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Outer Membrane Permeability and Antibiotic Resistance
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Summary

To date most antibiotics are targeted at intracellular processes, and must be able to penetrate the
bacterial cell envelope. In particular, the outer membrane of Gram-negative bacteria provides a
formidable barrier that must be overcome. There are essentially two pathways that antibiotics can
take through the outer membrane: a lipid-mediated pathway for hydrophobic antibiotics, and general
diffusion porins for hydrophilic antibiotics. The lipid and protein compositions of the outer membrane
have a strong impact on the sensitivity of bacteria to many types of antibiotics, and drug resistance
involving modifications of these macromolecules is common. This review will describe the molecular
mechanisms for permeation of antibiotics through the outer membrane, and the strategies that bacteria
have deployed to resist antibiotics by modifications of these pathways.
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The outer membrane (OM) of Gram-negative bacteria performs the crucial role of providing
an extra layer of protection to the organism without compromising the exchange of material
required for sustaining life. In this dual capacity, the OM emerges as a sophisticated
macromolecular assembly, whose complexity has been unraveled only in recent years. By
combining a highly hydrophabic lipid bilayer with pore-forming proteins of specific size-
exclusion properties, the OM acts as a selective barrier. The permeability properties of this
barrier, therefore, have a major impact on the susceptibility of the microorganism to antibiotics,
which, to date, are essentially targeted at intracellular processes. Small hydrophilic drugs, such
as B-lactams, use the pore-forming porins to gain access to the cell interior, while macrolides
and other hydrophobic drugs diffuse across the lipid bilayer. The existence of drug-resistant
strains in a large number of bacterial species due to modifications in the lipid or protein
composition of the OM indeed highlights the importance of the OM barrier in antibiotic
sensitivity. This review will summarize the properties of the OM lipid barrier and porin-
mediated permeability, and highlight the antibiotic resistance mechanisms that involve
modifications of these properties.

It is important to note that many of the alterations in outer membrane permeability described
below are often associated with increased levels of antibiotic efflux. Even intrinsic antibiotic
resistance is likely to reflect the synergistic action of the outer membrane acting as a

permeability barrier, and of the diverse and widely distributed efflux pumps. The review below
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essentially focuses on the permeability changes per se, as the roles of efflux pathways in
antibiotic resistance are treated by others. Whether changes in outer membrane lipid or porin
composition also mechanistically influences the efflux systems remains to be determined.

1. Organization of the OM

In most Gram-negative bacteria, the OM is an asymmetric bilayer of phospholipid and
lipopolysaccharides (LPS), the latter exclusively found in the outer leaflet. A typical LPS
molecule consists of three parts (Figure 1): 1) lipid A, a glucosamine-based phospholipid, 2)
a relatively short core oligosaccharide, and 3) a distal polysaccharide (O-antigen) [1]. Since
part of the core oligosaccharide and the O-antigen are not required for the growth of Escherichia
coli, strains can exhibit varying length of these structures. The phospholipid composition of
the inner leaflet of the OM is similar to that of the cytoplasmic membrane, i.e. about 80 %
phosphatidylethanolamine, 15% phosphatidylglycerol and 5 % cardiolipin [2]. In mutants with
altered LPS structure, phospholipids have also been detected in the outer leaflet of the OM,
possibly due to consequent decrease in OM protein levels [3].

A large number of different types of proteins reside in the OM. Some of them are extremely
abundant. For example, murein lipoprotein (Lpp), OmpA and general diffusion porins are
present at > 10° copies per cell [4]. Lpp carries a fatty acid moiety that anchors it into the OM,
while about a third of the Lpp population is also covalently attached to the peptidoglycan layer.
Thus, Lpp is thought to play a role in providing OM-peptidoglycan interactions and in
maintaining OM integrity. Indeed, mutants lacking Lpp produce OM vesicles and leak
periplasmic enzymes [5]. Another abundant OM protein is OmpA. The protein is believed to
have a structural role and the absence of OmpA and Lpp compromises the shape of the cell
[6]. Along with the Pseudomonas aeruginosa homolog OprF, OmpA has pore-forming
properties as well, but with extremely low permeation efficiency. Recent experimental
evidence suggests that these proteins exhibit two different conformations, an abundant closed
form that exists as a monomeric 8-stranded p-barrel with a C-terminal periplasmic domain,
and a rare oligomeric form, that comprises large open B-barrels similar to the general diffusion
porin OmpF [7,8].

Other than general diffusion porins, which will be described in detail below, the OM also
contains specialized protein channels and receptors used for the uptake of specific substrates
(for example LamB and BtuB for maltodextrins and vitamin B12 transport, respectively),
proteins involved in OM and surface appendages biogenesis (for example, Omp85 for
membrane protein insertion, and a large array of translocators used in the assembly of adhesins,
pili and flagella), translocons allowing release of secreted substrates (for example, translocon
of the Type Il secretion system involved in toxin release), various enzymes (such as the E.
coli OmpT protease) and proteins involved in LPS assembly. The reader is referred to recent
reviews for more information on these proteins [9-12].

2. The OM lipid barrier

2.1. Molecular description

The asymmetric presence of LPS is a salient and unique feature of the OM. LPS is composed
of the hydrophobic, fatty acid chain bearing lipid A, a core oligosaccharide and the O-antigen
(Figure 1). The O antigen isan immunogenic oligosaccharide of considerable variability among
Gram-negative bacteria, consisting of 1 to 40 repeating units. The core oligosaccharide is
branched and contains 6 to 10 sugars in addition to two Kdo’s (3-deoxy-D-manno-oct-2-
ulosonic acid) linked to lipid A. This core region is also heterogeneous due to the variable
presence and nature of additional substituents. Lipid A is a glucosamine disaccharide,
phosphorylated at the 1 and 4’ positions, and acetylated at the 2, 2, 3 and 3’ positions with 3-
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hydroxymyristic acid. It differs from a typical phospholipid by having six saturated fatty acid
chains rather than two saturated or unsaturated chains. These characteristics make the
asymmetric OM bilayer much more hydrophobic than a typical phospholipid bilayer, due to
strong lateral interactions between LPS molecules and low fluidity [4]. The glucosamine
backbone of lipid A and the core region bear multiple anionic groups, and LPS is known to
bind strongly divalent cations, which compensates for the electrostatic repulsion between
neighboring LPS molecules. Only the inner part of LPS, consisting of lipid A and Kdo, is
required to sustain growth in E. coli [1]. Thus, many mutants (R or “rough” mutants, due to
colony appearance) exist with varying length of core oligosaccharide, and have been classified
as Ra to Re chemotypes [4,13]. “Deep rough” mutants have the most truncated core, and show
high sensitivity to lipophylic agents such as detergents, some antibiotics, bile salts, etc.
“Smooth” strains have an intact O-antigen, of varying length, and are found among clinical
isolates of Enterobacteriaceae. Excellent descriptions of LPS structure and biogenesis can be
found in earlier reviews [1,13].

2. 2 Lipid-mediated antibiotic resistance

Hydrophobic antibiotics that appear to gain access to the cell interior by permeating through
the OM bilayer per se are aminoglycosides (gentamycin, kanamycin), macrolides
(erythromycin), rifamycins, novobiocin, fusidic acid and cationic peptides [11,14].
Tetracylcine and quinolones use both a lipid-mediated and a porin-mediated pathway (see
below). The core region of LPS plays a major role in providing a barrier to hydrophobic
antibiotics and other compounds, and the strains which express full length LPS have an intrinsic
resistance to these. On the other hand, membrane permeabilizers, such as Tris/EDTA,
polymyxin B and polymyxin B nonapeptide (PMBN), have the ability to increase the sensitivity
of E. coli and Salmonella typhimurium to the hydrophobic antibiotics mentioned above by tens-
to hundreds fold, depending on the treatment and the particular antibiotics [14]. The achieved
sensitivities become similar to those of deep rough mutants [14]. Treatment by Tris/EDTA
leads to massive release of LPS in the medium, and it is believed that the reduced amount of
LPS in the OM outer leaflet is compensated by glycerophospholipids, essentially creating
patches of phospholipid bilayer, which are much more permeable to lipophilic compounds
[11,14]. A similar situation may also be found in deep rough mutants, where there is a decrease
in OM membrane protein incorporation, leaving a void which is also filled by phospholipids
[11].

The molecular mechanism for permeabilization by polymyxin B and PMBN is thought to
involve the competition for binding to LPS of these cations with the divalent cations that
normally cross-bridge neighboring LPS molecules. The displacement of these stabilizing
interactions leads to enhanced lateral diffusion of LPS. The resulting destabilization of the LPS
layer allows the penetration of polymyxin B into the periplasm, providing essentially a “self-
promoted uptake pathway” for polymyxin B to reach its target, the cytoplasmic membrane.
Then, the fatty acid tail on polymyxin B allows it to permeabilize the inner membrane, thus
leading to its antibacterial action. PMBN lacks the fatty acid chain, and is less bactericidal, but
the fact that it sensitizes cells to hydrophobic antibiotics demonstrates that it retains OM
permeabilizing properties [14]. To our knowledge there is no evidence that the cationic peptides
induce phospholipid patches.

Polymyxin-resistant mutants have been isolated in S. typhimurium and E. coli [15,16]. The
polymyxin-resistant mutants of S. typhimurium bind only 25% of the amount of polymyxin
bound by the parent strain, and tolerate up to 100 times higher concentrations of polymyxin B
[17]. LPS isolated from these mutants also binds less polymyxin B [18,19], and contains 4 to
6 times more 4-aminoarabinose and also more phosphoethanolamine [18], due to esterification
of the lipid A phosphates by these moieties. These substitutions effectively lower the negative
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charge of the LPS molecule, and possibly decrease the repulsion between adjacent LPS
molecules [11]. The resulting more closely packed LPS layer and decreased negative charge
lead to a reduced sensitivity of the mutants not only to polymyxin B, but also to PMBN, EDTA
and other cationic agents [14]. It was later found that the addition of 4-aminoarabinose and
phosphoethanolamine to the 1- and 4’-phosphates of lipid A is operative in wildtype cells,
creating a family of variant LPS molecules in S. typhimurium [20]. It is now known that the
regulation of these modifications in wildtype and under antibiotic stress is under the control
of the two component system PmrA/PmrB, itself regulated by the PhoP/PhoQ system [21].
Indeed the constitutive expression of pmrA confers a polymyxin-resistant phenotype [21,22]
and is associated with a larger amount of lipid A bearing 4-aminoarabinose modifications than
in wildtype cells [21]. In addition, neither 4-aminoarabinose nor the ethanolamine substitutions
occur in a pmrA null mutant [20], and genes controlled by the PmrAB system are involved in
the aminoarabinose modification [23].

The PhoP/PhoQ and PmrA/PmrB two-component systems play important roles in the
adaptation of S. typhimurium to cationic antimicrobial peptides and survival inside
macrophages [24]. This adaptation is crucial for virulence as the bacteria need to be protected
from the host innate immune system, which comprises numerous cationic peptides found at
mucosal surfaces and in the phagosome. PhoQ is amembrane-bound protein with a periplasmic
sensor domain, and a cytoplasmic kinase domain. It has been shown to be directly activated
by cationic peptides that are thought to bind the acidic surface of the periplasmic domain of
PhoQ [25]. The resulting autophosphorylation of PhoQ and subsequent phosphotransfer to
PhoP lead to activation of PhoP, which itself negatively or positively controls the expression
of specific genes, including the activation of the pmrAB operon [21]. In addition, a PhoP
activated gene, pagP, is also required for resistance to a cationic antimicrobial peptide [26].
pagP codes for a palmitate acyl transferase, which links an additional palmitate to lipid A,
creating a heptaacylated form [26]. The palmitoylation of lipid A allows for increased
hydrophobic interactions between neighboring LPS molecules. Besides the addition of
aminoarabinose, phosphoethanolamine and palmitate, the remodeling of LPS in response to
antibiotic stress also includes the conversion to 2-hydroxymyristic acid of the “piggyback”
fatty acid chain linked to the hydroxymyristic acid at the 3'-position, and the deacylation of
the 3-hydroxymyristic acid at the 3-position [11,24]. Altogether, these modifications lead to
stabilization of the LPS leaflet and decreased electrostatic interactions with cations, and have
been shown to play an important role in mediating resistance to lipophylic agents, including
cationic antimicrobial peptides [24].

A pmr mutant of E. coli has also been shown to be somewhat resistant to the aminoglycoside
antibiotics gentamycin and kanamycin [27]. Like polymyxin B, aminoglycosides are thought
to use a self-promoted uptake pathway to penetrate the OM [28]. Indeed, they carry three to
six net positive charges, and bind to isolated LPS [27]. These antibiotics increase the
permeability of the OM to fluorescent hydrophobic probes [27], and thus can been considered
as OM permeabilizers. However, this effect is relatively weak, when one compares the ability
of the aminoglycoside streptomycin to sensitize S. typhimurium to the hydrophobic antibiotic
novobiocin to that of PMBN [29].

3. Porin-mediated OM permeability

3.1. Structural and functional properties of general diffusion porins

3.1.1. Structure—Except for the capsular polysaccharide translocon Wza [30], all OM
proteins crystallized to date are built on a -barrel structural motif. The E. coli general diffusion
porins OmpF, PhoE and OmpC are trimers of 16-stranded B-barrels [31,32] (Figure 2). The
large number and configuration of the -strands allow for the formation of a central hydrophilic
pore in each B-barrel. The pore of some other OM proteins, such as the enterobactin transporter

Biochim Biophys Acta. Author manuscript; available in PMC 2010 May 1.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Delcour

Page 5

FepA [33] or the adhesin translocator FhaC [34], is essentially obstructed by a globular plug
domain. But this is not the case for general diffusion porins. The pore is, however, somewhat
constricted by the inwardly folded extracellular loop L3 (shown in orange in Figure 2). This
loop, together with the opposite barrel wall, form the so-called eyelet or constriction zone,
which determines the size exclusion limit and other permeation properties of the barrel (see
below). At this level, the pore size of OmpF is 7 x 10 A [32]. A conserved set of charged
residues decorates the eyelet: negatively charged residues (in red in Figure 2) are typically
found on the L3 loop itself, and positive charges (in blue in Figure 2) often form a cluster on
the opposite barrel wall. These residues have been shown to play an important role in ionic
movement and in ionic selectivity (see below). The f-strands are connected to each other by
short turns on the periplasmic side and long loops on the extracellular side. This protruding
extracellular domain provides a site for interactions with specific colicins and phages that use
porins as surface receptors [11].

3.1.2. Pore properties and permeation—The functional properties of porins have been
the subject of investigation for over 30 years. Initial work established the size exclusion cutoffs
of porins by measuring the transport of various size sugars using liposome swelling assays
[35]. A value of about 600 Daltons was determined for OmpF [36], which implies that ions,
amino acids, and small sugars use general diffusion porins for gaining access to the periplasm.
Disaccharides, larger sugars and other molecules need to use dedicated pathways for OM
transport [11]. These early studies established the molecular sieving properties of porins, and
provided an explanation for the high diffusion rates of these compounds through the OM
[37].

The application of electrophysiology to the study of porins, along with computational studies,
has permitted a better understanding of porin permeation at the molecular level. The traditional
electrophysiological approach is the study of porin-mediated ion currents in planar lipid
bilayers (also known as “black lipid membranes” or “BLM”). A lipid bilayer is formed over
an aperture pierced through a Teflon film separating two chambers. Each chamber contains a
buffered ionic solution and an electrode used to measure electric current due to the flow of ions
across the bilayer and to clamp the transmembrane potential required to promote ion movement.
Purified detergent-solubilized channel proteins or proteoliposomes are added to one chamber
(the so-called cis side), and spontaneously insert in the bilayer over time. The sequential
insertions of open channels in the membrane lead to discrete current jumps due to ion movement
through the open channels. The conductance (i.e. the amount of current per unit voltage) of a
channel can be obtained from measuring the size of these current jumps. In the case of porins,
this would represent the trimeric conductance, since porins typically purify and insert in the
bilayer as trimers. By manipulating the protein concentration, it is possible to ensure that either
many or only one porin trimer inserts, and investigations can be performed on single channels
or on populations of channels. After insertion, the channel activity can be studied in various
conditions and membrane potentials.

The patch-clamp technique has also been applied to the study of purified porins reconstituted
in artificial liposomes. Here a small patch of liposome membrane is drawn at the tip of a 1
pM-diameter glass pipette, and the current flowing through this patch is recorded at a fixed
membrane potential. Because of the small area of membrane under investigation, the patch
clamp technique typically offers a better signal-to-noise ratio than BLM. This technique
permitted the discovery that porins flicker between multiple states, whose kinetics and
conductance can be affected in mutants and in the presence of modulators (see below).

Studies performed by the Benz and the Rosenbusch groups in the 70°s and 80’s established
some of the hallmark properties of the general diffusion porins, such as high ionic current due
to the relatively large pore size, low ionic selectivity (although some porins show preference
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for cations (OmpC) or anions (PhoE)), and high open probability, in standard bilayer
electrophysiology conditions of low voltage, neutral pH and high ionic strength (but see below)
[38-41]. Computational modeling studies have suggested that the paths taken by anions and
cations are divergent at the eyelet, as cations are drawn close to the negative charges of the L3
loop, and anions flow near the positively charged cluster of the opposite barrel wall [42]. This
type of work emphasizes the notion that the permeating ions interact with the wall of the channel
and that ion movement does not follow simple diffusion. This was demonstrated
experimentally by measuring the conductance and selectivity of various general diffusion
porins in solutions of varying ionic strength or pH, and in variants with mutations at specific
pore exposed residues [43-48].

Bezrukov’s group showed that the selectivity of OmpF for cations relative to anions increases
sharply in solutions of low ionic strength [43]. The channel reaches nearly ideal cation-
selectivity in solutions of < 100 mM KCI. Furthermore, at pH’s < 4, the channel reverses its
selectivity from preferring cations to preferring anions. The authors combined these
experimental observations with calculations of the distribution of charged residues in the pore
lumen and concluded that electrostatic interactions exist between the permeating ions and the
charges of ionizable residues over the entire channel length [43]. However, shifts in selectivity
are detected upon mutations of single residues. Substitution at the pore-exposed D113 residue
in OmpF [48] and its homologs in OmpC [46] and the Vibrio cholerae porin OmpU [45]
decreases cation-selectivity. Opposite effects are seen upon charge removal at arginines of the
constriction zone [48].

The mutations also affect conductance, although there is not strict correlation between an
apparent increase in pore size due to removal of a bulky side chain and increase conductance
[49]. The results highlight the notion that conductance is a reflection not only of pore size but
also interaction of permeating ions with channels walls, and strengthen the argument that the
derivation of pore size from conductance measurements should be avoided [50]. In addition,
an increase in conductance is not always a good predictor of an increased permeation of larger
substrates or antibiotic susceptibility, as was shown for OmpF [44] and V. cholerae porin
OmpU [45].

3.1.3. Functional modulation of porins—The fact that the activity of porins can be
quickly modulated by ligand binding and a variety of physico-chemical parameters is an
important - but relatively unappreciated - aspect of outer membrane permeability. Porins are
thought of as permanently open pores, and for years, the only documented mechanism to reduce
outer membrane permeability was through a lower porin expression due to environmental
factors or mutations. The knowledge of which parameters lead to rapid closure of porins is
important, since the resulting tightening of the OM will decrease the efficacy of penetration of
antibiotics using the porin-mediated pathway. The first rapid modulation of porin function to
be described was transmembrane voltage [41], but the significance of this phenomenon is often
dismissed because the OM is believed to be without a transmembrane potential (but see below).
Still, the voltage-dependent inactivation of porins is a robust phenomenon, shown to differ
among different porins species, and affected by mutations at specific pore residues [48,51—
58]. The voltage sensitivity of porins is typically quantified by the so-called “threshold”
potential, i.e. the minimum membrane potential at which porins start to close. When the
membrane potential is above this value, porin monomers close, often sequentially, in a typical
stepwise fashion. The protein appears to reach a deep inactivated state, as it is reluctant to re-
opening, even at lower voltages, and hysteresis is observed when voltages are slowly ramped
up and down in bilayers containing many channels [52]. The threshold potential is typically
quite high (~150 mV for OmpF [48] and ~ 200 mV for OmpC [55]), but some porins are more
voltage-sensitive (V. cholerae OmpT has a threshold potential of ~ 90 mV [57]). Nikaido
demonstrated that Donnan potentials established by accumulation of periplasmic negatively
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charged membrane-derived oligosaccharides (MDQ’s) are unable to decrease porin-mediated
permeability to B-lactams [59]. However, it is possible that this negative result stems from the
asymmetric voltage dependence of porins [60]. OmpF might close in vivo upon the opposite
membrane potential (more positive on the periplasmic side relative to the outside); this potential
could be established in vivo by a concentration gradient of potassium ions, for example, if the
absolute ionic strength of the periplasmic and external solutions is relatively low (<100 mM),
i.e. in the range where OmpF becomes a highly selective cation channel [43]. This still needs
to be demonstrated experimentally.

The voltage-dependent inactivation of porins demonstrated that porins can exist in non-
conducting, i.e. closed, forms, and set the stage for the discovery of other possible modulators
of porin function. In particular, two other important forms of modulation lead to closing of
porins: acidic pH and binding of polyamines. Besides effects on conductance and selectivity
[43,61], acid pH also promotes kinetic changes in porins. Fast flickering in the open channel
noise drastically increases, in particular at pH’s < 4, and may be attributed to protonation-
deprotonation events of key acidic residues in the pore [61,62]. In addition, the channel
increases its closing probability at acidic pH. In OmpF, this is often seen as a sequential
stepwise closing of monomeric units after application of a transmembrane voltage. It is similar
to the effect of voltage, but occurs at much lower potentials than at neutral pH. It is possible
that it stems from an enhanced voltage-sensitivity, as documented [63]. In OmpU, channels
are immediately stabilized in a closed configuration, and surprisingly, individual closures of
three monomers are not observed, but rather closing events of an apparent single channel of
increasingly large size as the pH is decreased [64]. In OmpF, extracellular loops L1, L7 and
L8 have been implicated in the conformational changes that might lead to acidic pH-induced
channel closures [62]. Altogether, these loops form a lid-type domain that might close up above
the pore, as suggested by atomic force microscopy of OmpF surface at low pH [65].

E. coli OmpF and OmpC porins are inhibited by the polyamines spermine, spermidine and
cadaverine [66,67]. This is also true for the V. cholerae porin OmpU (Delcour, unpublished).
These linear, highly charged, amine compounds are small enough to pass through porins, and
indeed, the kinetics of the modulation observed in patch clamp experiments do not bear the
hallmarks of open channel block. Rather, it appears that the compounds bind to an internal
pore-exposed site and trigger channel closures. These effects are rather complex, with a greatly
increase flickering activity to states of lower conductance than the monomeric conductance
(subconductance states) [68], and prolonged monomeric closures [67]. Mutagenesis work
defined a binding site involving the L3 loop acidic residues D113 and D121, and also Y294
for the case of spermine [69]. We envisage a model whereby polyamines would saddle over
the L3 loop through ionic interactions involving the amine groups, and cause a destabilization
or a possible movement of the L3 loop, leading to channel closure. Modulation of this kind by
polyamines has a marked impact on the overall outer membrane permeability [70]. The porin
closure induced by spermine might have some important therapeutic consequences in treatment
of infections of tissues where spermine content is high, such as in the prostate.

Cadaverine is endogenously produced by E. coli and secreted in conditions of acidic pH. By
manipulating the Cad operon, we have shown that the production and release of endogenous
cadaverine decreases outer membrane permeability [71]. The cadaverine-dependent
modulation of porin is part of adaptive response to a pH drop, since a cadaverine-resistant porin
mutant is outcompeted by wildtype in acidic conditions [72]. These observations reinforce the
notion that the rapid modulation of porin function can provide cells with an emergency
mechanism to shut down OM permeability until slower mechanisms involving regulation of
porin expression are put in place. Importantly, they suggest that the permeability of the OM to
antibiotics, for example, might be changing for cells in different external conditions. Indeed
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polyamines were shown to inhibit the flux of cephaloridine through the porins OmpF and
OmpcC [70].

3.2. Porin-mediated antibiotic permeability

The permeability of porins to B-lactam antibiotics has been demonstrated by various means.
Evidence for a direct role of porins in mediating the diffusion of B-lactams was provided by
purifying and reconstituting porins into liposomes and using either a liposome swelling assay
[35], or measuring the antibiotic degradation rate by an entrapped p-lactamase [73].
Measurement of antibiotic flux in whole cells was originally developed by Zimmermann and
Rosselet [74] and then extensively used by Nikaido’s group to characterize the permeability
of cephaloridine and other cephalosporins in various cells types (wildtype and porin mutants),
by taking advantage of the fast rate of cephalosporin degradation by periplasmic p-lactamase
[75]. Rates of the order of ~ 10-50 10> cm/s were found for the permeation of zwitterionic
drugs through OmpF, but were much reduced for anionic compounds.

A molecular explanation for these findings has recently emerged from a more detailed view
of the interactions of the permeating drugs with the porin channels, obtained from the
combination of electrophysiology and computational studies. Bezrukov and colleagues
demonstrated that ampicillin acts as a transient open channel blocker of the OmpF porin in a
pH dependent manner, with a maximum block in a pH range where the ampicillin molecule is
zwitterionic [76]. Molecular dynamics calculations explain this pH dependence, as they reveal
that the drug molecule perfectly occludes the pore in the zwitterionic form, as it interacts
simultaneously with negatively charged residues of L3 and positively charged residues of the
barrel wall (Figure 3). Such complementation between the charge distributions on the drug
molecule and the narrowest region of the OmpF pore has also been found for another
zwitterionic p-lactam, amoxicillin [77]. On the contrary, poor interactions were delineated for
the di-anionic carbenicillin and the mono-anionic B-lactams azlocillin and piperacillin. This
negligible binding correlates with the poor diffusion rates measured from such compounds
from liposome swelling assays [78]. On the other hand, high diffusion rates were obtained for
ampicillin and amoxicillin. Thus, it appears that interactions at the OmpF constriction zone
facilitate the drug translocation, and that the nature and position of specific charges on the
antibiotic molecule and on OmpF play a major role in these interactions.

Experimentally, site-directed mutations of many key charged residues of the porin constriction
zone affect p-lactam flux and sensitivity [79-82]. The involvement of specific OmpF residues
as anchorage points for several cephalosporins has been suggested from computational studies,
as well [79]. Some mutations also involved uncharged residues. For example, the diffusion of
radiolabeled cefepime was drastically decreased in the G119D and G119E mutants [83]. The
X-ray structure of the G119D mutant OmpF shows that the introduced aspartate residue
protrudes in the eyelet and constricts the diameter the pore [84]. Consequently, the channel
conductance, diffusion rate of various sugars and sensitivity to cephalosporins are greatly
reduced [83,84]. On the other hand, mutations at the R132 residues lead to improved growth
on maltodextrins relative to wildtype [48] and increased cefepime diffusion [83], possibly due
to an increase in pore diameter [85].

Carbapenems, such as imipenem and merpenem, are B-lactam antibiotics with a high resistance
to the action of B-lactamase. They have been particularly effective against P. aeruginosa, an
organism which appears less susceptible to most antibiotics than Enterobacteriaceae, because
of decreased OM permeability and an efficient drug efflux system. The low OM permeability
stems from the lack of general diffusion porins, as P. aeruginosa acquires its nutrients through
dedicated specific porins [11]. The isolation of an imipenem resistant strain pointed to the role
of the OprD porin (previously known as protein D2) in the permeability to imipenem [86], and
indeed this protein was later shown to allow the facilitated diffusion of carbapenems and
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penems through the OM [87]. When the purified protein is reconstituted into artificial bilayers,
the formed channels have a very low conductance, but can be blocked by imipenem, indicating
the presence of a specific binding site [88]. Additional studies demonstrated that, in fact, the
OprD porin is used for the uptake of basic amino acids and peptides, which share structural
similarity with the carbapenem molecule [89].

Quinolones are believed to use a dual pathway for entry into bacterial cells, because drug flux
and susceptibility are both sensitive to the presence of porins (in particular OmpF) and to the
manipulations that disrupt the outer membrane LPS barrier [90,91]. The relative contribution
of the two pathways correlates with the hydrophobicity and the protonation state of the
quinolones, in the manners described below. Hydrophobic quinolones are more effective in
LPS mutants [91]. There is a report that the quinolone fleroxacin induces the same perturbations
of the OM as does gentamycin or EDTA, supporting the contention that quinolones might act
as chelating agents and use a self-promoted pathway as aminoglycosides and cationic peptides
do [90]. However, the sensitivity of cells to less hydrophobic quinolones, such as norfloxacin
and ciprofloxacin and other drugs with similar hydrophobicity coefficient of less than 0.1, was
not much affected in mutants in LPS structure [91] suggesting that they might use porin for
access through the OM. Indeed a reduced accumulation of radiolabeled norfloxacin was
observed in E. coli strains lacking OmpF [92]. Moreover, the flux of norfloxacin in
Enterobacter cloacae was inhibited in the presence of spermine or cefepime, both known to
use porins for permeation through the OM, thus confirming that norfloxacin diffuses through
the porin lumen [93]. Nikaido and Thanassi have proposed that quinolones exist in an
equilibrium of charged and uncharged species depending on the solution pH [94]. For example,
they calculated that about 10% of norfloxacin exists as an uncharged species at pH 7.4, and
this ratio is even higher (~ 40% at pH 6.5) for amifloxacin. These authors have argued that the
uncharged quinolone molecules cross the OM through the lipid bilayer, while the negatively
charged molecules are likely to pass through porin channels as magnesium chelates. Thus the
relative contributions of the porin-mediated and lipid-mediated pathways are likely to depend
on the protonation-deprotonation states of the drug, which will themselves be influenced by
external pH. In addition, the charged species is proposed to accumulate in the periplasm due
to the interior-negative Donnan potential across the OM [94]. This accumulation leads to high
cytoplasmic levels as well, as the cytoplasm equilibrates very rapidly with the periplasm, even
for drugs with oil/water partition coefficient less than 0.1. In porin-deficient mutants,
quinolones still permeate through the outer membrane bilayer itself in their uncharged form,
but do not accumulate in the periplasm because they are not sensitive to the Donnan potential,
thus leading to decreased cytoplasmic concentrations and efficacy.

The uptake of tetracycline by E. coli cells was shown to be reduced in a mutant lacking OmpF
[95], confirming the suggestion that tetracycline uses this pathway based on increased
resistance in mutants with decreased ompF expression [96]. This accumulation, however, is
not null in the absence of OmpF, and it positively correlates with pH, i.e. there is less influx
of tetracycline at lower pH (pH 6.0) relative to neutral pH, or even 7.8 [95]. Tetracycline has
a pKa of 7.7, and therefore exists mostly in a protonated form at a pH’s under the pKa. In this
uncharged form, tetracycline is believed to enter cells by diffusion through the OM lipid barrier
[94]. Thus, tetracycline, like fluoroquinolones, uses both a porin- and a lipid-mediated
pathway, depending on its protonated status.

3.3. Porins and antibiotic resistance

As described above, porins provide a path through the OM to small hydrophilic antibiotics,
such as B-lactams, as well as tetracycline, chloramphenicol and fluoroquinolones [11]. Any
decrease in the ability or rate of entry of these compounds can lead to resistance. There is an
abundance of reports of antibiotic resistance acquired through loss or functional change of
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porins in a large number of organisms, such as E. coli, P. aeruginosa, Neisseria
gonorrhoeae, Enterobacter aerogenes and Klebsiella pneumoniae (see references [11,28,97—
99] for reviews, and references therein). Although much of the mechanistic studies described
above have focused on OmpF because of its well understood structural and functional
properties relative to any other major porins, many of the reports of changes in porin expression
often implicated both OmpF and OmpC. The role of minor porins (such as NmpC), or those
expressed in specific conditions (such as PhoE), perhaps should not be underestimated, but
there are far fewer reports on the involvement of these porins in antibiotic resistance (but see
below). Still it appears that PhoE can serve as a conduit for entry of -lactams (and be an even
better one than OmpF and OmpC if the drug bears a negative charge) [75], as well as for
chloramphenicol and tetracylcine [100].

It would be impractical in this review to cite all or even most of studies linking antibiotic
resistance to general diffusion porins, but we can highlight some of the generally found
common themes with specific examples. There are two major porin-based mechanisms for
antibiotic resistance that have been reported in clinical isolates: 1) alterations of outer
membrane profiles, including either loss/severe reduction of porins or replacement of one or
two major porins by another; 2) altered function due to specific mutations reducing
permeability.

Antibiotic resistance poses a daunting problem in hospital-acquired infections. Pagés and
colleagues analyzed the porin content of 45 B-lactam resistant clinical isolates of E.
aerogenes obtained from French hospitals [101]. Of those, 44% were shown to lack porin, as
determined by immunodetection. The MIC’s of four antibiotics (cefepime, imipenem,
cefotaxime and moxalactam) were drastically increased. Additionally, many strains displayed
high constitutive or inducible B-lactamase activity, but some strains did not, and thus antibiotic
resistance appears to originate essentially from the lack of porins in those strains. The increase
in MIC’s for those porin-deficient strains was similar to those with robust -lactamase activity,
indicating that a reduction of porin-mediated permeability can be an efficient strategy for
antibiotic resistance on its own.

Tetracylcine resistance can occur under antibiotic stress, by exposing sensitive E. coli cells to
progressively increasing concentration of the antibiotic. The treatment, in fact, leads to a
chromosome-mediated multiple antibiotic resistance (Mar phenotype), where the cells become
insensitive to a variety of hydrophilic and lipophilic antibiotics [102,103]. The response
involves the coordinated change in the levels of multiple proteins including porins and drug
efflux pumps, through mechanisms involving transcriptional and posttranscriptional regulation
[104]. In particular, the upregulation of marA leads to increased levels of the small RNA
micF, which inhibits translation of ompF RNA. Decreased OmpF levels are also postulated to
originate from the periplasmic accumulation of other OM proteins, such as TolC and OmpX,
which might titrate away the chaperones and assembly proteins required for membrane
insertion of OM proteins [104]. Another example of upregulation of OmpX in coordination
with a strong repression of general diffusion porins has also been documented for acquired
resistance to a large number of antibiotics of a strain of Salmonella enterica Typhimurium after
exposure to nalidixic acid [105]. In this case, repression also included other porins, besides
OmpF, such as NmpC, LamB and Tsx.

The substitution of a narrower porin in lieu of the constitutively expressed large general-
diffusion porins is another strategy for acquiring antibiotic resistance. For example, some
clinical isolates from K. pneumoniae lack the large diffusion channels OmpK35 and OmpK36,
but express a normally quiescent porin, OmpK37, which appears to form a smaller pore on the
basis of sugar permeability [106]. This porin is akin to OmpN of E. coli and OmpS2 of S.
typhi, two porin types which are normally strongly down-regulated in laboratory media
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conditions. The presence of OmpK37 combined with the absence of OmpK35 and OmpK36
lead to a drastic increase in the MIC’s of cefotaxime and cefoxitin, but not of carbapenems,
indicating that these compounds might still be able to flux through OmpK37 as they do through
P. aeruginosa OprD. This provides an explanation for the fact that K. pneumoniae infections
resistant to most p-lactams can still be treated by carbapenems.

Altered function of porin leading to reduced permeation rate is another strategy found in
antibiotic resistant bacteria. A hot spot for single or multiple mutations leading to such
phenotype is the L3 loop, which delineates the constriction zone of general diffusion porins.
A clinical isolate of E. aerogenes was found to have a glycine — aspartate substitution on the
L3 loop of its major porin [107], which might lead to a distortion of the loop or further
narrowing of the pore lumen, as in G119D of OmpF [83]. This mutant is characterized by a 3-
fold decrease in porin conductance and a drastic reduction in cephalosporin sensitivity. It was
found later on that this porin is Omp36, which is highly similar to E. coli OmpC [108]. This
clinical isolate and two others from E. aerogenes, in fact, present multiple mutations in the
porin gene, and are also highly resistant to cefepime, cefpirome and imipenem. Similar
alterations in the amino acid composition of the N. gonorrhoeae porin Por have also be
documented [109]. Here, a mutant with enhanced resistance to penicillin and tetracycline was
found to have multiple mutations throughout the porin gene, and in particular in a region
putatively homologous to the constricting L3 loop. Interestingly, six clinical isolates with
similar resistance to penicillin also displayed single point mutations in the same region.

Finally, some bacterial species, such as P. aeruginosa, are intrinsically more resilient to
antibiotic treatments, because of a low abundance of general diffusion porins, combined with
numerous and highly efficient drug efflux mechanisms [11,110]. As described above, OprF,
the major porin of P. aeruginosa, is present in high abundance as a closed conformer, and exists
as an open channel only at very low levels. Not surprisingly, acquired resistance to p-lactam
antibiotics does not seem to involve loss or modification of OprF [111]. Resistance to
carbapenems can be observed in mutants lacking the porin-specific OprD (see above), and in
mutants with deletions in the L2 loop of OprD [88]. Carbapenem resistance via porin-
delimitated pathways is not restricted to P. aeruginosa, as described above.

Concluding remarks

In conclusion, mechanisms affecting the barrier properties of the OM lipid bilayer itself or the
expression and/or function of the general diffusion porin channels residing in the OM have an
impact on the sensitivity of Gram-negative bacteria to many different types of antibiotics.
Clearly any weakening of the LPS bilayer by targeting LPS synthesizing enzymes will sensitize
bacteria to hydrophobic and some hydrophilic antibiotics, leading to the possibility of
combinatorial drug therapy. A better understanding of the function of general diffusion porins,
and in particular of the parameters that might lead to porin closure or inactivation, will allow
a reassessment of the efficiency of penetration of the antibiotics using this pathway in different
conditions. It is hoped that, as we further understand at the molecular level the structure and
function of these OM macromolecules and of those that regulate them, scientists will be able
to refine the current drug therapies or design new types of antibiotics that target these surface
exposed entities.
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Figure 1.

Overall organization of LPS and structure of Kdo,-Lipid A. The left hand side shows the
organization of LPS in 3 regions: Lipid A, core oligosaccharide (itself subdivided into inner
core and outer core), and O-antigen. Abbreviations are: Kdo, 3-deoxy-D-manno-oct-2-ulosonic
acid; Hep, L-glycero-D-manno-heptose; Glc, D-glucose; Gal, D-galactose; R, a variety of
different substituents (see reference 13 for details). The right hand side shows the structure of
Kdo2-Lipid A, the minimal entity required for E. coli growth.
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Figure 2.

Structure of an OmpF monomer. A) Side view of a single p-barrel of the OmpF trimer to
highlight the location of the protein in the membrane bilayer (“EC” refers to the extracellular
side, and “Peri” refers to the periplasmic side); note that some of the protein structure has been
cut out of view in order to better visualize the constricting L3 loop (orange). B) View of the
OmpF monomer from the periplasmic side, highlighting the configuration of the eyelet or
constriction zone. Important residues of the eyelet are acidic residues of the L3 loop (in red)
and a cluster of basic amino acids of the opposite barrel wall (in blue).
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Figure 3.

Docking of an ampicillin molecule at the constriction zone of an OmpF monomer. The top
panel shows the fit of the ampicillin molecule within the pore, with the carboxylate group
attracted to the cluster of arginines in the OmpF barrel, and the ammonium group close to the
acidic L3 loop residues. Colors of atoms in ampicillin are as follows: green for carbon, red for
oxygen, blue for nitrogen and yellow for sulfur. Hydrogen atoms are not shown. The OmpF
backbone is shown as a yellow ribbon. The lower panel shows the solvent accessible surface
of the OmpF eyelet highlighting the electrostatic potential with blue color for positive potential
and red color for negative potentials. Ampicillin is shown in a stick model with the following
colors: white for carbon, red for oxygen, blue for nitrogen, green for sulfur and violet for
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hydrogen. Reproduced from reference 70 with permission (copyright © 1993-2008 by The
National Academy of Sciences of the United States of America, all rights reserved).
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