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Abstract
Epidemiologically unrelated Providencia stuartii strains isolated in hospitals in the south of France were investigated for their porin se-
quences and profiles. Noticeable resistance to b-lactams was found to be associated with production of extended spectrum b-lactamases or
AmpC overproduction, but not metallo-b-lactamases. At the same time, the expression level of outer membrane porins was unmodified in these
isolates. The identity of the amino acid sequences of the major porin OmpPst1 was less than 90% in the tested clinical strains, whereas sequences
of the second major porin OmpPst2 were found to be identical in all isolates. Sequence diversity identified in the OmpPst1 porins was mainly
located in two cell-surface-exposed loops (L5 and L7): these loops were found to be responsible for 80% of the main movements of the protein.
Parallel tempering MD simulations indicated possible coordinated movement of these loops that might affect the electrostatic interaction of the
porin with membrane components (e.g. LPS) or with external molecules/surfaces. This suggests that such flexibility of surface-exposed domains
of OmpPst1 may participate in bacterial adaptation to the environment.
© 2017 Institut Pasteur. Published by Elsevier Masson SAS. All rights reserved.
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1. Introduction

Providencia species are members of the Enterobacteriaceae
family and, like many members this family, are a common
cause of infection [1,2]. Among Providencia species, Provi-
dencia stuartii is the most common cause of opportunistic
infections, in most cases, urinary tract infections, particularly
in long-term care populations, although other infections such
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as bacteraemia or peritonitis can occur [3e5]. P. stuartii is
intrinsically resistant to aminopenicillins and narrow-spectrum
cephalosporins due to a chromosomally encoded AmpC
cephalosporinase [6]. In Providencia spp., resistance to
expanded-spectrum b-lactams results mainly from over-
expression of AmpC, but acquisition of ESBLs (extended
spectrum beta-lactamases) such as TEM-, SHV-, or CTX-M-
type enzymes have also been reported in nosocomial situa-
tions [7e9]. Some clinical strains of P. stuartii were identified
with MBL, obtained via transfer from other Enterobacteri-
aceae genetic mobile elements [8,10e13]. It is important to
note that, although some publications described the electro-
physiological activities and sequence of OmpPst1 and
OmpPst2 from ATCC 29914, no data are available on the
variability of Providencia porin in clinical isolates [5,14,15].
These aspects are important in light of recent studies reporting
reserved.
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porin variation in enterobacterial isolates and their possible
role in adaptation as well as in biofilm processes [16].

Fifteen MDR clinical strains were isolated from different
hospitals (south of France) and different patients. They were
characterized for their antibiotic resistance mechanisms,
including enzymatic activity and efflux. The OmpPst1 porin
sequence was compared to the sequence obtained for OmpPst1
issued from an ATCC strain [5,14]. The involvement of AmpC
overexpression or ESBL in resistance was confirmed, but the
contribution of metallo-b-lactamase, overexpression of efflux
systems and alteration of porin synthesis was not detected.
OmpPst2 seemed to be conserved when the sequence of the
OmpPst1 indicated a noticeable variability located in external
loops L5 and L7. Interestingly, these loops can interact, as
determined by MD (molecular dynamics) simulation carried
out from the structure. It is proposed that this variability could
reflect a response by the cell-surface-exposed domain during
dissemination and environmental adaptation of P. stuartii.

2. Materials and methods
2.1. Bacterial strains, plasmids and growth media
Type strain P. stuartii ATCC 29914 (Institut Pasteur, Paris,
France) was used as the reference strain. P. stuartii 65237 and
2636 are clinical strains isolated in 1999 in Marseille hospitals
[4,5,14,17]. P. stuartii NEA16 was recovered from a patient
treated with imipenem and quinolone at Nîmes University
Hospital in 2005. All other clinical strains were collected at
Aubagne Hospital from different patients between 2005 and
2009. Characteristics of strains are presented in Table 1.

All strains were checked by the API 20E test (bioM�erieux,
Marcy l'Etoile, France). Sequencing of 16S RNA was carried
out as a final confirmation. PCR fingerprinting was investi-
gated using repetitive extragenic palindromic (REP) and
enterobacterial repetitive intergenic consensus (ERIC) [18,19].
The amplification products were analyzed on 1.2% agarose
Table 1

Characteristics of bacterial isolates used in the study.

Bacterial strains Origin Source Enzymatic phenotype Year of

isolation

ATCC 29914 IP, France Wild type

1909 Aubagne Wound Overexpressed AmpC 2008

15443 Aubagne Urine Overexpressed AmpC 2008

22373 Aubagne Urine Overexpressed AmpC 2007

39155 Aubagne Blood Overexpressed AmpC 2007

39228 Aubagne Catheter Overexpressed AmpC 2008

42266 Aubagne Blood Overexpressed AmpC 2007

45317 Aubagne Urine Overexpressed AmpC 2009

53013 Aubagne Wound ESBL 2008

8574 Aubagne Urine Overexpressed AmpC 2008

15546 Aubagne Urine Overexpressed AmpC 2009

65237 Marseille Urine ESBL 1999

2636 Marseille Urine ESBL 1999

NEA16 Nîmes urine ESBL 2005

99645 Aubagne Urine ESBL 2006

19539 Aubagne Wound Overexpressed AmpC 2006
gels and strains were considered to belong to the same DNA
group with identical or highly similar profiles (up to two bands
different). Bacteria were grown at 37 �C in either Lur-
iaeBertani (LB) or MuellereHinton II (MH II) medium
(Difco Laboratories, Detroit, MI). Antibiotics were added to
the media at final concentrations of 100 mg/mL for ampicillin
and 25 mg/mL for kanamycin when needed.
2.2. Antibiotic susceptibility tests
The MICs were determined in triplicate by the twofold
standard microbroth dilution method (CLSI, http://clsi.org/).
Approximately 105 CFUs (colony-forming units) were inoc-
ulated in 200 mL of MH II broth containing twofold serial
dilutions of the targeted molecule. Results were estimated
visually after 18 h incubation at 37 �C. Tests were carried out
in triplicate without or with a fixed concentration (25 mg/mL)
of phenylalanine arginine b-naphthylamide (PAbN) (Sigma
Chemical Co.), a broad-spectrum efflux pump inhibitor only
for chloramphenicol and nalidixic acid [5]. The assays with
polymyxin B were carried out in the presence of a chelator
agent such as EDTA (0.5 mM), which was used to evaluate the
involvement of outer membrane alteration in polymyxin B
resistance. Results were classified according to the Antibio-
gram Committee of the French Society for Microbiology
(http://www.sfm-microbiologie.org/pages/?all¼accueil). Imi-
penem and ertapenem were obtained from Merck Sharp &
Dohme (Paris, France) and meropenem from Astra-Zeneca
(Cheshire, UK); cefepime from Bristol-Myers Squibb (Paris,
France); cefpirome from Aventis Hoechst Marion Roussel
(Paris, France); and ceftazidime and clavulanate from Glax-
oSmithKline (Verona, Italy). Cefoxitin, chloramphenicol,
nalidixic acid, polymyxin B, sparfloxacin and phenylalanine
arginine b-naphthylamide (PAbN) were supplied by Sigma
Chemical (MO, USA); EDTA by Fisher Scientific (Leices-
tershire, UK).
2.3. Extended spectrum b-lactamases (ESBLs) and
metallo-b-lactamases (MBL) tests
Resistance phenotypes obtained by interpretation results of
the Vitek 2 Advanced Expert System (AES) were confirmed by
diffusion disk methods. ESBL detection was performed using
the standard double-disk synergy test (DDST) onMH agar [10].
Disks (30 mg) containing cefepime, ceftazidime, cefotaxime
and aztreonam were placed around a disk containing 20 mg
amoxicillin and 10 mg clavulanate [20]. An increase in the in-
hibition diameter toward the amoxicillineclavulanic acid disk
was considered to be ESBL-positive. The strains were also
checked for the presence of MBL enzymes by DDST and the
combination disc test (CDT) with imipenem and EDTA [21].
Positive control of the MBL test was a clinical Enterobacter
cloacae 8-1072 strain containing the VIM carbapenemase gene
(collection of laboratory UMR-MD1). A synergistic inhibition
area between imipenem and EDTA disks, together with an in-
crease in the inhibition ring diameter of the combinatory disk
indicated MBL production.

http://clsi.org/
http://www.sfm-microbiologie.org/pages/?all=accueil
http://www.sfm-microbiologie.org/pages/?all=accueil
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Detection of AmpC producer isolates was performed using
phenylboronic acid (BA) as described [22]. Briefly, disks
cefoxitin (FOX, 30 mg), cefotaxime (CTX, 30 mg), ceftazidime
(CAZ, 30 mg) and cefepime (CPM, 30 mg) alone and in
combination with 400 mg BA were arranged on the inoculated
surface of the MH agar plate. Then the plates were incubated
overnight at 37 �C in ambient air. An increase of �5 mm in the
zone diameter of FOX, CAZ, CTX and CPM tested in com-
bination with BA versus FOX, CAZ, CTX and CPM alone was
considered as AmpC-positive.
2.4. DNA manipulation and construction of expression
plasmids
Plasmid DNA purification, PCR amplification of genes, isola-
tion of fragments from agarose gels, restriction enzyme digestion
and T4 DNA ligation were performed using standard molecular
procedures [23]. The chromosomal DNA of P. stuartii strains was
isolated using the genomic DNA purification kit (Qiagen, Hilden,
Germany). Porin-encoding gene ompPst1 of each strain was PCR-
amplified using primer pairs ompPst1-XbaI (50-GTGTCTA-
GATGTCCGAATAACACCAATG-30) and ompPst1-BamHI (50-
GTTGGATCCCAGATTTCACTGTTGTCTG-30). Restriction
sites used for cloning are underlined. PCR products were treated
with XbaI and BamHI and ligated into XbaIeBamHI-digested
pGOmpF [24], yielding expression plasmids pGOmpPst1 and
pGOmpPst2. The sequences of ompPst1 and ompPst2 inserts of all
strains were determined using universal primers T7 and T7-term.
GenBank accession numbers forompPst1 and ompPst2 sequences
from P. stuartii ATCC 29914 are HM070418 and HM070419 [5].
ompPst1 sequences from strains 99645 and NEA16 were depos-
ited on GenBank (accession numbers JX306027 and JX306028
respectively).
2.5. SDSePAGE and western blotting
OMPs were analyzed on SDSepolyacrylamide gels (10%
acrylamide, 0.1% SDS). Electrotransfer of proteins onto a
nitrocellulose membrane was performed in the presence of
0.05% SDS. Immunodetection with polyclonal antibodies
directed against denatured porins was carried out as described
previously [5,25].
2.6. Purification of Providencia porins
Purification of the OmpPst1 porin was carried out as pre-
viously described with minor modifications [5]. Briefly, cul-
tures of Escherichia coli BL21(DE3)omp8 containing
ompPst1 genes from P. stuartii clinical isolates in pGOmpF
vector were grown in LB broth containing ampicillin (100 mg/
mL) and kanamycin (25 mg/mL). Expression of porins was
induced during the exponential growth phase by addition of
IPTG (0.4 mM final concentration). Cells were harvested 6 h
after induction and disrupted using an EmulsiFlex-C3 high-
pressure homogenizer (Avestin Europe, Mannheim, Germany).
SDS was added to the cell suspension to a final concentration
of 2% (v/v), followed by incubation with gentle stirring at
60 �C for 1 h. Cell envelopes were pelleted by centrifugation
at 50,000g for 1 h. The pellet was pre-treated with 20 mM
phosphate buffer (pH 7.4) containing 0.3% octyl-
polyoxyethylene (octyl-POE, Alexis, L€auflingen,
Switzerland) to remove proteins from the envelopes without
extracting the porin. The suspension was centrifuged again
and the pellet was resuspended in 20 mM phosphate buffer pH
7.4 containing 3% octyl-POE to solubilize the porin. The
suspension was incubated at 37 �C for 1 h with strong shaking.
The insoluble materials were removed by centrifugation
(100,000g, 40 min) and the porin-containing preparations were
concentrated using Amicon Ultra-15 centrifugal filter devices
with a molecular weight limit of 30 kDa (Millipore, Schwal-
bach, Germany). Final porin dilutions for bilayer measure-
ments were prepared using 20 mM phosphate buffer, pH 7.4,
containing 1% octyl-POE.
2.7. Biophysical characterization of porins using black
lipid membrane
Planar lipid bilayers were formed as described previously
[14,16]. The membranes were formed with a 1% (wt/vol)
solution of diphytanoyl phosphatidylcholine from Avanti Polar
lipids (Alabaster, Al) dissolved in n-decane. The temperature
was kept at 20 �C throughout and the initial salt solution was
0.1 M KCl on both sides of the membrane without buffering.
The protein was added to the aqueous phase from the stock
solutions either before membrane formation or after the
membrane had completely turned black. For selectivity mea-
surements, a pair of calomel electrodes with salt bridges
(Metrohm, Herisau, Switzerland) inserted into the two
aqueous salt solutions on both sides of the membrane was
used. The current was recorded with current amplifier
(Keithley 427). The zero-current membrane potential mea-
surements were recorded by inserting a large number of pro-
tein channels until reaching a maximum current. The voltage
was then switched off and the instrumentation was switched to
allow measurement of zero-current membrane potentials.
Adding small amounts of concentrated solutions while stirring
raised the salt concentration on one side of the membrane. The
zero-current membrane potential reached its final value within
5e10 min.
2.8. MD simulations: equilibration of the system
The crystal structures of OmpPst1 and OmpPst2 were
solved at 3.3 Å and 2.2 Å, respectively (PDB code 4D64 and
4D65). The equilibration of the system was done with
ACEMD software [26]. OmpPst1 from ATCC was inserted
into a pre-equilibrated symmetric bilayer composed of POPCs
(1-palmitoyl 2-oleoyl-phosphatidylcholine). After deletion of
the lipids located within 3.0 Å from the protein, the remaining
266 POPCs were packed around the protein with small, suc-
cessive NVT and NPT simulations with increasing tempera-
ture. During this equilibration, the positions of the protein Cas
were constrained in all directions, while the width of the
membrane was held constant with constraints on the
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phosphorous heads of the lipids. The channel was filled with
water and 12 potassium ions, required to neutralize the charge
of the protein and equilibrated with successive NPT simula-
tions for up to 10 ns. The final dimensions of the system,
consisting of 102613 atoms, were 107.7 � 107.7 � 87.5 Å. We
used AMBER 99SB-ILDN force field [27] for the protein,
tip3p for water [28] and GAFF for lipids and ions [29].
2.9. MD simulations: parallel tempering
Gromacs software, version 5.0.4 [30,31], was used for pro-
duction runs. Simulations were run on a Curie cluster [32]. To
enhance the movements of the protein, a parallel tempering
scheme was used: 100 replicas, with temperatures ranging be-
tween 310 and 400 K, were run simultaneously for 50 ns each,
and an exchange between the positions of the atoms in replicas
with different temperature was attempted every 5 ps. Principal
component analysis (PCA), as well as post-processing, were
performed with Gromacs inbuilt tools. Visualization of the
motions was done with VMD software [33].

3. Results
3.1. Characterization of clinical P. stuartii strains
Results of API 20E tests and blast searches of 16S ribo-
somal DNA sequences confirmed the species identity of all P.
stuartii strains. Characterization with REP- and ERIC-PCR
fingerprinting revealed different profiles for all strains, sug-
gesting that they were all unrelated (data not shown).

The P. stuartii ATCC 29914 type strain was susceptible to
almost all antibiotics tested, except chloramphenicol and
Table 2

Multidrug resistance phenotype and synergistic interactions of P. stuartii clinical i

MIC (mg/L)

IMI ERT MER FEP CAZ CPO

PAßNa � � � � � �
EDTAb � � � � � �
ATCC29914 1 0.016 0.063 0.063 0.125 2

1909 1 0.031 0.063 0.25 16 2

15443 1 0.016 0.063 0.25 1 4

22373 2 0.016 0.125 0.063 0.25 2

39155 1 0.016 0.063 0.125 32 2

39228 1 0.031 0.063 0.125 1 2

42266 1 0.031 0.063 0.125 32 2

45317 2 0.016 0.063 0.063 1 2

53013 1 0.031 0.063 0.25 16 2

8574 2 0.016 0.125 0.063 0.125 2

15546 0.5 0.016 0.031 0.125 1 2

65237 1 0.06 0.25 0.25 2 2

2636 1 0.031 0.25 0.125 0.5 4

NEA16 2 0.5 1 1 0.5 >16
99645 0.5 0.06 0.25 0.5 8 2

19539 1 0.125 0.25 0.06 2e0.5 2

IPM: imipenem; ERT: ertapenem; MER: meropenem; FEP: cefepime; CPO: cefp

nalidixic acid; POLB: polymyxin B; PAbN: phenylalanine arginine b-naphthylam

nd: not determined.
a PAbN was used at 50 mg/mL.
b EDTA was used at 0.5 mM.
polymyxin B. Multidrug resistance phenotypes (MDRs) to-
wards a broad range of structurally unrelated antibiotics were
observed in almost all P. stuartii clinical isolates (Table 2).
The clinical strains exhibited a relatively high MIC for imi-
penem, while they remained susceptible to ertapenem and
meropenem (with MICs ranging from 0.016 to 0.25 mg/mL)
except for strain NEA16 (meropenem MIC of 1 mg/mL),
suggesting a modification of membrane permeability. Imipe-
nem was previously reported to use porins as entry into the
cell [34]. Resistance to imipenem is usually associated with
loss of a porin or with structural/functional modifications of
the porin channel inducing an uptake alteration [35,36].

Susceptibility to chloramphenicol and nalidixic acid was
determined in the presence or absence of PAbN, a broad
spectrum efflux pump inhibitor used to detect possible resis-
tance due to an active AcrAB-TolC efflux pump as previously
[16,37]. No significant decrease in MICs was obtained, except
for strain 15546 for nalidixic acid and strain 8574 for chlor-
amphenicol, suggesting that a PAbN-sensitive efflux mecha-
nism was limited in these clinical isolates. A mutation of the
target was suggested due to the high MIC of nalidixic acid
(>1024 mg/mL). A mechanism associated with a modification
in lipopolysaccharide was also investigated due to the high
polymyxin B resistance level detected among clinical isolates
(>512 mg/mL); however, no significant differences were
observed in the MICs of polymyxin B measured in the absence
or in the presence of EDTA (Table 2).

The ESBL test was negative with type strain ATCC 29914
and strain 19539, and no synergistic effect was observed be-
tween clavulanate and b�lactams. In contrast, results of the
ESBL test were positive with clinical strains 65237, 2636,
NEA16, 53013 and 99645, with clear synergistic effects of
solates.

CHL SFX NAL PoLB

� þ � � þ � �
� � � � � � þ
16 8 0.063 4 2 32 32

128 128 32 >1024 >1024 >1024 1024

256 256 16 >1024 >1024 >1024 1024

32 32 0.25 4 2 >1024 1024

256 256 32 >1024 >1024 >1024 1024

16 16 1 >1024 >1024 >1024 1024

256 256 32 >1024 >1024 >1024 1024

64 64 0.125 8 8 >1024 1024

128 128 16 >1024 >1024 >1024 1024

64 16 2 512 256 64 64

32 16 8 >1024 256 1024 1024

512 256 128 >2048 >2048 >2048 2048

256 256 128 >2048 >2048 >2048 2048

128 128 128 >2048 >2048 >2048 2048

64 32 128 >2048 2048 >2048 1024

64 32 128 >2048 2048 2048 2048

irome; CAZ: ceftazidime; CHL: chloramphenicol; SFX: sparfloxacine; NAL:

ide.
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clavulanate towards at least one of the other antibiotic disks
(data not shown). The production of ESBLs may explain the
high level of resistance to cephalosporins such as cefepime,
cefpirome and ceftazidime in clinical isolates. In the other
strains, detection of overexpressed AmpC was confirmed. The
presence of EDTA as an inhibitor of MBL in DDST and CDT
tests did not modify the inhibition diameter with imipenem
disks compared to the positive control strain (data not shown).
3.2. Outer membrane analysis and channels properties
The membrane protein profile suggested that P. stuartii
strains produce up to 10major outer membrane proteins, among
which OmpPst1 seems to be the most abundant, as visualized on
SDSePAGE gel (Fig. 1). As previously reported, the band
corresponding to porin migration was analyzed by mass spec-
trometry after trypsin digestion. The BLAST search against the
MASCOT protein database indicated that the excised protein
was OmpPst1 [5]. Immunodetections were carried out with an
antibody directed against the denatured OmpF porin of E. coli
and labeled a major band of around 38e40 kDa in the clinical
strains that correspond to P. stuartii porins, as previously re-
ported [17]. No significant difference in the signal intensity
among the strains was observed, suggesting a similar expression
level. Strain NEA16, that was less susceptible to carbapenems,
produced a band migrating to a lower apparent molecular
weight compared to the identified band in other P. stuartii iso-
lates. This difference was probably related to variation in porin
sequences, as previously reported for E. coli porins [17]. We
also observed a strong signal at about 38e40 kDa in P. stuartii,
recognized by the antiserum directed against denatured OmpC
of E. coli. This confirms that the P. stuartii isolates produced
outer membrane proteins immunorelated to E. coli OmpF and
OmpC porins. Interestingly, no signal was obtained with the
antibody specific to the loop L3 epitope (data not shown) in P.
stuartii strains, as previously reported in a porin comparative
assay [17]. This suggests that the epitope corresponding to loop
Fig. 1. Analysis of outer membrane proteins from six P. stuartii isolates.

SDSePAGE analysis (A), immunodetection with antibodies directed against

denatured OmpF (B) and denatured OmpC (C). M: molecular weight marker

with correspondence in kDa. Arrow indicates porin bands. Only the relevant

part of the blots is shown.
L3, which was detected in other enterobacterial porins such as
E. coli, Enterobacter aerogenes or Klebsiella pneumoniae, is
not present in the Providencia OmpPst1 and OmpPst2 [17].
Loop L3, bending inside the channel, creates a constriction
eyelet inside the porin, and Providencia L3 could then adopt a
different conformation generating different channels properties
(Table 3) [5,17,35].
3.3. Biochemical and biophysical characteristics of P.
stuartii porins
Purified OmpPst1 and OmpPst2 proteins from 2 clinical
strains showed trimeric behavior similar to their homologs in the
ATCC strain under heat modification by SDSePAGE (data not
shown). OmpPst1 porins from clinical strains presented similar
general biophysical characteristics such as conductance, gating
and ion selectivity compared to its homolog from the ATCC
type strain (Table 3). The average conductance of all OmpPst1
channels was about 2.7 nS, with a voltage threshold for channel
closure above 200 mV. No significant ion selectivity of
OmpPst1 from ATCC was observed (average PK/PCl value of
1.0), whereas OmpPst2 from ATCC is cation-selective, with a
PK/PCl value of 5e10 (PK/PCl value of 8 in average) [38]. In a
separate series ofmeasurements, about one-hundred channels of
each OmpPst1 isolated from clinical strains were incorporated
into one lipid membrane and the membrane potential at zero
current was measured. Each protein was measured at least 3
times and thePK/PCl ratio of each porin was calculated. The PK/
PCl of OmpPst1 from strain ATCC 29914 was about 1.2,
whereas its homolog from strain NEA16 and 99645 showed a
PK/PCl value of about 0.9 and 0.7, respectively. These data
suggest that OmpPst1 does not have substantial ion selectivity
whatever the strain origin observed [39,40].
3.4. Porin sequences analysis and simulation
Two porins of P. stuartii, named OmpPst1 and OmpPst2,
were identified, and a correlation between their expression and
b-lactam susceptibility has been proposed. Despite some
modifications of the nucleotide sequences, the amino acid
sequences of OmpPst2 were identical among all strains of P.
stuartii, with a length of 343 amino acid residues.

The OmpPst1 protein of type strain ATCC 29914, used as a
reference, consists of 352 amino acid residues. Considering
clinical strains, isolates 65237 and 2636 exhibited 100%
Table 3

Biophysical characteristics of OmpPst1 and OmPst2 P. stuartii porins.

Porin Single channel (trimer)

conductance (nS)

in 1 M KCl, pH 6

Ion selectivity PK/PCl

OmpF 4 2e4

OmpC 2.5 10e20

OmpPst1-ATCC 29914 2.7 ± 0.3 1.2

OmpPst1-NEA16 2.7 ± 0.3 0.9

OmpPst1-99645 2.7 ± 0.3 0.7

OmpPst2-ATCC 29914 3.4 ± 0.3 5e10
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identical sequence compared to the reference (Fig. 4). The
other clinical isolates presented lower similarity compared to
the reference OmpPst1 sequence. The OmpPst1 sequences of
other clinical strains exhibited minor changes observed in L4,
L6 and L8, corresponding to cell-surface-exposed loops [5].
The OmpPst1 sequences of P. stuartii strains 19539, 99645
and NEA16 consisted of 349 amino acids and shared 87e89%
identity with the OmpPst1 from strain ATCC 29914.

Alignment of the OmpPst1 amino acid sequences showed
that the major differences (Figs. 4 and 5) were located mainly
in cell-exposed loops such as L1, L5, and L7 reported by the
3D structure (PDB code 4D64 and 4D65). Internal loop L3,
which corresponds to the eyelet, was conserved among the
Providencia strains, but was different from E. coli porins;
likewise, we observed the same profile with L2 loop.

Interestingly, when sequences issued from databank
(FDAARGOS_87 to WP_036943625.1) were included in the
analysis (Fig. 4 in gray), the same distribution was observed
regarding loops 5 and 7, suggesting a common profile for the
loop sequence in OmpPst1. We observed typical organization
of L5 and L7 compared to E. coli porins. In loop L5, seven
strains exhibited an additional sequence of 9 amino acids
corresponding to VTSESxxYY. For loop L7, an insertion of 5
residues, YNGKT, was detected in three strains that presented
the deletion in loop 5. It is important to mention that these two
loops, L5 and L7, were located in closely exposed areas at the
porin surface (PDB code 4D64 and 4D65) and they may
contribute to a cell-surface-exposed pattern submitted to
environmental pressure [38]. OmpPst1 sequences were iden-
tical for strains 19539 and 99645 and 39228 and, to a lesser
extent, NEA16 regarding the L1, L5 and L7 loops.

Comparison of OmpPst1 sequences from clinical isolates
with OmpF and OmpC from E. coli, which was the archetype
of porin family, revealed interesting differences. Sequence
NYGVVYDTNAWTDVFPLWGADTMAQTDNFMTSRNRN
(Fig. 4), identified in all Providencia OmpPst1 porins, was
different from the previous antigenic site located in the in-
ternal loop L3 of other enterobacterial porins [17]. Impor-
tantly, the key charged residues (referred to OmpF number),
R82, D113, D121, R132, described in the positive ring located
inside the pore eyelet and facing the L3 loop, were conserved
in Providencia OmpPst1 porins, supporting common selec-
tivity in electrophysiology [35,39,40].

OmpC of E. coli has a long L4 loop, and the corresponding
sequence is absent in OmpF and shorter in OmpPst1 porins of
the clinical P. stuartii strains. The insertion in the L5 loop
present in ATCC 29914 OmpPst1 was also found in A7_1909,
B5_15443, F4_42266, I4_8574 and J1_15546. The insertion in
L7 loop was found in OmpPst1 of strains NEA16, 99645,
19539, and E5_39228 that distinguished them from OmpPst1
of ATCC 29914, OmpF and OmpC.
3.5. Principal component analysis (PCA)
Fig. 2. Root mean square fluctuations of OmpPst1 at T ¼ 310 K. Position of

the loops is highlighted.
We assessed the main movements of OmpPst1 from ATCC
with multiple NVT simulations connected through a parallel
tempering scheme. Every 5 ps, following a metropolis criterion,
an exchange between two replicas with different temperatures
was attempted: this allowed us to enhance the fluctuations on the
positions of the protein atoms, thus resulting in enhanced
sampling of the main movements of OmpPst1. As expected, the
greatest contributions to theRMSfluctuation (Fig. 2)were given
by the movement of external loops: in particular, we observed
that fluctuations in loops L1 and L5 were particularly pro-
nounced. With PCA, we were able to extrapolate the main
correlated motions of the protein (Fig. 3). We saw that the most
frequent movement was due lateral movement of the L5 loop,
while the second and third were caused by L5 folding on itself:
these movements, that constitute 80% of the main contributions
to the RMSF of the protein, appeared to be correlated with
movement of the L7 loop. The effect of temperature was to
increase the extent of these fluctuations, as shown for the most
probable movement at 320 K.

4. Discussion

Outer membrane porins, which are inserted in the outer
membrane of Gram-negative bacteria, play a key role during
bacterial adaptation and antibiotic permeation [14,25,34]. The
clinical isolates studied here showed a resistance phenotype
towards antimicrobial agents of different unrelated chemical
structures compared to other clinical isolates and the reference
strain. In particular, strain NEA16 was resistant to the only
antibiotics remaining active against the other isolates, e.g.
carbapenem and he last generation of cephalosporins. This
strain was isolated after long-term treatment with imipenem,
and it was previously reported that imipenem selects resistant
isolates by enhanced efflux and impermeability [41,42].
However, all strains tested in this study showed weak sus-
ceptibility to imipenem with MIC data of 1e2 mg/mL. This
marked low susceptibility might involve an enzymatic mech-
anism, as revealed by the ESBL test; it suggests that major
porins OmpPst1 and 2 are not altered in the strains, as pre-
viously reported for other enterobacteriaceae during imipenem
treatment [43].



Fig. 3. Most relevant correlated motions of OmpPst1. 1e5: 5 greatest components of correlated movement at T ¼ 310 K. 6: greatest component of correlated

movement at T ¼ 320 K. In all figures, L1 is shown in green, L3 in red, L5 in blue and L7 in orange.
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Regarding Providencia porins, the 3D structure of OmpPst1
(PDB code 4D64 and 4D65) indicates a conserved b-barrel
organization, as previously reported for OmpF and OmpC, the
archetypes of the general porin family [38e40]. Differences in
the migration pattern of porins from different strains reflect
differences in the molecular size and protein sequences
(charged residues), as demonstrated by sequencing data. P.
stuartii has two major porins, OmpPst1 and OmpPst2; in



Fig. 4. Alignment of the deduced OmpPst1 sequences in comparison with OmpF and OmpC from E. coli. Amino acid residues are colored according to hydropathy.

The following code is used to highlight secondary structures: 16 b-strands are indicated from b1 to b16; 8 periplasmic turns are indicated from T1 to T8; 8

extracellular loops are indicated from L1 to L8. Boxes illustrated loop 5 and 7, respectively (from Tran et al., 2010). In gray, sequences collected from DataBank

(NCBI, GenBank, whole genome sequencing) are indicated.
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Fig. 4. (continued)
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Fig. 4. (continued)
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Fig. 4. (continued)
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Fig. 4. (continued)
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general, OmpPst2 has a lower translocation rate of antibiotics
than OmpPst1 [5].

Differences in the OmpPst1 sequence between the clinical
isolates studied here may reflect adaptation of cell-surface-
exposed domains of porin to environmental conditions [44].
In contrast, while the loop L3 region of OmpPst1 is different
from E. coli porins, it is interesting to note specific high
conservation of this region in the various sequence listed here:
sequence NYGVVYDTNAWTDVFPLWGADTM is present in
all strains having sequence xQXDxFMxxRNRNL. We
observed wide divergence with the corresponding region pre-
sent in E. coli porins (Fig. 4). This important change located in
the eyelet region supports the divergence regarding channel
conductance and antibiotic translocation properties between
OmpPst1 and OmpC and OmpC [5,38]. In addition, molecular
Fig. 5. Location of loops and observed mutations in OmpPst1. Top view (top) and f

(2) Regions corresponding to insertions or deletions of residues with respect to clini

shown in green, L2 in ocher, L3 in red, L4 in purple, L5 in blue, L7 in orange an
dynamics simulations on OmpPst1 and Pst2 suggest internal
displacement of loop 3 inside the channel [38]. By analogy to
E. coli and E. aerogenes porins, we hypothesize that local
electrostatic properties inside the channels may play an
important role in channel activity, as shown by the slight
difference in ion selectivity of each OmpPst1 homolog
[15,44]. This hypothesis is supported by the modification of
the internal electric field observed in a series of clinical mu-
tants from E. coli [45,46]. This information is important for
correlating the channel activity of OmpPst1 with the sequence
preservation in loop L3 observed in P. stuartii clinical isolates.
In addition, these data support the hypothesis of differing
evolution of the fonctional constriction area in Providencia
porins compared to other entrobacterial bacteria (e.g. E. coli,
E. aerogenes/cloacae, K. pneumoniae, etc).
ront view (bottom) of the wild type channel. (1) Location of the external loops.

cal strains. (3) Residues that are mutated in clinical strains. In all figures, L1 is

d L8 in yellow.
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The long sequence deletion in loop L5 and insertion of
amino acids in loop L7 has led to the suggestion of a role for
the exposed loops in membrane physiology. It is interesting to
note that loops L5 and L7 may be in tight interaction at the
cell surface (Fig. 3), and that their respective movements are
coordinated, as deduced from molecular dynamics simula-
tions (Fig. 5). Surprisingly, when we closely examined loop
sequence variability, we observed that this type of loop
insertion was also found in resistant isolates of E. aerogenes
[47,48]. However, we may also consider the impact of these
loops on changing the architecture and/or the nature of tri-
mers complexes associated with LPS chains at the bacterial
surface [49].

In addition, local environmental conditions play an
important role in governing modifications of exposed loops
that might contribute to bacterial survival and healthy balance
[50]. Variability of the amino acid residues located at the
external domain of OmpPst1 (L1, L5, L7) can contribute to the
flexibility of exposed charges and, in this way, regulate elec-
trostatic interactions with other membrane components (e.g.
LPS), cell-to-cell dialogue in biofilm or external molecules
interacting with the bacterial cell surface [49].
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