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Abstract: Antibiotic translocation across membranes of Gram-negative bacteria is a key step for the activity on their spe-
cific intracellular targets. Resistant bacteria control their membrane permeability as a first line of defense to protect them-
selves against external toxic compounds such as antibiotics and biocides. On one hand, resistance to small hydrophilic an-
tibiotics such as ß-lactams and fluoroquinolones frequently results from the « closing » of their way in: the general outer 
membrane porins. On the other hand, an effective way out for a wide range of antibiotics is provided by TolC-like pro-
teins, which are outer membrane components of multidrug efflux pumps. Accordingly, altered membrane permeability, 
including porin modifications and/or efflux pumps’ overexpression, is always associated to multidrug resistance (MDR) in 
a number of clinical isolates.  

Several recent studies have highlighted our current understanding of porins/TolC structures and functions in Enterobacte-
riaceae. Here, we review the transport of antibiotics through the OmpF/C general porins and the TolC-like channels with 
regards to recent data on their structure, function, assembly, regulation and contribution to bacterial resistance.  

Because MDR strains have evolved global strategies to identify and fight our antibiotic arsenal, it is important to con-
stantly update our global knowledge on antibiotic transport. 
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1. INTRODUCTION 

 The outer membrane (OM) of Gram-negative bacteria 
constitutes the first permeability barrier that protects the cells 
against environmental stresses including chemical, biophysi-
cal and biological attacks [1]. Simultaneously, it allows the 
selective uptake of essential nutrients and the secretion of 
metabolic waste products. Regarding its biochemical struc-
ture and composition, the OM is a sophisticated organization 
of lipid and protein components. The OM is an asymmetric 
lipid bilayer in which phospholipids exclusively partition 
with the inner leaflet and lipopolysaccharide covers the outer 
leaflet [2]. The OM also contains proteins. These outer 
membrane proteins (OMPs), called porins, are characterized 
by a β-barrel structure and form water-filled channels for the 
passage of a large variety of hydrophilic molecules. Different 
types of porins have been characterized in Gram-negative 
bacteria and classified according to their activity, structure 
and regulation. These aspects have been discussed in various 
reviews [3-5]. It is also worth to note that OMPs’ structure 
and assembly (mostly trimeric β-barrels) are conserved  
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throughout all species of Proteobacteria, while the corre-
sponding genomes have been predicted to encode a variable 
number of OMPs [6-8]. This may not only reflect a common 
evolution but also very well-adapted pathways to rule the 
influx of nutrients and the efflux of intracellular noxious 
compounds.  

 One of the bacterial strategies for drug resistance is to 
limit the intracellular access of an antibiotic via modification 
of membrane permeability. This strategy includes both influx 
and efflux of antibiotics (Fig. 1). β-lactams and fluoroqui-
nolones are the two main classes of active antibiotics against 
Gram-negative bacteria. These are small and hydrophilic 
drugs that enter the cells via the general OmpF/C porins. In 
this review, we point out recent clinical data that report bac-
terial strategies based on porin modifications to limit β-
lactam influx: exchange in the type of porin expressed; 
change in the level of porin expression; mutations or modifi-
cations that impair the functional properties of the channel 
[1-9]. The prevalence of these strategies in MDR clinical 
isolates highlights the importance to understand the molecu-
lar bases of the antibiotic influx mechanism. In particular, 
advances in molecular modeling approaches are promising to 
study subtle porin-antibiotic interactions [10, 11]. Such in-
formation could used to screen for antibiotics with enhanced 
diffusion properties through porins. 
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Fig. (1). Antibiotic transport through the membranes of Gram-negative bacteria (reproduced from [168]). 

To be active against bacterium, an antibiotic needs a critical concentration threshold to inhibit the corresponding target. Using 
the concentration gradient, the influx is controlled by several elements: the antibiotic can permeate through the OM via porins 
(a, for hydrophilic molecules) or through the OM (b, for hydrophobic drugs). (c) represents the diffusion through the periplas-
mic space in which enzymatic inactivation may occur. Finally, the drug will pass the cytoplasmic / IM (d). 

Regarding the efflux, the drug may be recognized and transported by active pump (e) or (f). The pump (e.g. AcrB) has to re-
cruit the OM pore TolC (g), in addition it may conjointly acts with other pumps (e.g. MFS family). The success of a drug is 
given by the kinetics of all individual steps. 

 In addition to the influx problem, several recent reports 
have shown a significant increase in the dissemination of 
clinical strains with active antibiotic efflux [12]. Of concern 
is the polyspecificity of drug efflux transporters that confers 
MDR but also strengthens the resistance level to individual 
antibiotics due to other mechanisms (e.g. mutation of drug 
targets or production of degradation enzymes) [1, 13]. In 
Gram-negative bacteria, multidrug efflux pumps share a 
tripartite organization that spans the entire cell envelop: an 
active drug transporter is located in the inner membrane 
(IM); an OMP of the TolC-like family form the exit conduct 
across the outer membrane; and a periplasmic protein medi-
ates a functional link between the IM and the OM compo-
nents [1]. The archetypical OMP TolC of E. coli can func-
tion with three types of IM transporter including the ATP-
binding cassette (ABC)-type, the resistance-nodulation-
division (RND)-type and the major-facilitator (MF)-type. In 
this review, we will discuss the assembly, the mechanism of 
transport and the regulation of RND-type efflux pumps, 
which are the major contributors of MDR in Gram-negative 
bacteria. These data are of most importance for the design of 
efflux pump inhibitors (EPI) and restore the potency of cur-
rent antibiotics [14, 15]. 

2. CLASSICAL PORINS: THE OMPF/C FAMILY 

2.1. Regulation 

 In Enterobacteriaceae, porins represent a special class of 
OMPs that form water-filled channels through which hydro-
philic solutes gain access into the bacterial cell [1,9]. In E. 
coli, the two general porins OmpC and OmpF are among the 
most abundant OMPs (about 105 copies per cell) and serve as 
general pathways for the influx of small molecules (e.g. 
molecular weight under 600). They consist of three 16-
stranded β-barrels, each of which forms a channel that is 
restricted in the middle due to the inward folding of a loop 
(loop L3) [16].  

 The expression of E. coli porins has been extensively 
studied. In particular, the ompC and ompF genes are tran-
scriptionally regulated by the two-component regulatory 
system OmpR-EnvZ [17,18]. EnvZ is a membrane-bound 
sensor kinase, although the environmental signal it detects is 
not known. OmpR is a cytosolic response regulator, which 
binds to the promoter region of the porin genes. Changes in 
medium osmolarity profoundly affect expression of OmpF 
and OmpC: OmpC is preferentially expressed in high osmo-
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larity, whereas OmpF expression is favored in low osmolar-
ity [19]. Although the level of OmpR~P in vivo has not been 
determined, it is presumed that the [OmpR~P] increases with 
increasing osmolarity, promoting activation and then repres-
sion of ompF and activation of ompC. Other factors, includ-
ing local anesthetics [20], pH [21], and nutrition limitation 
[22] also influence ompF and ompC transcription in an 
EnvZ/OmpR-dependent manner. Noteworthy, growth condi-
tions where nutrient levels are high, such as in mammal 
intestinal tracts, favor the expression of OmpC, which has a 
smaller channel than OmpF, thus limiting the influx of large 
and charged molecules such as bile salts and antibiotics. 
Conversely, OmpF will be the major porin under ex vivo 
growth conditions with nutritional deficiency, as its larger 
pore will allow efficient influx of nutrients.  

 Several studies also proved the role of the CpxA/CpxR 
two-component envelope stress response system in the regu-
lation of the OmpF and OmpC expression [23-26]. Sigma E 
and CpxAR constitute the two major regulation pathways 
that control the envelop integrity [27,28]. Specifically, the 
CpxAR pathway is activated in response to several signals 
including pH, osmolarity, defective LPS and overexpression 
of misfolded OMPs [28]. The CpxAR-mediated regulation of 
porin expression is complex. At the transcriptional level, the 
cytoplasmic response regulator CpxR~P has been shown to 
bind directly the ompF and ompC promoters [24]. More 
recently, Misra and coll. found that the IM protein YqjB —
renamed MzrA — connects the CpxA/CpxR and EnvZ/-
OmpR regulatory systems [26]. In this pathway and in re-
sponse to the activation of CpxAR, MzrA interacts directly 
with EnvZ, which, in turn, stabilizes OmpR~P. Given that 
CpxA/R and Env/OmpR sense different signals, their con-
nection allows cells to adapt to diverse environmental 
changes [26,29]. To date, the influence of two-component 
regulatory systems on porin expression and MDR phenotype 
in clinical isolates is still poorly documented. 

 OmpC and OmpF are also subject to post-transcriptional 
regulation by small regulatory RNAs including MicF [30], 
MicC [31], IpeX [32], RseX [33], RybB [34], and CyaR [35] 
(see [37, 38] for reviews). A characteristic of these regula-
tory RNA molecules is that they prevent translation by base 
pairing with their target mRNAs in the region encompassing 
the ribosome binding site and start codon [36]. Briefly, MicF 
was first base-pairing regulatory RNA found in E. coli [30]. 
MicF is located upstream of the ompC promoter and inhibits 
the expression of OmpF by decreasing the levels of ompF 
mRNA. Under high osmolarity conditions, OmpR activates 
the expression of MicF, and thus intensify the inhibition of 
OmpF expression. In addition, MicF expression is regulated 
by transcription factors of AraC/XylS family — MarA, SoxS 
and Rob — that are involved in MDR phenotype. The ompN-
micC organization is reminiscent to that of ompC-micF. 
MicC down-regulates the expression of OmpC [31]. IpeX 
was identified as a multicopy suppressor of the lethal and 
assembly–defective OmpC2Cys [32]. Unlike MicF and MicC, 
IpeX does not involve base-pairing with the ompC and ompF 
mRNAs. At last, porin expression is also regulated by sev-
eral σE-dependent small RNAs: RybB targets OmpC [34], 
RseX inhibits OmpA and OmpC [33], and CyaR shuts down 
OmpX expression [35]. Again, this would allow a strong and 

fine-tuned regulation of porin expression in response to dif-
ferent signals.  

 The study of porin expression in clinical isolates (type of 
porin expressed; level of expression; regulation and associa-
tion to a resistant phenotype) is complex due to the number 
of genes and external factors involved. In Enterobacteri-
aceae, the Mar locus and RamA are the two major MDR 
regulatory pathways. Mutations in the corresponding genes 
induce the overproduction of efflux pumps and inhibit porin 
expression both directly and indirectly [39-41]. In addition, 
various compounds such as salicylate [42], chloramphenicol 
[43], imipenem [44] and tetracycline [43, 45] are able to 
activate these and other unknown MDR regulatory pathways 
[46,47]. This phenomenon has been observed when bacteria 
are grown in the presence of subinhibitory concentrations of 
drugs and in vivo during antibiotic treatment of infected 
patients. These mechanisms are reviewed in details in Davin 
et al. [13]. 

 Concerning the emergence of a MDR phenotype, the 
final outcome of this complex and overlapping regulation is 
to reduce antibiotics’ influx. This can be achieved via the 
selection of the type of porin expressed or a global decrease 
in porin expression level. 

 Some clinical isolates often express porin with small 
channel size to decrease their antibiotic susceptibility [9]. In 
a study on Klebsiella pneumoniae strains, some isolates lack 
the large diffusion channels OmpK35 (OmpF-type porin) 
and OmpK36 (OmpC-type porin), but express OmpK37 that 
forms a smaller pore [48]. This porin exhibits some similari-
ties with OmpN of E. coli and OmpS2 of Salmonella en-
terica serovar Typhi, which are normally quiescent in labora-
tory growth conditions. The presence of OmpK37 combined 
with the absence of OmpK35 and OmpK36 lead to a drastic 
increase in the minimal inhibitory concentrations (MICs) of 
cefotaxime and cefoxitin, but not of carbapenems indicating 
that these compounds might still be able to penetrate through 
OmpK37 channel. More recently, our group characterized 
two porins of Providencia stuartii, named OmpPst1 and 
OmpPst2. As the bacteria were grown in the presence of β-
lactam antibiotics, resistant derivatives were deficient in 
OmpPst1 [49]. Interestingly, OmpPst2 exhibits a higher 
conductance (e.g. a larger channel size) but a lower antibiotic 
flux than OmpPst2. 

 Clinical studies have reported the evolution of porin 
expression and antibiotic resistance in Enterobacter aero-
genes strains collected from patients under imipenem therapy 
[50]. First, it was worth to note that resistant isolates 
emerged very rapidly (after 5 days of treatment). Second, 
that data clearly showed the progressive decrease in Omp36 
(OmpC-type porin) expression that correlates with progres-
sive increase in resistance towards β-lactams. The simulta-
neous overexpression of efflux pump(s) in these resistant 
isolates suggests a complex regulation that coordinates both 
influx and efflux. This scenario was reproduced when a 
susceptible strain of E. aerogenes was grown in the presence 
of imipenem and was shown to involve the Mar locus: de-
repression of the activator MarA triggered a cascade of 
downstream events that resulted in global change of mem-
brane permeability including down-regulation of porin syn-
thesis and overexpression of efflux pump components.  
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 Conflicting reports exist regarding the role of OMPs in 
the invasion and/or virulence of pathogenic bacteria. Dele-
tion of ompC in an E. coli strain involved in Crohn’s im-
paired its abilities to adhere to and to invade intestine cells 
[51], indicating a possible role of OmpC as an adhesin or an 
invasin, and mutants of an enterotoxigenic E. coli strain 
deleted for ompC and ompF are attenuated in virulence in 
human volunteers [52]. More recently, MDR clinincal iso-
lated of K. pneumoniae and E. aerogenes with reduced porin 
expression appeared to be less virulent animal models (e.g. 
mouse and Caenorhabditis elegans) [53-55]. In particular, 
porin deficiency that appear during antibiotic exposure 
would generate isolates with high level of antibiotic resis-
tance but reduced fitness to colonize their host [55,56].  

2.2. Porin Assembly 

 OMPs are synthesized in the cytoplasm as precursors 
with an N-terminal cleavable signal sequence. In most cases, 
precursors are targeted to the IM SecYEG translocon by the 
cytoplasmic chaperone SecB and the molecular ATPase 
motor SecA [57]. Following IM translocation and cleavage 
of the signal sequence, OMPs are released into the periplasm 
where they are maintained in a conformation competent for 
assembly by several factors [58]. These include the general 
chaperone Skp, the major peptidyl prolyl cis–trans isomerase 
SurA, the periplasmic protease/chaperone DegP [59], and 
lipopolysaccharide [60]. From here, the mechanism for tar-
geting and assembling OMPs was largely unknown until 
Omp85 of Neisseria meningitis was found essential for 
growth and conservation of normal levels of correctly folded 
and assembled β-barrel proteins in the OM [61]. Since then, 
Omp85 renamed BamA - for β-barrel assembly machinery 
protein A -, homologues have been identified in all genomes 
of Gram-negative bacteria [62, 63]. In Enterobactericeae, 
assembly of OMPs is assisted by the BamABCDE complex 
comprised of five proteins, in which BamBCDE are 4 acces-
sory lipoproteins [64,65]. In E. coli and N. meningitis, both 
BamA and BamD are essential [64,66]. BamA contains two 
domains: an N-terminal domain that is located in the perip-
lasm and folds as 5 POTRA (polypeptide translocation asso-
ciated) motifs and a C-terminal domain that crosses the OM 
as a β-barrel [67]. The POTRAs play a crucial role as they 
are contact points for the Bam lipoproteins, periplasmic 
chaperones, and incoming OMP polypeptides. Ultimate 
membrane insertion likely involves other regions of BamA 
[67-71]. Recent works have provided clues for a possible 
mechanism in which a conserved long loop that folds inside 
the β-barrel undergoes conformational changes upon sub-
strate recognition and drags the substrate to its final destina-
tion [72-75]. 

 During last decade, our understanding of OMP biogene-
sis has considerably increased (see [57] for a review). How-
ever, a lot of details — such as the precise interactions of the 
Bam proteins with each other and with substrates; kinetics of 
OMPs’ folding, assembly and membrane insertion — are 
still lacking. These points are of special interest for many 
reasons. First, all steps in OMP biogenesis are tightly cou-
pled by numerous and sometimes overlapping regulatory 
networks: envelop stress responses control the levels the 
expression of genes that encode chaperones, Bam proteins, 
periplasmic proteases and the expression of small regulatory 

RNAs. Only a few studies have analyzed envelop stress 
responses upon antibiotic exposure and their effects on both 
porin expression and MDR [45,76]. Second, the fact that the 
Bam complex is conserved and essential in all Gram-
negative bacteria suggests it could be an attractive target to 
design therapeutic molecules with mechanisms of action. 
Recently, Srinivas et al. reported the synthesis of a new 
family of peptidomimetic antibiotics based on the antibacte-
rial peptide protegin 1 [77]. These molecules target the func-
tion of LptD, which together with LptE forms the essential 
complex that assembles LPS into the OM [78,79], and 
showed strong antimicrobial activity against Pseudomonas 
aeruginosa. 

2.3. Porin-mediated Antibiotic Transport and Resistance 

 The crystal structure of several porins have been deter-
mined [16,80-82]. A key feature is a conserved loop (L3) 
that folds back into the channel to form the so-called con-
striction zone orthe eyelet. In OmpF of E. coli, this region 
determines the channel size to approximately 7 Å  11 Å and 
represents the bottleneck for diffusion. In addition to the 
spatial constriction, this region is also characterized by a 
strong transversal electric field as negatively charged amino 
acids (D113, E117) of loop L3 are facing positively charged 
residues (K16, R42, R82 and R132). As a result, mutations 
in this region in Omp36 of E. aerogenes [83,84], OmpK36 
of K. pneumonia [85], OmpF and OmpC of E. coli undoubt-
edly affect antibiotic transport and strain susceptibility [86-
90] (see below for details). 

 Our understanding of antibiotic transport bacterial porins 
has been greatly enhanced by multidisciplinary approaches 
that combine in vitro and in vivo experiments and simula-
tions. The electrophysiological studies of porins have been 
largely discussed in recent reviews [3,9,10]. Briefly, the 
method consists in the reconstitution of purified proteins into 
planar lipid bilayers; ion-current measurements provide 
structural and functional characteristics such as conductance 
(e.g. pore size), ion selectivity and voltage-dependent clo-
sure. Recent development of this technique allowed the de-
tailed analysis of antibiotic transport across porins at the 
single molecular level with measurements of affinity and 
flux of antibiotic molecules into the porins’ channel [91-93]. 
Molecular modeling has also proven to be a powerful tool to 
complement experimental data. Recent simulations pin-
pointed the specific interactions between antibiotics and key 
residues in the porin channel[11,94-97]. Typically, diffusion 
efficacy depends on multiple electrostatic interactions, hy-
drogen bonds and hydrophobic interaction that engage 
chemical groups on the antibiotic and amino acids of the 
constriction zone of the porin. Consistently, the D113A sub-
stitution results in a significant increase in the ampicillin, 
cefoxitin, and ceftazidime susceptibility [96] and simulations 
illustrated the role of this residue in the screening molecules 
translocating across OmpF [11]. Together, studies that help 
to decipher antibiotic transport are of major importance to 
design new drugs that would efficiently escape the constric-
tion zone for optimal permeation across wild-type and mu-
tated porins.  

 In the last twenty years, the extensive use of new cepha-
losporins with efficient diffusion and enhanced resistance 
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towards inactivating enzymes lead to the selection of Gram-
negative bacteria with modifications in membrane perme-
ability. This is best exemplified by the observation that mu-
tations in porins of resistant clinical isolates exclusively and 
constantly target amino acids of the loop L3 [9]. Clinical 
isolates of E. aerogenes with high-level β-lactam resistance 
express Omp36 (OmpC-type porin) that carried the substitu-
tion G112D [83,94]. This position is located in loop L3. The 
homologous mutation G119D in E. coli OmpF narrows the 
size of the channel as the large side chain of Asp protrudes 
into the channel lumen, and confers a drastic reduction in β-
lactam susceptibility [87]. Consistently, the Omp36G112D 
mutant of E. aerogenes was characterized by a 3-fold de-
crease in ion conductance and a significant decrease in 
cephalosporin sensitivity (e.g. MICs of cefotaxime, cefpi-
rome, cefepime and ceftazidime were 7 to 9 fold higher in 
the clinical isolate as compared to that in a sensitive refer-
ence strain) and a cross resistance to carbapenems [84]. In 
another study, a series of antibiotic resistant E. coli isolates 
were isolated from a patient during serial treatment with 
various antibiotics. The sequence of OmpC changed at three 
different positions during treatment generating a total of 
seven variants [98]. These isolates exhibited progressive 
increased levels of antibiotic resistance and expressed OmpC 
with two amino acid substitutions (D18E and S274F) which 
might influence antibiotic influx. The final and most resistant 
isolates, which were obtained after carbapenem treatment, 
showed reduced levels of OmpC. These are the only two 
examples of clinical selection of mutated porins in the En-
terobacteriaceae during antibiotic treatment. Therefore, one 
can expect that the occurrence of such mutations might be 
underestimated. Finally, some bacterial species, such as 
Pseudomonas aeruginosa, are intrinsically more resilient to 
antibiotic treatments, because of the low abundance of non-
specific porins, combined with numerous drug efflux 
mechanisms [9]. 

3. THE EFFLUX PORINS: THE TOLC-LIKE PRO-
TEIN FAMILY 

 TolC is a minor but functionally important OMP in E. 
coli, E. coli tolC mutants were originally isolated with the 
phenotype of resistance to colicin E1 [99]. Because these 
mutants still bind the colicin as well as wild type bacteria, 
they were considered to be tolerant rather than resistant. 
Over the years, TolC has been shown to be a multifunctional 
protein involved in secretion of toxins [100,101] and efflux 
of a wide range of xenobiotics including antibiotics, bio-
cides, bile salts and organic solvents [1, 102]. Therefore, 
TolC plays a central role in both the emergence of MDR 
phenotypes of clinical isolates and the virulence of patho-
genic species. It also serves as a cell-surface receptor for a 
specific bacteriophage [103]. Several publications have re-
cently reported a significant involvement of TolC in the 
bacterial virulence and pathogenesis regarding various 
Gram-negative pathogens including Enterobacter, Borrelia, 
Salmonella, Vibrio, Legionella, Francisella [104-111]. 

 TolC-dependent transport systems exhibit a common 
three-component organization that spans the inner and outer 
membranes, bypassing the periplasm. This requires TolC to 
interact and function with proteins located in the IM: an 
active transporter that belongs to the ABC-, RND- or MFS-

type transporter/pump and a periplasmic adaptor anchored in 
the IM.  

 TolC family proteins are ubiquitous among Gram-
negative bacteria [112]. Enterobacteriaceae contain a single 
tolC gene — of which the deletion leads to a pleiotropic 
phenotype. At the opposite, genomes of other bacteria such 
as P. aeruginosa encode 18 TolC-like proteins [113], which 
can be divided into two distinct subfamilies whether they are 
involved in protein secretion (AprF subfamily) or multidrug 
efflux (OprM subfamily) functions. Substrate specificity 
relies on the IM transporter. TolC is able to function with the 
majority of IM transporters, thus explaining it can adapt a 
wide range of substrates. This is consistent with that tolC is 
transcribed independently of its IM partners while secretion 
and efflux operons in other species encode the three protein 
components. 

 In this review, we will briefly describe the assembly and 
the mechanism of antibiotic transport of TolC-dependent 
efflux pumps, focusing on those of medical importance. 

3.1. Structure and Pore-forming Properties of TolC-like 
Proteins 

 Several high-resolution structures of TolC-like proteins 
have now been solved including that of the archetypical E. 
coli TolC, the E. coli OMP of a heavy metal pump CusC, 
P.aeruginosa OprM, and Vibrio cholerae VceC [114-117]. 
Despite very low sequence similarity between these proteins, 
their overall structures are very similar and unique among 
OMPs [118]. Three TolC protomers assemble to form a 
single conduit called a ‘channel-tunnel’ comprising a 40-Å 
long -barrel anchored in the OM (the channel domain), 
prolonged by a 100-Å long -helical barrel that extends into 
the periplasm (the tunnel domain), and a mixed α/β equato-
rial domain [114]. The three TolC protomers each contribute 
4 β-strands to form the single 12-stranded OM β-barrel. This 
strongly contrasts with porins, in which the β-barrel is 
formed by a single subunit. The periplasmic α-helical barrel 
comprises 12 coiled-coil α-helices (4 from each protomer) 
packing antiparallel with a left-handed twist. TolC provides a 
huge water-filled channel with a volume of 43,000 Å3 that 
allows the passage of large and partially folded proteins such 
as the 160 kDa α-hemolysin. TolC is constitutively open to 
the external medium with an average accessible interior 
diameter of 19.8 Å throughout the channel and most of the 
tunnel [114]. In addition, the channel TolC is not occluded 
by an inside loop, such as loop L3 that constricts β-barrel of 
the non-specific porins OmpF and OmpC, or a plug domain, 
such as the ones that gate secretins [119] or close the β-
barrel of the siderophore transporters FhuA and FepA [120, 
121]. Therefore, one can assume that opening of the TolC 
pore must be tightly regulated to restrict the release of the 
periplasmic content and the entry of nonpermating extracel-
lular toxins. The periplasmic entrance is the sole constriction 
of TolC: in the lower half of the tunnel, three of the six pairs 
of -helices form a conventional coiled coils that bend in-
ward (the inner coils H7/H8) to narrow the diameter of the 
pore to only 3.9 Å. This is reflected by the small conduc-
tance (e.g. 80 pS) of TolC and homologues reconstituted in 
planar lipid bilayers [122-124]. The periplasmic entrance of 
TolC must open to allow drug efflux and protein secretion. 
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An allosteric iris-like mechanism has been proposed involv-
ing a realignment of the inner pair of coiled-coil helices 
(H7/H8) of each TolC monomer to the outer pair (H3/H4) 
[125]. The close conformation of TolC is stabilized by a 
circular network of inter- and intra-molecular salt bridges 
and hydrogen bonds that constrain the inner helices at the 
periplasmic entrance. Consistently, mutations of key residues 
can either lock or widen TolC aperture up to a 10-fold in-
crease in conductance [125,126]. As the open configuration 
is unstable in vitro, it may be stabilized by interactions with 
the inner membrane transporter and/or adaptor protein in 
vivo (see below for in vivo and in vitro evidences). 

 Finally, it has been proposed that biochemical character-
istics such as charge distribution and ion selectivity could 
facilitate or impede substrate movement across the channel 
of TolC-like proteins. However, soaking of high concentra-
tions of copper or silver ions in CusC crystals did not result 
in metal binding, suggesting the absence of specific substrate 
binding sites, since [117]. Therefore, it seems unlikely that 
TolC-like proteins contribute to the drug specificity of efflux 
pumps. 

3.2. TolC Assembly 

 Studies from the Misra’s laboratory showed that the 
unique structure of TolC reflects a unique assembly pathway. 
Like other OMPs, TolC is synthesized in the cytoplasm and 
transported across the IM via the Sec machinery. Then, the 
mature TolC polypeptide navigates in the periplasm as a 
soluble unfolded intermediate as suggested by its sensitivity 
to proteinase K degradation [127]. Studies on TolC assem-
bly-defective mutants have also shown an ordered TolC 
assembly pathway, in which unfolded mature monomers are 
converted to folded monomers that oligomerize into a stable 
trimeric species [127]. The correct folding of the monomers 
is achieved by various intramolecular interactions. However, 
unlike other OMPs, none of the assembly steps of TolC is 
affected by known folding factors such as the periplasmic 
chaperones SurA, Skp and LPS [127]. Moreover, a signal 
sequence-less TolC is able to fold and trimerize in the cyto-
plasm of E. coli into a conformation similar to that of the 
OM-localized protein [128]. This particular behavior is at-
tributable to the large soluble -helical domain of TolC that 
accounts for  70 % of its structure [114]. Finally, the essen-
tial proteins BamA and BamD are required for the final as-
sembly and membrane insertion of the majority of -barrel 
OMPs, including TolC [66, 129]. Consistently, -barrel 
OMPs such as OmpF and LamB are dependent on BamA 
POTRA 1 while TolC is not. The two assembly pathways 
likely merge at a later step, presumably during membrane 
insertion. 

 Compared to TolC, OprM and all other OMPs involved 
drug efflux are modified by acylation and have an extension 
of approximately 20 residues at their N-terminus.  

 So far, data show that β-barrel OMPs and lipoproteins 
are transported to the OM via the Bam or the Lol pathways, 
respectively [130]. All TolC homologues share a common 
structure with a β-barrel domain that anchor the protein into 
the OM. Therefore, the physiological role of a dual mem-
brane anchor found only in efflux proteins is not clear. Pre-
vious studies with P. aeruginosa OprM and E. aerogenes 

EefC showed that the lipid moiety is not needed for protein 
localization in the OM or function in antibiotic efflux 
[131,132]. Therefore, important future issues are to answer 
the biogenesis pathway of TolC-like lipoproteins and explore 
the possible connections between the Bam and the Lol sys-
tems for transport and membrane insertion of this specific 
class of OMPs. 

3.3. Efflux Pumps Structure and TolC Channel-opening  

 As mentioned above, the structure of TolC suggests a 
possible mechanism for drug transport [114]. First, the ex-
tended periplasmic domain of TolC was thought to dock 
periplasmic adaptors and IM transporters. This has been 
confirmed by several in vivo experimental data [133-139] 
(see below). Second, because the periplasmic entrance of 
TolC and homologues is tightly closed in its resting state, 
functional interactions with cognate partners are required to 
trigger the opening of TolC. In particular, a network of con-
straining bonds at the periplasmic entrance involves 4 key 
residues: T152, D153, Y362 and R367 [114,125]. The intra-
protomer bond Y362-D153 tethers the inner coiled-coil 
H7/H8 to the outer coiled-coil H3/H4, while interactions 
R367-D153 and R367-T152 between adjacent protomers link 
helix H8 to helix H4. Two independent groups have recently 
reported the crystal structures of mutant TolC in which these 
bonds were disrupted, revealing open state conformations 
[140,141]. The Koronakis’s group solved the structures of 
TolCR367S where the inter-protomer bonds are disrupted and 
TolCR367S, Y362F where the intra-protomer bond is also lost 
[141]. Abolition of the inter-protomer bonds in TolCR367S 
permitted a large realignment of the inner coiled-coil helix 
H7 while H8 stayed mostly static. Moreover, the channel 
seemed to remain partially closed by a second constriction at 
the position of D374. Completed opening was achieved upon 
the additional disruption of the intra-protomer bond: in 
TolCR367S, Y362F the inner coiled-coil helix H8 is moved out-
ward and the D374 constriction is dilated, establishing a 
wide opening to  50 Å2. The magnitudes of the TolC open-
ing in these structures are consistent with electrophysiologi-
cal data [125]. On the other hand, Bravo et al. solved the 
structure of a similar double mutant TolCR367E, Y362F in which 
all links mentioned above were also abolished but showed 
modest opening [140]. It has been proposed that crystals 
solved at non physiological pH could explain the differences 
observed between the two structures [141].  

 A massive amount of studies had been carried out to 
identify residues and regions important for functional inter-
actions between TolC and its cognate efflux partners, namely 
AcrA (the periplasmic adaptor) and AcrB (the RND-type 
efflux pump). The open TolC structures help to refine the 
common pump assembly model in which TolC and AcrB 
directly interact tip-to-tip [142] and the coiled-coil helices of 
AcrA [143,144] fit into the intra-protomer groove formed 
between the inner (H7/H8) and the outer (H3/H4) coiled-coil 
helices of TolC [145,146]. Very recently, another docking 
model has been proposed in which the adaptor MexA en-
gages a tip-to-tip interaction with the OM protein OprM 

][147 . Structural data showed that AcrB, which consists of 
three protomers, goes through a three-step cycle of confor-
mational changes during drug efflux [148,149]. In this cycle, 
each protomer has a different conformation corresponding to 
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one of the three functional steps of the efflux cycle (e.g. drug 
access, drug binding and drug extrusion) [150]. However, 
AcrB conformational changes did not involve regions of 
direct interaction with TolC, suggesting that TolC opening 
relies exclusively in rearrangements transmitted to and via 
AcrA. Consistent with this idea, mutations that suppress 
TolC defective mutants are constantly found in AcrA 
[133,138]. Whether TolC follows the AcrB-rotating mecha-
nism is still under debate [133,141].  

3.4. Efflux Pump-mediated Antibiotic Resistance and 
Regulation of TolC in Clinical Isolates 

 tolC is a target of the marA/soxS/rob regulon [102,151] 
which includes over 40 genes that are involved in MDR 
[152,153]. These genes are transcriptionally activated by 
three paralogous proteins, MarA, SoxS and Rob [102,151] 
that bind degenerate nucleotide sequences known as Mar-, 
Rob- or Sox-boxes [154]. E. coli marA is part of the marRAB 
operon of which the expression is controlled by the marO 
operator. In E. coli, regulation of marA is provided through 
the repressor MarR. 

 Zhang et al. have identified four tolC promoters (p1-p4) 
that respond to several environmental signals [155]. The p1 
promoter provides constitutive expression under laboratory 
conditions. The p2 promoter is responsive to the two-
component regulatory systems to EvgAS and PhoPQ [156]. 
Concomitant with upregulation of tolC, EvgA upregulated 
several efflux genes (acrAB, emrKY, mdfA and yhiUV) and 
showed increased antibiotic resistance that was fully depend-
ent on TolC but only partially dependent on AcrA. The envi-
ronmental signal for EvgAS is not known but PhoPQ is acti-
vated by low pH and low Mg2+ concentrations [157]. The p3 
and p4 promoters are activated by MarA, SoxS and Rob, 
with each activator being regulated by different environ-
mental signals. marA and soxS expression can be increased 
by treating cells with salicylate [158] and paraquat [159], 
respectively, and the activity of Rob can be increased by 
treatment with 2,2′-dipyridyl, bile salts or decanoate 
[160,161]. These three activators also upregulate acrAB and 
other genes which are critical for increased multidrug and 
superoxide resistances whereas EvgAS and PhoPQ regulate 
different sets of genes. Salmonellae, K. pneumonia and E. 
aerogenes but not E. coli also express another transcriptional 
activator of the XylS/AraC family called RamA that upregu-
lates TolC and AcrAB [40,41,162,163]. The multiplicity of 
tolC transcriptional regulatory elements likely reflects the 
need to adjust TolC level and function (drug efflux, protein 
transport, cell adherence…) in different environments.  

 tolC-null mutants exhibit pleiotropic phenotypes includ-
ing high susceptibility to xenobiotics. Noteworthy, the loss 
of tolC has a more severe phenotype than that of acrAB, 
confirming that TolC associates with other efflux pumps 
[164].  

 In clinical isolates, overexpression of efflux genes is 
concomitant to MDR and usually arises from spontaneous 
mutations in the marR or ramR repressors causing derepres-
sion of MarA and RamA, respectively. High level of antibi-
otic resistance is largely attributable to active efflux by the 
AcrAB-TolC system [12]. The functions of MDR regulators 
are well documented. Data usually show the effect of inacti-

vation of a repressor, inactivation or overexpression of an 
activator on the transcriptome of a susceptible reference 
strain. However, most of the studies dealing with clinical 
isolates only reports changes in acrAB expression using RT-
PCR or immunoblotting techniques. Surprisingly, a recent 
study suggested no correlation between overproduction of 
acrAB and tolC [165], while these loci are both targets for 
MDR transcriptional activators such as MarA and RamA. 24 
susceptible isolates and 36 resistant isolates with different 
MICs to fluoroquinolones were analyzed. Among the resis-
tant isolates, 22 and 25 showed significant overexpression of 
acrA and acrB, respectively, though only 3 overexpressed 
tolC. These findings suggest a different regulation between 
tolC and acrAB promoters. Moreover, TolC levels do not 
seem to be limiting. Alternatively, one cannot exclude the 
contribution of regulatory pathways that would specifically 
target tolC or acrAB.  

4. CONCLUSION 

 It is important to mention that, despite some differences 
in the molecular structure and function, general porins and 
TolC share some common regulatory pathways. The tight 
regulation of the expression of these OMPs is now exten-
sively documented in clinical isolates and the “Control of In 
and Out” has been discussed in several papers [1, 13, 14].  

 MarA acts as a master regulator of the expression of 
porin genes and tolC in E. coli and several other Enterobac-
teriaceae [13,153,166,167]. SoxS, another transcriptional 
regulator, is induced by oxidative stress and can activate 
MarA triggering the resistance cascade [173]. It is worth-
while to mention that some Gram-negative bacteria, such as 
Enterobacter, Klebsiella, Salmonella species, exhibit an 
additional global regulator, RamA. It plays a key role in 
controlling both porin and TolC expression directly or via 
the MarA cascade [13]. This joint regulation of uptake and 
efflux actively contribute to the tight and efficient control of 
intracellular accumulation of antibacterial agents inside the 
bacterium. This point is especially important : the poly-
specificity of bacterial efflux transporters confers a general 
decrease of antibiotic susceptibility that can favor the acqui-
sition of additional mechanisms of resistance towards anti-
bacterial molecules such as mutation of antibiotic targets or 
expression of enzymes that modify antibiotics (e.g. ß-
lactamases) and also reinforces the effects of these acquired 
mechanisms [12]. A recent study dissected the respective 
role of Mar-Sox-Rob in controlling porin expression in E. 
coli [39]. Moreover, the heterogeneity of bacterial population 
face with drug attack may reflect the level of intracellular 
concentration of active antibiotic and can explain some 
variation observed in resistance level and the population 
adaptation [169]. It has been recently demonstrated that the 
over-expression of the AcrAB-TolC pump is an important 
prerequisite for the selection of fluoroquinolone resistant 
mutants that present mutated targets (DNA gyrase) in vari-
ous Gram-negative bacteria described in severe human dis-
eases [170-172].  

 The influence of OMPs such as porins and TolC in the 
balance between resistance and fitness cost in resistant iso-
lates is still debated [53-56]. Although it is true that Gram-
negative bacteria need general porins for sufficient uptake of 
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nutrients, ions, etc [1], several isolates exhibit porin defects 
after antibiotic therapy, which impairs the penetration of 
drugs, such as ß-lactams and fluoroquinolones [9]. It is also 
clear that LPS alterations that can induce large reorganiza-
tion of the OM structure and alterations of the functional 
assembly of OM components is also a heavy sword of Da-
mocles for the bacterial growth and competitiveness in an 
open space when the antibiotic pressure disappears[13,173-
175].  

 The level of intrabacterial accumulation of antibiotics on 
the susceptibility profile represents a key step in the devel-
opment of novel treatment strategies for combating resistant 
bacteria. Consequently, several ways and means of increas-
ing the intracellular accumulation, e.g. facilitating uptake or 
blocking the drug pumping out of the cell, are currently 
explored by several teams (see [176] for a recent review ). 
To conclude, it is interesting to note that today, with the 
increasing number of MDR isolates, several papers propose 
the re-use of an old antibiotic belonging to polymyxin group, 
colistin or the use of natural compounds to permeabilize the 
bacterial membrane (for recent reviews see [176-178]). The 
use of these “adjuvants” in combination with usual antibiot-
ics could provide rapid penetration of the combined antibi-
otic, therefore ensuring an increase of intracellular concen-
tration despite the OM barrier (porin defect and/or effux 
activity). 
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ABBREVIATION LIST 

OMP = Omp, outer membrane protein 

MDR = multidrug resistance, multidrug 
resistant 

IM = inner membrane 

OM = outer membrane 

ABC transporter = ATP-binding cassette transporter-
type,  

RND = the resistance-nodulation-division 
transporter-type 

MF = major-facilitator transporter-type 

EPI = efflux pump inhibitor 

LPS = lipopolysaccharide 

RT-PCR = real-time PCR 
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