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Abstract
The Escherichia coli iron transporter, FepA, has a globular N terminus that resides within a
transmembrane β-barrel formed by its C terminus. We engineered 25 cysteine substitution mutations
at different locations in FepA and modified their sulfhydryl side chains with fluorescein maleimide
in live cells. The reactivity of the Cys residues changed, sometimes dramatically, during the transport
of ferric enterobactin, the natural ligand of FepA. Patterns of Cys susceptibility reflected energy- and
TonB-dependent motion in the receptor protein. During transport, a residue on the normally buried
surface of the N-domain was labeled by fluorescein maleimide in the periplasm, providing evidence
that the transport process involves expulsion of the globular domain from the β-barrel. Porin
deficiency much reduced the fluoresceination of this site, confirming the periplasmic labeling route.
These data support the previously proposed, but never demonstrated, ball-and-chain theory of
membrane transport. Functional complementation between a separately expressed N terminus and
C-terminal β-barrel domain confirmed the feasibility of this mechanism.

FepA is a Gram-negative bacterial outer membrane (OM)6 protein that transports ferric
enterobactin (FeEnt) (1-3). The crystal structures of FepA (4) and other bacterial metal
transporters (FhuA, BtuB, and FpvA (15-17,57)), contain a C-terminal, 22-stranded β-barrel,
placing them in the porin super-family (5). Their ∼150-residue globular N termini (N-domain;
see Fig. 1) reside within their β-barrels. This architecture is potentially consistent with the
“ball-and-chain” mechanism of membrane transport, whereby the globule controls solute
(ligand) uptake by moving in and out of the channel. This process was postulated for nervous
system channels (6), but no demonstrated examples of ball-and-chain transport are known.

FepA and its relatives are unlike other porins (7,8), because they selectively adsorb metal
chelates with high affinity (3,9-14). Ligand binding causes small conformational changes that
activate them to transport competency (15-17), hence their designation “ligand-gated
porin” (LGP). The requirements for metabolic energy (18-20) and another cell envelope
protein, TonB (21-24), in LGP mediated transport are well known but unaccounted for: the
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OM has no source of energy and cannot sustain an ion gradient because of its open porin
channels (7); TonB is a minor cell envelope protein whose functions are not yet understood.

In live cells, FepA binds and transports FeEnt via sub-reactions with different dependences on
energy and TonB. (i) In the absence of ligand the receptor opens, and its flexible surface loops
extend outward (25). (ii) FeEnt binds to FepA in a biphasic reaction (26) that begins with
adsorption to aromatic amino acids in the loop extremities (27,28). Multiple determinants in
multiple loops, including L7 (25), converge on the iron complex, creating a closed
conformation that associates the negatively charged (−3), catecholate iron center with basic
and aromatic residues in the receptor's vestibule (27,29,30). At binding equilibrium FeEnt sits
atop the N-domain, poised for transport through the β-barrel. (iii) In the paralog, FhuA,
ferrichrome binding relocates a short β-strand called the TonB-box away from the β-barrel
wall, sending a signal of receptor occupancy from the cell surface to the periplasm (15,16). No
data exist on whether the same phenomenon takes place when FepA binds FeEnt, but
conformational motion also occurs in the TonB-box of BtuB when it binds cyanocobalamin
(31). These initial stages of ligand uptake are energy- and TonB-independent, because they
happen with equivalent affinity and rate in energy-sufficient or -deficient, and TonB+ or
tonB cells. (iv) In energized tonB+ cells FepA internalizes FeEnt through its transmembrane
channel into the periplasm. Transport does not occur in de-energized or tonB cells.

The function of the N-domain in transport is presently inscrutable (32). It has low affinity for
the ligand (32), and it blocks the FepA channel, necessitating a structural rearrangement to
open a pathway to the periplasm. In the ball-and-chain model the N-domain dislodges into the
periplasm, either as a globule that moves on the basis of its hinge-like connection to the β-
barrel (at residue 150), or by unfolding of its α-β structure, in both cases opening the large
(∼40-Å diameter) trans-OM channel. N-domain expulsion rationalizes ligand internalization:
if the metal complex associates with the N-domain loops, then movement of the N-domain to
the periplasm will transport FeEnt through the channel.

The Transient Pore model, on the other hand, requires conformational motion in the N-domain
while it is resident in the β-barrel, which opens a necessarily smaller pore for passage of the
metal complex. The dimensions of FeEnt indicate that such a channel must acquire a diameter
of ∼20 Å. According to this mechanism, the ligand transits the protein interior by passing
between sequential binding sites with affinity for its natural chemistry. For the acidic
siderophore FeEnt, this may happen by stepwise binding to basic residues that exist near the
top of the FepA N-domain and line its membrane channel. In this report we tested for the main
difference between these models, N-domain movement into the periplasm, by determining the
susceptibility of genetically engineered Cys residues to modification by fluorescein maleimide
(FM) during FeEnt uptake.

EXPERIMENTAL PROCEDURES
Bacterial Strains, Plasmids, Culture Conditions, and Chemicals

Bacteria were grown at 37 °C with vigorous shaking in Luria-Bertani (LB) broth (33)
containing streptomycin (100 μg/ml) and chloramphenicol (20 μg/ml). For physiological and
biochemical experiments, including fluorescence labeling studies, we subcultured the bacteria
(1%) from stationary-phase LB broth cultures into MOPS minimal medium (58) or T-medium
(2) containing the same antibiotics but without added iron. After ∼6 h the growth rate
diminished from iron deficiency. Under these conditions the expression of the inner membrane
(FepC, FepD, and FepG) and periplasmic (FepB) components of the transport system reached
maximum levels, and transport of FeEnt through the OM is the rate-limiting step in its uptake
(30,34).
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Siderophores and Colicin B
We formed iron complexes of purified enterobactin (28) and TRENCAM (a gift from Dick
van der Helm) by dissolving the siderophores in methanol, incubating them with an equimolar
amount of freshly prepared FeSO4 in water, or 59FeCl3 (Amersham Biosciences) in dilute HCl.
After 1 h at 25°C we adjusted the pH to 6.9 with NaHPO4, chromatographically purified the
ferric siderophores over Sephadex LH20 in 5 mM NaHPO4, and spectrophotometrically
determined their concentrations from their extinction maxima (5.6 mM

−1) at 495 nm. We
purified colicins B and D from cultures of Escherichia coli strains DM1187/pCLB1 (26) and
CA23, respectively.

Site-directed Deletion Mutagenesis
We genetically engineered in-frame chromosomal deletion mutants in E. coli K-12 strain
BN1071 (35) by allelic replacement (36). After verification of OKN1 (ΔtonB), OKN2
(ΔfecA), OKN3 (ΔfepA), OKN5 (Δcir), OKN7 (ΔfhuA), OKN9 (Δfiu), and OKN13 (ΔtonB and
ΔfepA) by PCR reactions from chromosomal DNA and SDS-PAGE analysis of their cell
envelopes (Fig. 1), we transformed OKN3 and OKN13 with plasmids of interest and confirmed
their expected phenotypes by measurement of FeEnt and Fc transport, and colicin and
bacteriophage susceptibility (30). We constructed OKN7 by P1 transduction of the ΔfhuA
marker in strain MB97 (37), which was a gift from V. Braun.

Site-directed Cys Substitution Mutagenesis
We engineered mutations on pITS23 (25,38), a derivative of the low copy vector pHSG575
(39) carrying fepA under its natural promoter. Using QuikChange (Stratagene) we generated
site-directed Cys substitution mutations in fepA on pITS23 for the following residues: Ile-14,
Ala-33, Gly-54, Ser-92, Thr-107, Thr-216, Ser-254, Ala-261, Ser-271, Gly-300, Ala-322,
Thr-367, Ala-383, Ser-411, Ser-470, Ser-482, Ser-507, Thr-550, Gly-565, Ser-569, Thr-585,
Ser-600, Thr-609, Thr-666, and Ala-698. After verification by DNA sequence analysis
(McLab, San Francisco, CA), we evaluated the colicin B and D sensitivity, ability to transport
FeEnt, and the expression of the mutant FepA proteins (30): their phenotypes were
indistinguishable from wild-type FepA.

Membrane Separations
Bacterial cells, grown to late-exponential phase in MOPS minimal media, were collected by
centrifugation, suspended in either 0.01 M HEPES, pH 7.4, or 0.01 M Tris-Cl, pH 7.4, 0.9%
NaCl (Tris-buffered saline (TBS)), chilled on ice, and lysed by passage through a French
pressure cell at 14,000 p.s.i. The OM and inner membrane (IM) fragments formed by French
press lysis (40) were either fractionated by sucrose gradient centrifugation (41) or subjected
to differential extraction with sodium sarkosinate (42).

SDS-PAGE, Western Immunoblots, and Expression Measurements
For SDS-PAGE, samples were suspended in SDS-containing sample buffer plus 3% β-
mercaptoethanol, boiled for 5 min, and electrophoresed (30,43) at room temperature. For
Western immunoblots, proteins were transferred to nitrocellu-lose paper, the paper was blocked
with 50 mM Tris chloride (pH 7.5), 0.5 M NaCl (TBS) plus 1% gelatin, incubated with mouse
anti-FepA monoclonal antibody 45 (0.5% (44)) in TBS plus 1% gelatin for 3 h, and developed
with 125I-protein A (30).

For determinations of protein expression levels, 5 × 108 bacteria were collected by
centrifugation, resuspended in 150 μl of SDS-PAGE sample buffer, boiled for 5 min, briefly
centrifuged to remove debris, and 108 cells were subjected to SDS-PAGE and Western
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immunoblot. After overnight exposure on an imaging screen, radioactivity was quantitated on
the STORM-SCAN PhosphorImager.

Fluorescence Labeling
For covalent modification of Cys residues in live cells, after overnight growth in LB broth the
bacteria were subcultured in MOPS minimal media and shaken at 37 °C until they reached
mid-log phase (4–5 × 108 cells/ml; ∼5 h). The cells were collected by centrifugation, washed
twice by suspension in TBS (pH 7.4, 0 °C) and centrifugation, and then resuspended in TBS
(pH 7.2, 0 °C) containing glucose (0.4%), with or without FeEnt (0.0001–200 μM) or sodium
azide (10 mM), as the experiments warranted. FM was prepared by dissolution in dimethyl
formamide; its concentration was spectrophotometrically determined (∊493 nm = 81,500 M

−1)
after dilution into 10 mM Tris-Cl, pH 8. FM was added to 5–20 μM, for 1–15 min at 37 °C in
the dark. The reactions were quenched by the addition of cysteine (to 1 mM), and the bacteria
were washed three times with 1 ml of ice-cold TBS, resuspended in ice-cold TBS, quantitated
by visible spectrophotometry at 600 nm, and lysed by boiling in SDS-PAGE sample buffer.
Lysates were subjected to SDS-PAGE, and the gels were analyzed by direct fluorescence
imagery.

Fluorescence Imagery
Immediately following resolution of cell lysate proteins by SDS-PAGE, the slab gels were
rinsed with water and transferred to a STORMSCAN PhosphorImager and scanned for
fluorescence emissions, and the resultant images were analyzed by ImageQuant 5.2 (Molecular
Dynamics). FepA (cysteine-substituted) was the primary protein that FM labeled in the outer
membranes, but other proteins in the lysates were also consistently modified. The intensity of
FepA Cys mutant fluoresceination was quantitated relative to the total labeling that was
observed for all other proteins in the cell lysate.

Disulfide Bonds between the N-domain and the β-Barrel
Bacteria were cultured in LB broth and subcultured in nutrient broth containing β-
mercaptoethanol, dithiothreitol, or oxidized dithiothreitol at the indicated concentrations. After
3.5 h aliquots of bacteria were collected by centrifugation, lysed, and analyzed by SDS-PAGE
and Western immunoblot with anti-FepA monoclonal antibody 45, or subjected to siderophore
nutrition tests.

Complementation Assays
E. coli strain OKN3, which carries a precise deletion of the fepA structural gene (see “Results”),
was individually transformed with plasmids expressing the N-domain (pFepN) and empty β-
barrel (pFepβ) of FepA and with both plasmids (pFepNpFepβ). We verified the expression of
the individual domains by Western immunoblot and then determined the functionality of the
two protein domains when expressed singly or together, by measuring susceptibility to colicin
B and D, and by FeEnt uptake.

RESULTS
Precise Deletions of OM Receptor Proteins

Because of potential complementation between chromosomal fragments of ferric siderophore
receptor genes and mutant receptor genes on plasmids (45), we genetically engineered (36) an
isogenic series of bacterial strains containing precise deletions of tonB, fepA, fepA, cir, fhuA,
and fiu in BN1071 (F−trp, entA−). After transformation of OKN3 (ΔfepA) with pITS23
(fepA+ (38)), and OKN7 (ΔfhuA) with pITS11 (fhuA+ (38)), we tested all the strains for their
susceptibility to bacteriocins B, D, and M, bacteriophages T5 and H87, and for their ability to
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bind and transport ferric enterobactin and ferrichrome. The resistance of the hosts strains to
the colicins and phage showed the absence of FepA and FhuA, and the complementation of
the engineered deletion strains to sensitivity by fepA+ and fhuA+ alleles on pHSG575 verified
this conclusion. Similarly, OKN3 and OKN7 were unable to transport ferric enterobactin and
ferrichrome, respectively, whereas the thermodynamic and kinetic parameters of OKN3/
pITS23 and OKN7/pITS11 were identical to those of wild-type FepA and wild-type FhuA in
KDF541 harboring the same plasmids, and in BN1071, which expresses the wild-type proteins
from the chromosome (25,27,28,30,38). Lastly, fluorescence spectroscopic measurements of
FeEnt uptake in FM-modified OKN3/FepAS271C (Fig. 1) were indistinguishable from those
observed in KDF541 (47). Thus, when harboring plasmids that encode the wild-type fepA and
fhuA genes, host strains with precise deletions of siderophore receptor genes behaved
identically to previously isolated spontaneous fepA and fhuA mutants (48).

Besides the site-directed deletions of individual siderophore receptor genes in BN1071
(ΔfepA, ΔfhuA, ΔybiL (Δfiu), ΔfecA, and Δcir; Fig. 1), we constructed a derivative with an
exact deletion of tonB (OKN1), another that carried inactivating transposon cassettes in
ompF and ompC (from HN705 (49)) and several multiple combinations of these mutations
(Fig. 1).

Modification of Genetically Engineered Cys Residues by FM
After generating 25 Cys substitutions, we confirmed the functionality of the mutant FepA
proteins in activity assays. All the Cys mutant derivatives of FepA transported FeEnt like the
wild-type parent protein in siderophore nutrition tests and conferred normal susceptibility to
colicin B. The mutant proteins, under control of the wild-type FepA promoter, were expressed
at wild-type levels (Fig. 2). Hence, in general, the introduction of a single, unpaired cysteine
did not impair the physiological functions of the outer membrane protein. We surveyed the
sulfhydryl side chains for their accessibility to FM (Fig. 2). When exposed for 15 min at 37 °
C, with or without FeEnt, several residues were differentially reactive. The fluorophore
strongly labeled engineered Cys residues in surface loops (at positions 216, 271, 322, 383, 482,
and 550), reacted at lower levels with sulfhydryls in the periplasm (residues 14, 33, 300, and
666), and importantly, modified a Cys residue in the protein interior on the surface of the N-
domain (residue 54). The intensity of labeling at some of these sites changed in response to
the binding and transport of FeEnt (residues 14, 54, 322, 383, and 550), reiterating the receptor's
dynamic response to interactions with its ligand. It was of interest that FM labeled residue
G54C, buried in the receptor's interior on the surface of the N-domain, but did not label
contiguous residues on the wall of the β-barrel (G565C, S569C, and T585C). The modification
of G54C was weaker than that of surface residues but, nevertheless, distinct and reproducible.

Cellular Distribution of Fluoresceinated Proteins
When live E. coli was exposed to FM, besides the Cys substitution mutants of FepA many
other cellular proteins were weakly modified by the reagent, and about seven proteins were
reproducibly labeled at higher levels (Fig. 3). The extent of labeling of other proteins depended
on two factors: the external concentration of FM and the duration of the labeling reaction.
Results on the concentration and time dependence of fluoresceination (data not shown) led us
to employ FM at 5 μM, for 15 min at 37 °C in TBS, pH 7.2, as standard conditions. This protocol
yielded specific labeling of the FepA Cys mutants (i.e. without modification of wild-type FepA)
and background labeling of other proteins at moderate levels. The intensity of Cys reactivity
at different sites in FepA was as high as 45% of total cellular labeling (S216C (Fig. 2)). A
residue of prior interest, S271C (47), was consistently labeled at a level of 26% of total cellular
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labeling, in the presence or absence of FeEnt, and we used the extent of S271C fluoresceination
as a control standard to which we compared the labeling at other sites.

G54C was one residue whose susceptibility to FM changed during the binding and transport
of FeEnt, and we characterized the overall pattern of its fluorescent modification in bacteria
expressing FepA with this substitution mutation. Fractionation of fluoresceinated OKN3/
pFepAG54C showed the bulk of the FepAG54C-FM in the OM (∼90%) and a small amount
of unprocessed, pre-FepAG54C in the IM (Fig. 3). In addition, among the approximately seven
other cellular proteins that FM reacted with (seen in cell lysates, Fig. 3, lane 13), four or five
resided in the periplasm/cytoplasm (Fig. 3, bands 2, 3, 4, 6, and 7; the fractionation procedure
did not differentiate between the two compartments, which were collected together as the
supernatant from centrifugation of the cell lysate), one derived from the IM (band 5), and one
inhabited the OM (band 1). Despite these side reactions, residue G54C in FepA, which was
one of most weakly labeled sites that we considered (at levels between 5 and 9% of total cellular
labeling; Figs. 2, 4, and 5), was still the predominant OM target that FM reacted with,
constituting >90% of the total fluorescence of the OM fraction (Fig. 3). Thus the covalent
modification protocol was nearly exclusive for FepA in the OM but allowed reactions with
other proteins in both the periplasm and inner membrane.

Differential Accessibility of G54C during FeEnt Binding and Transport
From the initial data we selected six Cys substitutions in different locations for further study:
I14C, G54C, S271C, G300C, G565C, and T585C (Fig. 4B). When exposed to FM under
physiologically relevant conditions (for 15 min at 37 °C, with or without FeEnt, in tonB+ or
tonB cells, in the absence or presence of NaN3), the FM-labeling patterns at these sites
documented conformational changes that occur during FeEnt transport, as follows. (a) FM did
not label wild-type FepA under any conditions, but it labeled S271C (in L3) in all conditions,
whether FeEnt was present or absent, and whether the bacteria were energy deficient, sufficient,
tonB, or tonB+. (b) In tonB+ or tonB cells, in the absence of FeEnt, FM reacted with G54C,
located on the surface of the N-domain, approximately midway through the OM bilayer. The
reactivity of this site in the absence of FeEnt may reflect the fact that FepA adopts an open
conformation in vivo (25), allowing FM to encounter G54C from the exterior (see also below).
(c) In tonB bacteria, in the presence of FeEnt, FM did not react with G54C. TonB-deficient
cells bind but do not transport FeEnt, and binding of the ferric siderophore converts FepA to
a closed conformation (25) with restricted access to the receptor's interior from either the
exterior or the periplasm. (d) In energized, tonB+ cells, in the presence of FeEnt, G54C was
labeled. These cells bound and transported FeEnt, and the labeling of G54C under transport
conditions showed that during FeEnt uptake the N-domain surface regained its accessibility to
FM. It was unlikely that FM reacted with G54C from the exterior in the presence of FeEnt (10
μM; ∼105-fold excess over Kd (0.2 nM)), because the ligand preferentially occupies the receptor
and excludes the fluor (see also below). If so, then FM gained access to G54C from the
periplasmic space when FepA underwent motion associated with transport. Consistent with
this interpretation, inhibition of energy metabolism by NaN3 (panel B, center), and hence FeEnt
uptake, eliminated the fluoresceination of G54C. These data suggested that FM penetrated the
OM and labeled G54C from the periplasm. Although both models rationalize increased
accessibility of G54C from the periplasm during transport, other experiments provided more
insight. (e) In tonB+ or tonB cells, FM modified I14C, but more strongly in the presence of
FeEnt. These data confirmed that FM reached the periplasm, where it was sufficiently
concentrated to label I14C at the rim of the FepA β-barrel. It also weakly labeled A33C, G300C,
and T666C (Figs. 1 and 2), all of which reside at the periplasmic interface. FeEnt binding and/
or transport improved the susceptibility of both I14C and G300C, probably because ligand
binding relocates the TonB-box away from the β-barrel wall, as it does in other LGP (15-17).
(f) To test the possibility that FM entered the interior of FepA when a pathway to the periplasm
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formed during uptake, we monitored its reactivity with G565, S569C, and T585C on the interior
surface of the β-barrel, in direct apposition to G54C. In all strains and circumstances, FM did
not react with these three residues, showing that it does not gain access to G54C by entering
the β-barrel. The labeling of G54C, but not G565C, S569C, or T585C, argued against the
Transient Pore hypothesis, and supported the alternative, ball-and-chain model.

So, in various conditions and genetic backgrounds, FM differentially labeled Cys at positions
14 and 54. Residue G54C was susceptible when FepA was unoccupied, and the occupancy of
its binding site by FeEnt (seen in tonB cells) protected G54C from modification. When the
metal complex passed through FepA, G54C regained accessibility to FM, and the resulting
labeling reaction had the same tonB and energy dependence as transport itself, suggesting that
FM modified G54C when FepA underwent motion associated with transport. The
fluoresceination of I14C showed the presence of FM in the periplasm, where it may gain access
to G54C either when a channel opens to the receptor's interior or when the N-domain extrudes
into the periplasm. However, the lack of FM reactivity with G565C, S569C, and T585C, close
to G54C in the protein's interior, argued against the former explanation, which is the central
postulate of the Transient Pore mechanism.

Effect of a Disulfide Bond between I14C and G300C
The formation of a disulfide bond between I14C and G300C blocked the transport of FeEnt
(Fig. 4C), and reduction of the same disulfide restored the ability of FepA to transport the
ligand. When we also introduced G54C into the I14C/G300C background, FepA was similarly
dysfunctional in transport, and reduction with β-mercaptoethanol restored the FeEnt transport
ability of I14C/G54C/G300C. FM labeled this mutant at a reduced level that was unaffected
by the presence of FeEnt. Hence restraint of the N-domain inside the barrel decreased
fluoresceination of G54C below the level that was seen during transport.

Concentration Dependence of FeEnt Inhibition of FM Labeling
To interpret the fluoresceination of G54C in terms of the FepA transport mechanism, we
determined the pathway by which FM accessed the Cys sulfhydryl. Although thermodynamic
arguments made it likely that FeEnt occupied and blocked the receptor vestibule, it was still
conceivable that FM reacted with G54C from the exterior even during FeEnt transport,
especially because the surface loops of the receptor undergo conformational changes during
ligand internalization (25,47,50). For insight into these alternatives, we studied the
concentration dependence of FeEnt-mediated inhibition of ligand uptake. First, the competitive
inhibition of 59FeTrn uptake and colicin B killing (Fig. 5) by FeEnt verified the ability of the
ferric siderophore to occupy the receptor binding site and exclude other molecules. Both FeTrn
and colicin B themselves adsorb to FepA with high affinity (Kd = 10−8 M (28) and 10−7 M

(26), respectively), but FeEnt effectively inhibited 59FeTrn uptake and ColB-mediated killing
(Table 1; IC50 values of 8 nM and 90 nM, respectively (Fig. 5A)). So, even at nanomolar levels,
FeEnt excluded the other molecules from binding and transport interactions with FepA,
strongly suggesting that it blocks the access of FM to G54C from the exterior at equivalent or
higher concentrations.

We next characterized the ability of FM to penetrate the OM and react in the periplasm, by
comparing modification of FepAS271C (on the cell surface) and FepAI14C (in the periplasm)
in porin-containing E. coli strain (OKN3: ompF+ and ompC+) and porin-deficient cells
(OKN3FC: ompF and ompC). S271C consistently reacted with FM to an extent that represented
26% of the total cellular labeling, and this level was unaffected by FeEnt or porin deficiency
(in OKN3: 25.7%; in OKN3FC: 25.9% (Fig. 5A)). Even high concentrations of the ferric
siderophore (200 μM) failed to impair the fluoresceination of the S271C sulfhydryl, which
resides in the extremity of L3. Conversely, both FeEnt and porin deficiency affected the
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labeling of I14C. As previously seen (Figs. 1 and 2), FeEnt binding and transport enhanced
the modification of I14C. 10 nM FeEnt was the threshold for this effect: below this concentration
FM modified I14C at a low level (∼18% of that observed for S271C); above it the modification
increased 3-fold (to ∼60% of S271C, or 16% of total cellular labeling (Fig. 5A)). Secondly,
whether or not FeEnt was present, reduction of diffusional solute uptake into the periplasm by
elimination of the general porins OmpF and OmpC caused a 70% decrease in the labeling of
I14C. These data showed that significant amounts of FM entered the periplasm by transit
through OmpF/C, that the general porin pathway was the major route for entry of the extrinsic
fluorophore into the cell, and that in the absence of OmpF and OmpC sufficient reagent still
reached the periplasm by other routes to sustain a 30% residual level of fluoresceination.

Lastly, we characterized the effects of FeEnt on the labeling of FepAG54C in wild-type, TonB-
and OmpF/C-deficient bacteria. In tonB cells (OKN13/pFepAG54C) low concentrations of
FeEnt inhibited, and high concentrations abrogated fluoresceination of G54C. The threshold
again occurred at 10 nM, 100 nM FeEnt caused a 50% reduction, and above 1 μM the inhibition
of labeling was complete (Fig. 5B). These inhibition data concurred qualitatively and
quantitatively with the competitive effects of FeEnt on ColB killing and 59FeTrn uptake (Table
1), reiterating that at concentrations exceeding 10 μM FeEnt occupies the receptor protein,
excluding its reception of other molecules. In tonB+ cells, on the other hand, the effects of
FeEnt were different: OKN3/pfepAG54C bound and transported the ferric siderophore. In the
presence of FM, as [FeEnt] rose above 10 nM the fluoresceination of G54C declined (with a
consistent IC50 (Table 1)), but at ∼1 μM the FM-labeling level stabilized and did not further
decrease, despite higher concentrations of the ligand. Even 200 μM FeEnt, 106-fold above
Km, did not eliminate this residual reaction of FM with G54C. Fluoresceination still occurred,
at a level that was ∼50% of that observed without FeEnt. Thus in the presence of sufficient
FeEnt to block fluoresceination from the exterior, half of the labeling of G54C persevered in
transport active, tonB+ cells.

The results suggested two labeling processes for G54C: one from the outside that was
susceptible to, and one from the periplasm that was resistant to inhibition by FeEnt binding or
transport. Experiments with the porin-deficient host strain confirmed this inference. In the
absence of FeEnt FM labeled OKN3/pFepAG54C at a level that was 32% of OKN3/
pFepAS271C (Fig. 5, A and C); porin deficiency (in OKN3FC) caused a 30% reduction in
labeling of G54C in these conditions, indicating that most of the fluoresceination came from
the external pathway (see “Discussion”). In the presence of saturating FeEnt, on the other hand,
porin deficiency caused a 60% reduction in labeling of G54C, indicating that most of the
fluoresceination came from the internal pathway. So, at 200 μM FeEnt, the majority of the
residual FM labeling of G54C came from the periplasm. In these conditions residue G54C
behaved like I14C, the periplasmic control site. Thus in the presence of saturating FeEnt, G54C
was primarily labeled from the periplasmic side of the OM bilayer.

Rescue Experiments: Complementation of Fepβ by FepN
The fluorescence data suggested expulsion of the N-domain from the C-domain during
transport, which implies that, for ongoing transport to occur, the N terminus must re-assemble
within the empty β-barrel. We tested this expectation by separately expressing the cloned N-
and C-domains in OKN3. The co-expression of these partial genes in OKN3/pFepNpFepβ
created significant physiological stress for the bacteria, initially decreasing their doubling time
in LB broth to 10 h (relative to 35 min for OKN3/pITS23). However, after 8 h in LB broth
(density of 2 × 108 cells/ml), the culture shifted to faster growth (doubling time = 75 min) until
it logged out (Fig. 6). OKN3/pFepNpFepβ was resistant to colicins B and D during the first,
slow growth phase, but sensitive to the toxins during the second, rapid phase (Table 2). The
data showed the rescue of Fepβ, which was itself resistant to colicin B in all conditions, by the
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co-expression of FepN, which presumably entered within the empty channel, allowing
recognition and reception of colicin B. We did not observe FeEnt transport by the hybrid, re-
assembled protein.

DISCUSSION
The differential labeling of engineered Cys sulfhydryl groups by FM reflected their chemical
accessibility in vivo. These data defined distinct structural states in FepA during its transport
reaction. Fluoresceination of some sites in FepA was energy-and TonB-dependent, illustrating
the ability of the technique to characterize events that occur during transport. Furthermore,
analysis of multiple sites in strains with altered permeability explained the labeling patterns:
FM reacted with sites on the cell surface but also traversed general porin channels and modified
residues in the periplasm. Its mass, 427 Da, is near the limit of general porin permeability but
still consistent with transit through OmpF/C (41,51). In an ompF, ompC strain, fluoresceination
of the periplasmic residue I14C decreased 70%. This result verified the uptake pathway and
demonstrated that FM reaches sufficient concentrations to modify sulfhydryls in the periplasm.

The differential modification of I14C reiterated the analytical utility of the labeling method.
In the absence of FeEnt, interactions between the TonB-box and the β-barrel wall restricted
access to I14C, but its susceptibility increased when FepA bound or transported FeEnt. These
results fulfill the expectation of structural rearrangements in the TonB-box during FeEnt
binding/transport. Similar motion occurs in FhuA (15,16) and BtuB (17,52) but was not seen
in the FepA crystal structure (4) or by other methods. Thus in vivo, non-covalent bonds between
the N-domain and the channel impair the reaction of FM with the I14C sulfhydryl, suggesting
that they are strong enough to stabilize pore closure in the absence of ligand (53). When FeEnt
binds, it releases this interaction, preparing the transporter for ligand internalization and
coincidentally freeing I14C for reactivity with FM.

The unexpected reactivity of G54C led us to define the pathway by which FM encountered it.
Experiments in a tonB strain, which does not transport ligands, were informative. In the absence
of FeEnt, FM labeled G54C, and the presence of FeEnt blocked its modification, suggesting
that the fluorophore accesses G54C from the exterior and that FeEnt in the binding site hinders
this pathway. However, labeling of G54C during FeEnt transport implied access from the
periplasmic route, and analysis of cell surface and periplasmic control residues in porin-
containing and porin-deficient strains (especially the 70% reduction in modification of I14C
in OKN3FC) confirmed this second pathway. In the absence of FeEnt, the OKN3FC
background decreased modification of G54C by 30%, suggesting that in cells with a normal
OM, 43% (30%/0.7) of labeling came from the periplasmic pathway and 57% from the exterior.
But, in a transport-competent strain (OKN3; tonB+) saturating FeEnt inhibited 50% of G54C
labeling, and porin deficiency eliminated 60% of the residual reactivity. Thus, during FeEnt
transport 86% of the modification activity (60%/0.7) came from the periplasmic route: G54C
was primarily labeled by periplasmic FM.

The activity of FM in the periplasm potentially discriminates between the Transient Pore and
ball-and-chain mechanisms. Although it modified G54C during FeEnt transport, FM failed to
label G565C, S569C, and T585C, a few angstroms away on the interior wall of the β-barrel.
This result infers that the fluor does not enter the channel to react with G54C. These labeling
data are consistent, nevertheless, with the alternative explanation: extrusion of the N-domain
into the periplasm. The only potential caveat to this chain of evidence is the possibility that
inaccessibility of G565C, S569C, and T585C arises from unforeseen conformational or steric
factors within the β-barrel, which preclude their reaction with FM.
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Besides the conclusions from accessibility of FepA to labeling, our experiments found
additional grounds for the ball-and-chain mechanism. Elimination of transport and reduction
in G54C labeling by disulfide bond formation between the N-domain, and the β-barrel is
consistent with the ball-and-chain model. Comparable studies with FhuA reduced but did not
block ferrichrome uptake, but the engineered disulfide bonds in that system formed less
efficiently (54) than I14C/G300C in FepA. Finally, complementation of the empty channel by
a separately expressed N terminus fulfills the model's expectation that the globular domain
must repeatedly insert into the β-barrel. The functionality of the fragmented, self-assembled
FepA protein, even at a fraction of wild-type levels, demonstrates the feasibility of this re-
assembly reaction. The single-hit mechanism of colicin action (i.e. a single molecule may kill
a bacterial cell) makes colicin killing the most sensitive measure of FepA function. In the
conditions we employed, the E. coli OM contains ∼50,000 FepA proteins (28,30,38); thus the
4% level of activity from co-expression of the two domains indicates that ∼2000 copies of the
N and C fragments successfully assembled in each cell. We did not see FeEnt uptake by the
hybrid FepA protein, but this is not surprising because of the low level of re-assembly and
probable low efficiency of transport by such a fragmented protein. Nevertheless, its ability to
confer colicin sensitivity verified the functional reconstitution of the hybrid protein.
Conversely, OKN3/pFepβ was colicin-resistant. Similar complementation was previously
observed in the FhuA system (37), illustrating the general ability of LGP N-domains to insert
into their β-barrels.

Despite the overall organization of FepA tertiary structure in ball-and-chain architecture, the
potential removal of its globular domain from the channel during solute internalization faces
an energetic barrier posed by potential hydrogen and ionic bonds between the N-domain and
β-barrel. Two points are relevant here. The surface of the N-domain is hydrophilic, and the
formation of new H-bonds, to other residues or to water in the periplasmic space, may
compensate the energetic costs of breaking H-bonds to residues on the barrel wall. Secondly,
a scaffold of ionic bonds in the protein interior may control N-domain motion in and out of the
barrel. Charge attractions stabilize the N terminus within the pore, whereas charge repulsions
(created by pH changes in the protein interior) may provide a force for its expulsion (53). Thus
the N-domain may act as a door, hinged to the barrel and held in place by non-covalent bonds,
until other forces supersede them and expel the globule, simultaneously transporting the ligand
through the pore. Direct interactions with TonB, as seen in its co-crystallization with BtuB and
FhuA (55,56), represents a second potential trigger to initiate exit of the N-domain and ligand
internalization.
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FIGURE 1.
A, outer membranes of E. coli strains with site-directed deletions of siderophore receptor
proteins. We genetically engineered (36) E. coli K12 strain BN1071 (entA (35)) to introduce
individual deletions of tonB, fecA, fepA, cir, fhuA, and ybiL (strains OKN1, -2, -3, -5, -7, and
-9, respectively). In addition, we transduced the defective ompF::Kn and ompC::Tc genes from
HN705 (49) into OKN3 (OKN3FC) and generated multiple combinations of the individual
deletions (OKN35: ΔfepA, Δcir; OKN357: ΔfepA, Δcir, ΔfhuA; OKN359: ΔfepA, Δcir,
ΔybiL; and OKN2357: ΔfecA, ΔfepA, Δcir, ΔfhuA). Sarkosyl-extracted OM fractions of
selected strains, which were grown in MOPS media, show the identity of the siderophore
receptor proteins and their absence in the mutant bacteria. B and C, 59FeEnt binding and
transport by OKN3/pITS23. After transformation of OKN3 with pITS23 (fepA+, ○), we
determined its ability to bind (B) and transport (C) 59FeEnt, relative to BN1071 (chromosomal
fepA+, ◇) and KDF541/pITS23 ((38), Δ). The latter host strain (48) carries a spontaneous
deletion of the C-terminal 381 amino acids of FepA (45). D, fluorescence spectroscopic
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measurements of FeEnt uptake. After modification with FM, we compared FeEnt uptake
(47) by OKN3/pFepAS271C (thin line) and KDF541/pFepAS271C (heavy line; data from Ref.
47). The fluorescence spectroscopic kinetic curves were superimposable. The KDF541 plot is
an average of three trials, whereas that of OKN3 is from a single experiment. See Ref. 47 for
further details. The table shows a summary of 59FeEnt binding and transport by host strains.
Aside from higher expression levels conferred by the plasmid systems, the thermodynamic and
kinetic parameters of chromosomal- and plasmid-derived FeEnt transport systems (Kd and
Km (nM), capacity (pmol/109 cells), Vmax (pmol/109 cells/min), kcat (expressed as turnover
number, molecules transported/receptor/min)) were equivalent in the three strains.
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FIGURE 2. FM labeling of genetically engineered Cys residues in FepA
A, the N-domain is yellow, the C-domain is white, and the TonB-box (amino acids 11–17) is
cyan. Left, the positions of 25 Cys substitutions of interest for fluoresceination are shown in
space-filling format on a backbone representation of FepA tertiary structure. Reactive residues
are colored dark green, green, and light green in relation to the intensity of their
fluoresceination, as determined in B and C, below. Unreactive Cys substitutions are red. The
inset shows a magnification of the region near residues G54C on the N-domain surface,
opposite G565C, S569C, and T585C, whose side chains project inward from the wall of the
β-barrel. Center and right, the space-filling models show the apparent accessibility, from x-
ray data (4), of Cys substitutions to extrinsic fluors from the cell surface and periplasm,
respectively, and the relative sizes of FeEnt and fluorescein. B and C, expression and FM
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modification of FepA Cys substitution mutants. B (top panel), when visualized by anti-FepA
(monoclonal antibody 45 (44)) immunoblots, developed with [125I]protein A (30), the
expression of wild-type (WT) and mutant FepA proteins (enumerated) was invariant.
Conversely, fluorescence scans of lysates from cells expressing single Cys mutants showed
that FM differentially labeled the various sulfhydryl groups in the absence (center panel) or
presence (bottom panel) of FeEnt. C, quantitation of imaging data from electropherograms of
SDS-PAGE gels. The bar graph depicts the intensities of Cys residue labeling (as a percentage
of total cellular labeling; mean of two experiments) and the standard error of the means (vertical
bars) in the absence (white) or presence (red) of FeEnt.
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FIGURE 3. Fractionation of fluoresceinated bacteria
OKN3 (fepA) harboring pITS23 (fepA+; lanes 1, 4, 7, and 10) or pFepAG54C (lanes 2, 5, 8,
and 11) and OKN13 (fepA, tonB)/pITS23 (lanes 3, 6, 9, and 12) were grown in MOPS media
to late log, pelleted by centrifugation and lysed in a French press. Their cytoplasm/periplasm
(cyto/peri), IM and OM fractions were collected, resolved by SDS-PAGE, scanned for
fluorescence (right panel), and the same gel was then stained with Coomassie Blue (left
panel). The molecular weights of the outer membrane proteins Fiu (83 kDa), FepA (81 kDa),
CirA (74 kDa), OmpF/C (36 kDa), and OmpA (denatured (33 kDa) and native 28 kDa)) are
shown (respectively, top to bottom). Lane 13 shows a fluoresceinated lysate of OKN3/
pFepAG54C, without any fractionation.

Ma et al. Page 17

J Biol Chem. Author manuscript; available in PMC 2008 May 29.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



FIGURE 4. FM labeling experiments
A, potential mechanisms. According to the Transient Pore postulate, fluors must enter FepA
to react with the N-domain; in the ball-and-chain hypothesis, fluors may label the N-domain
in the periplasm when either portions of (left), or the complete N-domain, dislodge from the
channel. B, FM labeling of Cys substitution mutants. Wild-type FepA and its Cys mutant
derivatives were exposed to FM in tonB+ (OKN3) and tonB (OKN13) bacteria, in the absence
or presence of FeEnt (5 μM), and the absence or presence of NaN3 (10 mM). Cell lysates from
the bacteria were resolved on SDS-PAGE gels, and the extent of fluorescence labeling was
observed on the Storm Scan imager. Wild-type FepA (expression levels revealed by anti-FepA
immunoblot, visualized with [125I]protein A, top left) was not labeled by FM (direct
fluorescence scan, top center), whereas Cys substitution mutants (direct fluorescence scans)
were modified. The reactivities of S271C, G54C and I14C were compared under various
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conditions, including the presence of NaN3 (10 mM). G54C was labeled during FeEnt uptake,
but not when uptake was blocked by the absence of TonB or the presence of the poison (see
text). These data were in contrast to G565C and T585C, which were not labeled, even though
they reside on the interior surface of the β-barrel, close to residue 54. FepA and its mutants
were consistently well expressed in the experiments (top left and data not shown). C, disulfide-
bond formation between I14C and G300C. Genetically engineered Cys substitutions I14C and
G300C formed a disulfide bond in vivo (left, visualized with anti-FepA antisera and [125I]
protein A) that prevented transport of ferric enterobactin (panel B, center). If cells expressing
I14CG300C, or the triple mutant I14C/G54C/G300C, were exposed to β-mercaptoethanol (5
mM) or dithiothreitol (10 mM), the disulfide was reduced, and the bacteria recovered their ability
to transport FeEnt. The asterisk shows the results of treatment with oxidized dithiothreitol (10
mM).
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FIGURE 5. Concentration dependence of FeEnt effects on FM labeling of G54C
A, 5 × 108 cells of OKN3 (tonB+, ompF+, ompC+; black symbols) or OKN3FC (tonB+, ompF,
ompC; gray symbols) harboring pFepAS271C (triangles) or pFepAI14C (inverted triangles)
were exposed to FM (5 μM) in the presence of the noted concentrations of FeEnt for 15 min at
37 °C. The cells were collected by centrifugation, lysates of 108 bacteria were analyzed by
SDS-PAGE, and the fluorescence of the FM-labeled FepA proteins was quantitated relative to
the total labeling of all proteins in the cell lysate. The fluoresceination of surface residue S271C
(mean of three trials) occurred at 26% of total cell labeling and was independent of host strain
and [FeEnt]. The fluoresceination of periplasmic I14C (mean of three trials; expressed as
percentage of S271C-FM) varied with host strain (presence or absence of OmpF and OmpC)
and [FeEnt]. B, raw data from single experiments on the effect of [FeEnt] on FM labeling of
S271C and I14C. Panel A also shows the concentration dependence of FeEnt inhibition of ColB
killing (□) and 59FeTrn uptake (○), with fitted curves calculated by the IC50 algorithm of Grafit
5.013. C, 5 × 108 cells of OKN3 (black symbols), OKN3FC (gray symbols), and OKN13
(tonB, ompF+, ompC+; open symbols) carrying pFepAG54C were exposed to FM and analyzed
for fluorescence as above. The labeling of FepAG54C was quantitated relative to total
fluorescence in the lysate and normalized as a percentage of S271C-FM in the same host
background. The figure shows the mean values for OKN3 (four trials), OKN3FC (three trials)
and OKN13 (four trials) with fitted curves from the IC50 algorithm of Grafit 5.013. D, raw data
from single experiments on the effect of [FeEnt] on FM labeling of FepAG54C in OKN3 and
OKN13. In A and C, vertical bars on the data points represent the standard errors of the means.
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FIGURE 6. Expression of FepA, FepN, and Fep β in OKN3
Left, growth in LB broth and MOPS minimal media. Top, OKN3 harboring pITS23
(squares) or pFepNpFepβ (circles) was inoculated into LB broth at 37 °C and shaken at 250
rpm. When expressing wild-type FepA, it grew without a lag and had a doubling time of 35
min; when separately synthesizing the N- and C-domains of FepA, OKN3 showed a first phase
with doubling time of ∼10 h, and a second phase with doubling time of 75 min. Bottom, if
subcultured from the first phase of LB growth into MOPS media (at the filled arrow), OKN3/
pFepNpFepβ did not grow (filled circles), but when subcultured from the second phase (unfilled
arrow), it had a doubling time of 3 h (open circles), only slightly slower than that of OKN3/
pITS23 (2 h, open squares). Right, expression of FepA, FepN, and Fepβ (lane 5) in OKN3.
After growth in LB or MOPS media for 6 h, lysates of OKN3 (lane 1) harboring pITS23 (lane
2), pFepβ (lane 3), pFepN (lane 4), and pFepN pFepβ (lane 5) were separated on SDS-PAGE
gels and immunoblotted with anti-FepA MAbs (44) 45 and 41 (recognize epitopes in surface
loop 4 (near residue 329 (27)) and the N-domain (residues 100–142 (48)), respectively. The
immunoblot derives from bacteria grown in LB broth, but expression of FepA and its fragments
was the same in all conditions, despite physiological differences in the two media at different
stages of growth (see text).
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TABLE 1
Concentrations of FeEnt resulting in 50% inhibition of solute interaction with FepA (IC50)
Each experiment was performed three or four times, and the mean values were analyzed by the IC50 algorithm of Grafit 5.013
(Erithacus Ltd., Surrey, UK).

Solute Host strain fepA allele IC50

μM
59FeTrn OKN3 + 0.008 ± 0.002
Colicin B OKN3 + 0.09 ± 0.02
FM OKN3 G54C 0.07 ± 0.07
FM OKN13 G54C 0.04 ± 0.02
FM OKN3FC G54C 0.25 ± 0.24
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TABLE 2
Co-expression of FepN and Fepβ
E. coli strain OKN3, alone or harboring plasmids, was tested for FepA-dependent functions.

Host strain/plasmidsa Alleleb ColBc ColDc

OKN3 fepA R R
  OKN3/pITS23 fepA+ 106 105

  OKN3/pFepN fepN-(1–151) R R
  OKN3/pFepβ fepβ-(1–17; 151–724) R R
  OKN3/pFepNpFepβ FepNfepβ 4 × 104 3 × 103

OKN13 tonBfepA R R
  OKN13/pITS23 fepA+ R R
  OKN13/pFepNpFepβ fepNfepβ R R

a
OKN3 contains an engineered deletion of the fepA structural gene (“Experimental Procedures”), pITS23 and pFepβ are derivatives of the low copy

number vector pHSG575, and pFepN is a derivative of pUC18.

b
The fepN allele encodes residues 1–150 of wild-type FepA, under the control of its natural promoter; fepβ (fepAΔ18–150) encodes residues 1–17 followed

by a deletion of residues 18–150 and continues with residues 151–724.

c
Purified colicin was diluted in a microtiter plate over a 108-fold range, and 5 μ l of each dilution was transferred to an LB agar plate, previously coated

with 2.5 × 108 bacterial cells in LB top agar. The plates were incubated overnight at 37 °C. The tabulated values are the reciprocal of the final dilution
that showed visible clearing of the bacterial lawn.
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