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The Escherichia coli outer membrane receptor FepA trans-
ports ferric enterobactin (FeEnt) by an energy- and TonB-de-
pendent, but otherwise a mechanistically undetermined process
involving its internal 150-residue N-terminal globular domain
(N-domain). We genetically introduced pairs of Cys residues in
different regions of the FepA tertiary structure, with the poten-
tial to form disulfide bonds. These included Cys pairs on adja-
cent �-strands of the N-domain (intra-N) and Cys pairs that
bridged the external surface of the N-domain to the interior of
the C-terminal transmembrane �-barrel (inter-N–C). We char-
acterized FeEnt uptake by these mutants with siderophore
nutrition tests, [59Fe]Ent binding and uptake experiments, and
fluorescence decoy sensor assays. The three methods consistent-
ly showed that the intra-N disulfide bonds, which restrict con-
formational motion within the N-domain, prevented FeEnt
uptake, whereas most inter-N–C disulfide bonds did not pre-
vent FeEnt uptake. These outcomes indicate that conforma-
tional rearrangements must occur in the N terminus of FepA
during FeEnt transport. They also argue against disengagement
of the N-domain out of the channel as a rigid body and suggest
instead that it remains within the transmembrane pore as FeEnt
enters the periplasm.

The crystal structures of some Gram-negative bacterial outer
membrane (OM)2 proteins clarified or rationalized their func-
tionalities. For instance, the crystal structures of general porins
(1, 2) showed open trans-OM channels, with a 10 Å constriction
zone that explained the size-exclusion properties of the pore.
These data revealed why OmpF and its relatives exclude large

molecules but allow passage of small (� �600 Da) hydrophilic
solutes, as was previously defined (3, 4). Similarly, the structure
of the maltoporin, LamB (5), revealed a narrower (�6 Å diam-
eter) open pore decorated on the exterior and within the pore
constriction zone by aromatic residues, that explained its selec-
tivity for maltodextrins (6, 7). The situation was different for
OM siderophore receptors like FepA and its relatives. Aside
from revealing 22 stranded �-barrels topped with large loops
that form a cell-surface vestibule for ligand binding, their crys-
tal structures (8 –12) did not explain their transport mecha-
nisms and posed the quandary of transmembrane channels
obstructed by �20-kDa globular domains. Instead of revealing
an obvious path for ligand uptake, the structures implied that
conformational changes must occur to allow internalization of
bound ligands. The energy and TonB dependence (13) of OM
iron transport rationalized these predicted protein dynamics.
Despite this insight, the structural changes that facilitate ligand
uptake through TonB-dependent transporters (14) are not yet
understood. Such OM proteins are not typical transporters, a
term that usually refers to ATP- or protonmotive force-driven
inner membrane permeases (15). Another designation for OM
siderophore receptors in this superfamily (16, 17) is ligand-
gated porin (LGP) (18), which alludes to the fact that ligand
binding initiates their uptake reaction and calls to mind their
transmembrane porin �-barrels. However, LGPs are not diffu-
sive porins. Unlike OmpF (3, 19) or LamB (20), LGPs like FepA
(8) do not contain open transmembrane pores. Rather, energy-
dependent uptake through their closed channels (a globular N
terminus situated within a C-terminal �-barrel) is regulated by
TonB action (13). This report focuses on conformational rear-
rangements within LGP that allow internalization of bound
ligands.

Many different LGPs across many families of Gram-negative
bacteria transport ferric siderophores, heme, other metal com-
plexes (21) and other small molecules (e.g. sugars in Caulobac-
ter crescentus (22–24)). Iron acquisition systems are virulence
determinants (25) of bacterial pathogens that secrete sidero-
phores to scavenge iron or hemophores to strip heme from
host-binding proteins (26). Hence, explication of the molecular
mechanism of OM iron uptake may lead to new approaches or
new compounds against bacterial pathogens (27). LGPs bind
ligands in their surface vestibules by induced fit (28, 29), creat-
ing sub-nanomolar affinities at binding equilibrium (28, 30–33)
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and triggering internal protein dynamics that result in signal
transduction to TonB in the bacterial periplasm (11, 12, 34, 35).
Previous studies concluded that the 150-residue N-terminal
globular domain (N-domain) likely exits the C-domain channel
into the periplasm during ligand uptake (29, 36, 37). However,
these results did not address how the N-domain moves or
changes in structure to promote passage of metal complexes or
other molecules (38, 39) through the transmembrane pore. The
N-domain contains a four-stranded �-sheet, short turns of
�-helix, and loops that project into the surface vestibule (Fig.
1A). Hypothetically, the N termini of LGP may allow metal
transport by rearranging within the �-barrel to create a pore or
by dislodging from the �-barrel, either as a folded domain or by
unfolding. During FeEnt uptake through Escherichia coli FepA,
substitution G54C, on the surface of the N-domain globule,
became accessible to alkylation by extrinsic fluorescein
maleimide (FM) (37)). This TonB-dependent fluoresceination
of G54C did not occur in the absence of FeEnt transport, and
the labeling originated from the presence of FM in the
periplasm. We concluded from these data that during iron
transport the actions of TonBExbBD promoted full or partial
exit of the N-domain out of the �-barrel into the periplasmic
space.

Herein, we genetically engineered Cys substitutions in fepA,
encoding pairs of sulfhydryls in presumably close enough prox-
imity to form disulfide bonds, either exclusively within the
N-domain (intra-N) of FepA or between its N- and C-domains
(inter-N–C) (Fig. 1). If N-domain unfolding or rearrangement
occurs during ligand uptake, then we expected intra-N Cys
pairs to impair or abrogate FeEnt transport. Conversely, if the
N-domain exits the barrel as a folded unit, then disulfide bonds
within it may not prevent ligand uptake, but inter-N–C disul-
fides that hold the N-domain within the �-barrel will inhibit
FeEnt uptake. The experiments found that intra-N disulfide
bonds prevented FeEnt transport, but the majority of inter-
N–C disulfides did not impair iron uptake. These findings indi-
cate that the N terminus of FepA must rearrange during FeEnt
uptake, does not exit the channel as a rigid body, and may
instead remain within the pore as it allows or promotes passage
of FeEnt into the periplasm.

Results

Formation of disulfide bonds in site-directed Cys pair
substitution mutants

We analyzed six pairs of Cys substitutions in adjacent
�-strands or other parts of the N-domain and nine Cys pairs in
regions that potentially bridged the N-domain and �-barrel
(Fig. 1) of otherwise WT fepA (all carried on pITS23 (40)). For
both types of Cys-pair mutants, disulfide bond formation may
retard or abrogate FeEnt transport by interfering with confor-
mational dynamics or motions that involve the N-domain of
FepA. We selected the locations for the Cys mutations based on
their expected proximity to each other in the FepA tertiary
structure (Fig. 1). Analysis of the mutant proteins in nonreduc-
ing SDS-PAGE (i.e. in the absence of �-mercaptoethanol
(�ME)), visualized by anti-FepA immunoblots developed with
125I-protein A, allowed quantification of their expression and

often showed the extent of disulfide bond formation. However,
SDS-PAGE/immunoblot analyses did not always reveal the
presence of disulfides in FepA. Some Cys pairs (33–120,
42–162, 56 –73, and 149 –180; Fig. 2A) showed no evidence of
disulfide bond formation in the gels or immunoblots; i.e. the
electrophoretic mobility of those double-Cys derivatives
exactly matched that of WT FepA, despite the fact that other
experiments showed that they were disulfide-bonded. For
many Cys pairs, however, we saw anti-FepA–reactive band(s)
with different electrophoretic mobilities than WT FepA (14 –
300, 27–126, 51– 608, 54 –585, 77–511, 84 –142, 125–141,
128,463, 138 – 427, and 138 – 445; Fig. 2A), verifying the pres-
ence of disulfide bonds. Nevertheless, disulfide formation
appeared incomplete for all but one of these double-Cys con-
structs: only mutant I14C-G300C produced a homogeneous
band with different mobility than that of FepA (Fig. 2A).

The partial disulfide bonding suggested that a fraction of the
engineered Cys side chains remained native and unoxidized. To
estimate the amount of unreacted Cys sulfhydryls in the mutant
proteins, we exposed SDS-denatured cell-envelope fractions
from the Cys-pair mutants to FM (5 �M; 5 min), before and after
reduction by 10 mM �ME. Cys side chains in stable disulfide
bonds do not react with the extrinsic fluorophore (e.g. Cys-
487–Cys-494 in WT FepA (41); Fig. S1A). Fluorescent images
of the gels (Fig. S1, A and B), standardized by expression levels
gleaned from the immunoblots (Fig. S1, C and D) and quanti-
fied by image analysis (Fig. S1E), indicated different extents of
disulfide formation among the mutants. Prior to reduction,
the six intra-N Cys-pair proteins showed variable reactivity
with FM (Fig. S1, A and E), showing different extents of disul-
fide bond formation. Some (27–126 and 125–141) were only
slightly modified by FM, suggesting that they were predomi-
nantly disulfide-bonded. Others (14 –300, 33–120, 56 –73, and
84 –142) were more reactive and less disulfide-bonded. 44 –111
was the most reactive and the least disulfide-bonded. Unlike
other intra-N Cys pairs, it was quantitatively modified by FM
before exposure to �ME, implying that it did not significantly
form a disulfide bond in vivo. 14 –300, which appeared fully
disulfide-bonded in SDS-PAGE/immunoblots (Fig. 2A), was
still partially labeled by FM. After reduction by �ME, all the
intra-N Cys-pair proteins were better labeled by FM. WT FepA
(two Cys) behaved as anticipated: without reduction it was not
labeled; after reduction it was labeled to approximately half the
level of 44 –111 (four Cys). Overall, from observations of the
different electrophoretic mobilities of the Cys-pair mutant pro-
teins, and the reactivity of their sulfhydryls to FM, we obtained
evidence of their disulfide-bond formation in vivo. The experi-
ments revealed that some disulfide bonds (e.g. 33–120 and
56 –73) did not alter FepA’s mobility in SDS-PAGE, that each
mutant protein was unique, and that whether particular Cys
pairs formed bonds was unpredictable a priori. For example,
from its position in the crystal structure of FepA, we expected
44 –111 to form a disulfide bond, but apparently it did not.

As seen for intra-N Cys pairs, gels and immunoblots of inter-
N–C Cys pairs showed partial disulfide-bond formation.
Although the 14 –300 disulfide appeared complete, a fraction of
these mutant proteins was still modified by FM (Fig. S1, A and
E), indicating the presence of free sulfhydryls. Partial disulfide
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formation also occurred between sites 51– 608, 54 –585,
77–511, 128 – 463, and 137– 465 (Fig. 2A). We did not observe
any immunoreactive bands with altered mobility for Cys pairs
42–162 and 149 –180.

Effect of engineered Cys pairs on FeEnt utilization in nutrition
tests

FeEnt nutrition tests (42) in the absence or presence of �ME
showed that the intra-N bonds impaired FepA-mediated trans-
port (Fig. 2D, Fig. S2, and Table 1). In every case that we
observed disulfide formation by intra-N Cys pairs, we also
observed inhibition of FeEnt uptake through FepA. In the
absence of any reducing agent, Cys pairs 27–126, 33–120,
56 –73, 84 –142, and 125–141 produced 2–3-fold larger and
often fainter halos than that of WT FepA (Fig. 2 and Fig. S2).
These differences reflected a lower FeEnt uptake rate (43, 44)
that was overcome by the inclusion of 1 mM �ME in the test
plate. None of the individual Cys substitutions comprising the
Cys pairs that we tested impaired FeEnt utilization (Fig. S2).
The inhibitory Cys pairs all linked adjacent �-strands in the
N-domain, suggesting that these structural elements must
remain unfettered during FeEnt transit through FepA. The

44 –111 pair, which was projected to link short helices in the
N-domain (but showed no evidence of disulfide formation), did
not inhibit FeEnt acquisition. In summary, each of the engi-
neered Cys pairs in the N-domain that demonstrably formed a
disulfide bond blocked FeEnt uptake through FepA.

Among Cys pairs that bridged the N-and C-domains of
FepA, we previously engineered and characterized 14 –300
(37). Residue I14C is situated in the TonB-box region of the
N-domain; G300C is located on the periplasmic rim of the
�-barrel in �-strand 7. Disulfide formation by 14 –300 there-
fore precludes movement of the N-domain from the �-barrel,
and accordingly, the 14 –300 pair severely reduced FeEnt
uptake in nutrition tests (Fig. 2, Fig. S2, and Table 1 (37)). Other
inter-N–C Cys pairs produced less definitive effects. Six of
them (42–162, 51– 608, 128 – 463, 137– 465, 138 – 445, and
149 –180) showed normal halos of growth, even in the absence
of �ME. Among these, 51– 608, 128 – 463, 137– 465, and 138 –
445 formed disulfide bonds that altered FepA’s mobility in the
gels/blots (Fig. 2A). These data indicated that tethering the
N-domain to the �-barrel at these points did not prohibit FeEnt
uptake. 42–162 and 149 –180 showed no aberrant bands nor
any inhibition of FeEnt uptake. The remaining inter-N–C Cys

Figure 1. Native and engineered Cys pairs in FepA. From the crystal structure of FepA (1FEP (8)), we modeled the polypeptide (using the Modeller function
of CHIMERA) to contain 15 novel Cys pairs, in addition to the native Cys-487–Cys-494 disulfide in L7 of FepA that is resistant to modification unless reduced (46).
A, side view of Cys pairs. The structure of FepA encompasses a 150-residue globular N-domain within a 574-residue C-terminal �-barrel (only partially rendered
to allow a better view of the N-domain). With few exceptions, FepA orthologs contain a natural Cys pair (residues 487– 494 in E. coli FepA) in L7 (yellow). The
flexibility of L7 prevented its delineation in 1FEP (8), but Modeller predicted its disposition. We engineered six individual Cys pairs within the internal globular
domain: 27–126, 33–120, 44 –111, 56 –73, 84 –142, and 125–141. We also constructed nine Cys pairs that conjoin the surface of the N-domain and the interior
of the �-barrel: 14 –300 (37), 42–162, 51– 608, 54 –585, 77–511, 128 – 463, 137– 465, 138 – 445, and 149 –180. B, top view of Cys pairs. We hid the surface loops
in the model shown in A and rotated it 90° on the x axis to reveal the interior of the channel. In both panels, �-helices are pink; �-strands are gold; N-domain
loops are blue; and putative disulfide bonds formed by the Cys pairs are colored red if they inhibited FeEnt uptake or green if they did not inhibit FeEnt uptake,
as described in the text. The images were rendered from PDB code 1FEP (8) by CHIMERA (UCSF).
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pairs, 54 –585 and 77–511, produced slightly aberrant halos in
the absence of �ME that did not revert to normal in the pres-
ence of �ME. The inability of the reducing agent to relieve
inhibition complicated the interpretation of these Cys-pair
mutants in the nutrition tests.

Effect of �ME on binding of [59Fe]Ent by FepA

Native E. coli FepA contains a single disulfide bond in L7
(Cys-487–Cys-494), which is needed for efficient transport of
FeEnt (41, 43, 44). Because our experiments involved the re-
duction of engineered disulfide bonds in FepA, we determined

the effect of varying concentrations of �ME on [59Fe]Ent bind-
ing by OKN3 (�fepA)/pITS23 (fepA�). The results (Fig. 3A)
showed little impact of the reductant at concentrations �1 mM,
but a 20% reduction in [59Fe]Ent binding capacity at 5 mM

�ME.

Effect of engineered disulfide bonds on [59Fe]Ent transport

As in nutrition tests, all the engineered intra-N Cys pairs
except 44 –111 decreased the [59Fe]Ent uptake rate (Vmax) (Fig.
3C). They inhibited [59Fe]Ent uptake to a level that was 25–30%
of WT FepA, and �ME reversed their effects, reiterating that

Figure 2. A, SDS-PAGE/western immunoblot analysis of disulfide formation by engineered Cys pairs. After growth of E. coli OKN3 harboring fepA mutants on
the low-copy plasmid pHSG575 (75), in iron-deficient MOPS minimal media, we prepared cell-envelope fragments from E. coli OKN3 expressing WT FepA and
each of the 15 Cys-pair mutants. We subjected the samples to SDS-PAGE (in the absence of any reducing agent), transferred the proteins to nitrocellulose, and
performed western immunoblots with anti-FepA MAbs 41 and 45 (43), developed with 125I-protein A (33). Five of the mutant proteins (33–120, 42–162, 44 –111,
56 –73, and 149 –180) had the same electrophoretic mobility as native FepA: a single band at 81.5 kDa (76). Conversely, 10 of the mutant proteins showed single
(14 –300) or multiple (27–126, 54 –585, 77–511, 125–141, 51– 608, 84 –142, 128 – 463, 137– 465, and 138 – 445) immunoreactive bands with altered mobility,
suggesting that they were fully or partially disulfide-bonded. The illustration derives from two separate immunoblots, separated by a vertical line. The gels also
contained pre-stained molecular weight markers (New England Biolabs, catalog no. P77195) that we photographed on the nitrocellulose and added to the
immunoblot images. The inset shows a magnified view, from another blot, of mutants 27–126 and 33–120. The former Cys pair forms two immunoreactive
bands of nearly indistinguishable electrophoretic mobility, indicating that this Cys pair does form a disulfide bond. 33–120, conversely, migrates as a single
band. B, quantification of FepA expression. The arrows in A, C, and the inset define the position of WT FepA that migrates at �81 kDa (76). The immunoblot in
A was developed with 125I-protein A and scanned on a Typhoon Biomolecular imager, which allowed quantification of the immunoreactive material in each
lane, using ImageJ (73). We normalized the expression values to the level of WT FepA (dashed blue line): Cys-pair mutant expression ranged from 0.71 to 1.67
of WT FepA expression; the mean expression among 15 mutants was 0.95 of WT FepA. C, we subjected the same samples as in A to reduction by 3 mM �ME,
resolved them on a duplicate SDS-polyacrylamide gel, transferred the proteins to NC, and immunoblotted as described in A. This immunoblot, as well as that
of A, contains WT FepA, that provides an internal molecular mass marker at 81.5 kDa. D, FeEnt nutrition tests in the absence and presence of �ME. We evaluated
the ability of the WT FepA (��) and its Cys-pair mutants to acquire FeEnt in nonreducing or reducing conditions.
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disulfides within the N-domain interfere with [59Fe]Ent trans-
port. [59Fe]Ent binding capacity was also lower in several of the
Cys-pair mutants (Fig. 3B); for the most part, the addition of
�ME did not reverse this decrease (the exception was 84 –142).
In some cases, a lower [59Fe]Ent-binding capacity contrasted
with a relatively normal [59Fe]Ent uptake rate (56 –73 and 125–
141, plus �ME). But LGP turnover numbers are low (5.5/min
(47)), so the extent of FepA saturation may not limit the uptake
rate.

The impact of inter-N–C Cys pairs on [59Fe]Ent uptake was
more complicated. 14 –300 nearly abolished [59Fe]Ent uptake
(29), but none of the others we assayed comparably inhibited
acquisition of [59Fe]Ent (Table 1). 54 –585 decreased the FeEnt
uptake rate by 65%, but other inter-N–C Cys pairs that we
tested showed much less effect, in the range of 10 – 45%.

Fluorescent measurements of FeEnt uptake by Cys-pair
mutants

Electrophoretic analyses did not always reveal disulfide
bonds between Cys pairs, and most of the disulfides that we
observed in SDS-PAGE/immunoblots were only partially
formed. Consequently, the partial reductions in FeEnt uptake
that we saw in nutrition tests and radioisotopic assays were
difficult to interpret. We employed a fluorescent decoy (FD)
sensor (30) to monitor TonB-dependent FeEnt uptake through
FepA, as a better measure of whether the FeEnt uptake portal
was open or held shut by engineered disulfide bonds. In a �tonB
host (OKN13 (37)), FepA-FM (29) binds but cannot transport
FeEnt. As a result, it becomes an FD sensor (30): the extent of its
quenching reflects [FeEnt] and therefore the uptake of FeEnt

(i.e. its depletion) by other cells in the same solution. Incubation
of FD sensor cells with the Cys-pair mutant cells allowed obser-
vations of the latter’s ability to transport FeEnt, which appears
as a reversal of FeEnt-mediated quenching (i.e. fluorescence
recovery; Fig. 4). These data provided a quantitative time
course of FepA’s transport functionality.

The FD sensor provided more definitive data on the ability of
the intra-N mutants of FepA to acquire FeEnt. Whereas trans-
port of FeEnt by WT FepA quickly reverted the FeEnt-mediated
quenching of the sensor, five of the six intra-N-domain Cys-
pair mutants of FepA (27–126, 33–120, 56 –73, 84 –142, and
125–141) did not promote fluorescence recovery until we
reduced their disulfides by adding �ME to the cuvette. The only
exception was 44 –111, which supported fluorescence recovery
like WT FepA, albeit at a slower rate. Given the uncertain status
of the 44 –111 disulfide bond, the fluorescence data either con-
firmed that it did not form or that its presence did not corrupt
the FeEnt transport process. Overall, the results of the intra-N
Cys pairs were consistent: disulfide formation in the N-domain
prevented FeEnt transport, and reduction of those bonds
restored the FeEnt uptake process.

Regarding inter-N–C Cys pairs, the FD sensor reiterated that
the majority did not impair FeEnt uptake, despite that we
observed disulfide bond formation by five of them. Cys-pair
77–511, which produced an inconclusive nutrition test with
FeEnt, showed definitive transport in the FD sensor assay (Fig. 4
and Table 1). Overall, among the nine inter-N–C Cys pairs that
we tested, besides 14 –300, which falls into its own category,
only 54 –585 inhibited FeEnt transport in FD sensor assays. As

Table 1
Attributes of Cys-pair mutants of FepA

Cys paira Locationb
Exprc,
��ME

S-Sd,
��ME

Siderophore
nutritione

[59Fe]Ent
uptakef

FD sensor
uptakeg

��ME ��ME ��ME ��ME ��ME ��ME

None (��) NAh 1.0 � 15 15 1.0 1.03 ��� ����

Intra-N-domain Cys pairs
G27C:R126C N�1–N�5 0.97 � 21 18 0.23 1.08 � ��
A33C:E120C N�2–N�5 0.90 � 28* 15 0.31 1.24 � ���
D44C:T111C N�3–NL2 1.31 - 20 16 1.05 1.26 ��� ���
N56C:D73C N�2–N�3 0.85 � 33* 20 0.19 0.99 � ���
I84C:V142C N�4–N�6 1.2 � 24 17 0.13 0.95 � ��
L125C:V141C N�5–N�6 1.44 � 23 16 0.12 0.88 � ��

Inter-N-domain–C-domain Cys pairs
I14C:G300C TonB-box–�7 0.86 � 17* 15 0.03 1.03 � �
A42C:N162C N�3–�1 0.83 � 15 15 NDi ND ��� ND
T51C:N608C N�2–�18 0.88 � 15 16 0.57 0.74 ��� ND
G54C:T585C N�2–�17 1.17 � 22 23 0.37 0.31 � �
M77C:E511C N�3–�14 1.67 � 21* 18* 0.57 0.48 ��� ND
P128C:A463C N�5–�13 0.71 � 13 14 ND ND ��� ND
A137C:A465C N�6–�13 1.57 � 14 15 ND ND ��� ND
A138C:A445C N�6–�12 1.58 � 19 20 0.94 0.70 ��� ND
G149C:T180C N�6–�2 0.71 � 15 15 ND ND ��� ND

a Cys-pair mutants were engineered in wildtype FepA and carried on the pHSG575 (66) derivative pITS23 (39). Mutants identified in bold type showed severely impaired
FeEnt uptake, unless exposed to �ME.

b We designed Cys pairs using the Modeller algorithm of CHIMERA (UCSF) and PDB file 1FEP (8).
c Using ImageJ (73), we quantified the immunoreactive bands of each Cys-pair mutant in Fig. 2A, relative to the amount of wildtype FepA. Mean expression among 15 mu-

tants was 0.96 of wildtype; the range of expression values was 0.71–1.67 of wildtype expression.
d Evidence of disulfide formation, from observation of altered mobility in anti-FepA immunoblots of SDS-polyacrylamide gels of OM fractions, or reversible (i.e. relieved by

�ME) inhibition of FeEnt uptake.
e The tabulated values are the diameters of the growth halo (41, 42) around a paper disk containing 50 �M FeEnt, after incubation at 37 °C overnight. Results marked with an

asterisk (*) denote samples with a faint halo.
f Vmax values of [59Fe]Ent uptake from Vmax screening experiments were calculated relative to the rate of wildtype FepA (96 pmol/109 cells/min; Fig. 3, C and D).
g FeEnt uptake was measured as the rate of fluorescence recovery in FD sensor experiments, relative to wildtype FepA.
h NA means not applicable.
i ND means no data.
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in nutrition tests, �ME did not relieve the inhibition of 54 –585,
confounding its interpretation.

In summary, we observed evidence of disulfide bond forma-
tion in 12 of the 15 Cys-pair mutants (Table 1). 10 FepA variants
showed a band of altered electrophoretic mobility (Fig. 2A).
Among the intra-N Cys pairs, 33–120, 44 –111, and 56 –73
showed no electrophoretic evidence of disulfide bond forma-
tion, but 33–120 and 56 –73 reversibly (i.e. relieved by �ME)
inhibited FeEnt utilization, indicating that they did bond. The
observation of disulfide bond formation by intra-N Cys pairs
always correlated with impaired FeEnt uptake (Table 1).
Among inter-N–C Cys pairs, we saw anti-FepA–reactive bands
with altered migration in all mutants except 42–162 and 149 –
180 (Fig. 2A and Table 1). In five of seven of these instances
disulfide bond formation did not inhibit FeEnt uptake (Table 1).
The exceptions (14 –300 and 54 –585) each had individual con-
siderations that rationalized their behavior (discussed below).

Discussion

Delineation of the FepA transport mechanism requires
insight into the actions of its N-domain during FeEnt internal-
ization. In three disparate assays, the phenotypes of the Cys-
pair mutants under investigation led to the same conclusion:
intra-N disulfide bonds generally prevented FeEnt transport,

whereas inter-N–C disulfide bonds generally did not prevent
FeEnt transport (Fig. 1). These data imply several conclusions.
(i) The internal �-structure of the N-domain must rearrange
during FeEnt uptake, because bonds that block such a transition
also block transport. Disulfide bonds in the N-domain will
restrict its potential motion, constraining conformational
changes that are apparently required to achieve FeEnt import.
(ii) The N-domain does not move out of the transmembrane
pore as a folded rigid body (37), because bonds that hold it
within the channel do not block FeEnt uptake. (iii) Numerous
disulfide bonds that restrained the N-domain within the �-bar-
rel did not prevent ligand uptake. These data suggest that most
of the N terminus remains within the channel, which infers the
formation of a transient pore (37) through which FeEnt passes
into the periplasm.

It was a challenge to determine the extent of engineered
disulfide bond formation in vivo. The Cys pairs produced a
gamut of possible outcomes. Some formed disulfides that
altered the Rf of FepA, whereas others did not change Rf, either
because they did not form or because the disulfide did not alter
migration in the gels. Even a single amino acid substitution may
dramatically change the electrophoretic mobility of a protein
(45), but the effects of engineered disulfides on the electropho-
retic behavior of FepA were unpredictable: some created a

Figure 3. [59Fe]Ent binding and transport by intra-N Cys-pair mutants of FepA. After growth in iron-deficient MOPS medium, we tested E. coli expressing
WT FepA or its Cys-pair mutants for binding and transport of [59Fe]Ent (74). A, effect of �ME on [59Fe]Ent binding to WT FepA. The FeEnt binding capacity of
OKN3 (�fepA)/pITS23 (fepA�) slightly decreased (up to 20%) in the presence of 5 mM �ME. B, [59Fe]Ent binding to Cys-pair mutants: binding capacities in the
presence of saturating (10 nM) [59Fe]Ent, in the absence or presence of 5 mM �ME. C, [59Fe]Ent uptake by Cys-pair mutants: Vmax in the presence of saturating
(10 nM) [59Fe]Ent, in the absence or presence of 5 mM �ME. D, accumulation of [59Fe]Ent: rates of [59Fe]Ent uptake in the absence (open symbols) and presence
(filled symbols) of 5 mM �ME by WT FepA (E), 27–126 (�), 33–120 (‚), and 125–141 (ƒ). �ME restored WT FeEnt uptake to all the intra-N Cys-pair mutants.
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compact isoform of the denatured protein that moved faster,
whereas others stabilized a larger isoform that moved slower.
Anti-FepA immunoblots of 33–120 and 56 –73 did not reveal
any additional bands, despite the fact that both Cys pairs
impaired FeEnt uptake and reverted to normal transport when
reduced by �ME. Hence, disulfides formed in both 33–120 and
56 –73, but the immunoblots did not reveal them. Furthermore,
when we observed a Cys pair mutant band with different Rf
values, usually only �50% of the protein was in the altered state.
The engineered Cys-pair sulfhydryls were hypothetically close
enough (�2.5 Å between sulfur atoms (8)) to form disulfides,
but without the crystallographic data on each mutant protein
their impact on local folding and side-chain projection was
unknown. Furthermore, for numerous engineered Cys pairs the
DsbAB system (46 –50) did not efficiently oxidize disulfide
bond formation, as evidenced by the susceptibility of the com-
ponent sulfhydryls to alkylation by FM. Finally, we saw multiple
immunoreactive electrophoretic forms of some FepA Cys-pair
mutants. Besides fully synthesized, secreted, and folded OM
proteins, immunoblots may reveal nascent or incomplete
mutant proteins, in a pre-or post-disulfide– bonded state,
which may explain some of the multiple bands. Overall, the
electrophoretic studies of Cys-pair mutants were informative,
but insufficient to quantify the extent of disulfide formation or
to explain the nature of each immunoreactive band.

The intrinsic disulfide in FepA L7 (C487–C494) was another
complication, which raised the possibility of aberrant disulfides
with engineered Cys sulfhydryls. However, C487–C494 is a sta-
ble bond; without reduction, residues C487 and C494 are unre-
active with methane thiosulfonate or maleimide probes (Fig.
S2A) (29, 39, 41, 51). Furthermore, the L7 disulfide is essential
to transport activity: substitutions C487S, C494S, and their
combined double-mutant all abrogate FeEnt uptake (data not
shown). Consequently, if engineered Cys residues erroneously
bond with either native Cys, blocking formation of C487–C494,

then FeEnt uptake will diminish. We did not observe that result
with the single mutants we generated herein (Fig. S2), nor with
�25 other individual Cys substitutions in FepA, at diverse loca-
tions in its primary structure (29, 30, 37, 51). So, it is unlikely
that the Cys-pair sulfhydryls we engineered formed incorrect
disulfides with C487 and C494. The native cysteines are sepa-
rated by only six residues in L7 and probably immediately bond
as that region of the polypeptide exits the ribosome and folds.

FD sensor assays provided unique, real-time insight into the
transport behavior of the FepA mutants. Nutrition tests and
[59Fe]Ent uptake assays were useful but sometimes hard to
interpret, whereas FD assays were unambiguous about the
impact of each Cys pair on FeEnt transport. The sensor cell
OKN13/pFepA-FM depicted uptake of FeEnt by the FepA Cys-
pair mutants in vivo. It showed that except for 44 –111 (which
did not form a disulfide bond), all intra-N Cys pairs blocked
FeEnt uptake until exposed to 10 mM �ME. Conversely, with
the exception of 14 –300 and 54 –585, none of the other seven
inter-N–C Cys pairs inhibited FeEnt uptake. Cys pair 14 –300 is
unique among all the mutants, because its immobilization of
the TonB-box both holds the N-domain within the �-barrel
and interferes with signal transduction to TonB. 54 –585
blocked FeEnt uptake, but its inhibition was not reversed by
�ME, suggesting that its negative phenotype was unrelated to
disulfide formation. Despite these two exceptions, the more
definitive FD sensors corroborated and clarified the sidero-
phore nutrition and [59Fe]Ent accumulation results.

The crystal structures of ligand-free and ligand-bound trans-
porters (9 –12, 28, 32) revealed that when LGP adsorbs metal
complexes by induced fit (29), subtle changes propagate
through their N termini that alter the disposition of residues in
the periplasm, promoting interactions with the TonB C termi-
nus (34, 35). These dynamics raise the possibility that intra-N
disulfides interfere with FeEnt uptake because they corrupt sig-
nal transduction to TonBExbBD. However, inspection of the

Figure 4. FD sensor measurements of FeEnt uptake by Cys-pair mutants of FepA. OKN3 expressing FepA with individual Cys pairs was incubated with the
FD sensor OKN13 (�tonB and �fepA)/pFepA-FM and observed in response to the addition of FeEnt (5 nM) at 37 °C. A, intra-N mutants. After quenching by
addition of FeEnt at 100 s, WT FepA (��) and 44 –111 conferred complete recovery (i.e. FeEnt uptake) within 500 s. Addition of 10 mM �ME at 800 s enabled
recovery by 33–120, but all the remaining Cys pairs required a second aliquot of 10 mM �ME to confer recovery. B, inter-N and -C mutants. None of the Cys pairs
prevented fluorescence recovery except 14 –300 and 54 –585, which were not affected by up to 20 mM �ME.
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ligand-free and ligand-bound forms of FhuA, FecA, and BtuB
show little or no deviation in the regions of the N-domain that
contain the Cys pairs we engineered in FepA. We cannot
exclude the notion that intra-N Cys pairs interfere with signal
transduction to TonBExbBD, but this explanation seems
unlikely.

Despite the importance of TonB-dependent iron acquisition
to Gram (�) bacterial pathogenesis (52–61) and the solution of
many LGP crystal structures (FepA (8), Cir (8), FhuA (11, 12),
FecA (11, 12), FoxA (32), BtuB (9), FptA (62), FpvA (63), PfeA
(28), and FyuA (64)), it is unknown how metal complexes move
through their channels or how the actions of TonB facilitate
uptake. Biochemical data on FepA (65) and crystallographic
studies of other LGPs (28, 32) indicated a two-site model during
FeEnt adsorption. Other approaches, including site-directed
alkylation of FepA during FeEnt transport (37) and molecular
dynamics simulations of the interaction between TonB and
BtuB (36), suggested that the N-domain globules of LGP exit
their transmembrane �-barrels, either stably folded or by
unfolding into the periplasm. Our results argue against both
these mechanisms. First, seven of nine inter-N–C Cys pairs that
we tested did not inhibit FeEnt uptake, refuting the notion that
the N-domain exits the �-barrel as an intact globule. Second,
tethering Cys residues at 51, 77, 128, 137, or 138 to the �-barrel
(verified by immunoblot) did not prevent transport, which sup-
ports the alternative idea that the N-domain remains within the
pore as FeEnt enters. It is now apparent that conformational
motion within the N-domain is indispensable to the uptake
reaction, because five of six the intra-N domain Cys pairs we
created prevented FeEnt internalization, unless exposed to
�ME.

Experimental procedures

Bacterial strains, plasmids, and culture conditions

Plasmid pITS23 (39, 40) is a derivative of pHSG575 (66) that
carries fepA� under the control of its natural Fur-regulated
promoter. We engineered Cys-pair alleles of fepA in this vector.
Derivatives of BN1071 (67) with precise deletions (OKN1,
�tonB; OKN3, �fepA; and OKN13, �tonB, �fepA (37)), harbor-
ing variants of pITS23 that encode WT or mutant alleles, were
grown at 37 °C with shaking to stationary phase in Luria-Ber-
tani (LB) broth. We added streptomycin (100 �g/ml) to the
growth media and chloramphenicol (20 �g/ml) to select for the
plasmids when appropriate. We de-repressed the FeEnt trans-
port system by subculturing bacteria from stationary phase LB
cultures at 1% into iron-deficient MOPS minimal medium (68)
and shaking at 200 rpm for 5.5– 6 h at 37 °C, until cell density
reached an absorbance at 600 nm of 0.8 – 0.9.

Site-directed mutagenesis of E. coli fepA

We used QuikChange (Stratagene) for single- and double-
Cys substitutions in FepA, using complementary oligonucleo-
tides flanking the mutation, followed by digestion of the WT
vector by DpnI. We confirmed the mutations by sequencing
(Genesys, Daly City, CA) of purified plasmids.

Intra-N Cys pairs—We constructed six Cys pairs (G27C-
R126C, A33C-E120C, D44C-T111C, N56C-D73C, I84C-
V142C, and L125C-V141C) in different regions of the N-do-

main of FepA. Each pair may form a disulfide bond within the
globular domain, which prevents separation of its constituent
�-strands (Fig. 1 and Table 1).

Inter-N–C Cys pairs—We analyzed another group of nine
Cys pairs (I14C-G300C, A42C-N162C, T51C-N608C, G54C-
T585C, M77C-E511C, P128C-A463C, A137C-A465C, A138C-
A445C, and G149C-T180C) in which one sulfhydryl was on the
surface of the N-domain and a second was on the internal wall
of the FepA �-barrel (Fig. 1 and Table 1).

Siderophores

We purified enterobactin from E. coli and formed the iro-
n(III) complex with 56Fe or 59Fe (33) and chromatographically-
purified FeEnt over Sephadex LH20 (42). We stored the
[56Fe]Ent and [59Fe]Ent complexes on ice and re-purified them
over LH20 to remove oxidized and degraded compounds when
A393 nm/A495 nm exceeded 0.7.

Siderophore nutrition tests

To qualitatively evaluate the FeEnt uptake abilities encoded
by the mutant fepA alleles, we performed siderophore nutrition
tests (42, 44). We expressed the results as the diameter of bac-
terial growth around the paper disk, and we compared mutant
halos to the growth halo conferred by a strain harboring pITS23
(fepA�). To test the effect of disulfide bond reduction on FeEnt
transport by the FepA mutants, we added 1 mM �ME to the
molten agar.

Preparation of cell-envelope fractions

After growth in LB broth overnight, we sub-cultured FepA
Cys-pair mutant derivatives of OKN3/pITS23 at (1%) into 20
ml of iron-deficient MOPS media, and we incubated the cul-
tures with shaking for 5.5– 6 h at 37 °C, to an A600 nm � 1–1.2
(5– 6 	 108 cells/ml). We collected the cells by centrifugation at
7500 	 g, resuspended the pellets in 2 ml of PBS containing
trace amounts of DNase and RNase, and passed the cell suspen-
sions (three times) through a French pressure cell at 14,000
p.s.i. (69). After spinning the lysates at 3000 	 g for 10 min to
remove unbroken cells and debris, we transferred the superna-
tants to microcentrifuge tubes and pelleted the cell envelopes
by centrifugation at 13,000 	 g for 45 min. We resuspended the
cell envelopes in 400 �l of 50 mM NaHPO4, pH 6.7, containing
1% SDS, added 3% �ME to one-half of the sample (reduced), left
the remainder unaltered (nonreduced), and denatured the pro-
teins in both samples by boiling for 5 min.

Electrophoresis and western immunoblots

We electrophoretically and immunochemically analyzed
cell-envelope fractions of the mutants. For SDS-PAGE (70, 71),
we suspended 30 �g of cell-envelope protein (measured by UV
absorbance) in sample buffer (containing 1% SDS), with or
without 3% �ME, boiled the sample for 5 min, and resolved the
samples by SDS-PAGE at 30 mA. To enhance the separation of
proteins in the 80-kDa range, we continued electrophoresis at
30 mA for an additional 45 min after the tracking dye left the
gels. To visualize FepA in western immunoblots, we electro-
phoretically transferred the proteins from the SDS-polyacryl-
amide gels to nitrocellulose (NC) paper, blocked the paper with
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1% gelatin in 50 mM Tris chloride, pH 7.4, 0.9% NaCl (TBSG),
and incubated with a mixture of anti-FepA mouse monoclonal
antibodies (mAbs) 41 and 45 (72), both of which have Ig2b
heavy chains, in the same buffer. After incubation with the anti-
sera for 1 h at room temperature, we washed the NC five times
with 0.5% Tween 20 in TBS, incubated it with 125I-protein A in
TBSG for 1 h at room temperature, washed with three rinses of
tap water, dried the paper, and visualized the adsorbed 125I-
protein A on a Typhoon 8600 Biomolecular Scanner (GE/Am-
ersham Biosciences).

Labeling reactions with FM

We estimated the extent of disulfide formation in Cys-pair
mutants of FepA by modifying them with FM. We precipitated
100 �l of the denatured, reduced, and nonreduced cell-enve-
lope samples described above with 7 volumes of ice-cold ace-
tone, and after incubation at �20 °C for 2 h, we pelleted the
proteins by centrifugation at 13,000 	 g for 5 min and washed
the pellets twice with ice-cold 70% acetone. We resuspended
the reduced and nonreduced cell-envelope proteins in 50 mM

NaHPO4, pH 6.7, containing 1% SDS, added FM to 5 �M, incu-
bated for 15 min at 37 °C (29), and stopped the labeling reac-
tions by precipitation with ice-cold acetone as described above.
We washed the samples with ice-cold 70% acetone, solubilized
them with SDS-PAGE sample buffer, and subjected them to
SDS-PAGE/Western immunoblot.

Image analysis

We analyzed images from SDS-polyacrylamide gels of fluo-
resceinated proteins and from phosphorimagery of 125I-protein
A immunoblots, collected on a Typhoon Biomolecular scanner
(GE Healthcare) using ImageJ (73).

Effect of �ME on FeEnt binding by FepA

Because in several experiments we used �ME to reduce disul-
fide bonds within FepA, we tested its effects on the adsorption
of [59Fe]Ent by OKN3/pITS23 (fepA�). We grew the bacteria in
LB overnight, subcultured at 1% in iron-deficient MOPS mini-
mal medium, shook the cultures for 5 h at 37 °C, added �ME at
increasing concentrations to 5 mM, and shook the cultures for
additional 30 min at 37 °C. We created a duplicate control cul-
ture that we subjected to the same conditions, but without any
�ME. To determine the [59Fe]Ent-binding capacities, we added
the ferric siderophore at 10 nM, filtered the cells after 1 min,
washed the filters with 10 ml of 0.9% LiCl, and determined the
amount of adsorbed radioactivity in a Packard gamma counter.
The parent host strain (OKN3, �fepA) does not adsorb
[59Fe]Ent. We employed it in these binding studies as a nega-
tive (background) control.

Ferric enterobactin accumulation

We subcultured overnight LB cultures at 1% in iron-deficient
MOPS medium with appropriate antibiotics and continued
growth at 37 °C with shaking for 5.5 h. In some cases, the bac-
teria were exposed to 5 mM �ME in the final 30 min of growth.
We next added [59Fe]Ent to 3-ml aliquots of the cells at 37 °C (in
the original culture medium) to a final concentration of 10 �M,
removed 100-�l aliquots at 5, 10, 15, 30, and 45 min, filtered

them, and washed them with 10 ml of 0.9% LiCl, and we deter-
mined the amounts of [59Fe] on the filters in a Packard gamma
counter. For each accumulation experiment, we collected trip-
licate samples at each time point and averaged the data. At a
density of �5 	 108 cells/ml, the added [59Fe]Ent was sufficient
to remain in excess for more than 2 h of transport at Vmax (74).

Fluorescence assays of FeEnt transport

We employed FD sensors (30) to monitor TonB-dependent
FeEnt uptake through FepA, as a measure of whether the FeEnt
uptake portal was open or held shut by engineered disulfide
bonds. In this approach, we used the transport-defective host
strain OKN13 (�tonB and �fepA) harboring a plasmid (pITS23)
encoding fepA with a single amino acid substitution (A698C),
which was modifiable by FM (FepA_A698C-FM; henceforth
called FepA-FM). OKN13/pFepA-FM bound FeEnt, which
quenched its fluorescence (29), but its TonB deficiency pre-
vented it from transporting the bound iron complex. The ab-
sence of TonB transformed the fluoresceinated bacteria into
spectroscopic sensors of [FeEnt] (30); if transport-competent
cells cohabited the same environment, then the emissions
of OKN13/pFepA-FM reflected their FeEnt uptake activity.
Hence, in fluorescence spectroscopic uptake studies, OKN13/
pFepA-FM was a decoy sensor that monitored FeEnt uptake by
the FepA Cys-pair mutants in a host strain OKN3 (�fepA).
These data provided a quantitative time course of FepA’s trans-
port functionality.

For each assay, we used 50 �l of OKN13/pFepA-FM (44) at
5 	 108 cells/ml. We analyzed the aliquot in 2 ml of PBS � 0.4%
glucose at 37 °C, and we recorded its fluorescence intensity for
100 s, before adding FeEnt to the cuvette at a final concentra-
tion of 5 nM. We incubated the sample for 100 s, during which
time fluorescence was quenched (�60% quenching for FepA
labeled at position A698C), and we then added 50 �l of the test
strain (�5 	 106 cells) at 200 s while monitoring fluorescence.
If no increase in fluorescence occurred (indicating lack of
uptake) by 800 s, we added �ME to a final concentration of 10
mM. For some strains, we added a second aliquot of �ME at
1000 s that raised the final concentration to 20 mM.
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