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Abstract

The TonB-dependent receptors (TBDRs) FepA and FhuA transport the siderophores ferric
enterobactin (FeEnt) and ferrichrome (Fc), respectively, through the Gram-negative bac-
terial outer membrane. Their uptake mechanism involves conformational change in an
~150 residue N-terminal luminal domain (NTLD), located within their C-terminal -barrel
(CTBB) channels. We identified four internal sites (1-4) in TBDR that form a conserved
network of ion pairs encircling the NTLD-CT(B interface. We tested the mechanistic impor-
tance of these electrostatic interactions by engineering systematic Ala substitutions in FepA
and FhuA for the acidic or basic side chains that comprise them. Siderophore nutrition
assays, colicin susceptibility tests and fluorescence spectroscopic uptake measurements
of the mutants showed the importance of site-2, that adheres the base of NL1/Np3 and
N5 of the NTLD to 314 and (317 on the interior of the CTB. Disruption of electrostatic
bonds at site-2 reduced or eliminated ferric siderophore uptake and severely curtailed
colicin susceptibility. Despite these reductions in ligand transport, fluorescent spectroscopic
binding measurements showed that the site-2 mutations did not alter the affinity of FepA
for FeEnt, nor FhuA for Fc. Elimination of ionic interactions at the three other locations in
FepA (sites-1, -3, -4) did not reduce FeEnt uptake. Lastly, in FepA the disruption of ionic
bonding at site-2 in FepA rendered it more susceptible to proteolysis, in part by OmpT,
suggesting that ablation of ionic interactions in site-2 destabilized the NTLD within the
CTBB. Overall, the experiments demonstrated that the ion pairs at site-2 in FepA and FhuA,
that are evolutionarily conserved in the TBDR superfamily, are essential to the movement
of ferric siderophores through the CT3B into the periplasm.
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1. Introduction

Microbiological siderophores [1,2] solubilize precipitated, otherwise unavailable iron
in the environment. Over 500 different siderophores are known and characterized [3], that
may chelate iron with unparalleled high affinity [4,5]. Iron uptake, via chelates like the
catecholate siderophore ferric enterobactin (FeEnt [6]) and the hydroxamate siderophore,
ferrichrome (Fc [1,7]), is essential to the proliferation of biological communities, because
ferric siderophores are an entry point for iron into prokaryotic metabolism. More than
80 enzymes require either iron or iron-containing cofactors, like aconitase and succinate
dehydrogenase in the Krebs cycle, proton-pumping oxido-reductases in electron transport,
class Ia ribonucleotide reductases in DNA synthesis, monooxygenases like cytochrome
P450, and catalases, and superoxide dismutases that detoxify reactive oxygen species [8-10].
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Iron’s central role in both pro- and eukaryotic metabolism underscores the importance of
understanding its biochemical uptake pathways.

In Gram (—) bacteria, outer membrane (OM) TonB-dependent [11] receptors (TBDRs)
recognize and transport ferric siderophores. These high-affinity (e.g., Kp ~ 10710 M [12,13])
receptors bind iron complexes [14-17], vitamins [12,18-20] or nutrients [21-23]. When
activated by TonB [11,24] they import ligands through the OM to the periplasm. TBDRs
are omnipresent in Gram (—) bacteria to varying degrees of representation. Members
of Enterobacterales encode many (7-20) that act in iron or other metal uptake, but other
Families of Proteobacteria contain many more (Pseudomonadaceae: 35-38; Caulobacte-
riacae: 63; Xanthamonadaceae: 42-70 [25]), often with non-metal substrates. Hence, a
multitude of TBDRs actively transport compounds into Gram (—) bacteria, but none are
biochemically well enough defined to reveal the detailed steps of ligand internalization.
Knowledge of the transport mechanism relates to research on bacterial susceptibility to
siderophore antibiotics, among which the catecholate compound cefidericol is a paradigm
of FDA-licensed Trojan Horse compounds [26].

The architecture of TBDRs constitutes a distinct structural class. They contain
22-stranded transmembrane (3-barrels, so they are porins [27]. But unlike general and
specific porins [28], TBDRs do not contain open channels: an N-terminal luminal domain
(NTLD) blocks their channels [15-17,29-31]. Secondly, their active transport reactions in the
OM are enigmatic, because thousands of 10 A (general porin) channels [32,33] preclude the
formation of an electrochemical ion gradient across the OM. Next, metal uptake through
closed TBDR channels entails structural rearrangements in the receptor protein: (i) ligand
binding in cell surface loops provokes movements in the NTLD that enable interactions
with TonB in the periplasm [34,35]. Then, TonB exploits proton-motive force [13,18] (by an
uncertain mechanism) to (ii) open the channel and trigger passage of the metal complex
into the periplasm [13] (also by an unknown mechanism). Hence, although the transport
of a bound ligand involves signal transduction, conformational dynamics and protein—
protein interactions in the bacterial cell envelope, the molecular details of the internalization
reaction remain obscure.

The crystal structures of FepA [15], FhuA [17,36] and FecA [16] revealed contiguous
pairs of basic and acidic residue side chains in the TBDR interiors, that presumably hold
the NTLD to the interior surface of the CT3B [37-39] (Figure 1). Bioinformatic analyses of
79 TBDR orthologs and paralogs [40] found that the basic and acidic residues comprising
one of these electrostatic interactions (site-2) are highly conserved (>95% identical). The
residues in site-2 are Arg on the NTLD, juxtaposed to Glu on the CT@B, close enough
together to form salt bridges and hydrogen bonds that adhere the NTLD to the channel
wall. In FepA the pairs are R75 and R126, associated with E511 and E567 (site-2: cyan
bridges in Figures 1 and S2). The positive charge center of the R75 guanidino group is within
a few angstroms of the E511 and E567 carboxylates, close enough for ionic and H-bonds
to both acidic side chains; the R126 guanidino is similarly close to the E567 carboxylate,
to allow both ionic and H-bonding [15]. Identical acidic-basic ion pairs exist in site-2
of other ferric catecholate (EcoFiu [30]: Figure 1D, EcoCir [29]) and ferric hydroxamate
receptors (EcoFhuA [17]; Figure 1C,F). Clustal() sequence alignments identified the site-
2 pairs as the most conserved residues in TBDRs, but numerous (eight or more) other
potential NTLD—CTB electrostatic bonds exist around the interior perimeter of TBDR
channels (Figures 1 and S1-54), providing more extensive ionic and H-bond stabilization
of the NTLD. In some cases the other ion pairs are evolutionarily covariant: an acidic
side chain on the NTLD approaches a basic side chain on the 3-barrel interior. Given that
PMF underlies TonB-dependent OM transport, and that ionic bonds are susceptible to
neutralization by protonation, these residues were postulated as mechanistically relevant
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to ligand internalization [39,40]. On the other hand, these configurations also imply that
without conditions that neutralize ionic bonds (e.g., local decreases in pH), the internal salt
bridges will restrict NTLD dynamics to localized movements of minimal amplitude. This
notion agrees with experiments and simulations, which inferred that small movements of
the NTLD, in situ within the CT3B, may open a pathway for ferric siderophore entry to the
periplasm [41-43]. Evidence [44-49] suggests that PMF promotes OM transport by driving
rotation of the TonB-ExbBD complex in the inner membrane [50], which transfers energy to
TBDR by protein—protein interactions with their TonB-box motif [11,14].

EcoFiu

EcoFepA 4 ™ EcoFhuA

NTLD NTLD
Helices Helices

EcoFepA =, EcoFhuA

Figure 1. Internal ion pairs in E. coli TBDRs. (A) Side view of FepA (1FEP) showing putative salt
bridges formed by basic residues (sky blue) in the NTLD (red ribbon) and acidic residues (pink) on
the CTBB (green ribbon). (B) 90° rotation on the x-axis gives a periplasmic view of the internal ring
of basic side chains on the NTLD, juxtaposed to an outer ring of acidic side chains on the CT3B.
Four conserved, comparably located bridge sites exist in all of the E. coli TBDRs (Figures S1-54), that
are circled and labeled as sites-1 to -4 in the ferric catecholate transporter FepA (panel B) and the
ferric hydroxamate transporter FhuA (panel C; NTLD is gold; CTfB is Dodger Blue). Sites-1 to -4
are circled with spring green, cyan, purple, and red, respectively. (Panels D-F) Ribbon diagrams of
Fiu, FepA and FhuA depict salt bridges, with the same colors as in panels B and C. In D-F, o-helices
are magenta; [3-strands are gold; loops are light gray. In (E), the FepA model shows the location of
internal disulfide bonds that do not prevent FeEnt transport [42] (dark green).

In this report we systematically substituted Ala for residues involved in the noted
ion pairs, to determine how electrostatic and H-bond stabilizations of NTLD inside the
CTBB of TBDRs affect the internalization of ferric siderophores. By single or multiple Ala
substitution mutagenesis, we sequentially eliminated the internal ion pairs and determined
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the effects on ligand uptake by E. coli FepA and FhuA. The results show that the basic-acidic
residue juxtaposition at site-2 (R75, R126, E511, E567 in FepA; R93, R133, E522, E571 in
FhuA) must remain intact for ferric siderophore and colicin uptake to occur. conversely,
elimination of internal ion pairs at sites-1, -3 and -4 did not impair uptake.

2. Results
2.1. TBDR Ion Pair Networks

Crystallographic data (Figure 1), sequence alignments and bioinformatics [40]
(Figures S1-54) revealed an electrostatic network that may facilitate, restrict or immo-
bilize NTLD structure within the CTB. We aligned the structurally solved E. coli
TBDR [15-17,29-31,36,51], and that of the ferric yersiniabactin receptor of Y. pestis [52], by
CLUSTALQ [53]. This group of eight prototypes included three ferric catecholate receptors
(Fiu, FepA, Cir), three ferric hydroxamate receptors (FhuE, FhuA, FyuA), the ferric citrate
(FecA) and the vitamin B12 (BtuB) receptors. In each protein, 7-10 basic residue side chains
pair with acidic residue side chains at four sites around the interior of the NTLD/CT(3B
interface (sites-1 to -4 in Figure 1). These basic/acidic pairs presumably adhere the NTLD
to the 3-barrel channel with ionic and/or hydrogen bonds (Figures 1 and S1-54). Besides
revealing identical /homologous residues among the proteins, the CLUSTALQ) analysis
pinpointed sites-1 to -4 in NTLD primary structure, and illustrated the different attributes
of the ion pairs at these positions.

Site-1: basic or acidic residues in helices N2 and N«3, associated with CTRB strands
17,19, 20, 21, or 22;

Site-2: invariant Arg at the ends of N33 and N5 paired with invariant Glu in CT3B
strands 14 and 17;

Site-3: basic or acidic residues in helices N1, N4 or Nob, paired with CT3B strands
7,8,9,10 or 11;

Site-4: basic or acidic residues at the peripheries of helices Nj32, N33 and N[{34,
associated with CTpB strands 1, 2, 3,4 or 5.

Site-2. The invariance of site-2 was most striking. The residues composing site-2
were always identical: Arg on the N-domain surface associated with Glu on the C-domain
interior (cyan connections in Figure S2), and always at the same relative position in the
sequence alignment (in FepA, R75-E511 and R126-E567). These facts distinguished site-2
from all other salt bridge locations, and this invariance was more noteworthy in light of the
variability in composition and position of the ion pairs at sites-1, -3 and -4. Further, site-2
always links the base of NL1 and distal portion of N33 (in EcoFepA, at residue R75) and
NB5 (R126) to the interior wall of the (3-barrel (E511 in 314 and E567 in 317, respectively).
Thus, the site-2 ion pairs, and by implication their electrostatic interactions, were exactly
comparable in every TBDR that we considered.

Sites-1, -3 and -4. Unlike the invariant Arg and Glu in site-2, sites-1, -3 and -4
sometimes had Lys or His at different positions in the NTLD, sometimes paired to Asp in the
CTfB. For example, site-1 bridges (green lines in Figure S1) were variable in compositions
and locations, originating in N2 or N3 and connecting to multiple 3-strands: 17, 19, 20,
21, 22, or L10. Two of these site-1 pairs also showed evolutionary covariance (an indicator of
mechanistic importance [54]) among the TBDRs we studied. That is, besides basic residues
on the NTLD and acidic residues on the CTBB, in site-1 we also found acidic side chains
on the NTLD paired to basic side chains on the CT3B. Site-3 (purple) connections were
similarly variable and one was covariant, originating at different locations in the N-domain
and connecting to (3-strands 7-11 of the CT3B (Figure S3). Site-4 bridges (red lines in
Figure S3) involved Nf32, N33 or N34, but the individual residues within them manifested
more diversity of locations and composition. For example, in N32 a nearly conserved Asp
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(D117 in FepA) linked to either K or R at various positions in (31-35) of the CT3B. Other
site-4 acidic and basic residues in N33 or N34, respectively, associated with oppositely
charged side chains positions in 31 or 32 of the CT(3B; two positions were evolutionarily
covariant. Despite the different components, positions and attributes of ion pairs in sites-1
to -4, their conservation in TBDR interiors intimated stabilization of the NTLD within the
CTPB, which presumably plays a mechanistic role in transport.

2.2. Site-Directed Mutagenesis of lon Pair Residues in E. coli FepA and FhuA

In light of the apparent electrostatic interactions between the NTLD and the CT3B
interior, we used alanine scanning mutagenesis [43,55] to investigate the function of sites-1
to -4 in FeEnt transport by FepA. We first eliminated ionic bonding in the sites (Figure 1)
by individually changing the predominantly acidic {3-barrel residues to Ala. In FepA,
three of the eight target 3-barrel amino acids are Asp, four are Glu, and the eighth is Arg.
Besides introducing these individual Ala substitution mutations in the FepA (3-barrel, we
combined them as double or triple mutations to fully eliminate any ionic bonding at the
individual sites-1 to -4 (Table 1). For example, at site-1 we made the single substitutions
E664A and E676A, as well as the double substitution E664A_E676A. At site-4 we made
the single substitutions E117A, R178A and E250A, as well as their double and triple
combinations. Because our initial findings with the ferric catecholate transporter FepA
showed the importance of site-2, we made the equivalent Ala substitutions in site-2 of the Fc
transporter, FhuA, with single mutations E522A and E571A, and their double combination.
The Ala scanning approach systematically replaced the individual acidic or basic residues
with a similarly sized, non-ionizable side chain that precluded the formation of electrostatic
or H-bonds. Lastly, besides substituting Ala for Asp or Glu on the CT3B, we further
substituted Ala for ion-paired Arg residues on the NTLD: R75A, R126A, R75A_R126A in
FepA; R93A, R133A, R93A_R133A in FhuA.

Table 1. Ala substitutions for residues composing NTLD-CT (3B salt bridges in FepA and FhuA. Colors
designate 4 sites containing ionic pairs that presumably link the NTLD to the CT(3B (depicted in panels
B-F of Figure 1). We created single, double or triple Ala substitutions for the enumerated residues.

FepA FhuA
Bridge Site Ala Substitution Bridge Site Ala Substitution
1a(R37-D664) D664A 1 (H61-D19) ND
1b(K47-D676) D676A - ND
1a, 1b D664A_D676A - ND
( ) R75A, E511A ( ) R93A, E522A
( ) R126A, E567A ( ) R133A, E571A
R75A_R126A R93A_R133A
E511A_E567A E522A_E571A
3a(R132-E415) E415A 3a(K38-D358) ND
3b - 3b(D40-R297) ND
4a(E117-R174) R174A 4a(D122-R199,-R212) ND
4b(K89-E250) E250A 4b(K154-D179) ND
4c¢(K147-D158) D158A
4a, 4b R174A_E250A
4a, 4b, 4c R174A_E250A_D158A
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2.3. Expression of FepA and FhuA Mutants

Immunoblots of bacterial cell lysates (Figure 2) evaluated the expression of wild-type
FepA and its mutants. The site-1 to -4 charge ablation mutations did not reduce expression
of the FepA proteins: E. coli produced FepA and the Ala substitution mutants at about
the same level (Figure 2). However, upon cell lysis FepA is susceptible to proteolysis by
OmpT near its N-terminus [56-59], and some of the FepA site-2 mutants (R75A, E567A
and their combinations) were more degraded in the immunoblots (Figure 2A,B). OmpT
is an OM-resident protease that cleaves host factors, including cationic peptides and
complement [60-63], and adventitiously cleaves other OM proteins when released into
solution by cell lysis or detergent solubilization [57,58,64—66]. To minimize this degradation
we engineered an OmpT-deficient strain of E. coli (OKN2359: entA, Afiu, AfepA, Acir,
AompT) as the host for pITS23 (fepA+) and its derivatives. Some proteolysis of FepA_R75A,
FepA_E567A and their combinations still occurred in the AompT strain, but the extent was
reduced (Figure 2C). The enhanced protease susceptibility of site-2 mutants was noteworthy
(see Discussion). Most important regarding the phenotypes of the FepA site-2 Ala mutants,
a large amount of each full-length, unproteolyzed FepA polypeptide remained intact in the
AompT host. Further, with one exception, the site-2 Ala substitution mutants of FhuA were
not proteolytically degraded (Figure 2). The exception, FhuA_E522A_E571A, was partially
proteolyzed in SDS-PAGE gels of FM-labeled cell lysates.

A «pa C
(FepA)MK\’L % . s — 81K (FepA
77K B G T S S e — . — b onr o 3 81K(FepA)
GIK)T5K = —h PP T 77K
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Figure 2. Expression of FepA and FhuA Ala substitution mutants. (Panels A,B) E. coli OKN359
(Afiu, AfepA, Acir)/pHSG575, carrying fepAA698C or its Ala substitution mutants, were grown in
MOPS media, collected by centrifugation and boiled in sample buffer. We loaded the lysates (5 x
107 cells) in an SDS ~PAGE gel, and after electrophoresis we transferred the proteins in the gels to
nitrocellulose and developed it with «-FepA mAb 44 [67] and GaMIg-alkaline phosphatase. Band
81K* designates the known degradation product of FepA by OmpT [56-58]. Mutant FepA proteins
at site-2 (red text) were more susceptible to proteolysis by OmpT. (C) We repeated the procedure
in OKN2359 (Afiu, AfepA, Acir AompT). Deletion of ompT reduced the proteolysis: wild-type FepA
was not degraded, and the site-2 Ala mutants were less degraded (> 50% of the full-length mutant
polypeptides remained). (D) We grew E. coli OKN17 (AtonB, AfhuA)/pHSG575 carrying fhuAS396C,
or its Ala mutant derivatives, in MOPS media, labeled them with FM [1], lysed them by boiling in
sample buffer and loaded 5 x 107 cells into the lanes of an SDS-PAGE gel. After electrophoresis we
used a UV transilluminator to visualize the fluorescently labeled FhuA proteins.
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2.4. Siderophore Nutrition and Colicin Susceptibility

FepA is the OM receptor for FeEnt and colicin B (ColB). Using microbiological
siderophore nutrition assays [68,69], we first evaluated the FeEnt uptake activities of
eight individual and four double Ala substitutions for Glu or Asp at sites-1-4 on the CT(3B
interior of FepA. Only the double mutation at site-2 (E511A_E567A) fully blocked FeEnt
uptake (Figure 3; Table 2): no growth was seen around a disk of 50 uM FeEnt on plates
of the FepA_E511A_E567A mutant, illustrating the importance of the site-2 salt bridge
interactions. On the other hand, Ala substitutions for Glu or Asp at sites-1, -3 and -4,
including their double-mutant combinations, did not reduce FeEnt uptake in nutrition tests
(Figure 3).

Afiu, Acir,
AfepA ++ R75A E117A R126A E158A R174A E250A E415A

. &)@

E511A- D664A-
E511A E567A D664A DG76A R126A E567A DG76A

E93A- E522A-
+  RIA RI3BA E52 ESTIA RI33A EST1A

\.

Figure 3. Siderophore nutrition tests of FepA and FhuA salt bridge mutants. After substitution of
Ala for Asp or Glu residues in sites-1 to -4, we expressed the fepA proteins in E coli OKN359 (entA,
Afiu, AfepA, Acir), and the mutant fhuA alleles in E. coli OKN7 (AfhuA). Siderophore nutrition tests
assessed the uptake 50 uM FeEnt or Fc in the FepA and FhuA mutants, respectively.

The strong impact of E511A and E567A in FepA on FeEnt uptake led us to construct
Ala substitutions for their electrostatic partners, R75 and R126. In this case, the individual
Ala substitutions R75A and R126A in FepA changed the morphology of the FeEnt nutri-
tion halos (larger or smaller, respectively; Figure 3, Table 2), suggesting a reduction in
rate or extent of FeEnt uptake [70]. Furthermore, like E511A_E567A, the double mutant
R75A_R126A eliminated the growth halo around 50 nM FeEnt. So, replacement of either
the acidic or basic salt bridge partners with Ala at site-2 blocked FeEnt transport by FepA.
The FeEnt nutrition assays gave the same results in ompT+ or AompT backgrounds (Table 2).

FhuA is the cognate TBDR for Fc and ColM [69]. Because ablation of ionic interactions
at site-2 disrupted FeEnt uptake by FepA, we evaluated the equivalent site-2 residues in
FhuA during Fc uptake. As seen for FepA_R75A, the single substitutions at site-2 in FhuA
(R93A, R133A, E522A, E571A) resulted in larger nutrition halos around 50 uM Fc (Figure 3),
indicating an impaired rate of Fc uptake. As in FepA, the double FhuA substitution mutants
at site-2 (R93A_R133A, E522A_E571A) abolished Fc transport (Figure 3; Table 2).

Bacteriocin susceptibility followed nearly the same patterns for both receptors. Single
Ala substitutions for Glu or Arg in site-2 of FepA decreased susceptibility to ColB 5-20-fold,
and the double mutants R75A_R126A and E511A_E567A were 100-500-fold less sensitive
to ColB (Figures 4 and S5, Table 2). The ColB killing assays gave the same results in ompT+
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or AompT backgrounds (Table 2). Analogous reductions in sensitivity to ColM occurred in
cells expressing FhuA and its mutants (Figure 4, Table 2): the site-2 single mutants R93A
and R133A reduced ColM susceptibility 2-5-fold, and double mutants FhuA_R93A_R133A,
and FhuA_E522A_E571A decreased killing 100-500-fold (Table 2). Unlike their behavior
in siderophore nutrition tests, the double Ala substitutions at sites-1, -3 and -4 in FepA
also reduced sensitivity to ColB, although less (2-10-fold) than at site-2 (100-500-fold,
Figure 4). In summary, nutrition tests implicated charge interactions at site-2 during iron
uptake through both FepA and FhuA, and bacteriocin titrations reiterated the importance
of site-2 in uptake of ColB and ColM by FepA and FhuA, respectively. ColB killing was
affected by Ala substitution at sites-1, -3 and -4 in FepA. Both siderophore nutrition and
colicin susceptibility test results were unaffected by the presence or absence of OmpT in
the plasmid host strains (Table 2).

I
o

Colicin Titer (% wild type)
[=2]
[=]

N
(=]

B0 00 B A% (D 0 ol B 0 S vq‘r L ST ANT
VPR @@b@@a@hw F PLEH LS

¥y & %
R LA S </ ‘o ‘o ' Q QLK
Qe' G;/ N A Q’Q Ny /e
CEPEST &
\ s
Ala Mutant <

Figure 4. Sensitivity of Ala mutants to colicins. We deposited dilutions of ColB and ColM on lawns
of bacteria expressing FepA and FhuA (respectively) or their Ala mutants (Figure S5). The graph
plots colicin titer (Table 2) on the Ala mutants relative to wild-type FepA (100%). Ala substitutions at
site-2 (red text) produced the largest reductions in colicin susceptibility.

2.5. Fluorescent Spectroscopic Measurements of FeEnt Binding and Transport

We used fluorescent sensor assays [71] to measure the binding and transport of FeEnt
or Fc by site-2 Ala substitution mutants in FepA and FhuA. These assays revealed that
the uptake deficiencies in site-2 mutants did not originate from impaired FeEnt or Fc
binding. The (nanomolar) binding affinities of FepA for FeEnt and FhuA for Fc were not
altered by the site-2 Ala substitutions, either singly or in combinations (Figures S6 and S7).
The apparent affinity of the mutant FepA receptor proteins for FeEnt was statistically
indistinguishable from that of wild-type FepA (Kp ~ 1 nM; Figure S6; see Discussion). In
some cases (R75A, R75A_R126A; E567A, E511_E567A) the overall extent of fluorescent
quenching by saturating concentrations of FeEnt was less, but this reduction did not alter
the Kp value. We found comparable results for site-2 mutants in FhuA (Figure S7): the
apparent affinities of all the FhuA proteins were the same (Kp ~ 1 nM). The normal affinities
of site-2 Ala mutants of FepA and FhuA for FeEnt and Fc, respectively, implied that their
transport defects were restricted to the ligand internalization reaction.

Spectroscopic FeEnt and Fc uptake studies confirmed the results of siderophore nu-
trition assays (Figure 5; Table 2). In FepA, R126A reduced the rate of FeEnt uptake
(63% of wild-type level), while the single mutation R75A and the double Ala substi-
tution R75A_R126A completely blocked FeEnt acquisition. Likewise, both E567A and
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E511A_E567A eliminated FeEnt uptake in these tests. Analogously at site-2 in FhuA, both
R93A and the double Ala substitution RO3A_R133A eliminated Fc uptake (Figure 5; Table 2).
E522A reduced the rate of Fc uptake (to 55% of wild-type level), and E522A_E571A further
decreased the Fc uptake rate (to 27% of wild-type levels; Figure 5; Table 2). Overall, the
siderophore nutrition assays and spectroscopic uptake experiments consistently showed
transport defects in Ala substitution mutants at site-2.
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Figure 5. FeEnt and Fc uptake by FepA and FhuA site-2 Ala mutants. (A,B) FeEnt uptake. We
grew OKN2359 (Afiu, AfepA, Acir, AompT)/pITS23 with fepA+ or its site-2 Ala mutants in iron-
deficient MOPS media and measured FeEnt uptake with sensor OKN1359 (AtonB, Afiu, AfepA, Acir)/
pFepA_A698C-FM [1]. (A) Relative to FepA+, FepA_R126A had a reduced uptake rate; FepA_R75A
and FepA_R75A_R126A did not transport FeEnt. (B) FepA_E511A acquired FeEnt like FepA+,
but FepA_E567A and FepA_E511A_E567A did not acquire it. (C,D) Fc uptake. We grew OKN7
(AfhuA)/pITS11 with fhuA+ or its site-2 Ala substitutions in iron-deficient MOPS media and measured
Fc uptake with sensor OKN17 (AtonB, AfhuA)/pFhuA_S3968C-FM. (C) FhuA_R133A transported
Fc like FhuA+, but FhuA_R93A had a much lower Fc uptake rate and FhuA_R93A_R133A did not
transport Fc. (D) FhuA_E571 transported Fc like FhuA+, but FhuA_E522A had reduced uptake, and
FhuA_E522A_E571A was more impaired.
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Table 2. Phenotypic attributes of Ala substitutions for site-2 salt bridge residues in E. coli FepA
and FhuA. ? For spectroscopic binding experiments we expressed the fepA alleles on pITS23 in
OKN1359 (AtonB, AfepA, Acir, Afiu) (Figure S6); for FeEnt uptake and ColB susceptibility assays, we
expressed them in host strain OKN359 (AfepA, Acir, Afiu) or OKN2359 (AfepA, Acir, Afiu, AompT)
(Figure 5). P Apparent Kp (nM) derived from fluorescence quenching of FepA or FhuA Ala mutants
in titrations with increasing amounts of FeEnt or Fc, respectively (Figures S6 and S7). ¢ Diameter
(mm) of growth around discs containing 50 uM FeEnt or Fc on iron-deficient NB plates seeded with
E. coli expressing wild-type FepA or FhuA, respectively, or their Ala substitution mutants. ¢ Rate of
FeEnt or Fc uptake (pmol/min/ 107 cells), calculated from rate measurements in fluorescence sensor
assays. © Titer (reciprocal of the limiting dilution of ColB or ColM stock that gave clearing of the
agar in plate tests (Figure S5)) on E. coli expressing FepA or FhuA Ala mutant proteins, relative to
titer on wild-type FepA or FhuA (arbitrarily set to 100). f We expressed the fliuA alleles on pITS11 in
host strain OKN17 (AtonB, AfhuA) for spectroscopic binding experiments, and in host strain OKN7
(AfhuA) for Fc uptake and ColM susceptibility assays.

FeEnt Transport .
fepA allele ? Binding b Nutrition € Uptake d Colicin B *
ompT+ AompT  ompT+ AompT  ompT+ AompT
fepA* 0.4 £0.05 15 14 40 50 100 100
R75A 0.7+0.1 16 15 0 0 2 0.1
R126A 04+0.1 17 16 17 32 10 10
R75A_R126A 04 £0.15 0 0 0 0 4 5
E511A 1.0£0.1 15 15 50 50 40 50
E567A 04+0.1 18 17 24 0 10 20
E511A_E567A 06=x0.1 0 0 0 0 0.2 2
Fc Transport
fhuA allele Binding ? Nutr ¢ Uptake ¢ ColM*

fhuA* 04+0.1 13 12 100
RI3A 1£02 15 0 37
R133A 07+£02 15 6 25
R93A_R133A 1.3+01 0 0 0
fhuA* 04+0.1 13 15 100
E522A 05+0.1 15 9.2 100
E571A 0.7+£03 16 15 100
E522A_E571A 1.1+01 0 4 0

The crystal structures of FepA (PDB 1Fep) and FhuA (PDB 1by3 and 1by5), in the latter
case complexed with Fc, do not fully explain the individual electrostatic interactions at site-2.
In both proteins the four residue side chains associate together at the NTLD- CTB interface,
directly above the TonB-box (Figure S10) and across the channel from the transition point
of NTLD to CTBB (residue 150 in FepA, 160 in FhuA). The ferric siderophore uptake
measurements suggest that R75 and E567 are most functionally important in FepA, and that
R133 and E522 are most functionally important in FhuA. The strong (95%) [40] evolutionary
conservation of these residues suggests the overarching mechanistic importance of site-2 in
all TBDRs.
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3. Discussion

Maurice Hofnung, who studied maltodextrin transport through the E. coli OM protein
LamB (maltoporin; [72,73]) and the IM complex MalEFGK [74-76], once stated that he
sought to find single critical residues that were indispensable to the biochemical activities
of these transporters. Our findings identified crucial interactions in FepA, FhuA, and
conceivably all TBDRs that influence both uptake of ferric siderophores and susceptibility
to bacteriocins. In the crystal structures of FepA [15], FhuA [17] and other TBDRs, this
electrostatic association at site-2 presumably restricts NTLD motion directly above the
TonB-box by bonding the distal part of N33 (beneath NL1) and the distal part of N35
to the CTBB (Figure S10). This adherence is apparently necessary for the biochemical
activities of TBDRs: unlike other interactions at sites-1, -3 and -4, Ala substitutions at site-2
severely impaired or abrogated FepA- and FhuA-mediated iron transport, as well as their
susceptibility to ColB and ColM, respectively. These findings imply that adherence of the
NTLD to the B-barrel at site-2 is a necessary condition of ligand uptake. On the other hand,
adherence at sites-1, -3 and -4 was not necessary: Ala substitutions that compromised those
salt bridges did not prevent FeEnt uptake.

The previously noted ion pairs in FepA [15,37,39,40] raised the possibility of electro-
static channel gating during ligand uptake, for example between R75 and R126 on the
NTLD, and E511 and E567 on 314 and 17 of the CTB. Protonation of E511 and E567 will
neutralize any ionic bonding, releasing the NTLD to either move out of the channel, or
to undergo conformational motion within the channel. Either conformational dynamic
may open a pathway for ligand transport. Mutagenesis indicates that the ion pairs at site-2
are requisite for ligand uptake to occur. However, the interpretations of this result are
not necessarily straightforward. It is conceivable that in native TBDRs the neutralization
of the site-2 salt bridges unlocks their NTLD to gross movements that facilitate ligand
internalization. Yet, the numerous other stabilizing ion pairs in the NTLD-CT(B inter-
face, and the lack of any known pathway of proton flow into TBDR interiors, undercut
such a potential mechanism. It is especially noteworthy that disulfide bonds that hold
the NTLD within the CTBB do not interfere with FeEnt uptake [42]. Additionally, the
electrostatic interactions of ion pairs at sites-1 to -4 may purposefully stabilize the position
and conformation of the NTLD inside the transmembrane (3-barrel, preserving an extant
pathway of ligand passage through the receptors [43]. Ionic and hydrogen bonds are the
strongest non-covalent interactions in proteins; their presence between the NTLD and the
CTBB opposes NTLD movement, either out of or within the channel. Site-2 involves the
distal ends of N33 and Nf35, that associate with 314 and 317 of the CTfB. We suggest
that adherence at this location creates a molecular anchor that prevents motion in certain
regions of NTLD structure (e.g., above Nf35), but allows conformational change in other re-
gions, like the TonB-box and connected structural elements (N1, N33, Noc2). For example,
N«2, that was implicated in the gating of ferric catecholate transport through Fiu [43] is
directly connected to site-2 by No1 (Figure S10). If iron complexes move through TBDR
interiors to an equilibrium position above a portal to the periplasm that is blocked by N2,
then rotational motion of TonB [44], bound to the TonB-box, may relocate Nx1- N«2, and
thereby open a pathway for the ligand to the periplasm. This postulate concurs with the
conclusion that part of the NTLD is more susceptible to conformational motions as a result
of interactions with the TonB C-terminus [77]. Other studies also concluded that the NTLD
of FepA undergoes conformational rearrangements during FeEnt transport [42,78].

Ala substitutions increased susceptibility of E. coli K-12 FepA to proteolysis. One
known degradation was by OmpT, a 10-stranded OM (-barrel, aspartyl protease in the
Omptin family [79-81], that naturally defends against host antimicrobial peptides. Its active
site resides on the bacterial cell surface (Figure 510) [82], and preferentially cuts between
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dibasic residues (RK KR, RR, KK), but the residue following the scissile bond may vary (e.g.,
Arg, Lys, Ile, Gly, Val) [83-87]. OmpT is not readily inactivated by denaturing conditions
(boiling, SDS, urea) [83-87]), and it does not cleave other OM proteins in vivo, but degrades
them when it is released into solution by cell lysis or detergent solubilization [57,58,64—66].
When the OM is solubilized by detergent, OmpT cuts near the N-terminus of FepA [56-59].
The chromosomal deletion of ompT that we generated eliminated degradation of wild-type
FepA and reduced the degradation of its site-2 Ala substitution mutants, but cleavage at one
site persisted in cell lysates (Figure 2), even in the OmpT-deficient background (OKN2359:
Afiu, AfepA, Acir, AompT). Additional experiments are needed to identify the source of this
remaining proteolysis. Nevertheless, various findings indicate that the degradation by
OmpT seen in immunoblots did not occur in vivo, but rather occurred during cell lysis, as
is consistent with the known activity of OmpT. These and other data, summarized below,
signify that the abrogated uptake activities of the site-2 mutants resulted from the effects of
the mutations themselves on the transport process.

(i). FeEnt nutrition tests, ColB killing assays, and spectroscopic FeEnt uptake studies of
FepA gave the same results whether the plasmid host strain was OKN359 (ompT+)
or OKN2359 (AompT) (Table 2; Figure 5A,B). The presence or absence of the protease
made no difference to the phenotypes of the site-2 mutants, which implies that the
enzyme does not affect FepA in vivo.

(if). Less degradation occurred in cell lysates of OKN2359 (AompT), so high concentrations
of full-length FepA polypeptides were present in all the mutants (Figure 2C). Despite
the fact that ~50% of total FepA was intact and un-degraded, numerous site-2 Ala
constructs (R75A, R75A_R126A, E567A, E511_567A) were devoid of FeEnt uptake, and
highly resistant to ColB killing. These data demonstrate that the transport defects of
site-2 Ala substitutions derive from mechanistic impairment created by the mutations
themselves.

(iii). Fluorescence scans of SDS-PAGE gels of lysates from the mutant derivatives of
FepA_698C-FM revealed proteolytic cleavage at sites within the NTLD (residues
37-38 and 48-49 (see below; Figures S8 and S9)). These regions of FepA normally
reside inside the CTPB (Figures 1 and S9 and S10), where they are inaccessible to
OmpT as it exists in the OM of living cells.

(iv). Most FhuA Ala mutants were not proteolytically degraded, but R93A, E522A and
R93A_R133A did not transport Fc. FhuA_E522A_E571A was partially proteolyzed,
but a large amount of intact FhuA_E522A_E571A remained in the cells, so its complete
loss of Fc transport ability derived from the mutation itself.

In both ompT+ and AompT strains, FeEnt uptake was reduced or eliminated by the
site-2 mutations. The reductions in FeEnt uptake were not from proteolytic degradation
of FepA, because a large amount of un-degraded, full-length mutant FepA polypeptide
was present in the AompT cells. We conclude that the site-2 Ala substitutions themselves
blocked the iron uptake process. This finding concurred with the fact that FhuA site-2
mutants (R93A, E522A R93A_R133A), that were not proteolytically degraded, showed a
similar loss of Fc transport.

The increased susceptibility to proteolysis of the Ala substitution mutants of FepA
gave insight into the structural effects of charge ablation at site-2. The degradation of
FepA site-2 charge mutants led to two predominant products: ~77 kDa and ~75 kDa.
The locations of the cleavage sites (Figures 2 and S8 and 59), between residues R37-K38
(77 kDa product) and K48-149 (75 kDa) were apparent from the known target specificity of
OmpT [83-87] and the fact that the FepA orthologs of E. coli B and Salmonella typhimurium
LT2 are not cleaved by OmpT [57]. Cleavage at the former site persisted in the AompT host,
whereas the latter was absent in the AompT strain. Sites R37-K38 and K48-149 became more
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accessible in FepA_R75A, FepA_E567A and their combinations. These targets are in the
NTLD (Figures S9 and S10), so the enhanced proteolysis suggested that ablation of charge
interactions at site-2 at least partially released the NTLD from the CT(3B, where it became
more susceptible to proteases in the cell lysate.

It is of interest to consider these data in light of the phenotypes of mutants containing
disulfide linkages either within the NTLD, or linking it to the CT(B [42]. Disulfide bonds
that linked the luminal domain to the (3-barrel (near sites-1, -2, -3 and -4; Figure 1) did
not prevent FeEnt transport. These data infer that parts of the NTLD may remain fixed
within the CTBB during ligand uptake, which concurs with the notion of its electrostatic
stabilization of the NTLD in the 3-barrel by the ion pair network that we investigated. Our
findings further underscore that stabilizations at site-2 are necessary for ferric siderophore
uptake by both FepA and FhuA. On the other hand, the interactions at sites-1, -3 and -4
are not a requisite, and may be eliminated without disrupting the iron transport activities
of FepA. Stated another way, dynamics involving the NTLD and the CT(B at sites-1, -3
and -4 are permissible. Majumdar et al. [42] concluded that conformational dynamics
must occur within the NTLD, because disulfide bonds between the 3-strands of its central
[3-sheet, that preclude conformational motion, prevented FeEnt uptake. Thus, both site-
directed Ala substitution mutagenesis and site-directed disulfide bonds suggested the same
conclusions: (i) the NTLD remains within the CT3B during TBDR transport activity, and
(ii) conformational motion in the NTLD triggers the internalization of bound iron complexes
into the periplasm. In FepA and FhuA, and likely all TBDRs, the NTLD adheres to the CT3B
at site-2, but it undergoes conformational dynamics in other regions as iron passes through
the transmembrane channel. The identification of five evolutionarily conserved glycines
in the N-domain, surrounding the charge cluster at site-2, [40], implies conformational
flexibility, as a result of their minimized ¢ /1 steric hindrance. These outcomes generally
agree with molecular dynamic simulations of Fiu-mediated uptake of degraded FeEnt
(FeEnt*), an iron complex that is proposed to travel a defined pathway between the NTLD
and the CT(B in Fiu [43]. This route involves binding poses in the protein interior that
ultimately position FeEnt* above a narrow opening between the N-domain and the 3-
barrel (Figure S10). In its resting state [30], this pore is too small to permit passage of
FeEnt*, implying that the role of TonB activity is to transiently change the conformation of
the NTLD in a way that enlarges the channel, either allowing or compelling FeEnt* into
the periplasm.

4. Materials and Methods
4.1. Bacterial Strains and Plasmids

E. coli strains with precise, site-directed deletions of entA, fiu, fepA, fhuA, cir, and/or
tonB [78] derived from MG1655 [88]. These constructs did not synthesize siderophores
nor relevant OM TBDR; we used them as hosts for plasmids expressing TBDRs of interest.
The strains included OKN359 (AentA, AfepA, Afiu, Acir), OKN1359 (AentA, AtonB, AfepA,
Afiu, Acir), OKN2359 (AentA, AfepA, Afiu, Acir, AompT), OKN7 (AentA, AfhuA) and OKN17
(AentA, AtonB, AfhuA) [78].

We cloned and expressed OM TBDR in pITS23 [89] or pITS11 [89], that derive from
the low-copy (1-3/cell) plasmid pHSG575 [90,91]. pITS23 and pITS11 carry intact, func-
tional fepA and fhuA structural genes, respectively, under control of their natural Fur
promoters [89]. We introduced site-directed substitution mutations into both fepA and fhuA
structural genes for study in vivo.
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4.2. Site-Directed Mutagenesis

We created site-directed substitutions in fepA or fhuA, carried on pITS23 and pITS11,
respectively. With a pair of complementary primers that flank the target codon, we intro-
duced mutations that encoded Cys or Ala residues in mature FepA or FhuA. After digesting
the wild-type template DNA with Dpnl, we transformed BN1071 [92] with the mutant
plasmid, isolated transformant clones and sequenced their plasmids to confirm the substi-
tutions in fepA or fhuA. We did not expect the Ala substitutions to strongly disrupt local
secondary or tertiary structures, especially because among more than 200 other site-directed
Ala or Cys substitutions in FepA, <2% noticeably altered its assembly, OM localization, or
functionality [42,70,93-95].

4.3. Iron-Deficient Bacterial Culture Conditions

We initially grew OKN359, OKN1359 or OKN2359 harboring pHSG575 derivatives of
interest at 37 °C in Luria—Bertani (LB) broth [96] to stationary phase. For host strain and
plasmid selection, the media contained streptomycin (100 png/mL) and chloramphenicol
(20 ng/mL), respectively. To impose low-iron stress and induce the expression of Fur-
regulated FepA or FhuA, we sub-cultured stationary-phase LB cultures at 0.5% into iron-
deficient MOPS minimal medium [97] and shook the flasks at 200 rpm for ~20 h at 37 °C to
a cell density of 1.5-2.5 x 10° cells/mL.

4.4. Siderophores

We prepared apo and iron complexes from purified siderophores [98]. For FeEnt we
mixed a micromole of purified Ent in 0.5 mL of methanol with a micromole of FeClj in
0.5 mL distilled water, allowed the mixture to incubate for a few minutes, added NaHPOy,
pH 7, to 50 mM, allowed the mixture to incubate at RT for an hour, and then purified the
FeEnt complex over a column (1.5 x 50 cm) of Sephadex LH20 in 5 mM NaHPOy4, pH 7 [99].
For Fc, we diluted a micromole of crystals into 1 mL of 5 mM NaHPOy, pH 7.

4.5. Siderophore Nutrition Tests

We qualitatively analyzed iron transport by microbiological nutrition tests [99]. Cells
expressing wild-type FepA, FhuA or their mutant derivatives were grown overnight in
LB broth to stationary phase and sub-inoculated at 1% into nutrient broth (NB) containing
streptomycin (100 ug/mL) and chloramphenicol (20 ug/mL). After overnight growth in
NB, we mixed 100 uL of NB culture with 3 mL of molten NB top agar containing 100 uM
apoferrichrome A and appropriate antibiotics, and deposited the mixtures in a 6-well
microplate. We applied a paper disc to the solidified agar and added 10 uL of 50 pM ferric
siderophore to the disc. After 24 h at 37 °C, we measured the diameter of growth around
the paper disc.

4.6. Colicin Susceptibility Assays

We determined the susceptibility of FepA and FhuA mutants to colicins B and M,
respectively, by microbiological plate tests. In each case we grew the individual test strains
in LB broth overnight and plated 108 cells in 2 mL of LB top agar on LB plates. For each
bacteriocin we prepared a sequential dilution matrix in half of a 96-well microtiter plate,
with serial 10-fold dilutions of the purified colicin in PBS down the first column of the
plate, and then serial 2-fold dilutions in PBS across columns 2-6. We used a sterile, 48-pin
Clonemaster (Immusine Inc., Walnut Creek, CA, USA) to transfer 5 uL of each well of
the colicin dilution matrix to the test plates, and incubated them overnight at 37 °C. This
procedure revealed the titer of the ColB and ColM solutions on each FepA or FhuA mutant
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strain, as the reciprocal of the highest colicin dilution that gave clearance of the bacteria on
the agar surface. We expressed these results as a percentage of wild-type titer.

4.7. Site-Directed Labeling with Fluorescein Maleimide (FM) [100]

We used FepA_A698C [94] and FhuA_S396C [71] for attachment of FM. In some
experiments we combined these mutations with site-directed Ala substitutions (see below)
for phenotypic analysis. For FM-labeling we cultured strains expressing the FepA or FhuA
Cys mutant derivatives in 10 mL of MOPS iron-deficient minimal media for ~20 h to a
density of 2-3 x 107 cells/mL. After collecting the bacteria by centrifugation at 7000x g for
10 min, we washed the pellet with, and resuspended it in 10 mL of 50 mM NaHPO,, pH 6.7.
We added FM to the cell suspension to 5 uM, incubated the mixture for 15 min 37 °C, and
quenched labeling by adding 3-mercaptoethanol to 100 uM. We pelleted the fluoresceinated
bacteria by centrifugation at 7000x g for 10 min and then washed and resuspended them
in 10 mL of PBS, pH 7.4. We analyzed the extent of fluorescence labeling by spectroscopic
determinations of fluorescence intensity, and its specificity by SDS-PAGE/image analysis.

4.8. SDS-PAGE and Western Immunoblots

We analyzed protein expression and fluorescence labeling by SDS-PAGE [67,101] and
western immunoblots [102]. For determinations of protein expression, we suspended
108 bacterial cells in 100 puL of distilled water, added an equal volume of SDS-PAGE sample
buffer containing 3% SDS and 0.3% (3-mercaptoethanol, and heated the samples in a water
bath at 100 °C for 5 min. We resolved the cell proteins on 12% acrylamide/0.3% bis
acrylamide SDS-PAGE gels [67,101,103] and observed FM-labeled Cys mutant proteins by
transillumination with UV light. For strains expressing FepA or its mutants, we transferred
the proteins to nitrocellulose and imaged the blots with anti-FepA mAb 44 [102] and goat
anti-mouse IgG-alkaline phosphatase.

4.9. Fluorescence Determinations of Ligand Binding

To measure the affinities of Ala substitution mutants in FepA, we engineered each
mutation in the background of marker fepA_A698C (that does not affect FeEnt binding or
transport [94]), and expressed them in E. coli OKN1359. To measure the affinities of Ala
substitution mutants in FhuA, we engineered each of them in the background of marker
fhuA_S396C (that does not affect Fc binding or transport [104]), and expressed them in
OKN17 (AtonB, AfhuA). After FM-labeling of each of the strains (see above) we performed
fluorescent determinations of ligand binding with an SLM AMINCO 8100 fluorescence
spectrometer with an OLIS operating system (OLIS Inc., Bogart, GA, USA). We added
5 x 10”7 FM-labeled bacterial cells to 2 mL of PBS in a quartz cuvette, with stirring. Excita-
tion and emission wavelengths were 488 nm and 520 nm, respectively. After measuring
the initial fluorescence (Fp) of the sample, we titrated the labeled cells with sequentially
increasing concentrations of ferric siderophore, and recorded their corresponding fluores-
cence (F). We collected data in triplicate, plotted the mean values of 1-F/Fj versus [ligand],
and analyzed the data with the “1-site with background” binding model of Grafit 6.0.12
(Erithacus Ltd. West Sussex, UK). The titrations yielded apparent binding K values, as
well as fitted curves of [bound ligand] as a function of [free ligand]:

Capacity[Free]

[Bound] = Kj + [Free]

+ Background

Throughout this report, affinities are “apparent” Kp values, in the sense that we did
not directly measure binding of the iron complexes, but rather the fluorescence quenching
that resulted from their binding.
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4.10. Fluorescence Spectroscopic Uptake Measurements

We employed decoy sensors [71] to monitor TonB-dependent uptake of FeEnt or Fc
by FepA and FhuA wild-type TBDRs, and their Ala substitution mutant derivatives. In
the fluorescence spectroscopic uptake studies we used E. coli OKN1359 [71] as host for
pITS23 encoding fepA_A698C [94] or OKN17 as host for pITS11 encoding fhuA_S396C [104].
After growing these strains in iron-deficient MOPS media, we labeled them with FM.
The TonB-deficient host strains are incapable of ferric siderophore uptake, and acted as
sensitive sensors of [FeEnt] or [Fc] in solution [71], that monitored the uptake of the
ferric siderophores by test strains. We expressed the Ala substitution mutant FepA or
FhuA proteins in OKN2359 (AentA, AfepA, Afiu, Acir, AompT) or OKN7 (AentA, AfhuA),
respectively, and grew them overnight in iron-deficient MOPS minimal media. For each
assay we combined 107 sensor cells (e.g., OKN1359/pFepA-FM [71]) and 107 cells of
the mutant test strain in a 2 mL quartz cuvette containing PBS + 0.2% glucose at 37 °C.
After recording fluorescence intensity for 100 s, we added an iron complex (e.g., FeEnt)
at a final concentration of ~10 nM. The siderophore bound to the sensor and quenched
fluorescence (e.g., ~40% quenching for EcoFepA_A698C-FM). We monitored the time course
of fluorescence emissions at 520 nm for 1540 min, with stirring. Transport of the iron
complex by the test strain caused an increase in fluorescence intensity as the cells depleted
it from solution.

Supplementary Materials: The following supporting information can be downloaded at https:
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Abbreviations

The following abbreviations are used in this manuscript:

TBDR  TonB-dependent receptor
NTLD N-terminal luminal domain
CTBAB  C-terminal 3-barrel

oM outer membrane

FeEnt ferric enterobactin

Fc ferrichrome

ColB colicin B

ColM  colicin M

M fluorescein maleimide

PMF proton motive force
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