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Abstract: In Enterobacteriaceae, membrane permeability is a « key » in the level of susceptibility to antibiotics. Modifi-

cation of the bacterial envelope by decreasing the porin production or increasing the expression of efflux pump systems 

has been reported. These phenomena are frequently associated with other resistance mechanisms such as alteration of an-

tibiotics or modification of the drug targets, in various clinical isolates showing a MultiDrugResistant phenotype (MDR). 

In Escherichia coli, Enterobacter aerogenes, Klebsiella pneumoniae and Salmonella enterica several genes and external 

factors are involved in the emergence of MDR isolates. These bacterial isolates exhibit a noticeable reduction of func-

tional porins per cell due to a decrease, a complete shutdown of synthesis, or the expression of an altered porin and a high 

expression of efflux systems (e.g. overexpression of the pump). The combined action of these mechanisms during an in-

fection confers a significant decrease in bacterial sensitivity to antibiotherapy ensuring dissemination and colonization of 

the patient and favours the acquisition of additional mechanisms of resistance. MarA and ramA are involved in a complex 

regulation cascade controlling membrane permeability and actively participate in the triggering of the MDR phenotype. 

Mutations in regulator genes have been shown to induce the overproduction of efflux and the down-regulation of porin 

synthesis. In addition, various compounds such as salicylate, imipenem or chloramphenicol are able to activate the MDR 

response. This phenomenon has been observed both in vitro during culture of bacteria in the presence of drugs and in vivo 

during antibiotic treatment of infected patients. These effectors activate the expression of specific global regulators, marA, 

ramA, or target other genes located downstream in the regulation cascade. 

Key Words: Gram negative bacteria, Enterobacteriaceae, membrane permeability, antibiotic resistance, efflux pump, porins. 

1. INTRODUCTION 

 Bacteria have become able to survive the action of anti-
biotics by employing several resistance mechanisms. Among 
them, the balance of the membrane permeability is a key 
process since the uptake of antibacterial compounds is the 
first event governing the efficacy of antibacterial activity. 
Some bacterial species are innately resistant to whole classes 
of antimicrobial agents due to attributes, such as their intrin-
sic envelope structure that limits antibiotic diffusion or to the 
presence of a low level of efflux systems that decrease the 
intracellular concentration of specific antibiotics [1, 2]. For 
example, E. coli, K. pneumoniae and E. aerogenes species 
are resistant to the macrolide family of antibiotics [3]. 

 Of continuous increasing concern are those, initially sus-
ceptible, bacterial strains that become resistant in response to 
the selective pressure of antibiotic treatment, which may 
wipe out the competing flora that shares the same ecological 
niche. Consequently, the resistant strains are able to colonise 
and disseminate. Several mechanisms of antimicrobial resis-
tance are readily spread via mobile genetic elements (plas-
mids, transposons, …) throughout a variety of bacterial gen-
era. Today, the great threat is associated with the Multi-Drug  
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Resistance (MDR) phenotype that renders all common anti-
biotic classes useless. 

 For classification purposes three simple technical defini-
tions can be applied to the various stages of action of differ-
ent resistance mechanisms 1) The Mechanical Barrier (acting 
to limit the required intracellular dose of an antibiotic), 2) 
The Enzymatic Barrier (producing detoxifying enzymes that 
degrade or modify the antibiotic), 3) The Target Protection 
Barrier (mutation or expression of a molecule that impairs 
target recognition and thus antimicrobial activity). 

 The mechanical barrier (see Table 1) involves two inde- 
pendent processes affecting the internal drug concentration: 

• Membrane permeability may be modified by a decrease 
of porin content or an alteration of the lipopolysaccharide 
structure. These two responses limit the antibiotic access 
to the target to levels below the required effective dose 

• Alternatively or conjointly, expression of efflux pumps 
that extrude the antibacterial agent from the cell before it 
can reach its target site greatly reduces the drug effi-
ciency 

2. REGULATION OF MEMBRANE PERMEABILITY 

IN ENTEROBACTERIACEAE 

 Numerous regulatory proteins have been implicated in 
the development of MDR and both structural and genetic 
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investigations endeavor to understand and decipher their 
mechanisms of action. Enterobacteriaceae have evolved 
different molecular resistance strategies in response to a va-
riety of toxic substances and environmental stresses by way 
of membrane permeability modulation (Fig. 1). Control of 
efflux pump and porin gene expression is carried out on sev-
eral levels: 

1.  Positive regulation by general or specific transcriptional 
activators which coordinate the expression of several 
genes. 

2.  Negative regulation by repressors of porin or efflux 
pumps components. 

3.  Response to chemical or pharmaceutical factors that trig-
ger one or more complex inter-linking regulatory cas-
cades. 

2.1. Positive Regulation by Global Transcriptional Acti-
vators 

 The chromosomal transcriptional regulators of bacterial 
influx and efflux genes described in Enterobacteriaceae, in 
particular AraC-XylS, MarR, MarA and TetR, belong to one 
family of regulatory proteins [4-7]. All possess !-helix-turn-
!-helix (HTH) DNA-binding domains and the most de-
scribed is the global activator MarA. 

2.1.1. The Mar Locus 

 The mar (multiple antibiotic resistance) locus in E. coli, 
is a continual operon of 1335 bp with two divergent tran-

scriptional units marC and marRAB separated by the opera-
tor marO. The marC gene encodes a putative integral protein 
of the inner membrane with a function not thought to be in-
volved in MDR [8-10]. marR encodes the 144 amino acid 
repressor that acts to prevent expression of the regulation 
cascade under non-stressful conditions. marA encodes a tran-
scriptional activator (125-129 amino acids depending on 
bacterial species) that acts at the origin of a genetic cascade 
triggering numerous mechanisms of MDR. marB encodes a 
small protein of the inner membrane with unknown function 
[11, 12]. The marRAB operon exhibits a genetic organization 
preserved among the Enterobacteriaceae [13] that has also 
been characterized in Salmonella enterica, Enterobacter 
aerogenes and Yersinia pestis [14-16]. The marRAB operon 
is constitutively repressed by MarR. Analysis of E. coli 
marO has indicated the presence of two sites that consist of 
repeated reversed sequences comprising palindromic do-
mains [11]. Repression of the system requires binding of 
MarR at Site II. In addition, this repressor interferes with 
RNA polymerase interaction with the flanking -10 and -35 
boxes whilst bound to site I. The expression (or de-repre- 
ssion) of marRAB is the consequence either of (i) mutations 
in the MarR binding sites, (ii) modification of MarR at the 
protein level preventing its repressor function, or (iii) the 
direct action of inductors of the system. 

 The resolution of the crystal structure of MarR has con-
firmed that it acts as a dimer, as many other similar bacterial 
regulators [7, 17]. Three regions of the MarR repressor are 
important for its activity: two putative helix-turn-helix DNA-

Table 1. Major Resistance Mechanisms Associated with the Bacterial Membrane 

Mechanism Mechanical Barrier 

Type of Activity Influx, Passive Uptake Efflux, Active Expulsion 

Bacterial component regulated in response to treatment porin, LPS efflux pump 

Susceptible antibiotic ß-lactam, quinolone, …etc ß-lactam, quinolone, aminoglycoside, …etc 

 

 

 

 

 

 

 

 

 

Fig. (1). Regulation of membrane permeability. 
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binding domains and the first 31 amino acids, which are in-
volved in the dimerization process [17]. Numerous mutations 
have been described that are scattered throughout the MarR 
sequence and have not particularly helped define the mini-
mal sequence necessary for function and specificity [18]. 
The first 8 amino acids of the C-terminal helix-turn-helix 
(residues 92 to 104) belong to a conserved domain, which 
plays a critical role in repressor function and constitutes the 
DNA binding site. Interestingly, major inter-specific substi-
tutions have been found at residues 102 and 103. Further-
more, some of these inter-specific amino-acid variations are 
located at mutation sites described in MarR in clinical MDR 
E. coli strains (positions 3, 53, 96, 103 and 137) [9, 19-21]. 
The association of two or more mutations can correlate with 
marA overexpression in multidrug-resistant strains. The N 
terminus of the repressor gene is required for negative con-
trol, and deletion of the first 19 amino acids of MarR has 
been found to eliminate repressor activity [22, 23]. 

 MarA is an important regulator in E. coli implicated in 
adaptation to the environment and protection against external 
aggressions, by inducing the direct or indirect action of more 
than 60 genes [24, 25]. It contains a DNA-binding region 
involved in the activity of MDR. The MarA binding site, (the 
marbox), is located within the promoter marO, implying that 

MarA triggers its own autoactivation [26]. Analysis of the 
promoter region also shows the presence of a binding site for 
the Fis protein, just upstream of the marbox, which plays an 
additional role in the activation of the operon [27]. The ex-
pression of marA triggers a cascade that leads to the MDR 
phenotype by simultaneous reduction of influx and increase 
in efflux of antibiotics. MarA induces a decrease in OmpF, a 
major outer membrane porin involved in the entry of hydro-
philic antibiotics in E coli. This negative regulation is per-
formed by the transcription of small non-translated antisense 
RNAs such as micF located upstream of the gene coding the 
OmpC porin [28]. micF hybridizes with ompF mRNA and 
thus prevents the translation. The micF promoter harbours a 
marbox-type consensus sequence. In addition, MarA acti-
vates the expression of OmpX involved in the control of 
porin expression (see below) [29, 30]. Expression of these 
regulators acts synergistically to reduce porin expression and 
limit antibiotic influx. A second arm of the MarA cascade 
acts to upregulate expression of AcrAB, two structural com-
ponents of the major enterobacterial efflux pump. The over-
all effect of the marA system is to reduce intracellular and 
periplasmic concentrations of antibiotics that enter the bacte-
rial cell through porins and are substrates of active efflux via 
AcrAB-TolC (Fig. 2). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. (2). Regulation cascade of membrane permeability, the E. aerogenes case. 

The various involved genes (coding for regulators in black and structural proteins in grey, respectively) are indicated and their effects are 

illustrated by different arrows/lines. Negative controls are presented in black and thick lines, activation by grey and thin arrowed lanes; bro-

ken lines with bullets indicate the presence of mutations. The hatched squares represent the promoter region. X, putative regulator detected in 

E. aerogenes although the required detailed information is yet to be obtained. ?, detailled informations are missing (AcrAB-TolC efflux and 

porin (Omp36, 35) genes are presented (grey and underlined)). 
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2.1.2. The Oxidative Stress Regulon SoxRS 

 SoxS is the effector of the soxRS global superoxide re-
sponse regulon. SoxS exhibits about 50% homology with 
MarA and also belongs to the AraC family of transcriptional 
activators [31]. It is activated by superoxide-generating 
agents via conversion of SoxR, a divergently transcribed 
local transcriptional activator, into an active form [32, 33]. In 
the presence of oxidising agents (e.g. H2O2, NO, Paraquat), 
SoxR shifts from the reduced to the oxidized state and trig-
gers the transcription of the gene soxS [31]. SoxS is involved 
in activation of the MDR phenotype in E. coli and Salmo-
nella enterica Serovar Typhimurium and can induce the 
transcription of micF and acrAB. The marboxes are also tar-
get sequences for the binding of SoxS and the phenotype 
induced by SoxS is similar to that induced by MarA [34]. 
SoxS is also able to activate MarA expression and together 
they activate many of the same genes [27, 35]. Mutations in 
the soxR activator have been identified in clinical isolates of 
E. coli and S. enterica from patients undergoing quinolone 
treatment and shown to confer an increased MDR phenotype 
[36, 37]. 

2.1.3. The Rob Regulon 

 Rob is also a member of the AraC/XylS family and it 
regulates genes involved in resistance to antibiotics, organic 
solvents and heavy metals [38, 39]. Over-expression of Rob 
in E. coli produces both increased organic solvent tolerance 
and low-level resistance to multiple antimicrobial agents, 
due to increased expression of AcrAB [40]. In contrast to 
MarA and SoxS, Rob is constitutively expressed, and only 
its suppression confers a MDR phenotype [40]. There is con-
siderable overlapping of the genes targeted by Rob and those 
under the control of Mar and Sox but Rob has a limited ef-
fect on the level of expression [41]. The precise role of this 
regulator in resistance to antibiotics has not yet been deci-
phered. Its constitutive expression in the cell should saturate 
target genes with MarA and SoxS and should induce a con-
tinuous MDR phenotype. In fact, Rob activates the target 
genes only after the binding of inducers such as medium-
chain fatty acids and bile salts, with its C-terminal end. It 
was recently shown that SoxS and MarA down-regulated rob 
transcripts in vivo and in vitro [35, 42]. 

2.1.4. The Super Regulator RamA 

 RamA is a 113 amino acid regulatory protein belonging 
to the AraC-XylS transcriptional activator family, first de-
scribed in a Klebsiella pneumoniae MDR mutant [43]. It 
shares 45% identity with MarA with high conservation of the 
two DNA binding motifs essential to the regulatory function. 
Thus, it can be expected that RamA and MarA might recog-
nize an overlapping set of operator sequences. The ramA 
locus cloned in E. coli elicits a high-level resistance to di-
verse antibiotics (chloramphenicol, tetracycline, tigecycline, 
fluoroquinolones, trimethoprim), a decreased expression of 
OmpF and an active efflux [44, 45]. RamA has been identi-
fied in Salmonella enterica serovar Paratyphi B and Typhi-
murium, and in E. aerogenes and cloacae [3, 45, 46]. In E. 
aerogenes, this regulator is involved in the modification of 
outer membrane permeability and in the active extrusion of 
intracellular antibiotics [3]. RamA has also been demon-
strated to bind to the mar operator in E. coli and enhance its 

transcription, suggesting an interaction between these two 
systems [3, 46]. The putative marbox sequence within the 
ram promoter is well conserved according to the consensus 
[32]. This suggests that MarA could regulate the transcrip-
tion of ramA, however constitutive expression of RamA re-
sults in a MDR phenotype even in the absence of the mar 
locus. RamA is a transcriptional activator of the Mar regulon 
and is also a self-governing activator of the MDR cascade. A 
putative ramA repressor has recently been identified in E. 
aerogenes that also belongs to the TetR family of transcrip-
tional repressors (A. Molitor, unpublished results). Surpris-
ingly, no ramA locus has been identified in the E. coli ge-
nome. RamA plays a role in the oxidative stress response in 
partnership with soxRS, but seems more important than 
marA and soxS in the development of MDR in Salmonella 
spp. [47, 48]. 

2.1.5. Other Regulators 

 Another global regulator of outer membrane permeabil-
ity, H-NS (histone-like structuring nucleoid protein), was 
initially described as a transcription factor and plays a role in 
the structure and functioning of chromosomal DNA. H-NS 
controls about 5% of E. coli genes, most of which are in-
volved in virulence or adaptability to stressful environmental 
conditions [49-51]. This protein regulates the expression of 
porins and several efflux pumps in E. coli and E. aerogenes 
in response to osmotic stress [51-54]. There is evidence that 
this H-NS also controls expression of OmpX [30]. 

 A recent study demonstrated that AcrAB is also posi-
tively regulated by SdiA, a protein which regulates cell divi-
sion genes in a manner dependant upon quorum sensing [55]. 
FIS is a nucleoid-associated global regulatory protein that 
modifies acrAB transcriptional activity in response to vari-
ous growth conditions and can also bind to a site within 
marO upstream the marbox. This regulator is proposed to 
limit the overall level of negative superhelicity and stabilize 
the local DNA architecture of certain promoters, providing 
an additional two-fold stimulation to MarA-, SoxS-, and 
Rob-mediated activation of transcription [27]. In Proteus 
vulgaris and in Providencia stuartii, PqrA and AarP respec-
tively are MarA-like elements responsible for a MDR pheno-
type [56, 57]. A new putative MarA-like activator, TetD, has 
also been identified in E. coli that directly activates the same 
subset of genes as MarA/SoxS/Rob and confers resistance to 
redox-cycling compounds and antibiotics [58]. All these ac-
tivators share similar characteristics and approximately 50% 
homology, which is higher in the two HTH domains. Table 2 
summarizes the principal regulators involved in the control 
of MDR, and the species in which they have been identified. 

 The relevance of global regulators in clinical resistance is 
difficult to appreciate and its prevalence is for the moment 
only partially studied. Indeed, even if the reduction of sus-
ceptibility to antibiotics of a mutant is demonstrated, levels 
of resistance measured in the laboratory, despite suppression 
of marRAB, often remain quite low compared to the MICs 
observed in the clinical isolates [18]. This can be partly ex-
plained by the fact that clinical isolates often exhibit multiple 
resistance mechanisms that act in synergy. An isolate resis-
tant to the quinolones is obtained more easily if bacterial 
growth is carried out in the presence of inductors of the mar 
system (tetracycline or chloramphenicol) [59]. 40% of a 
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fluoroquinolone-resistant E. coli population were found to 
constitutively express either marA or SoxS. Furthermore, 
spontaneous mutants presenting high degrees of fluoroqui-
nolone resistance were described in clinical isolates that had 
developed mutations in the repressor MarR [9, 23, 60]. 

2.2. Negative Regulation by Repressors of Porin or Efflux 

Pump Synthesis 

2.2.1. OmpX, a Repressor of Porin Synthesis 

 OmpX is a small outer membrane protein (18 kDa) form-
ing an eight stranded anti-parallel !-barrel and has been 
identified in various enterobacterial species [24, 61, 62]. 
Over-expression of OmpX has been associated with a de-
crease in the expression of Omp36, a major E. aerogenes 
porin, and a decreased susceptibility to !-lactams [63]. This 
observation was reported in clinical isolates of E. aerogenes 
exhibiting a MDR phenotype [29, 64]. Recent studies indi-
cate that OmpX expression is influenced by a number of 
environmental factors and by the global mar regulator [63, 
65, 66]. Microarray analysis has indicated that ompX tran-
scription is activated by salicylate via MarA (1.8 – 1.5-fold) 
and by paraquat via SoxS (1.7 - 1.2-fold) [67]. A noticeable 
increase in ompX expression has been observed within 60 
minutes of exposure to compounds such as salicylate, qui-
nolones, novobiocin, dipyridyl and high ionic strength, with 
a simultaneous decrease in porin synthesis [30]. This rapid 
response highlights the efficiency of this cascade, which 
enables an outer membrane protein equilibrium that is highly 
adaptable to antibiotic therapy. Comparison of ompX and 
ompF expression in response to environmental stresses in 
marA-, hns- and ompX- mutants has clearly demonstrated the 
involvement of marA and hns in OmpX control. This outer 
membrane protein has also been hypothesized to play a cen-
tral role in an alternate mar-independent regulatory cascade 
to modulate outer membrane permeability [30]. Recently, a 

post-translational hypothesis, involving the role of Deg pro-
tease, has been proposed to explain the strong decay of porin 
content in a resistant selected strain that conjointly overpro-
duced efflux pumps and OmpX [68]. 

2.2.2. Small Non-Coding RNAs 

 Small anti-sense RNAs correspond to an emerging class 
of regulators of bacterial gene expression and have often 
been found to control the expression of outer membrane pro-
teins. E. coli is known to express at least eight OMP-
regulating sRNAs (invR, micA, micC, micF, omrAB, rseX 
and rybB) [69]. Post transcriptional regulation by micC and 
micF reduces OmpC and OmpF synthesis respectively in 
response to stress conditions. In vitro experiments have 
shown that micF interacts with ompF mRNA to prevent an 
active translation initiation complex [69]. This mechanism 
performs an essential negative osmoregulation of OmpF and 
is associated with OmpR repression of ompF under high 
osmotic stress [69]. The exact physiological role of micC 
remains to be confirmed, but it is thought to negatively regu-
late ompC expression by the same mechanism as micF. 
Northern analysis suggests that, in general, micC and micF 
are differentially expressed depending on osmotic conditions 
[69]. This parallels the well documented shift of porin ex-
pression from OmpF to OmpC under high osmotic pressure. 

2.2.3. Repressors of Efflux Pump Genes 

 Many operons that encode efflux pump components con-
tain a physically linked regulatory gene that plays a mono-
specific role in modulating expression of that pump. In E. 
coli, acrR encodes a TetR type repressor, which is known to 
repress both its own and acrAB transcription [70]. Mutations 
in acrR have been shown to de-repress acrB. Such mutations 
have been found in clinical isolates of E. coli, S. enterica and 
E. aerogenes [71-73]. Spontaneous laboratory mutants of E. 
coli generated by selection were shown to harbor IS186 in 

Table 2. Transcriptional Regulators Controlling Expression of Porins and Efflux Pumps in Enterobacteriaceae 

Protein 
Regulator 

Family 
Function Species 

MarA AraC Global activator 
E. coli, S. flexneri, S. Typhimurium, S. enterica,  

E. cloacae, E. gergoviae, Y. pestis 

SoxS AraC Global activator of the oxydative stress response E. coli, P. aeruginosa, S. typhimurium 

Rob AraC Global activator E. coli, E. cloacae , S. typhimurium, Y. pestis 

RamA AraC Regulator of MDR 
K. pneumoniae, S. enterica serovar Typhimurium,  

S. enterica serovar paratyphi 

PqrA AraC Regulator of MDR P. vulgaris 

AarP AraC Regulator of MDR P. stuartii 

MarR MarR Repressor of MarA 
E. coli, S. flexneri, S. typhimurium, S. enterica,  

E. cloacae, E. gergoviae 

SoxR MarR Regulator of the oxydative stress response E. coli, S. enterica 

AcrR TetR Repressor of AcrAB E. coli, E. aerogenes, H. influenzae, S.  enterica 

EmrR MarR Repressor of EmrAB E. coli, P. aeruginosa 
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acrR or IS2 up-stream of acrEF. An IS in acrS (the putative 
repressor of acrEF) of S. enterica DT204 was also detected. 
These mutations lead to the over-expression of acrAB and 
partially contributed to increased resistance to several unre-
lated antibiotics [74]. 

2.3. Chemical Effectors or Inductors 

 Many toxic compounds that are substrates for efflux 
pumps or porins are able to induce a MDR phenotype via 
induction of global activators. Modification of porin or ef-
flux pump expression has been shown to occur in response to 
aggressive conditions due to toxic substrates acting as 
chemical effectors or inducers of regulation cascades. En-
teric bacteria such as E. coli inhabit the intestinal tract, 
where they are exposed to bile salts and fatty acids that are 
able to induce the expression of the AcrAB-TolC pump [75]. 
The effectiveness of this regulation is such that bile salts 
simultaneously induce efflux pump expression and are then 
extruded as substrates of this pump. The same observation 
has been reported with imipenem and porin expression [76]. 
When the mar system was first described, chloramphenicol, 
tetracycline and salicylate were reported to induce the tran-
scription of the marRAB operon [9]. Some inducers have 
been shown to bind directly to the repressor MarR following 
entry into the bacterial cell. Indeed, salicylate and (to a lesser 
extent) tetracycline exhibit strong affinity for MarR, prevent-
ing binding to marO or shifting the repressor out of the op-
erator site [22]. Similarly deoxycholate interacts with MarR 
to prevent DNA binding in S. enterica Typhimurium [77]. 
The transcriptional activators involved in MDR respond to a 
variety of chemically unrelated compounds including antibi-
otics (tetracycline, tigecycline, chloramphenicol), biocides 
(triclosan, household disinfectants), the uncoupling agent 
carbonyl cyanide m-chlorophenylhydrazone, cyclohexane, 
salicylate, acetylsalicylate (aspirin), acetaminophen, sodium 
benzoate, plumbagin, menadione, paraquat, dinitrophenol, 
and more generally phenolic rings [78]. Removal of such 
toxic substances and subculture in favorable conditions often 
results in the reversion of MDR to the sensitive phenotype as 
repression of global activators is restored. The exact mecha-
nism of induction by each of these compounds is yet to be 
deciphered and further investigation of these processes may 
aid in the understanding of how MDR develops. 

3. ANTIBIOTIC RESISTANCE AND MEMBRANE 
PERMEABILITY IN CLINICAL ENTEROBACTE-

RIACEAE 

3.1. Membrane Permeability and Gene Mutation in 

Clinical Isolates 

 It has been reported that during antibiotic therapy several 
Gram-negative Enterobacteriaceae have developed a protec-
tive response to impair the activity of clinically used antimi-
crobial drugs. This response may include a down regulation 
of porins and/or the overexpression of efflux pumps. In cer-
tain cases, an alternate modification of membrane structure 
has taken place involving the alteration of LPS and a con-
comitant change in the level of various OMPs. 

 The pioneer studies from S. Levy’s lab reported, for the 
first time, the role of mutations located in the mar locus that 
are associated with the emergence of the MDR phenotype in 

Gram-negative bacterial clinical isolates [60, 79, 80]. The 
position and role of numerous mar mutations have been 
demonstrated in several E. coli clinical isolates exhibiting 
varying levels of decreased susceptibility towards several 
unrelated antibiotic molecules. These mutations which trig-
ger the mar regulon cascade, provide an opportunity for 
these isolates to mutate at other loci, e.g. gyr or par, and 
emerge as high-level quinolone-resistant strains [60]. 
Moreover, it has recently been demonstrated that the expres-
sion of the efflux pump is an important prerequisite for the 
selection of fluoroquinolone resistant mutants that exhibit 
mutated DNA gyrase targets. This process has been reported 
in various Gram-negative bacteria such as Salmonella spp. or 
Campylobacter spp., two major food-borne pathogens in-
volved in severe human diseases [47, 81]. The poly-speci- 
ficity of the efflux pump transporters confers a general 
resistance mechanism that can reinforce the effect, and/or 
favour the acquisition of other resistance mechanisms such 
as target mutations or drug modifications [2, 82, 83]. 

 There are several other reports documenting the modifi-
cation of membrane permeability, porin deficiency, LPS 
alteration or efflux activation in various clinical isolates dur-
ing antibiotherapy. Two clinical strains of E. aerogenes pre-
senting high-level resistance to ß-lactams have been shown 
to exhibit a MDR phenotype with resistance to ß-lactams, 
quinolones (nalidixic acid, norfloxacin, ciprofloxacin), tetra-
cycline and aminoglycosides (kanamycin, amikacin, gen-
tamycin) [64]. One of these strains had a complex phenotype 
with respect to chloramphenicol resistance: it presented al-
teration of porin synthesis, overproduction of OmpX (see 
also 1.2.1), modification of the LPS (regarding the O-
polysaccharide moiety), and presence of a PAßN-sensitive 
efflux mechanism. Similarities can be drawn between the 
multitude of resistance strategies employed in this isolate 
and the E. coli stress response that includes a pleiotropic 
change of membrane structure, permeability and expression 
of active efflux [24, 49, 64]. A parallel study analyzed a col-
lection of twenty resistant E. aerogenes isolates [84]. Among 
them, three strains possessed an interesting phenotype and 
molecular characteristics (Table 3). It is interesting to note 
that no marR/marA gene mutations were detected in any of 
these MDR E. aerogenes strains (A. Molitor, unpublished 
results). This suggests that mar mutation is not directly in-
volved in the expression of MDR in these clinical isolates as 
reported for K. pneumoniae and Salmonella resistant strains 
[44]. Moreover, a mutation in the acrR locus has been identi-
fied favoring the overproduction of AcrAB efflux compo-
nents in the E. aerogenes MDR isolate 27 [72]. 

 Schneiders et al. have examined the role of marA and 
ramA in K. pneumoniae clinical MDR isolates [44]. Besides 
mutations in the local regulator acrR in some isolates, the 
authors reported a noticeable increase of ramA transcription 
while the expression of both marA and soxS were not in-
creased. This ramA overexpression suggests both influx and 
efflux could be modified in these isolates. A study concern-
ing a collection of clinical K. pneumoniae strains, isolated 
from different patients treated in a University Hospital in 
Istanbul (Turkey) indicated that 39% of studied strains ex-
hibited a PAßN-sensitive efflux pump and that the AcrA 
efflux component was overexpressed in most of these iso-
lates [85]. Interestingly, the osmotic control of the expres-
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sion of OmpK35 (belonging to the OmpF porin group with 
large channel size) and OmpK36 (belonging to the OmpC 
porin group with small channel size) was abolished in the  
 

Table 3. Characteristics of MDR E. aerogenes Isolates 

E. aerogenes Isolates 

Characteristics 

3 5 27 

ß-lactams R R R 

Quinolones R R R 

Tetracycline I S R 

Chloramphenicol R R R 

Porin detected * - - 

Alteration of norfloxacin accumulation ++ +/- ++ 

Alteration of chloramphenicol accumulation ++ nd ++ 

Mutation in regulator genes   acrR 

From [72, 84]. 
R, resistant ; S, susceptible ; I intermediate. 

*, mutation in the L3 loop (located in the constriction area of the channel governing the 
diffusion rate) ; -, no porin produced 

++, high decrease of intracellular antibiotic ; +/-, low decrease of intracellular antibi-
otic ; nd, not determined. 

 

majority of these isolates suggesting an alteration in the bal-
ance of OmpK35/OmpK36 ratio. This is interesting with 
regards to the differential ß-lactam susceptibility afforded by 
these porins in K. pneumoniae. The level of susceptibility in 

bacteria expressing OmpK35 is 4-8 times higher than that 
conferred by OmpK36 for several ß-lactams, e.g. cefepime, 
cefotetan, cefotaxime, cefpirome [86]. Thus in these isolates, 
the porin dependent uptake is altered simultaneously with the 
overexpression of the AcrAB efflux pump. It is important to 
mention the various studies on K. pneumoniae isolates that 
demonstrate the interplay between porin expression includ-
ing the synthesis of a selective porin, OmpK36 versus 
OmpK35 [86], and efflux pump activity in the emergence of 
MDR [87]. This tight coupling has also been evidenced us-
ing microarray analysis focused on a susceptible clinical 
strain and its resistant derivative isolated from the same pa-
tient [88]. 

 Similar observations have been reported with Salmonella 
enterica during studies of human and veterinary strains [89, 
90]. Table 4 summarizes the data available so far regarding 
mutations in the regulatory genes, e.g. marR, marA, … of 
Enterobacteriaceae clinical strains and their relation to the 
expression of MDR. 

 A major problem with these clinical data is the limited 
availability of key information regarding the patient situation 
(e.g. bacterial flora, level of bacterial susceptibility,…) prior 
to starting antibiotherapy. Treatment regiments applied dur-
ing patient therapy that lead to the selection of resistant iso-
lates are only partially documented. Future studies would 
benefit from full documentation of the original colonizing 
strain, any pre-treatment of the patient, complete description 
of the treatment given (dose, time, single or multi-therapy, 
…) and the medical history of the patient (other therapies, 
possible risks, …). Consequently, it is very hard to glean a 
clear-cut conclusion about the emergence of resistance 
mechanisms and their dissemination in a clinical setting. A 
few attractive and ambitious projects have begun to investi-

Table 4. Antibiotics, Resistance Mechanisms and Regulators Involved in Some Clinical MDR Isolates 

Resistance Mechanism Modification in Regulator Gene 

Drug 
Influx 

(Porin Alteration) 

Efflux  

(Overproduction) 
General  Local  

ß-lactams §, * + 

marR* 

marA* 

ram A° 

soxRS* ° 

acrR*, 

porin regulator 

quinolones only fluoroquinolone + 

marR* 

marA* 

ram A° 

soxRS* ° 

acrR*, 

porin regulator 

cyclines - + 

marR* 

marA* 

ram A° 

soxRS* 

acrR* 

chloramphenicol - + 

marR* 

marA* 

ram A° 

soxRS* 

acrR* 

°, overexpression; * mutation; § decreased or selective expression. 
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gate the direct evolution of bacteria during antibiotherapy in 
order to associate the bacterial physiological change with the 
antibiotic used. 

3.2. Evolution of Clinical Isolates Under Antibiotherapy 
Stress 

 It is important to stress that the true clinical role of marA 
and ramA in the emergence and dissemination of MDR 
strains may be under-estimated due to the limited number of 
complete clinical investigations to date. For the most part, 
only partial and case by case studies have been carried out in 
this regard. Few studies have investigated in depth the rela-
tionships between employed antibiotherapy, the evolution of 
antibiotic resistance and the role of genetic regulators. A 
large majority of results concerning the genetic control of 
membrane permeability come from in vitro studies (see 
chapter I). 

 Linde et al. (2000) characterized clinical E. coli strains 
isolated from the same patient who had received ciproflox-
acin therapy [23]. These strains exhibited the same PFGE 
pattern but different antibiotic susceptibility profiles. One 
isolate, EP2, presented increased resistance to ciprofloxacin, 
chloramphenicol, cefazolin and cefuroxime compared to 
another. The analyses of mar and acr operons indicated that 
the EP2 isolate possessed a C-terminal deletion in the marR 
gene and exhibited a conjoint increase of marA and acrA 
transcription. Binding of functional MarR represses the mar 
regulon and this deletion was shown to disrupt such negative 
regulation resulting in increased MarA expression and induc-
tion of the MDR phenotype identified in this clinical isolate. 
The authors suggest that the corresponding mutation had 
been selected under ciprofloxacin treatment. A similar evolu-
tionary process has been reported in the case of E. cloacae 
infectious disease [91]. A patient developing bacteremia due 
to a susceptible E. cloacae strain was treated for a period of 
3 weeks with dual-therapy antibiotics, imipenem+amikacin. 
Two weeks after stopping antibiotherapy, a resistant isolate 
was collected. Characterization of the two strains (suscepti-
ble and resistant) collected during patient treatment indicated 
that the transcription levels of the major E. cloacae porins 
were severely altered and expression of the efflux gene acrB 
was increased in the resistant isolate [91]. In addition, the 
efflux pump inhibitor (PAßN) was able to restore the activity 
of antibiotics which are described as pump substrates indi-
cating the presence of an active efflux pump. This report 
clearly demonstrated the intricacies of porin and efflux regu-
lation, emphasizing a common balance of the two aspects of 
membrane permeability. The mar or ram genes seem to play 
a key role in this in vivo bacterial response to antibiotic pres-
sure although no mutation or modification of effector levels 
(repressor or activator) have been clearly identified at this 
moment. 

 During the antibiotherapy of diverse patients infected by 
E. aerogenes, the use of imipenem therapy has been shown 
to be involved in the selection and emergence of particular 
isolates that present special drug resistance behaviour [92]. 
An a posteriori study analyzed the membrane characteristics 
and the antibiotic susceptibilities of the respective isolates. 
Under imipenem treatment, the sequentially collected E. 
aerogenes isolates rapidly began to exhibit a decrease of 
major porin (Omp36 and Omp35) syntheses associated with 

ß-lactam resistance. Simultaneously, expression of the Ac-
rAB-TolC efflux system emerged, supporting a low level 
resistance to other antibiotic families. This co-ordinated ad-
aptation was directly involved in the development of a MDR 
phenotype concerning the main clinical antibiotic families 
(ß-lactams, quinolones, cyclines, aminoglycosides). This 
result is of considerable interest since the single use of 
imipenem was shown to trigger and favour the emergence of 
MDR strains in various patients [76, 92]. An in vitro com-
parison assay performed using a sensitive E. aerogenes 
strain indicated that exposure to imipenem was able to select 
imipenem resistant variants. Several steps of bacterial adap-
tation could be distinguished during this experiment: a two-
step differential expression of marA and the AcrAB efflux 
pump was observed as a first event, followed by complete 
repression of porin synthesis in a second phase, achieving 
the MDR phenotype [73]. Concerning E. aerogenes, a se-
quential membrane modification has been also reported dur-
ing a successive antibiotherapy regimen. Five clonally re-
lated isolates were collected and four presented specific re-
sistant phenotypes during successive imipenem and colistin 
treatment [53]. During the first stage of imipenem therapy, 
two isolates were found to display a complete lack of porins 
associated with an increase of OmpX expression and a de-
crease of imipenem susceptibility. The original porin profile 
was subsequently recovered when imipenem therapy was 
stopped and OmpX expression conjointly decreased. In a 
second step, during a following colistin treatment, the struc-
ture of LPS was modified in the collected isolates without 
noticeable effect on outer membrane protein expression but 
conferring resistance to polymyxin. This result emphasizes 
the flexibility of membrane adaptability in response to single 
therapy and the role of permeability balance in antibiotic 
resistance [93]. 

 It is interesting to briefly mention that a similar phe-
nomenon has been implicated in P. aeruginosa, another ma-
jor Gram-negative bacterial pathogen. Exposure to imipenem 
treatment has been shown to result in restricted ß-lactam 
entry in combination with high-level expression of AmpC ß-
lactamase conferring clinically significant levels of resis-
tance to the antibiotic. In clinical practice, down-regulation 
of OprD2 expression is not a rare event e.g. in one study 
38% of patients undergoing imipenem therapy for pneumo-
nia caused by P. aeruginosa possessed OprD2-deficient iso-
lates before the end of treatment [94]. In addition, several P. 
aeruginosa isolates displaying porin deficiencies associated 
with MexAB-OprM and MexXY-OprM overproduction have 
been described [95]. Multiple carbapenem resistance mecha-
nisms have been demonstrated to coexist in a single P. aeru-
ginosa isolate, which might explain the high-level carbap-
enem resistance. Moreover, these multiresistant isolates have 
been shown to maintain their level of virulence [96]. 

 These studies are of importance since they demonstrate 
an adverse role of antibiotics, if they are misused / overused, 
as a potent selecting agent for strains expressing MDR capa-
bility via genetic cascades or mutations. 

4. CONCLUSIONS 

 The bacterial control of membrane permeability is a 
complex “Pandora’s box” involving various known regulator 
belonging to the AraC/XylS family (marA, …) and the TCS 
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family (EnvZ-ompR, …), small antisense RNAs (micF, 
micC, ...), histone-like nucleoid structuring proteins (H-NS, 
…), and several external factors (chemicals, signals, ...). All 
of these components may target specific overlapping effec-
tors and trigger different intricate and redundant regulation 
cascades (mar, ram, sox, ...). Furthermore, some additional 
factors involved in cell division, fitness, colonization and 
virulence may play a role in the various regulatory processes 
occurring during the expression of membrane channel pro-
teins. 

 At this time, it is difficult to clearly portray the role of 
specific effectors in the regulation cascades which balance 
membrane permeability. Due to ethical rules, clinical con-
straints, time restrictions and hospital organization it is not 
easy to develop a complete and multifactorial investigation 
that considers patient history and the precise treatment de-
tails (drugs, time, dose, ...). It is not only antibiotic treatment 
regimens that should be documented but also the use of other 
drugs such as salicylate which is an excellent in vitro activa-
tor of the mar cascade. In addition, documented information 
of other colonizing strains would be prudent as they repre-
sent a reservoir for resistance genes and mobile genetic ele-
ments for a long-term maintenance of resistance mechanisms 
that may continuously resurge at various intervals and in 
various hospital wards. 

 Despite these problems, several investigations have iden-
tified some clues/keys in this biological machinery that can 
further our understanding of the regulatory mechanisms 
leading to MDR. With the support of various national or 
international agencies other studies regarding the crucial 
impact of antibiotic resistance mechanisms on human health 
are emerging. Current evidence, collected from several 
sources, suggest that the mar cascade appears to play a cen-
tral role in governing influx and efflux. Branching off from 
this central core system several important regulators act to 
induce or enhance the efficacy of this regulation cascade of 
MDR response. A special role has been implicated for ramA 
in Klebsiella spp, Enterobacter spp. and Salmonella spp. 
This positive regulator can activate marA or directly bypass 
the mar operon. At the proximal sector, local regulators or-
ganize an amplification loop and optimize the control of 
components such as micF or OmpX which balance porin 
expression. 

 The redundancy of regulators, the overlap in control 
pathways and the vast array of external inducers actively 
contribute to the selection, dissemination and preservation of 
enterobacterial MDR strains. This sophisticated “pandora’s 
box” urgently requires a complete and detailed molecular 
dissection of the various interactions in order to understand 
and circumvent the efficient bacterial adaptative shield that 
faces to our antibiotic arsenal. 
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Abstract

Background: Multi-drug resistant (MDR) infections have become a major concern in hospitals worldwide. This study
investigates membrane translocation, which is the first step required for drug action on internal bacterial targets. b-lactams,
a major antibiotic class, use porins to pass through the outer membrane barrier of Gram-negative bacteria. Clinical reports
have linked the MDR phenotype to altered membrane permeability including porin modification and efflux pump
expression.

Methodology/Principal Findings: Here influx of b-lactams through the major Enterobacter aerogenes porin Omp36 is
characterized. Conductance measurements through a single Omp36 trimer reconstituted into a planar lipid bilayer allowed
us to count the passage of single b-lactam molecules. Statistical analysis of each transport event yielded the kinetic
parameters of antibiotic travel through Omp36 and distinguishable translocation properties of b-lactams were quantified
for ertapenem and cefepime. Expression of Omp36 in an otherwise porin-null bacterial strain is shown to confer increases in
the killing rate of these antibiotics and in the corresponding bacterial susceptibility.

Conclusions/Significance: We propose the idea of a molecular ‘‘passport’’ that allows rapid transport of substrates through
porins. Deciphering antibiotic translocation provides new insights for the design of novel drugs that may be highly effective
at passing through the porin constriction zone. Such data may hold the key for the next generation of antibiotics capable of
rapid intracellular accumulation to circumvent the further development MDR infections.
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Introduction

One major biological challenge is to understand how the cell

controls the exchange of solutes with its environment and to

decipher the role of membrane transporters in this process [1,2].

This aspect of membrane physiology is a key issue in the field of

infectious diseases. Antibiotic molecules used in clinical regimens,

must penetrate the outer membrane of Gram negative bacteria to

reach their target sites and kill the pathogen [3,4]. Rapid delivery

to achieve the required concentrations of antibiotic molecules at

their internal targets is now an acute objective due to the threat

associated with re-emerging infectious diseases that are resistant to

multiple antibiotics. Multi-drug resistant (MDR) bacterial infec-

tions have become a worldwide problem, particularly in hospital

settings [5–7]. Among the most urgent is the opportunistic

pathogen, Enterobacter aerogenes, responsible for nosocomial infec-

tions able to rapidly develop a MDR phenotype within 5 days of

antibiotherapy [8]. In order to unlock new therapeutic options/

solutions, it is crucial to understand how and how fast antibiotics

interact with bacterial cells and the mechanisms that lead to such

high levels of resistance. There are 3 major characteristics that an

effective antibiotic must exhibit. 1) Rapid and stable accumulation

at the target site; 2) Strong target binding; 3) Stability against

enzymatic attack [9].

The first step of antibiotic interaction with Gram-negative

bacteria is to cross the outer membrane, which forms a protective

barrier against hostile environments [3,4]. The exact mechanism

of uptake across this lipid bilayer by hydrophobic compounds is

poorly understood. The membrane is punctuated by porins, which

are major outer membrane proteins (OMPs) that form water-filled

channels allowing diffusion across the membrane. Clinical studies

show that the general diffusion porins of many enterobacteriaceal

species serve as a major gateway for the passage of b-lactams and

fluoroquinolones [3,4]. Furthermore, alteration of outer mem-

brane permeability, including modification of porin expression has

emerged as a major MDR mechanism in E. aerogenes and other

enterobacterial pathogens [8,10–13]. To improve the transloca-

tion efficiency of future antibiotics, it is vital to understand the

underlying molecular mechanisms of transport.
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The crystal structures of several porins have been determined

and the conserved internal loop 3 constitutes a crucial part of the

porin channel involved in the influx of antibiotics [4,14–17].

Mutations in this region of Omp36 from E. aerogenes and OmpF

and OmpC from E. coli have been shown to confer altered

permeability and susceptibility to various antibiotics [4,16,18–22].

Analysis of these loop 3 mutations has indicated that certain

substitutions induce drastic changes in channel properties due to

the presence of bulky or differentially charged residues [20–22].

Investigation of antibiotic transport through porin channels can

be carried out by insertion of purified porins into planar lipid

bilayers. Quantification of the molecular dialogue between

antibiotic molecules and porin channels can be achieved via

analysis of ion current noise in the presence of antibiotics [17,23].

Measuring the ion current through purified porins reconstituted

into planar lipid bilayers provides information about a number of

structural and functional properties such as pore size and

selectivity [24]. Moreover, the passage of large molecules through

the channel interrupt the ion current causing fluctuation or even

transient blockages of conductance [17,23,25]. Therefore, addition

of various antibiotics to the system can cause interaction

dependent fluctuations in the ion current and report on the

electrophysiological parameters of translocation [17,25].

In this study transport properties through a major E. aerogenes

porin, Omp36 (homologous to E. coli OmpC and to Klebsiella

pneumoniae OmpK36) were investigated. Physiological conditions

within the patient body favor the expression of Omp36 belonging

to the OmpC-family, over OmpF-type porins [10,16,26,27]. This

is therefore the more relevant porin type to consider during

antibiotherapy [4,13]. Here the aim was to quantify the influx of

representative b-lactams through Omp36. The porin was purified

and ion flow through a single trimer reconstituted into a planar

lipid bilayer was measured. The presence of antibiotics caused ion

current fluctuation in a concentration dependent manner. Analysis

of these fluctuations, induced by penetration of the antibiotics into

the channel, allowed crucial information to be obtained about the

transport mechanism. In addition Omp36 was expressed in the

outer membrane of a porin-null E. coli mutant (BL21Domp).

Minimum inhibitory concentration assays were used to assess b-

lactam susceptibility conferred by Omp36 as the sole porin.

Information about the rate of translocation through this porin for

delivery to target sites was further provided by measuring the rate

of decline of colony forming units following exposure to inhibitory

levels of b-lactams.

Results

Evidence and quantification of antibiotic translocation
through Omp36
The omp36 gene was cloned and expressed in the porin-null E.

coli strain BL21Domp [28] (see Text S1, Table S1 and Fig. S1).

Omp36 was purified using ion-exchange chromatography and a

single trimeric porin was reconstituted into artificial lipid

membranes [17,23]. Application of a transmembrane voltage

established an ion current through the channel and, in the absence

of antibiotics, no visible current blockage was detected up to a

voltage of ,150–200 mV (Fig. 1a). Addition of antibiotics to this

system caused fluctuations in the ion current reflecting the possible

channel-drug interactions. Ertapenem which is a negatively

charged carbapenem [9] caused spontaneous blockage of the

ionic currents (Fig. 1b). The presence of antibiotic caused rapid

blockages of the monomers. These ion current fluctuation

increased with increasing concentration (see Text S1 and Fig.

S2). Furthermore, analysis at higher time resolution clearly

indicated complete monomer channel blockages. On average

0.5 mM ertapenem caused single monomer blockages and at an

increased concentration of 15 mM two monomers were blocked.

Interactions with cefepime, a zwitterionic cephalosporin [9], were

also detected, but the blockage events were shorter and less

frequent than those caused by ertapenem (Fig. 1c). In contrast

ceftazidime (Fig. 1d) and ampicillin (Fig. 1e) caused no

significant blockage of the ionic current indicating negligible

interaction with the channel. Similar characterization of OmpC,

for which a high-resolution structure has recently been resolved

[15], showed the same pattern of interaction with ertapenem,

cefepime, ceftazidime and ampicillin (data not shown).

The penetration of antibiotics into the channel can also be

measured by analysing the power density spectra of the ion

current. In Fig. 2a, a typical power density spectra of the ion

current fluctuations is shown. The figure shows clearly the effect of

different antibiotics: the presence of 10 mM ertapenem increased

the ion current noise 15 fold compared to background levels. In

contrast a much higher concentration of cefepime (25 mM) caused

only a doubling of the noise level. In the case of ampicillin and

ceftazidime (see Text S1 and Fig. S3) no excess noise was visible

(see Material and Methods for details). As previously shown the

excess noise was caused by perturbing the ion current inside the

channel in the presence of interacting antibiotics [17,23]. Channel

blocking by the antibiotic molecules was also quantified by using a

statistical analysis of the channel in its ‘un-occupied’ and

‘occupied’ (or blocked) states. The average residence time (t) of

each antibiotic in the Omp36 channel was obtained by single

exponential fitting of blockage time histograms with the distribu-

tion of dwell time in the blocked state (single channel analysis).

The t was 0.1460.02 ms for ertapenem and 0.1060.02 ms for

cefepime at 50 mV (Fig. 2b) (see Material and Methods for

details).

The strength of the ertapenem interactions allowed further

quantification of the ‘‘molecular dialogue’’ between this antibiotic

and the Omp36 channel. Fig. 2c shows the number blocking

events, which increase with increasing antibiotic concentration.

Following cis side addition of ertapenem more intense blocking was

observed compared to trans side addition. This indicated an

asymmetry in accessibility of the binding site and a lower energy

barrier from the cis side. As ertapenem is negatively charged, cis

side addition of the antibiotic along with the application of positive

voltages should favor translocation through the channel. Clearly,

we observed an enhanced rate of translocation when the antibiotic

was travelling from the cis to the trans side. However, blockage

events following trans side addition of ertapenem were less frequent

and voltage independent. This indicated a higher energy barrier

on the trans side and the electric field did not influence the rate of

translocation. In Fig. 2d, the average residence time of antibiotic

molecules in the channel measured at different voltages is shown.

It is important to note that the residence time was independent of

the concentration and of which side of the membrane the drug was

added. This indicated the presence of a single affinity site in the

channel according to the model described by Schwarz et al., 2003

[25].

We simplified the mathematical analysis by assuming the

presence of one affinity site within the channel, accessible from

both sides of the lipid membrane. The most important step that

determines antibiotic translocation is the entrance and exit rates.

The kinetic rate for channel entrance and exit allows estimation of

the net flux of antibiotics. For example when 1 mM ertapenem

was added to the cis side of the lipid membrane, the association

rate constant (kon) was 910061000 (Ms)21 and the binding

constant (K) was 1.5060.05 M21 at an applied voltage of 50 mV.

Translocation of b-Lactams
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As previously shown the flux of antibiotic molecules per second is

given by [25,29,30] (see Material and Methods for details)

J~ kon=2,½ �:Dc

This analysis concluded that, using a 1 mM ertapenem concen-

tration gradient across the channel, about 5 molecules were able to

translocate each Omp36 monomer per second. Blocking events in

the presence of cefepime were weak compared to ertapenem.

When 1 mM cefepime was added to the cis side of the lipid

membrane, the association rate constant (kon) was 10006100

(Ms)21 and the binding constant (K) was 0.260.02 M21 at an

applied voltage of 50 mV. The number of molecules translocated

was approximately 0.5 molecules per second per monomer.

Inspection of the above equation showed that translocation was

proportional to the on-rate [25,29,30]. The strength of an

antibiotic interaction with the affinity site of a channel greatly

influences the efficacy of its translocation [31,32]. Our data shows

that ertapenem interacts more strongly than cefepime with the

Omp36 channel (Fig 1, 2) and translocates the channel more

rapidly.

Rate of b-lactam Action on E. coli Expressing Omp36 as
the Sole Porin
The ability of b-lactams to traverse the outer membrane via

Omp36 channels was initially determined here using minimum

inhibitory concentration (MIC) assays. Omp36 (or OmpA as a

negative control – see Text S1) was expressed, on an IPTG

inducible plasmid, as the sole porin in an otherwise porin-null E.

coli strain (BL21Domp). Expression of Omp36 in the outer

Figure 1. Typical ion current recordings through a single Omp36 trimer reconstituted into planar lipid membranes. a. In the absence
of antibiotic, almost no channel closure was visible. b. Addition of 10 mM ertapenem on the cis side caused rapid closure of one monomer. c.
Addition of 25 mM cefepime on the cis side caused significantly less blocking compared to ertapenem. d. Addition of 25 mM ceftazidime on the cis
side caused no blocking. e. Addition of 25 mM ampicillin on the cis side caused no blocking. Membrane bathing solution was 1 M KCl (pH 6) and the
applied voltage was 50 mV. Chemical structure of antibiotics. f. Ertapenem g. Cefepime. The antibiotics are displayed in ’’balls and sticks’’ and
colored by atom type (oxygens in red, nitrogens in blue, carbons in cyan, sulfur in green, hydrogens in white).
doi:10.1371/journal.pone.0005453.g001

Translocation of b-Lactams
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membrane (see Text S1 and Fig. S1) resulted in an 8 fold

increase in sensitivity to ertapenem with an MIC of 0.5 mg ml21 in

IPTG-induced cultures compared to 4 mg ml21 in non-induced

cultures and those harboring vector only (see Text S1 and Table

S1). These data confirmed the involvement of Omp36 in b-lactam

susceptibility (see Text S1). We further compared the efficacy of

ertapenem and cefepime action by exposing bacterial cultures to

inhibitory concentrations of each b-lactam and observing the

percentage decreases in cell number (colony forming units,

cfu ml21) over time (Fig. 3). In the presence of either ertapenem

or cefepime, BL21Domp cultures expressing Omp36 as the sole

porin were depleted at a dramatically increased rate compared to

those expressing OmpA (Fig. 3) and, to a lesser extent, vector only

(data not shown). The action of ertapenem was observed to be

considerably faster than cefepime with a 90% decrease in cfu ml21

of Omp36 expressing cultures within 45 minutes and 90 minutes

respectively and a 99% decrease within 60 minutes and 150 min-

utes. Care must be taken when interpreting this data. The rapid

action of ertapenem could be attributed to high target affinity or

stability against b-lactamase degradation [33,34] (see Supplemen-

tary Data Section). However, with the use of stringent controls

imposed here, these results corroborate both MIC and electro-

physiological data, suggesting that efficient interactions of

ertapenem with an affinity site in the Omp36 channel confer

faster influx across the outer membrane via this porin, contributing

to the faster rate of action.

Discussion

This study deciphers a role for the enterobacterial porin,

Omp36 in antibiotic transport. Recent clinical studies of K.

pneumoniae infection observed that exposure to ertapenem promot-

ed drug resistance via the loss of OmpK36 [36–38]. Furthermore,

many recently evolved metallo-carbapenemases participating in

the enzymatic barrier require decreased porin expression to

effectively confer high-level carbapenem resistance [33]. Increas-

ing clinical studies report the down-regulation of porin expression,

or a shift favoring the expression of smaller or more restrictive

Figure 2. Kinetic analysis of antibiotic transport through Omp36. a. Power spectral densities of the excess noise in the ion current through a
single trimeric Omp36 channel in the presence two different antibiotics ertapenem and cefepime added to the cis side of the lipid membrane.
Smooth solid line through the spectra is Lorentzian fit with t=120 ms for ertapenem. b. Time histogram of Omp36 channel blockage in presence of
10 mM ertapenem (1) or 25 mM cefepime (2) added to the cis side of the lipid membrane. Solid line is the single exponential fit with characteristic
time t=128 ms(1) and 105 ms(2). c. The number of ertapenem blocking events per second was linear to ertapenem concentration and depended on
applied voltage and side of antibiotic addition (cis or trans side). d. Ertapenem residence time did not depend on the direction of the drug addition
(cis, trans or both sides) and it depended on the applied voltage. Average residence time decreased with increased applied voltage.
doi:10.1371/journal.pone.0005453.g002

Translocation of b-Lactams
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channels, as a response to antibiotherapy [4,13]. This results in

reduced membrane permeability that severely limits intracellular

drug accumulation, allowing the evolution and/or the acquisition

of other resistance mechanisms including target mutations,

enzymatic production, etc [13]. Such reports highlight the

importance of: 1) efficient influx through porins for b-lactams to

reach their target sites, and 2) a detailed understanding of this

dynamic and interactive process.

The pathway of the antibiotic molecule through the channel is

of crucial importance for the intracellular accumulation of

antibacterial drugs. It has become clear that the transport of b-

lactams or fluoroquinolones through OmpF-type porins is not by

passive diffusion through an inert tube, but involves specific

interactions with porin channels [17,19,23]. Due to the detailed

knowledge of its crystal structure most studies of antibiotic-porin

interactions so far have focused on OmpF from E. coli [14,39],

which is a major porin type expressed in vitro along with homologs

Omp35 and OmpK35 in Enterobacter and Klebsiella spp. However,

in vivo temperature and salt concentrations, favor the expression of

OmpC-type porins including Klebsiella pneumoniae OmpK36 and E.

aerogenesOmp36 [26,27] investigated here. Consequently, these are

the dominant porins in the patient body [3,4,13] and represent the

key strategic pathways for b-lactams and fluoroquinolones to

penetrate the bacterial cell during patient therapy. Our study

combines high resolution ion conductance measurements with

biological susceptibility assays to explore b-lactam translocation

properties through Omp36, a major porin of the MDR pathogen,

E. aerogenes. Using two representative b-lactam molecules, we

demonstrate that interaction with the channel correlates with

facilitated translocation through the porin and thus enhances the

transport efficiency. We hypothesize that there is a strong

interaction, involving hydrophobic and hydrogen bonds, between

ertapenem and specific aminoacid residues which constitute the

affinity site within Omp36. Ertapenem has a net negative charge

and two carboxylic groups are able to form hydrogen bonds with

the basic residues of the channel. In the case of cefepime (a

zwitterionic compound) we measured a lower channel affinity.

This is in agreement with previous molecular modeling of

cefepime in the constriction zone of OmpF [19] which is the

Omp35 homologue in E. coli [4]. For optimal permeation, a

balance is required between affinity and repulsion interactions at

key sites in the constriction zone. Our MIC data agree with the

electrophysiological results, showing stronger activity of ertapenem

than cefepime in bacterial cells expressing Omp36 as the sole

functional porin. In addition we have demonstrated the rate of

ertapenem antibiotic action on these cells to be strongly faster than

that of cefepime and that this is partly due to more rapid transport

through the porin.

A number of chemical and physical properties of antibiotic

molecules, such as size, hydrophobicity, stoichiometry and charge,

Figure 3. Influence of Omp36 Expression on the Rate of b-lactam Antibiotic Activity. Percentage decrease in cfu ml21 of BL21Domp
cultures expressing either Omp36 or OmpA following exposure to inhibitory concentrations of: a ertapenem (1 mg ml21), b ertapenem (4 mg ml21), c
cefepime (1 mg ml21). Experiments were repeated three times and error bars were indicated.
doi:10.1371/journal.pone.0005453.g003

Translocation of b-Lactams
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have been shown to influence their rate of permeation through

porin channels. For example, zwitterionic compounds have been

shown to penetrate proteoliposomes very rapidly [40] and have

induced increased ion flux perturbations through OmpF in lipid

bilayer models compared to other charged compounds. In

addition, large molecules, with bulky side-chains, such as azlocillin

and piperacillin have shown low permeation rates [17].

Efficient translocation through porins requires favorable

channel properties in addition to a streamlined antibiotic

molecule. As b-lactam molecules are similar in size to the channel

diameter, their passage is not a simple diffusion but rather a

gliding process along the pore wall. Within the constriction zone of

porin channels, strategically located residues create a strong

electrostatic field [15,17,36]. Key exposed residues particularly in

the internal loop 3 have been identified that transiently interact

with translocating molecules to strongly influence the rate of

permeation [17] and the antibiotic efficacy [19]. Site-directed

mutagenesis at such sites in E. coli OmpF and OmpC has been

shown to alter susceptibility to certain antibacterial molecules

[21,22,41,42]. OmpC and Omp36 porins harboring loop 3

mutations have been detected in a small number of resistant

clinical isolates of E. coli and E. aerogenes and may represent an

emerging bacterial drug resistance strategy in order to restrict

antibiotic influx [4,13]. Several biophysical investigations report

the interaction between ampicillin and OmpF during drug

diffusion in agreement with microbiological evidence [17,19,24].

In contrast, we have shown that ampicillin interaction with

Omp36 and OmpC is negligible. Nikaido and Rosenberg [43]

showed much restricted penetration of antibiotic molecules with

bulky side-chains and negative charges through OmpC than

through the wider OmpF channel. The recently resolved OmpC

crystal structure suggests that electrostatic pore potential and

specific atomic details inside the channel are the key parameters

distinguishing OmpC and OmpF rather than size [15]. This

reduced permeability through OmpC-type porins could explain

the shift from OmpF-type to OmpC-type expression observed in

clinical isolates during antibiotherapy as a strategy to limit

antibiotic influx [4,13]. Ertapenem and cefepime both possess

some of the star qualities required for rapid translocation. They

are small and compact, and interact with the channel significantly.

The recent description of the OmpC 3D structure [15], presents

the opportunity to decipher some of the detailed molecular criteria

involved in antibiotic diffusion through this porin group. Future

experiments should explore mutagenesis of key sites within the

Omp36 L3 loop to decipher exactly which residues are interacting

with each drug, and therefore, which aspects of the antibiotic

molecular structure drives rapid transport.

Our data suggest that for optimal permeation, a balance is

required between affinity and repulsion interactions at key sites in

the constriction zone. Consequently, the strength of interaction

has a major influence on rates of antibiotic penetration, ie

intracellular accumulation, and thus antibiotic efficiency [13].

A combination of efficient intracellular accumulation, stability

against b-lactamases and target affinity is exhibited by ertapenem

for effective antibiotic activity in bacteria. Crossing the outer

membrane is the first step in the b-lactam journey to its

periplasmic target site ensuring sufficient intracellular concentra-

tions for bacteriocidal activity. We report here that certain

molecular characteristics such as compact structure and a

particular pattern of ionic charges yet to be deciphered may

constitute a ‘passport’ for rapid travel through the porin

demonstrating that drug passive diffusion is in fact an interactive

process. Our approach may contribute to the rational design of

new antibiotic candidates against MDR pathogens and serve to

optimize influx by screening translocation rates of new com-

pounds, to determine whether they hold a valid passport for the

most efficient delivery to target sites.

Materials and Methods

Bacterial Strains and Culture Media
Cloning was performed using E. coli JM109. Protein expression

for purification and MIC experiments was performed in porin-null

E. coli BL21(DE3)omp8 (DlamB, ompF::Tn5, DompA, DompC )

referred to in the text as BL21Domp [28]. Bacteria were grown in

Luria bertani (LB) broth (Difco) except during MIC experiments,

in which Muller Hinton (MH) broth (Difco) was used. Transfor-

mants were selected on Luria Bertani agar (Difco) containing

relevant antibiotics (kanamycin (50 mg ml21) and or ampicillin

(100 mg ml21) (Sigma)).

Cloning and Outer Membrane Expression of omp36 and
ompA
The omp36 (1137 bp) and ompA (1085 bp) genes were amplified,

including their signal peptide sequences, from E. aerogenes ATCC
strain 13048 using PCR, and restriction sites were added

(underlined in the primer sequence) to each end using primers

59omp36BamHI (59-GTTAGCGGATCCATGAAAGTTAAAG-

TACTGTCCCTC 39) and 39omp36HindIII (59-GCGTTAG-

CAAGCTTCAGCGTGCTTAGAACTGGTA-39) and 59ompA-
BamHI (59-GTTAGCGGATCCATGAAAAAGACAGCTATC-

GC-39) and 39ompAHindIII (59-GCGTTAGCAAGCTTG-

GAAACTTAAGCCTGCG-39) respectively. PrimeSTARTMHS

DNA polymerase (Takara) was used to amplify products by PCR

according to the manufacturers instructions (cycling conditions;

melting at 98uC, 10 s; annealing at 58uC, 10 s, extension at 72uC,

60 s). Purified PCR products were digested using BamHI and

HindIII (New England Biolabs) and cloned into the expression

vector pColdIV (4359 bp) (Takara), using T4 Ligase (NEB) to

create pColdIVomp36 and pColdIVompA. Plasmid constructs were

confirmed by sequencing (GenomeExpress), using the primer pair

pColdF (59-ACGCCATATCGCCGAAAGG-39) and pColdR (59-

GGCAGGGATCTTAGATTCTG-39) [44] then transformed

into BL21Domp. Transformants were grown to early-exponential

phase (OD600 0.4) in LB at 37uC before chilling to 15uC and

adding 1 mM IPTG (Eurogentec) for 18 hours. Expression was

confirmed by SDS PAGE and immunodetection.

Minimum Inhibitory Concentration Assays
BL21Domp cultures harboring pColdIV, pColdIVomp36 or

pColdIVompA, were grown to OD600 0.4 in LB containing

appropriate antibiotics. Cultures were split into 2 flasks, 1 was

induced with IPTG (1 mM) for 1 h and the other was not.

Bacteria were then subcultured into MH broth with or without

IPTG (0.5 mM) and b-lactamase quenchers tazobactam, clavu-

lanic acid and cloxacillin (4 mg ml21 each) at OD600 0.001

containing no antibiotics. 2-fold dilution series of each antibiotic

studied were prepared and added to 1 ml aliquots of bacterial

suspensions in MH. Assays were incubated for 18–24 h, 37uC.

Each assay was repeated independently 3 times and results were

classified according to the Antibiogram Committee of the French

Society for Microbiology (http://www.sfm.asso.fr).

Rate of Antibiotic Action Assays
BL21Domp E. coli cultures harboring either pColdIVomp36 or

pColdIVompA, were prepared as for MIC assays. In trials

performed using the MIC for cultures producing OmpA

(4 mg ml21), Omp36 expressing cultures were depleted to un-
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detectable levels within 20 min (see Text S1 and Fig. S1). In

order to accurately quantify the rate of action over a number of

time points, all induced and diluted cell suspensions (OD600 0.01)

were exposed to 26 the MIC for cultures producing Omp36

(1 mg ml21). At 15–30 min time intervals, 10-fold dilution series of

exposed cultures were prepared with LB and spread onto LB agar

containing appropriate antibiotics. Plates were incubated over-

night at 37uC for 18 h and colonies were counted. Colony forming

units (cfu/ml) were calculated for each time point and plotted as

the percentage decrease in cfu/ml compared to t = 0. All

experiments were repeated independently at least 4 times.

Outer Membrane Extraction
The method for extracting outer membranes (OM) was

modified from Bolla [45]. Briefly, induced cultures (1 L) were

harvested by centrifugation (10,0006g, 20 min, 4uC). Bacterial

cells were disrupted in 50 mM sodium phosphate buffer, (NaPi)

pH 7.4 by sonication using the Branson Sonifer 450 (762 min,

output level 5) on ice and total membranes collected by

ultracentrifugation (100,0006g, 1 h, 4uC). Inner membrane

proteins were solubilized by agitation with sodium lauryl

sarcosinate, 0.15% w/v (sigma) in NaPi (50 mM, pH 7.4, room

temperature, 30 min). OM proteins were harvested by ultracen-

trifugation (100,0006g, 1 h, 4uC). OM expression of Omp36 was

assessed using SDS PAGE and immunodetection.

SDS PAGE and Western Blotting
Bacterial protein extracts were analyzed on SDS-PAGE gels

containing 10% acrylamide. Samples were denatured in Laemmli

loading dye containing 2% SDS and heated 36 to 95uC [11].

Protein size was estimated by comparison with pre-stained low-

range molecular weight marker (BioRad). Proteins were stained

using Coomassie Brilliant Blue R-250.

For immunodetection, proteins were electrotransfered onto

nitrocellulose membranes (Schleicher & Schlull, Keene, NH, USA)

in transfer buffer (20 mM Tris, 150 mM glycine, 20% isopropa-

nol, 0.05% SDS). Membranes were blocked using 4% milk in Tris-

buffered sodium (TBS: 50 mM Tris-HCl, 150 mM NaCl, pH 8).

Polyclonal antibodies were used for detection, anti-F4 antibody

directed against a small peptide of the conserved internal loop 3

for porin and anti-OmpA antibody directed against OmpA of E.

coli for OmpA [11,18]. Detection of antigen-antibody complexes

was performed with alkaline phosphatase-conjugated AffinitiPure

goat anti-rabbit IgG antibodies (Jackson ImmunoResearch, West

Grove PA, USA) using BCIP and NBT (Sigma) according to the

manufacturers instructions.

Purification of Omp36
Purification methods were developed from Bolla [45] and

Garavito and Rosenbusch [46]. OM extracts were washed with

0.5% octyl-POE (Bachem AG, Bubendorf, Switzerland) in NaPi

(50 mM, pH 7.4). Selective extraction of Omp36 was performed

by solubilization from OM preparations using 1% octyl-POE+-

NaCl (1 M) at 37uC, 1 h with shaking. Unsolubilized proteins

were removed by ultracentrifugation (100,0006g, 1 h at 4uC).

Extraction from the pellet was repeated twice using the same

conditions. Supernatants were pooled and concentrated using

YM-30 centricon filters and NaCl was removed using Hi-Trap de-

salting columns (GE Healthcare). Omp36 was purified from

solubilized protein extracts using a Resource Q ion exchange

column (Amersham Biosciences). The column was equilibrated

with NaPi, pH 7.4 containing 1.2% POE and 10 mM NaCl.

Extracts were loaded at a flow rate of 2 ml min21, monitoring

conductivity and OD at 280 nm at all times using Akta Explorer

10 apparatus. Omp36 was eluted from the column using a linear

gradient (12 CV) from 10 mM to 1 M NaCl. Fractions containing

Omp36 were verified by SDS-PAGE and immonoblotting.

Single channel measurements and antibiotic interaction
Virtually solvent-free lipid bilayer membranes were formed as

previously described by Montal and Mueller [47]. To form planar

lipid bilayers with the monolayer opposition technique, we used

1,2-Diphytanoyl-sn-Glycero-3-Phosphatidylcholine (Avantipolar

lipids). Two symmetrical compartments of a Teflon chamber each

with a solution volume of 0.25 ml of KCl (1 M, pH 6) were

separated by a 25 mm thick Teflon film (Goodfellow, Cambrid-

ge,UK) containing a round aperture of 60–80 mm diameter. The

aperture was pretreated with 1% hexadecane in pentane. Ag/

AgCl electrodes were used to detect ion currents (World Precision

Instruments, Sarasota FL, USA). The cis electrode was grounded

while the trans electrode was connected to the head stage of an

Axopatch 200B amplifier (Axon Instruments, Foster City, CA).

The applied membrane voltage refers to the difference between

the cis and trans side potentials. The membrane capacitance was

50–100 picofarads. Single channel insertion was achieved by

adding 1–2 ml of Omp36 extract (18 ng ml21) containing 0.6%

Octyl POE to the chamber. Single channel insertion was

facilitated by applying a membrane voltage of 200 mV and

mixing the contents of the chamber. Measurements were

performed with an Axopatch 200B amplifier in the voltage clamp

mode. Under the applied voltage, protein insertion was easily

detected by current increase. The porin was always added to the

cis-side of the chamber. It is interesting to note that single porin

insertion was always asymmetric in contrast to multi-channel

recording leading to a more equally distributed orientation.

Channel conductance is slightly higher at positive voltage

compared to negative voltage in all experiments, which can be

used as the test for the direction of channel insertion. Signal was

filtered using a low-pass Bessel filter at 10 kHz and recorded to PC

at 50 kHz sampling frequency. Data analysis was performed using

Clampfit software (Axon Instruments, Inc.). All experiments were

carried out at room temperature.

Ion current fluctuations in the presence of various antibiotics

were measured at an applied transmembrane voltage. Concen-

trated aliquots of antibiotic solutions were added to the lipid

chamber, mixed very well, and incubated for 10 minutes for

complete diffusion in the chamber prior to recording. Antibiotic

stock solutions were prepared in 1 M KCl buffered by MES. The

pH of the solution was measured and adjusted after the

preparation of the stock solution and continuously measured at

different concentrations in the course of the experiment and after

completing the experiment. Blockage events occurred following

addition of antibiotics ertapenem and cefepime to either the cis or

trans side of the artificial membranes. These blockages reveal the

current state of the ‘‘binding’’ site and allow analysis of the

occupation on a single molecular level. The first step is to analyse

the statistic of the time histogram. If the interaction of the

antibiotic with the channel can be described by a simple two-state

Markovian (no hysteresis) a single exponential decay is observed.

The average residence time of antibiotic was calculated using

single exponential fitting of blockage time histograms (Fig. 2b). At

low concentration, [c]%koff/kon, the characteristic time was close

to the average residence time of the drug (t) thus allowing us to use

the following equations: t<koff
21, and kon=v/(3[c]) where v is the

number of binding events and [c] was the antibiotic concentration.

A similar approach was employed for the estimation of ampicillin

and moxifloxacin translocation rates through the E. coli OmpF

channel [24,31].
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In the case where single blockage events are less pronounced,

the power density spectra is more suited to analyse interactions

[29]. Electronically it is rather favorable to average over typical

occurring frequencies and the above exponential decay will lead to

a Lorentzian in the power density spectra. The experimental

parameter is the corner frequency at which a Lorentzian decayed

to half of its original value vc= kon [c]+koff.

The spectrum of ion current fluctuations was fitted to the

Lorentzian model: S (f) = S (0)/(1+(f/fc)
2), where S (0) was the low-

frequency spectral density and fc was the corner frequency, giving
the relaxation time constant defined as t= 1/2pfc. It is interesting

to note that the concentration dependent corner frequency

obtained from a Lorentzian fit of the power spectrum yielded

the same results (data not shown). The corner frequency increased

in a concentration dependent manner allowing determination of

the on and off rates of ertapenem into the affinity site of the

Omp36 channel. In contrast only little increase was visible for

cefepime and none for ampicilin and ceftazidime.
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