Tayler et al. (2010) found evidence that
the inhibition of PBP4 by antibiotic challenge caused an
direct or indirect elevated level of the activator ligand for the
BlrAB-TCS and a concomitant overproduction of
β-lactamase. In conclusion, there is a particularly interesting
link between two-component systems and β-lactam re-
sponse, either through β-lactamase production or through
other mechanisms not elucidated yet. This link is also pres-
ent in our study, where we show that a sensor histidine
kinase (Table 3) and a GGDEF response regulator (Table 1),
that are part of two different TCS, display an increased
abundance upon imipenem challenge. This GGDEF re-
sponse regulator protein is activated by the corresponding
sensor histidine kinase (Hoch 2000). The stimulus and
downstream function of the two TCS proteins identified in
our study are unknown. Further research on the implication
of phosphorylation and the system of phosphorelay, and
thus on the involvement of the two-component system on
β-lactam resistance, are needed to elucidate these pathways.

Multi-drug efflux pumps and other membrane transporters

Some secretion and membrane transport proteins were also
found to be increased in the iTRAQ® experiment, the puta-
tive RND/Acr family transmembrane transporter (SmeO
protein) being the most interesting one (Table 3). The SmeO
protein, most likely, forms a complex with the SmeP protein
with whom it constitutes an expressed operon. S. malto-
philia hosts a large number of similar multidrug efflux
pumps of which the precise function is not well established
(Crossman et al. 2008). The smeC protein, for example, has
been indicated as being hyperexpressed in resistant strains
(Li et al. 2002), but it is arguable that strain differences exist
in the expression of these efflux pumps. Surprisingly, another
efflux pump, the SmeG protein, shows a decreased abundance
(Table 4), which indicates that the expression of efflux pumps
is dependent on the nature of the target compound. A TonB-
dependent receptor was confirmed to be downregulated at the
transcription (Fig. 3) and protein level (Table 4). It encodes a
porin and its downregulation may reflect a reduced intake of
imipenem (Koebnik 2005). A similar protein is also down-
regulated in imipenem-treated A. baumanii (Yun et al. 2011).
Overall, our results indicate drug and strain-specific changes
in efflux pumps and transporters, of which the exact function
remains unknown.

Stress response and protein quality pathway

An increased amount of the protein quality pathway ATP-
dependent Clp subunits, the ClpX and ClpA proteins, was
detected in our 2-DE experiment (Table 1). They use ATP to
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unfold proteins and deliver them to the ClpP proteases for
targeted protein degradation. Interestingly, ClpP-deficient
mutants of Streptococcus mutans are more sensitive to imi-
penem and other cell-wall oriented antibiotics (Chattoraj et
al. 2010). Moreover, E. coli ClpX and ClpP proteins were
recently observed to be involved in controlled FtsZ degra-
dation, playing a major role in cell division (Camberg et al.
2011). However, it has been shown that the ClpA proteins
can act as a protein translocase in the absence of the ClpP
protein and may then be involved in membrane fusion and
transport (Rajendar and Lucius 2010). In addition, the UvrB
protein, induced by the SOS response, is increased upon
antibiotic challenge, which points to bacterial adaptation
through mutation (Crowley and Hanawalt 1998; Cirz et
al. 2005). The β-lactam resistance response and the
stress response and protein quality pathway are thus
potentially linked.

In conclusion, our study provides a first large-scale quan-
titative proteomic analysis of the antibiotic response of
S. maltophilia in an attempt to unravel the mechanisms of
β-lactamase induction. With the use of large-scale protein
abundance profiling techniques, multiple proteins of one
pathway, as well as of different pathways, can be studied
together, which provides a broad view on the different
factors and possible interactions playing a role in the imi-
penem response. A good understanding of this antibiotic
response will stimulate the development of new therapeutic
agents needed to counteract the increasing amount of
untreatable nosocomial infections caused by this opportu-
nistic pathogen.
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