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Micronutrients such as siderophore-bound iron and vitamin B12

cross the outer membrane of Gram-negative bacteria through a
group of 22-stranded �-barrel proteins. They share the unusual
feature that their N-terminal end inserts from the periplasmic side
into the �-barrel and plugs the lumen. Transport results from
energy-driven movement of TonB protein, which either pulls the
plug out of the barrel or causes it to rearrange within the barrel.
Attempts to reconstitute native plugged channels in an ion-
conducting state in lipid bilayer membranes have so far been
unsuccessful. We, however, have discovered that if the cis solution
contained 4 M urea, then, with the periplasmic side of the channel
facing that solution, macroscopic conductances and single channel
events could be observed. These results were obtained with FhuA,
Cir, and BtuB; for the former two, the channels were closed by
removing the 4 M urea. Channels generated by 4 M urea exposure
were not a consequence of general protein denaturation, as their
ligand-binding properties were preserved. Thus, with FhuA, addi-
tion of ferrichrome (its siderophore) to the trans, extracellular-
facing side reversibly inhibited 4 M urea-induced channel opening
and blocked the channels. With Cir, addition of colicin Ia (the
microbial toxin that targets Cir) to the trans, extracellular-facing
side prevented 4 M urea-induced channel opening. We hypothesize
that 4 M urea reversibly unfolds the FhuA and Cir plugs, thereby
opening an ion-conducting pathway through these channels, and
that this mimics to some extent the in vivo action of TonB on these
plugs.

BtuB � Cir � FhuA � urea-denaturation

For a Gram-negative bacterium to transport micronutrients
such as iron and vitamin B12 across its plasma membrane, it

must first get them across its outer membrane. In general, these
molecules are too large or, like Fe3�, are bound to a carrier
molecule that is too large, to pass through the various porins in
the outer membrane. Instead they are transported through an
unusual group of 22-stranded �-barrel proteins that require
energy input via the TonB complex to unplug the channel (hence
the name TonB-dependent transporters; for a general review of
this subject, see ref. 1). The TonB complex consists of three
proteins that traverse the plasma membrane, ExbB, ExbD, and
TonB. TonB itself is inserted in the plasma membrane and
extends across the periplasmic space to make contact with the
�-barrel proteins via their ‘‘TonB box’’ (Fig. 1). The crystal
structure of a number of these �-barrels has been determined
(2–8), and in addition to being 22-stranded, they share the
unusual feature that their N-terminal end inserts from the
periplasmic side into the �-barrel and plugs the lumen (Fig. 1).
The picture of transport through this ostensibly occluded �-
barrel pore is as follows (Fig. 1); (i) the appropriate siderophore
(or vitamin B12) binds to extracellular loops of the barrel and to
an extracellularly exposed part of the plug; (ii) this leads to a

movement of the TonB box of the plug into the periplasm, where
it makes contact with TonB; (iii) this in turn results in an
energy-driven movement of TonB, which either pulls the plug
out of the barrel or causes it to rearrange within the barrel to
open a space wide enough for the siderophore to diffuse through
(6, 9–11).

Given, as indicated above, that these channels are plugged, it
is not surprising that, with the exception of two FhuA deletion
mutants that displayed aberrant properties (12, 13), no one has
thus far reconstituted them in an ion-conducting state in lipid
bilayer membranes (14–16). [The binding of T5 bacteriophage to
FhuA generated approximately 1 nS channels (16), but it is not
clear that these resulted from opening of the FhuA channel (17,
18)]. Our own initial attempts with several of these proteins were
equally unsuccessful. Recently, however, we have discovered and
report here that if the cis solution contains 4 M urea, then
macroscopic conductances and single-channel events can be
observed with the 22-stranded �-barrel proteins FhuA, Cir, and
BtuB. Moreover, FhuA and Cir channels retain their biological
responses to appropriate substrates; that is, the siderophores,
colicins, and bacteriophages that interact with them.

Results
Inducing Channel Activity. When either FhuA, Cir, or BtuB was
added to the cis compartment with the membrane separating
symmetric solutions (100 mM KCl, 5 mM CaCl2, 1 mM EDTA,
20 mM Hepes, pH 7.2), no conductance increase occurred over
periods of tens of minutes. This was not surprising, since the
conduction pathway through these �-barrels was presumably
blocked by their N-terminal plugs. To loosen or remove these
plugs, we thought to unfold them with a denaturant such as urea.
And indeed, if the cis solution contained 4 M urea and either Cir,
BtuB, or FhuA, a continuous rise in conductance ensued for tens
of minutes, with some discernible single-channel events of 0.1–1
nS (Fig. 2). This result was independent of the order of addition,
i.e., urea followed by protein or protein followed by urea.
However, in the latter case, the protein is being perfused out of
the compartment concurrently with urea perfusion into the
compartment; hence, the magnitude of the response was more
variable. Upon removal of the 4 M urea, the FhuA- and
Cir-induced conductances fell 60–90%, and this rise and fall of
conductance could be repeated several times upon addition and
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removal of 4 M urea from the cis compartment (Fig. 2). Higher
concentrations of urea up to 8 M gave similar results, whereas 3
M urea and lower were ineffective. In the case of BtuB, removal
of the 4 M urea terminated the conductance rise, but caused
minimal conductance decline (Fig. 2). Because of the essentially
irreversible nature of the BtuB-induced conductance, all subse-
quent experiments reported here were with FhuA and Cir.

With 4 M urea or 3 M glycerol [which has approximately the
same osmolality as 4 M urea and like urea is not very membrane-
permeant (19)] in the trans solution and 4 M urea in the cis
solution, the introduction of FhuA or Cir to the cis solution did
not result in a significant conductance increase across the
membrane. If, however, the 4 M urea (or 3 M glycerol) was
subsequently removed from the trans solution by perfusion, the
reversible 4 M urea-induced conductance ensued (Fig. 3). These
experiments suggest that cis 4 M urea performs two functions in
opening the channels: (i) it unfolds the plugs, and (ii) it estab-
lishes an osmotic pressure gradient across the membrane. We
have been able to dissect these two aspects of its action through
experiments conducted with 3 M glycerol, but to explain these
experiments requires the following digression.

FhuA is the receptor for the T5 bacteriophage (20); it is a
TonB-independent phage that has been shown to extrude its
DNA upon contact with FhuA (18). Bonhivers et al. (16) have
reported that the binding of the phage to FhuA in planar
phospholipid bilayers resulted in the appearance of approxi-
mately 1 nS channels in 0.1 M KCl. We have not been able to
reproduce this finding under the conditions described by these
authors, but as we shall see below, we have also established
conditions for observing phage-induced channels. It is not clear
whether the phage has opened up the FhuA channel, as those
authors then proposed, or, as the same group more recently
proposed, that the channel is formed from the insertion of the
phage tail into the membrane, subsequent to its binding to FhuA
(17, 18); for our present purposes, this is irrelevant. What is

relevant is that we can use the phage-induced channels as an
assay for determining if FhuA channels have been inserted into
the membrane in their closed (plugged) state. The following
experiment demonstrates that such an insertion can be effected
by 3 M glycerol.

After FhuA was added to the solution on one side of the
bilayer (the cis side) and then perfused out of the cis solution,
there was, as expected, no channel activity. If at this point T5
phage was added to either the trans or cis solution, there was still
no channel activity. This indicates that the FhuA was not
properly inserted in the membrane to expose the phage binding
site, on its extracellular-facing side, to either solution. One might
assume that this is because perfusion of free FhuA from the cis
solution caused it to be no longer associated with the membrane.
This, however, was not the case. If after FhuA was perfused out
of the cis solution, 3 M glycerol was added to the cis solution and
then subsequently perfused out, there was still no channel

Fig. 1. Schematic model of the TonB-receptor interaction. Structures of TonB
interacting with the siderophore receptor FhuA (36) and vitamin B12 receptor
BtuB (37) have been solved. In this example, FhuA is shown in the outer
membrane (OM). Its �-barrel is colored yellow, with residues 181–480 cut
away for clarity and to reveal its N-terminal plug domain, shown here in red.
Residues 8–18 (which contain the TonB box, residues 8–13) are colored green
and shown interacting with the C terminus of TonB (colored solid blue). The
ribbon structures of FhuA and the C terminus of TonB are taken from PDB file
2GRX (36). The rest of the figure is a diagram representation, and therefore is
not representative of actual structures. The inner membrane is shown with
ExbB, ExbD and the inner-membrane-anchored part of TonB depicted as
cylinders, with a dashed blue line connecting the TonB inner-membrane
cylinder to its C-terminal domain from 2GRX. The yellow lightning bolt
indicates that the system is energy-driven.

Fig. 2. Current traces obtained when membranes exposed to the specified
TonB-dependent receptors were repeatedly cycled between cis 4 M urea and
cis buffer exposure. Greater than 60% loss of conductance was consistently
observed upon removal of urea (by perfusion) in the case of FhuA and Cir. With
BtuB, we saw little reversal, generally �20%. For BtuB and FhuA, the trans-
porters were added to the cis compartment (first arrows) with 4 M urea
already perfused in. For Cir, the urea was perfused into the cis compartment
(first arrow) 5 min after the addition of Cir. All traces conform to the same time
and current scale, shown at the lower right. ‘‘� Urea’’ indicates times when the
receptor began its exposure to urea (via perfusion), whereas ‘‘� Urea’’ indi-
cates the beginning of urea removal (by buffer perfusion). In all traces,
perfusions were into the cis compartment at a rate of 2 mL/min over a period
of 8 min. Breaks in the current traces are positions where voltage was switched
to 0 or � 20 mV; those resulting current traces have been removed to simplify
the figure. Note that with FhuA, there is some loss of conductance after such
a protocol. The inset shows a magnification of the early minutes of the Cir
current trace to display an example of the single channel conductances
observed in the system for all receptors reported. Except for the short breaks
in the traces, the voltage was held at cis �20 mV. The concentrations of Cir,
FhuA, and BtuB in the cis compartment were approximately 14 nM, 1.4 nM,
and 13 nM, respectively. Note also that after the initial exposure to urea, the
free receptor in the cis compartment is washed out along with the urea;
consequently, there is no free receptor in solution for the remainder of the
experiment.
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activity. Now, however, the addition of T5 phage to either the
trans or cis side resulted in the appearance of numerous 0.1 to
1 nS channels, leading to large macroscopic conductances (Fig.
4 A and B). Neither experiments using bacteriophage BF23 in
place of T5 phage nor experiments exposing T5 phage directly

to 3M glycerol in the absence of FhuA produced any channel
activity. If, on the other hand, 3 M glycerol was added to the trans
solution instead of to the cis solution, or if 3 M glycerol was
added first to the trans solution, then to the cis solution, and then
perfused out of both solutions, cis side first, so that at no time
was the cis solution hyperosmotic to the trans solution, the
subsequent addition of T5 phage to either solution was ineffec-
tive in producing channels. Similar results to those obtained with
3 M glycerol were obtained with 2.6 M glucose, which has
approximately the same osmolality (Fig. S1).

We interpret these data as follows. We believe that after free
FhuA was perfused out of the cis solution, there still remained
FhuA adsorbed to the cis membrane/solution interface, but it
was not oriented (i.e., inserted) properly in the membrane to
expose the phage binding site to either solution. The osmotic
gradient created by cis 3 M glycerol resulted in the proper
insertion of FhuA, with some oriented extracellular side (con-
taining the phage binding site) facing the trans solution and some
extracellular side facing the cis solution.

Consistent with these phage experiments, if, after the 3 M
glycerol protocol (exposure of FhuA to cis 3 M glycerol, then
removal via perfusion), 4 M urea was added to the trans solution,
a continuous rise in conductance occurred, with some discern-
able channels of 0.1 nS to 1 nS, leading to large macroscopic
conductances. Thus, the 3 M glycerol treatment led to the
insertion of FhuA channels in their closed state, with some of
these oriented with their periplasmic side facing the trans
solution. Without the 3 M glycerol protocol, the trans 4 M urea
had no effect. Removal of the 4 M urea by perfusion resulted in
the closure of these channels (Fig. 5).

Preservation of Function. It might be thought that the channels
generated by protein exposure to 4 M urea in these experiments
were caused by general denaturation of the proteins, and there-
fore that their structures bear no resemblance to native forms.
We found, however, that both Cir and FhuA channels could
interact with their native ligands after exposure to 4 M urea.
Colicin Ia is a channel-forming colicin that has parasitized Cir,
using it as its receptor (21). When added to the trans (corre-
sponding to the extracellular) side at nanomolar concentrations,
it dramatically slowed or stopped the 4 M urea-induced rise in
conductance produced by Cir (Fig. 6); as a control, the addition
of a comparable amount of colicin E3, which does not bind to
Cir, had no effect (Fig. S2). [One may be concerned that colicin
Ia would complicate the experiments by being an additional
channel-forming entity in the system. In the decane-containing
diphytanoylphosphatidylcholine membranes used in these ex-

Fig. 3. In the absence of an osmotic gradient, cis 4 M urea has little effect on
membrane conductance. With 4 M urea in the cis solution, if FhuA is intro-
duced to the cis compartment (final concentration �1.4 nM) in the presence
of trans 4 M urea (A) or trans 3 M glycerol (B), little or no conductance increase
is observed across the membrane. (In A, FhuA was introduced 15 min before
the start of the record.) However, when the trans urea or glycerol is replaced
by buffer, thus establishing an osmotic gradient across the membrane, a rapid
rise in conductance across the membrane occurs. This conductance is revers-
ible, as shown when the substitution of 4 M urea in the cis solution with buffer
results in a decrease in conductance across the membrane. The breaks in the
record indicate preparations for perfusing the opposite compartment of the
chamber. Except in B, where the voltage polarity was switched twice for �1
min early in the record, the voltage was held at cis �20 mV.

Fig. 4. An osmotic gradient is needed for proper insertion of the �-barrel
proteins into the membrane; 3 M glycerol can create the osmotic gradient
necessary to insert and orient FhuA. (A) Before the start of the record, FhuA
(1.4 nM) was added to and then perfused out of the cis compartment,
followed by the addition of T5 (1 � 1011 particles, �55 pM) to the same
compartment, producing no conductance. The trace begins (50 min after the
addition of FhuA) with the perfusion (at a rate of 2 mL/min for 8 min) of 3 M
glycerol into the cis compartment, and we have focused on the early minutes
of the glycerol perfusion to allow easy visualization of the single channel
events. Although perfusion of the cis compartment with 3 M glycerol simul-
taneously removes T5 phage from that compartment, it has not removed all
of the phage. Current trace was obtained at �20 mV. (B) Addition of FhuA (1.4
nM) to the cis compartment with 3 M glycerol already present, and then
removal of the glycerol (and FhuA) by perfusion, produced very little increase
in conductance. However, addition of phage T5 (1 � 1011 particles, �55 pM)
to the trans solution caused a rapid increase in the conductance. (In compa-
rable experiments in which the 3 M glycerol was omitted, trans T5 phage had
no effect.) Arrows indicate changes to the cis solution unless otherwise
specified. Current trace was obtained at cis voltages shown on the chart. These
data in A and B indicate that FhuA was inserted into the membrane, with its
T5 phage binding site facing either solution.

Fig. 5. Three molar glycerol can insert FhuA to allow urea to induce
conductance. The current trace begins after FhuA (1.4 nM) was added to the
cis compartment with 3 M glycerol present. Later, the cis compartment was
perfused with buffer, removing both FhuA and glycerol. The first arrow of the
trace is the beginning of a trans 4 M urea perfusion; the rise in conductance
indicates that FhuA was inserted into the membrane. The second arrow is the
beginning of the urea perfusion out of the system, again demonstrating the
reversibility of the conductance. (Similar results were obtained if 4 M urea was
perfused into the cis rather than the trans compartment). The experiment was
performed at cis �20 mV. Here, cis positive voltage was used to keep the side
with the urea at negative voltage, to be consistent with the rest of the
experiments shown. All perfusions in this experiment were 8 min long with a
flow rate of 2 mL/min.
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periments, however, colicin Ia channel-forming activity is essen-
tially nonexistent, and therefore is not a complicating factor.
Moreover, we obtained the same results using a construct that
lacked the channel-forming domain of colicin Ia and contained
only the receptor-binding (R) and translocation (T) domain (Fig.
S3)]. Similarly, when ferrichrome (the cognate siderophore of
FhuA) was added at nanomolar concentrations to the trans
(corresponding to the extracellular) side, it stopped, and even
partially reversed, the 4 M urea-induced conductance produced
by FhuA (Fig. 7). Thus, the 4 M urea treatment did not
compromise Cir’s ability to bind the R domain of colicin Ia, nor
FhuA’s ability to bind ferrichrome.

Discussion
Transport of micronutrients across the outer membrane of
Gram-negative bacteria occurs via a class of 22-stranded �-barrel
channels whose lumens are occluded by a plug, formed from
their N-terminal ends, that inserts into them from the periplas-
mic side (Fig. 1). Given this picture, it is not surprising that the
simple addition of the proteins that form these channels to the
solution on one side of a planar lipid bilayer membrane does not
lead to an increase in conductance and the appearance of
ion-conducting channels. We have shown here, however, that if
the solutions to which these proteins are added contain 4 M urea,
large increases in conductance occur, composed of ion-
conducting channels with partly unresolvable (continuous) con-
ductance and partly resolvable (discrete) conductance in the
range of 0.1–1 nS. In particular, we have demonstrated this for
the TonB-dependent transporters BtuB, FhuA, and Cir; in the
case of the latter two, the channels can be reversibly closed and
reopened by removal and reexposure to 4 M urea (Fig. 2). These
channels are not manifestations of 4 M urea-denatured proteins,
but rather they retain the native channel properties of binding,
at nanomolar concentrations, their appropriate micronutrient
[the siderophore ferrichrome in the case of FhuA (Fig. 7)] or the
appropriate agents that parasitize them [colicin Ia in the case of

Cir (Fig. 6) and the bacteriophage T5 in the case of FhuA (Fig.
4); the FhuA-T5 interaction was described in ref. 16]. The ability
of colicin Ia to halt the Cir-induced conductance rise across the
membrane (Fig. 6) can be seen as a functional example of what
was observed previously in the literature: namely, neither the
R-domain of colicin E2 in complex with BtuB (22) nor the R
domain of colicin Ia in complex with Cir (3) resulted in any
displacement of the plug domains from their respective barrels.
In addition, both of the crystal structures show hydrogen bond
interactions between the plug domain of the receptor and the
R-domain of the respective colicin. What we believe our ob-
served phenomena represent, therefore, is the binding of colicin
Ia to the extracellular side of still closed Cir transporters, thus
stabilizing the ‘‘closed’’ state of the protein against the dena-
turing properties of the urea.

The reconstitution of these channels in an ion-conducting
state is apparently a two-step process, requiring both an osmotic
gradient across the membrane and a denaturant. Thus, with the
denaturant 4 M urea in the solution on both sides of the
membrane, the addition of FhuA to one side of the membrane
does not result in the appearance of channels in either an open
state (Fig. 3A) or a closed state (as evidenced by the failure of
T5 phage to produce channels, as discussed in Inducing Channel
Activity). On the other hand, the application of an osmotic
gradient generated by 3 M glycerol, a nondenaturant, across the
membrane results in the insertion of FhuA channels in the closed
state (Fig. 4B), but not in the open state. When 4 M urea is used
alone on the cis side, which is the case in most of the experiments
we report, it produces channel opening through two effects: its
osmotic effect, which causes proper insertion of the channels,
and its denaturing effect on the plug (see below), which opens
the inserted channels. The 3 M glycerol treatment deconvolutes
these two actions of 4 M urea. How an osmotic gradient causes
the insertion of detergent-bound FhuA is not clear, but it is
probably in some ways related to the mechanism by which
vesicle-containing channels can be incorporated into planar
bilayers by osmotic gradient-induced fusion of these vesicles into
that membrane (23).

We note that although only a cis hyperosmotic gradient is
capable of inserting these proteins in the membrane, the proteins
appear to insert in both possible orientations—with the side of
the protein that faces the outside of the E. coli cell facing both
the cis side and the trans side—as shown by the response of FhuA
to phage T5 from both cis and trans sides (Results and Fig. 4).
This contrasts with the trimeric porin, maltoporin, which inserts
spontaneously in planar lipid bilayer membranes with its outside-
facing side oriented toward the cis side of the membrane.
Conductance through that porin is blocked by phage lambda, for
which it is the cell surface receptor, added to the cis side, but not
to the trans side (24). In contrast, colicin E3 occludes the OmpF
porin only from the trans side (15) of planar lipid bilayer
membranes, implying the opposite orientation of OmpF porin to
that of maltoporin. There is, in any case, no reason to expect that
a trimeric porin, which inserts spontaneously in the bilayer, and
the TonB-dependent receptors, which require an osmotic gra-
dient to insert, should necessarily behave the same way in an in
vitro system such as ours.

Based on the work of others in the field, our picture of what
happens as urea opens the inserted channels is as follows
(although it should be noted, that the primary purpose of this
work is to present a technique for inserting functional plugged
channels into planar lipid bilayers, not to directly address the
critical questions in the field). We believe that 4 M urea (but not
3 M urea or less) partially or fully unfolds the N-terminal part of
the protein that forms the plug of these channels, thereby
opening an ion-conducting pathway. It is generally assumed that
during transport (of siderophores or colicins) the plug domain
either comes out of its barrel (11, 25) or rearranges within the

Fig. 6. Cir is responsive to its cognate colicin. The current trace begins with
the addition of Cir (�14 nM) to 4 M urea. The 4 M urea-induced Cir-mediated
membrane conductance is seen to be halted soon after addition of trans
colicin Ia (�15 nM). The experiment was performed with the cis compartment
held at �20 mV.

Fig. 7. FhuA is responsive to its natural ligand, ferric-ferrichrome. The
current trace begins after FhuA (1.4 nM) was added to the cis compartment
and washed out 10 min later by perfusion with buffer. Then, at the first arrow,
4 M urea was perfused into the cis compartment (at a rate of 2 mL per min for
8 min) and removed by a buffer perfusion (second arrow). Urea was then
reintroduced, and following the second urea perfusion, the addition of
ferric-ferrichrome (330 nM) to the trans compartment resulted in partial
conductance decrease. The current shown was obtained at cis �20 mV, and the
break in the trace indicates the time during which the voltage had been
switched from �20 mV to � 20 mV.
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barrel (9, 10). A general unfolding of the plug domain could be
a mechanism in either theory. When urea is removed, the
N-terminal part of the protein refolds to form a functional plug
that closes the channels.

The fact that not all of the channels (10–40%) close upon
removal of the 4 M urea may reflect irreversible unfolding of a
subpopulation of plugs, or perhaps refolding of plugs that have
been completely pulled out of the channel but cannot readily
reinsert into them. We hypothesize that there is a continuum of
structures between the folded native plug and its completely
denatured unfolded state, and that this accounts for the unre-
solvable increments in conductance and for the dispersion of
single-channel conductances, both of which contribute to the
macroscopic conductance. Given, however, that loss of an
external loop can convert FhuA into an open, TonB-
independent channel (12), we cannot preclude the possibility
that urea is somehow causing that loop to move aberrantly and
thereby opening the channel. However, the stability and inde-
pendence of the plug domain when apart from the barrel has
been demonstrated, allowing us to suggest that the unfolding
happens only to the plug domain. Thus, Braun et al. (26) showed
in vivo that separately expressed FhuA plugs and barrels can
complement each other to form functional units, and Oke et al.
(27) showed the stability of the plug domain of TbpA from N.
meningitidis when expressed and purified alone in E. coli,
independent of the barrel. Most compelling, Bonhivers et al. (28)
demonstrated, using differential scanning calorimetry, that the
plug and barrel domains of FhuA behave as autonomous do-
mains and unfold at different temperatures, with the plug
domain unfolding before the barrel domain.

We should like to believe that the action of 4 M urea on the
plug mimics to some extent that of TonB (i.e., urea either
changes the conformation of the plug within the barrel or pulls
it out of the barrel, or both); whether this is true or not will
depend on further experiments both with this model bilayer
system and with complete TonB-coupled channel opening. It
would seem that the incomplete reversibility of conductance,
resulting from subpopulations of receptors with misfolded plugs,
is an artifact of the use of urea instead of TonB to affect the plug.
For of course in a cell, the plugs would return to their original
state lest a large permeation pathway be left opened in the
bacterial outer membrane.

Materials and Methods
Planar Lipid Bilayer Experiments. Planar bilayers were formed at room tem-
perature by the brush technique (29) across a 0.5-mm hole in a 125 �m thick
Teflon partition. Membranes separated two Lucite compartments, each con-
taining 3 mL of 100 mM KCl, 1 mM EDTA, 5 mM CaCl2, 20 mM Hepes, pH 7.2,
which could be stirred by small magnetic stir bars. The membrane-forming
solution was 3% diphytanoylphosphatidylcholine in n-decane. Unless other-
wise specified, the following reagents were added at the indicated final
concentrations: FhuA at �1.4 nM, Cir at �14 nM, BtuB at �13 nM, ferrichrome

at �330 nM, phage T5 or BF23 at 1 � 1011 PFU (�55 pM assuming one particle
per PFU), and colicin Ia at �15 nM. Perfusions of each compartment were
performed via a polystaltic pump (Buchler Instruments) at a flow rate of 2
mL/min. All experiments were done under voltage-clamp conditions; voltages
are those of the cis solution (to which protein was added) with respect to that
of the trans solution, which was held at virtual ground. Current responses
were filtered at 10 Hz and recorded either on a Narco physiograph chart
recorder or by an NI6211 Data Acquisition Board (National Instruments) and
stored digitally. Each of the experiments reported here was performed at least
three times with similar results.

Reagents. FhuA with a D336C mutation, which was introduced in anticipation
of future experiments, was expressed and purified according to James et al.
(30), who showed it to behave identically to wild type FhuA; Cir was expressed
and purified according to Buchanan et al. (3); BtuB was a generous gift from
William Cramer (Purdue University, West Lafayette, IN); colicin Ia was ex-
pressed and purified according to Kienker et al. (31). Stock solutions of FhuA
(0.33 mg/mL in 50 mM ammonium acetate, pH 8.0, 250 mM NaCl, 70 mM
imidazole, 0.1% LDAO), Cir (3.5 mg/mL in 20 mM Tris-Cl, pH 7.3, 200 mM NaCl,
1% octyl glucoside, 0.02% sodium azide), BtuB (3 mg/mL in 20 mM Tris-Cl, pH
8.0, 0.1% LDAO), and colicin Ia (0.79 mg/mL in 50 mM boric acid, pH 9.0
(NaOH), 300 mM NaCl, 2 mM EDTA) were stored at �80 °C; working solutions
were kept stable at 4 °C for at least 6 months.

Ferrichrome was purified from 5 L of culture supernatant of Ustilago
sphaerogena grown in modified Grimm-Allen medium (32) without added
iron, by modifications of the procedure of Neilands (33). The ferrichrome-
containing aqueous solution from benzyl alcohol/diethyl ether extractions of
ferrous sulfate-treated culture media was concentrated by rotary evapora-
tion, and chromatographed over DEAE cellulose in 0.05 M Tris-Cl, pH 7.5, to
separate ferrichrome and trace amounts of anionic ferrichrome A, whose
identities were confirmed by their visible absorption spectra (ferrichrome:
�mM425 nm � 2.9; ferrichrome A: �mM

440 nm � 3.7). Ferrichrome was crystallized
from anhydrous methanol (33), and stored in desiccated form.

Phage BF23 was a gift of the late Robert Kadner. High-titer stocks of both
BF23 and T5 were prepared by adapting protocols described by Yamamoto et
al. (34), and Zweig and Cummings (35). Phage were propagated on W3110 rpsL
in Difco nutrient broth containing 1 mM CaCl2. One liter of phage lysate was
sterilized with 0.1% CHCl3, treated for 30 min with 300 �g DNase (Worthing-
ton DPRF) and 50 �g RNase (Worthington RPDF). Phage from two successive
precipitations in 7.5% PEG 6000 (34) were gently resuspended in 9 mL of sterile
phage buffer (1 mM sodium phosphate, pH 7.2, 0.9% NaCl, 2 mM MgSO4, 1
mM CaCl2) and finally purified by loading onto a CsCl gradient (35) and
centrifuging for 3.5 h at 104,000 � g. The sharp blue band of purified phage
was removed with a syringe and needle from the side of the tube. Purified
phage were dialyzed into 10 mM Tris-Cl, pH 7.4, 150 mM NaCl, 1 mM MgSO4,
1 mM CaCl2, stored at 4 °C. in the presence of 0.05% sodium azide, and each
had a titer of approximately 5 � 1012 PFU/mL.
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