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The Escherichia coli OmpF porin is a nonspecific channel involved in the membrane translocation of small
hydrophilic molecules and especially in the passage of b-lactam antibiotics. In order to understand the
dynamic of charged-compound uptake through bacterial porins, specific charges located in the E. coli OmpF
channel were mutated. Substitutions G119D and G119E, inserting a protruding acidic side chain into the pore,
decreased cephalosporin and colicin susceptibilities. Cefepime diffusion was drastically altered by these
mutations. Conversely, substitutions R132A and R132D, changing a residue located in the positively charged
cluster, increased the rate of cephalosporin uptake without modifying colicin sensitivity. Modelling approaches
suggest that G119E generates a transverse hydrogen bond dividing the pore, while the two R132 substitutions
stretch the channel size. These charge alterations located in the constriction area have differential effects on
cephalosporin diffusion and substantially modify the profile of antibiotic susceptibility.

The outer membrane of gram-negative bacteria shelters
them from external toxic compounds. In the membrane, porins
are channel-forming proteins allowing diffusion of small hy-
drophilic solutes through this barrier (10, 18, 20). With bacte-
rial resistance to various antibiotics due to the permeability
barrier impairing chemotherapy (19), it is important to define
the biochemical and biophysical parameters governing target
access and intracellular drug concentration. In particular, since
outer membrane porins are key to b-lactam penetration (19,
22), it is essential to understand the various possible interac-
tions. The native Escherichia coli OmpF porin is a trimer, and
the three-dimensional structure shows a monomeric b-barrel
built of 16 antiparallel b-strands containing the pore (6). The
longest loop, L3, is bent into the channel, forming a gate; in
this constriction area, a positively charged cluster of amino
acid residues protruding from the barrel wall faces the L3
negatively charged side chain residues. This generates a strong
electrostatic field parallel to the membrane surface, and such
an organization could facilitate the diffusion of molecules and
modulate voltage gating (6, 12, 36). Several mutations have
been selected on residues located in the channel; among them,
G119D is a substitution located in L3 obtained from colicin N
resistance screening after random mutagenesis (8). Structural
and functional analyses of the G119D porin indicate that the
mutation affects channel properties without causing large mo-
lecular alterations (11). To address the question of the effects
of steric hindrance and charge movement in the flux through
the pore lumen, mutant porins with site-specific mutations in
positions 119 and 132 have been constructed: 119D and 119E,
which are located in the negatively charged cluster, and 132A
and 132D, which belong to the facing positive region. Using
immunological probes directed against wild-type porin, we es-
tablished the correct membrane insertion of the various mod-
ified molecules. The activities of antibacterial compounds and
the kinetics of labeled antibiotic uptake demonstrated the role
of amino acid residues in diffusion through the channel. Pro-

tein modelling addressed the substitution effect on the pore
and illustrated the interaction between the porin lumen and
cephalosporin.

(This work was presented in part at the 38th Interscience
Conference on Antimicrobial Agents and Chemotherapy, San
Diego, Calif., 24 to 27 September 1998.)

MATERIALS AND METHODS

Bacterial strains, plasmids, media, and site-directed mutagenesis of the ompF
gene. The E. coli strains used in this work were AK101 (rnhA::cat derivative of
JM101) (23)), DH5a mutS (DH5a mutS::Tn10) (27), and BZB1107 (ompF::Tn5)
derived from the wild-type E. coli BE from the Biozentrum (Basel, Switzerland)
collection (27). Enterobacter cloacae 201-RevM3, devoid of porin, was also used
(17). Plasmids pLG361, encoding wild-type OmpF, and pBSK(1/2) Urnh, which
can replicate only into AK101 cells due to its defective ori, have been described
elsewhere (4, 8).

Bacteria were routinely grown in Luria-Bertani (LB) medium at 37°C with
gentle shaking. If required, kanamycin (50 mg/ml), ampicillin (50 mg/ml), tetra-
cycline (15 mg/ml), and chloramphenicol (60 mg/ml) (Sigma) were added.

The amino acid residues located in the constriction area of the E. coli ompF
channel were replaced by the site-directed mutagenesis method as described by
Ohmori (23). A 918-bp BglII-ClaI fragment of the ompF gene was excised from
pLG361 and inserted into the BamHI and ClaI sites of the pBSK Urnh vector to
give pBSK-ompF. This plasmid was used to transform E. coli AK101. pBSK-
ompF single-stranded DNA was isolated using R408 helper phage (31). The
mutations were created by the method of Ohmori (23) and confirmed by DNA
sequencing. The plasmid was transformed into DH5a mutS. The BstYI-ClaI
fragments carrying the various mutations were excised from pBSK-ompF and
cloned into the pLG361 expression vector between the BglII and ClaI sites to give
pVAV1, pVAV2, pVAV3, and pVAV4, encoding substitutions G119D, G119E,
R132A, and R132D, respectively. These plasmids were used to transform
BZB1107 or E. cloacae 201-RevM3 cells.

Antibiotic and colicin susceptibility tests. For the determination of MICs,
approximately 106 cells were inoculated into 1 ml of Mueller-Hinton broth
containing twofold serial dilutions of each antibiotic, and the results were read
after 18 h at 37°C (5).

Colicin N was purified from strain BZB1019(pCHAP4) (28). It was assayed
with cells grown in LB medium. One hundred microliters of cell suspension at an
optical density of 0.5 at 600 nm was added to various dilutions (1021 to 1026) of
colicin N (1.0 mg/ml) in phosphate buffer (150 mM NaCl, 3 mM KCl, 1 mM
KH2PO4, 10 mM Na2HPO4, pH 7) and incubated for 20 min at 37°C. The cell
suspension was then diluted with 15 volumes of fresh LB medium. The percent-
age of surviving cells with or without bacteriocin treatment was monitored after
2 h at 37°C by determining the ratio of the optical densities at 600 nm (11).

Sodium dodecyl sulfate-polyacrylamide gel electrophoresis and porin immu-
nocharacterization. Exponential-phase bacteria in LB broth were pelleted and
solubilized in loading buffer (160 mM Tris, 0.8 M sucrose, 0.01% bromophenol
blue, 3% sodium dodecyl sulfate, 1% 2-mercaptoethanol) at 96°C. Samples (an
amount corresponding to 0.02 optical density unit at 600 nm) were loaded on
sodium dodecyl sulfate-polyacrylamide gels (10% polyacrylamide, 0.1% sodium
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dodecyl sulfate) as described previously (8) and then electrotransferred to nitro-
cellulose membranes. An initial saturating step with TBS (50 mM Tris-HCl, 150
mM NaCl, pH 8) containing 10% (wt/vol) skim milk was carried out overnight at
4°C. The nitrocellulose membranes were then incubated in TBS containing 10%
skim milk and 0.2% Triton X-100 for 2 h at room temperature in the presence
of polyclonal antibodies directed against denatured OmpF (8). After four wash-
ings in the same buffer, detection was performed with alkaline phosphatase-
conjugated AffinitiPure goat anti-rabbit immunoglobulin G antibodies (Jackson
ImmunoResearch, West Grove, Pa.) as described previously (5).

For immunodotting detection, equivalent amounts of bacteria expressing the
various OmpF porins from exponential cell cultures were loaded on nitrocellu-
lose. Immunodetections were carried out in TBS containing 10% skim milk with
two monoclonal antibodies (MoF 18 and 19) directed against cell surface-ex-
posed monomeric epitopes located on the subunit, with a monoclonal antibody
(MoF 21) specific to a cell surface-exposed trimeric epitope, and with polyclonal
antibodies directed against cell envelope (15). After four washings in the same
buffer, detection was carried out with alkaline phosphatase-conjugated Affiniti-
Pure anti-mouse antibodies (Jackson ImmunoResearch) (8, 15).

Measurement of cefepime uptake. E. cloacae 201-RevM3 (17), an isolate
devoid of porins, was selected as the recipient strain for the various constructs
and wild-type OmpF. Exponential-phase bacteria in nutrient broth were re-
moved by centrifugation, and pellets were resuspended in sodium phosphate
buffer (50 mM, pH 7), supplemented with 5 mM MgCl2, to a density of 3 3 106

CFU/ml. Fifty microliters, containing 50 nM 14C-labeled cefepime (a gift from
Bristol-Myers Squibb, Syracuse, N.Y.) mixed with unlabeled cefepime (final
specific activity, 25.4 mCi/mg), was added to a 450-ml cell suspension at 37°C in
a shaking water bath. At set intervals, samples were mixed with 7% cold trichlo-
roacetic acid as described by Lee et al. (13). After 10 min on ice, samples were
filtered through GF/C filters (Whatman LTD, Maidstone, England), washed
twice, and dried. The radioactivity was measured in a Packard scintillation
spectrophotometer.

Protein modelling. The protein modelling was carried out by Synt:em (Nimes,
France). The frame structures used for modelling were wild-type OmpF (6) and
the mutants R42C, R82C, G119D, D113G, and deletion 109-114 (11, 14, 26, 29).
These structures were analyzed with the COMPOSER program (3) to search the
structurally conserved area (24, 30). The flexible part was analyzed by AMBER
treatment with the SYBYL 6.4 program (24).

RESULTS

Folding and stability of OmpF mutants. The folding and
membrane locations of the mutated porins were checked by
immunodotting of bacteria containing the various plasmids
(Fig. 1). The signals obtained with monoclonal antibodies rec-
ognizing monomeric epitopes (Fig. 1, rows A and B) indicated
similar expression and antigenic accessibility of the various
modified porins at the cell surface compared to wild-type
OmpF. In addition, the probe specific to a cell surface-exposed
trimeric epitope clearly indicated the correct folding of modi-

fied porins in the outer membrane (Fig. 1, row C). The
amounts of the OmpF mutants were roughly equal to that of
the wild-type porin, and the monomers issued from these con-
structs had an electrophoretic mobility different from that of
wild-type OmpF (data not shown). It has been previously re-
ported that some mutated or chimeric porins have reduced
thermal stability, especially when the modification or the fu-
sion site mapped on residues neighboring the channel constric-
tion area or in the L2 loop (7, 8, 25). The 119E trimer was
strongly heat sensitive; the trimeric form was observed only at
50°C and was completely dissociated at 55°C. Only a 5°C shift
distinguished the 119E and 119D trimer stabilities (Table 1). In
contrast, 132D and to a greater extent 132A were markedly less
affected by the temperature, suggesting that no perturbation
occurred during trimer arrangement.

Colicin and antibiotic susceptibilities. Resistance of the
G119D mutant to colicin N, which requires only OmpF to bind
and enter the bacterial cell, has been previously reported (8,
11). Consequently, it was of interest to determine the levels of
colicin N sensitivity for the various porins. Substitutions lo-
cated at position 119 conferred greater colicin resistance (Ta-
ble 2). Moreover, the colicin sensitivity of the bacterial cells
expressing the 119E substitution was decreased by a factor of
10 relative to that for 119D. Mutations 132A and 132D did not
significantly modify the colicin N susceptibility of producing
cells (Table 2).

A panel of antibiotics was used to test susceptibilities of
strains expressing the various mutants. The strongest modifi-
cations, reflected by the increase of MICs, affected cephem
activities (Table 2). Mutations located at residue 119 conferred
the greater resistance profile. This resistance concerned all of
the tested cephalosporins whatever their global charge, with
some of the tested molecules being monoanionic, zwitterionic,
or dianionic (21, 24). Mutation 132A or 132D did not signifi-
cantly change the cephalosporin sensitivity, except for the di-
anionic moxalactam with 132A.

Cefepime diffusion. We analyzed the uptake of radiolabeled
cefepime by using E. cloacae cells (Fig. 2). When the wild-type
OmpF was synthesized, a linear rate was observed during the
first 60 s and the steady-state level was reached at about 1.5 to
2 min. This cefepime accumulation reflected the functional
porin, while no significant uptake was obtained in the absence
of porin. Diffusion of radiolabeled cefepime was drastically
impaired for cells expressing mutations 119D or 119E, indicat-
ing a strong alteration of channel properties (Fig. 2). Interest-
ingly, the extension of the side chain, induced by the D3E
transition, did not markedly change the level of cefepime dif-
fusion. In contrast, when bacteria expressed the 132D or 132A
substitution, the initial rate of cefepime uptake was apprecia-
bly increased without modification of the steady-state level.

FIG. 1. Folding and locations of the various constructs. Immunodetections
were carried out with two monoclonal antibodies directed against epitopes lo-
cated on the monomeric form (rows A and B), with a monoclonal antibody
specific to a trimeric epitope (C), and with polyclonal antibodies directed against
cell envelope (D). Lanes: 0, E. coli BZB1107, devoid of porin; WT, BZB1107
(pLG361), encoding the wild-type OmpF; 119D, 119E, 132A, and 132D,
BZB1107 expressing the various mutants.

TABLE 1. Porin thermostabilitya

OmpF
porin

Heat stabilityb at:

50°C 55°C 60°C 65°C 70°C

Wild type T T T T T
119D T T M M M
119E T M M M M
132A T T T T M
132D T T T M M

a BZB1107 cells expressing wild-type or mutated OmpF porins were solubi-
lized at various temperatures and analyzed by sodium dodecyl sulfate-polyacryl-
amide gel electrophoresis. Immunodetection was carried out with polyclonal
antiserum directed against OmpF porin (8).

b T, trimer detected; M, monomer detected.
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Protein modelling. In the case of the 119E mutant, and
taking into account the energetic hindrances in this area, the
longer side chain of glutamic acid relative to aspartic acid
generated a hydrogen bond with R82 (Fig. 3). This transverse
bond could definitively separate the channel into two smaller
compartments, as previously observed for the three-dimen-
sional structure of the 119D mutant (11). Interestingly, three
distances between residues located in the constriction area, d1
(between residues 42 and 119), d2 (between residues 82 and
119), and d3 (between residues 119 and 132), were lower than
those of wild-type porin: 50, 55, and 50%, respectively, with the
119D substitution and 45, 39, and 35%, respectively, with the
119E substitution. With the substitutions located at R132, no
significant modification in d1 or d2 was observed, while a
noticeable increase in d3 (110 to 127%) compared with that in
wild-type OmpF was obtained. These data suggested that 132A
and 132D, in addition to the charge modification, stretch the
channel, generating an increase of the cavity.

DISCUSSION

Various OmpF site-specific mutants were analyzed to inves-
tigate the role of charged residues located in the porin con-
striction area in the diffusion rate of hydrophilic compounds.
In 119E substitution, compared to 119D, the conservation of
negative charge is associated with a CH2 extension of the side
chain favoring a transverse hydrogen bond with R82. The pre-
vious X-ray data indicated that 119D generates only local ef-
fects (11). The crystal structure of the colicin N fragment
suggests a model for its translocation (35). The results support
the role of the L3 loop in conjunction with the colicin trans-
location domain during bacteriocin uptake through the mem-
brane. The redistribution of charged side chains due to the
hydrogen bond 119E-R82 inhibited the penetration of colicin
into the periplasm. Moreover, the presence of negatively
charged residues in the porin channel was sufficient per se to
decrease cephalosporin sensitivity. The initial rate of cefepime

FIG. 2. Cefepime diffusion through the various porins. Values are means of
three independent determinations. E. cloacae isolate 201-RevM3, which is de-
void of porins, and 201-RevM3 expressing wild-type OmpF or the 119D, 119E,
132D, or 132A mutant were used.

FIG. 3. Representation of the various porins. Molecules are viewed from the
periplasmic space, and only residues 82, 102, 119, and 132 are indicated for
clarity. d1, d2, and d3 illustrate the intervals between residues 119 to 42, 119 to
82, and 119 to 132, respectively, which are used to evaluate the induced devia-
tion.

TABLE 2. Colicin and antibiotic susceptibilities

OmpF
porin

Colicin N sensitivity
(dilution)a

MIC (mg/ml) ofb:

CFO CTX FAM FEP MOX OFX

Wild type 1025 2 0.06 0.5 0.06 0.12 0.25
119D 1021 16 0.5 4 1 4 0.25
119E Rc 16 0.5 4 1 8 0.25
132A 1025 2 0.06 0.5 0.06 1 0.25
132D 1025 2 0.06 0.5 0.06 0.25 0.25

a Maximal dilution of colicin suspension which caused cell death in the direct assay (8).
b MICs were determined in Mueller-Hinton broth. Values are means of three independent determinations. CFO, cephaloridine; CTX, cefotaxime; FAM, cefaman-

dole; FEP, cefepime; MOX, moxalactam; OFX, ofloxacin.
c R, resistant with the maximal colicin concentration used in the test.
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diffusion was seriously affected, with reductions of flux of 8- to
10-fold for 119D and 119E. Of significant importance is that
the zwitterionic cefepime will presumably form one or several
salt bridges during diffusion. Taking into account the model-
ling of mutations at position 119 and the distribution of
charges inside the channel (12, 26, 33, 36), a strong deviation of
the bulky cefepime, which is a very large molecule relative to
pore diameter (1), probably occurred through the newly ori-
entated electrostatic field.

The 132A substitution eliminated the hydrogen bond with
Y102 residue and released this position from the positively
charged cluster, while the 132D substitution preserved a hy-
drogen bond with Y102. In two cases, no significant modifica-
tion in the colicin activity was observed. These two substitu-
tions speeded up the diffusion of cefepime. The previous
studies on OmpF mutants selected for larger pore size, which
reported the modification of electrical properties of mutant
porin channels (2, 14, 29), are worth mentioning. Substitution
R42C or R132P, removing the charged side chain, had a more
cation-selective pore and a decreased critical voltage. The in-
crease of cefepime uptake with mutants 132A and 132D indi-
cated that the guanidium group of R132 plays an important
role in the cephalosporin orientation through the native eyelet.
In the case of PhoE, the substitution removing the R residue in
position 37 or 75 (equivalent to positions 42 and 82 in OmpF,
respectively), distally located to R132, increases the rate of
uptake of cephaloridine (34). However, this is a small zwitte-
rionic cephalosporin compared to cefepime used in this study
(1, 20, 21, 37).

This concept is especially important with the increasing bac-
terial resistance conferred by modification of membrane per-
meability (19). A recently isolated clinical strain of E. aerogenes
(16) producing an altered porin had characteristics similar to
those of the in vitro-designed mutants described here. In ad-
dition, Gill et al. (9) reported the existence of discrete muta-
tions in the Neisseria gonorrhoeae porin that increased the
negative charge in the putative gonococcal equivalent of E. coli
loop 3. These substitutions were associated with a noteworthy
b-lactam resistance found in clinical isolates. Recently, molec-
ular dynamic studies of the OmpF pore that focused on the
constriction zone supported an active role for the ionic envi-
ronment of the charged residues located inside the channel
(32, 33). In this context, the location of our selected substitu-
tions is essential: the effects reported here illustrate the puta-
tive role of the opposite charges in the pore eyelet as orienta-
tion-determining regions for charged compounds such as
cephalosporins.
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