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ABSTRACT Gram-negative bacteria acquire ferric siderophores through TonB-
dependent outer membrane transporters (TBDT). By fluorescence spectroscopic hgh-
throughput screening (FLHTS), we identified inhibitors of TonB-dependent ferric en-
terobactin (FeEnt) uptake through Escherichia coli FepA (EcoFepA). Among 165
inhibitors found in a primary screen of 17,441 compounds, we evaluated 20 in sec-
ondary tests: TonB-dependent ferric siderophore uptake and colicin killing and pro-
ton motive force-dependent lactose transport. Six of 20 primary hits inhibited TonB-
dependent activity in all tests. Comparison of their effects on [59Fe]Ent and
[14C]lactose accumulation suggested several as proton ionophores, but two chemi-
cals, ebselen and ST0082990, are likely not proton ionophores and may inhibit TonB-
ExbBD. The facility of FLHTS against E. coli led us to adapt it to Acinetobacter bau-
mannii. We identified its FepA ortholog (AbaFepA), deleted and cloned its structural
gene, genetically engineered 8 Cys substitutions in its surface loops, labeled them
with fluorescein, and made fluorescence spectroscopic observations of FeEnt uptake
in A. baumannii. Several Cys substitutions in AbaFepA (S279C, T562C, and S665C)
were readily fluoresceinated and then suitable as sensors of FeEnt transport. As in E.
coli, the test monitored TonB-dependent FeEnt uptake by AbaFepA. In microtiter for-
mat with A. baumannii, FLHTS produced Z= factors 0.6 to 0.8. These data validated
the FLHTS strategy against even distantly related Gram-negative bacterial pathogens.
Overall, it discovered agents that block TonB-dependent transport and showed the
potential to find compounds that act against Gram-negative CRE (carbapenem-
resistant Enterobacteriaceae)/ESKAPE (Enterococcus faecium, Staphylococcus aureus,
Klebsiella pneumoniae, Acinetobacter baumannii, Pseudomonas aeruginosa, and Entero-
bacter species) pathogens. Our results suggest that hundreds of such chemicals may
exist in larger compound libraries.

IMPORTANCE Antibiotic resistance in Gram-negative bacteria has spurred efforts to
find novel compounds against new targets. The CRE/ESKAPE pathogens are resistant
bacteria that include Acinetobacter baumannii, a common cause of ventilator-associated
pneumonia and sepsis. We performed fluorescence high-throughput screening (FLHTS)
against Escherichia coli to find inhibitors of TonB-dependent iron transport, tested
them against A. baumannii, and then adapted the FLHTS technology to allow direct
screening against A. baumannii. This methodology is expandable to other drug-
resistant Gram-negative pathogens. Compounds that block TonB action may in-
terfere with iron acquisition from eukaryotic hosts and thereby constitute bacte-
riostatic antibiotics that prevent microbial colonization of human and animals.
The FLHTS method may identify both species-specific and broad-spectrum agents
against Gram-negative bacteria.
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Iron is an essential metal in both pro- and eukaryotes, for respiration, DNA synthesis,
intermediate metabolism, nitrite reduction, and reactive oxygen detoxification. Con-

sequently, iron acquisition is a virulence determinant in the host-pathogen interaction.
The sequestration of iron by eukaryotic proteins like transferrin and ferritin protects
against iron-associated toxicity but also denies iron to invading pathogens, a defense
mechanism termed nutritional immunity (1). Iron levels are tightly controlled at the
organismal and cellular levels. During infection bacteria use complex, incompletely
understood, energy- and TonB-dependent transporters (TBDT) to procure Fe3� from
host sources. Juxtaposed against mechanistic research, the specter of antimicrobial
resistance calls for new compounds to combat Gram-negative bacteria, and their iron
acquisition systems are potential targets for antimicrobial drug development.

Siderophores are a potent part of the microbial iron acquisition arsenal that complex
Fe3� with higher affinity than eukaryotic iron-binding proteins and thereby outcom-
pete the host. Enterobactin is a catecholate siderophore of the Enterobacteriaceae that
binds Fe3� with the highest known affinity (Kd [dissociation constant] � 10�52 M [2]).
Consequently, it takes the iron from host proteins (3, 4, 14). Ferric enterobactin (FeEnt)
subsequently enters the cell through FepA, an outer membrane (OM) protein com-
prised of a 22-strand porin �-barrel (6), within which resides its N-terminal 150 residues,
which regulate transport of FeEnt (5). FepA-mediated FeEnt transport requires the inner
membrane (IM)-anchored protein TonB (7); hence, FepA is a TBDT (8–10). Gram-
negative cells produce many TBDT for iron uptake (11): Escherichia coli K-12 encodes 7
(12) and wild species produce more (13) that internalize iron or strip it from eukaryotic
proteins (11). The C terminus of TonB physically binds to a conserved “TonB-box”
peptide sequence at the N termini of TBDT like FepA (15–19), which causes conforma-
tional changes that open TBDT channels for iron transport to the periplasm. The actions
and motion of TonB require the proton motive force (PMF) across the IM. The PMF
underlies the biochemical activities of TonB through the accessory proteins ExbB and
ExbD (20–23). Furthermore, the interaction between TonB and peptidoglycan (PG) may
affect the overall architecture and activities of TonB-ExbBD (24). TonB-dependent iron
acquisition systems are indispensable to survival of bacterial pathogens in the host (25,
26). Bacteria have redundant iron (III) uptake systems, but all Fe3� uptake through all
Gram-negative bacterial OM transporters, including those of CRE (carbapenem-resistant
Enterobacteriaceae)/ESKAPE (Enterococcus faecium, Staphylococcus aureus, Klebsiella
pneumoniae, Acinetobacter baumannii, Pseudomonas aeruginosa, and Enterobacter spe-
cies) pathogens, requires facilitation by TonB. Inhibition of TonB causes iron depriva-
tion, which slows bacterial growth and retards infection.

Fluorescence modification of site-directed Cys sulfhydryls in FepA enables spectro-
scopic observations of FeEnt transport in real time in live bacteria (27, 28). FeEnt
binding quenches fluorescence, but as the bacteria internalize FeEnt and deplete it
from solution, fluorescence recovers. By monitoring ligand binding-induced fluores-
cence quenching versus time, the method sensitively detects the uptake of even
nanomolar concentrations of FeEnt. It also may discover compounds that prevent
TonB-dependent, FepA-mediated FeEnt transport, because they interfere with fluores-
cence recovery in a titratable fashion.

Acinetobacter baumannii is an opportunistic Gram-negative ESKAPE pathogen that
causes a range of infections in intensive care units worldwide; it is a leading cause of
ventilator-associated pneumonia (29). Additionally, it persists in hospital environments
(30, 31) by forming biofilms that survive on abiotic surfaces. Its high propensity for
antibiotic resistance makes A. baumannii a priority threat that encompasses multidrug-
and pan-drug-resistant strains (32, 33). The escalating number of infections by drug-
resistant A. baumannii highlights the need for new antimicrobials against it. Like other
bacterial pathogens, A. baumannii must survive in the iron-restricted environment of
the host. During iron limitation A. baumannii undergoes Fur-regulated (34, 35) tran-
scriptional changes that promote iron uptake. Under such iron-deficient conditions A.
baumannii upregulates at least three siderophore biosynthetic and transport systems
(35). Acinetobactin is a high-affinity, catecholate siderophore and a virulence factor
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(36–38) that is nearly ubiquitous among the currently sequenced A. baumannii strains.
At least two other siderophore biosynthetic gene clusters exist in A. baumannii (34), one
for the hydroxamates baumanoferrin A and B (39) and another for fimsbactin (40).
Besides the secretion of these siderophores and uptake of their ferric complexes, A.
baumannii produces transporters for iron complexes of other siderophores that it does
not produce. FepA (AbaFepA) is one such Fur-regulated TBDT that is required for full
virulence in a sepsis model of A. baumannii infection (41), and A. baumannii uses FeEnt
as an iron source under low-iron conditions (41).

We used a fluorescence high-throughput screening (FLHTS) assay of FeEnt transport
by FepA in living E. coli to identify inhibitors of TonB-dependent transport. The
experiments revealed numerous compounds that inhibit TonB-dependent activity, as
verified by their ability to interfere with FeEnt and ferrichrome (Fc) transport and colicin
B (ColB) and Ia (ColIa) killing, without blocking PMF-dependent lactose uptake. We
determined the MICs of these chemicals against both E. coli and A. baumannii. Besides
characterizing the FeEnt transport system of A. baumannii, in these studies, we engi-
neered Cys residues in AbaFepA and adapted FLHTS to observe FeEnt uptake by
AbaFepA in A. baumannii. The experiments validated the assay against Gram-negative
bacterial pathogens like A. baumannii. Compounds identified in this or larger FLHTS
surveys against E. coli, A. baumannii, or other organisms may constitute new antimi-
crobial therapeutic agents against Gram-negative bacterial pathogenesis.

RESULTS
FLHTS for inhibitors of TonB-dependent FeEnt transport by E. coli FepA.

Considering TonB’s essential role in iron acquisition, we sought to identify small
molecules that inhibit TonB-dependent ferric siderophore transport in microtiter plates
by the FLHTS approach, which spectroscopically measured FeEnt uptake by FepA in live
E. coli (42). When bacteria harboring fluorescently labeled FepA were exposed to FeEnt,
the ferric siderophore bound and quenched fluorescence intensity. However, as the
cells transported FeEnt it became depleted from solution, FepA was vacated, and
fluorescence rebounded. Control experiments in energy- and TonB-deficient bacteria
(27, 28, 42) confirmed the interpretation of these observations. Thus, transport ap-
peared in real time as sequential quenching and unquenching of fluorescence intensity.
The extent and duration of quenching depended on the concentrations of bacteria and
FeEnt, the temperature, and the incubation time. Variation of these parameters allowed
customization of the assay. We previously optimized the test in 96-well plates, but to
increase efficiency, we adapted it to 384-well format, where it similarly functioned: a
control inhibitor, carbonyl cyanide m-chlorophenylhydrazone (CCCP), caused dose-
dependent impairment of the fluorescence recovery (see Fig. S1A in the supplemental
material). In addition, fluoresceinated E. coli cells that were cryopreserved at �70°C in
10% glycerol for up to a month were viable and transported FeEnt in the fluorescence
assay (data not shown). When reconstituted, the stored cells had the same transport
kinetics as freshly labeled cells, resulting in complete fluorescence recovery in 10 to 15
min in the microtiter format (data not shown). The viability of frozen, labeled cells
enabled FLHTS experiments over multiple days with the same bacteria, allowing rapid,
convenient FLHTS of large chemical libraries.

We performed FLHTS of 17,441 compounds in four chemical libraries at the Univer-
sity of Kansas High Throughput Screening Laboratory (KU-HTSL): the Microsource
Library (2,000 compounds; 10 �M), FDA/Bioactives (5,233 compounds; 5 �M), University
of Kansas Center of Excellence in Chemical Methodologies & Library Development (KU
CMLD) Library (5,000 compounds; 10 �M), and TimTec Actiprobe 5K (5,000 compounds;
10 �M) (Table 1). Each test plate included the following controls: no bacteria (16 wells),
fluoresceinated, otherwise untreated bacteria (8 wells), and fluoresceinated bacteria
with 100 �M CCCP (8 wells). After initiating fluorescence readings at time zero, we
dispensed FeEnt to 10 nM in all the wells and measured fluorescence 1 and 60 min
thereafter. The three readings gave the initial fluorescence intensity, the extent of
FeEnt-mediated quenching, and the extent of fluorescence recovery in response to
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FeEnt uptake. Across all plates the Z= factor was 0.87 � 0.02 (see Fig. S1B in the
supplemental material). We selected 165 compounds that inhibited greater than or
equal to 2.0 standard deviations (SD) from the median (Fig. S1C) for primary screen
validation by dose-response assays that measured FeEnt uptake kinetics for 80 min in
the presence of 0, 2.5, 5, 10, and 20 �M concentrations of each compound. From these
data we categorized the compounds in 3 groups: those causing �20% inhibition, 20 to
30% inhibition, and �30% inhibition. We considered the 94 compounds with �20%
inhibition as true primary hits, resulting in an overall hit rate of 0.54%. The primary
screen yielded a reasonable number of candidate inhibitors to follow up with second-
ary screens.

Secondary screening of primary-hit compounds. Among 44 compounds that
inhibited �30%, we purchased 20 chemicals for secondary screening, based on their
availability and structure (Fig. 1). The secondary screening assays monitored TonB-
dependent FeEnt and Fc uptake in siderophore nutrition tests by FepA and FhuA,
respectively (Fig. 2A; Table 2) (43), as well as TonB-dependent ColB and ColIa killing,
through FepA and Cir, respectively (Table 2).

In siderophore nutrition tests, we included test compounds (at 100 �M) or the
control, CCCP (at 15 �M or 20 �M), with the bacteria prior to plating the cells and
applying the ferric siderophore to a paper disc on the agar surface. Iron utilization
resulted in a growth halo around the disc (43). A decrease in the rate of iron uptake
caused progressively larger and fainter growth halos in this test, until complete loss of
iron uptake fully eliminates the halo (44, 45) (see CCCP in Fig. 2A). Compounds that
inhibited TonB-dependent iron transport affected the size and morphology of the
growth halos. We considered chemicals that caused �10% increase in halo diameter,
or prevented growth halo formation, as valid inhibitors in this test (Table 2; Fig. 2A).
Baicalein and ellagic acid conferred unique halos; we classified them as inhibitors,
although the underlying causes of the atypical halos they created are unknown. Finally,
at 100 �M, five candidate compounds entirely eliminated halo formation, and we
retested them using lower concentrations in the FeEnt nutrition test. Their inclusion at
lower concentrations resulted in dose-dependent increases in halo diameter (Fig. S2),
demonstrating that they act by retarding siderophore utilization, rather than by general
toxicity.

Various colicins, including ColB and ColIa, require TonB for OM translocation (46). We
measured the ability of subtoxic concentrations of the 20 primary hit compounds to
block killing of E. coli by ColB and ColIa, through their cognate, TonB-dependent
receptors FepA and Cir, respectively. We considered compounds that increased survival
in the presence of colicin �10% as inhibitors of TonB action (Table 2; Fig. 2B).

Overall, the six compounds that inhibited in all four secondary screens of TonB
dependence (FeEnt utilization, Fc utilization, ColB killing, and ColIa killing) were baicalein,
ST003142, thimerosal, zinc pyrithione, ebselen, and ST0082990. Other compounds,
including ST084954, ST005540, cadmium acetate, and ellagic acid, were inhibitory in
two or three of the four secondary screens (Table 2).

[59Fe]Ent and [14C]lactose uptake measurements. The electrochemical proton
gradient across the IM energizes TonB action in OM transport, so we assessed the 6

TABLE 1 Summary of primary screen results

Library
Total no. of
compounds No. cherry-pickeda

No. with
>30% inhibition

No. with
20–30% inhibition

No. with
<20% inhibition

Hit rateb

(overall)

CMLD 5,208 61 4 30 27 0.19
TimTec Actiprobe 5K 5,000 39 9 9 21 0.10
FDA/Bioactives 5,233 37 15 6 16 0.12
Microsource Spectrum 2,000 28 16 5 7 0.12

Total 17,441 165 44 50 71 0.54
aCompounds were cherry-picked by selection of any compounds whose percent inhibition at read 3 was �2 SD from the median (15% cutoff).
bThe hit rate represents the number of compounds with �20% inhibition out of the total number of compounds.
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chemicals that broadly inhibited the activities of TonB to identify (and exclude) prob-
able proton ionophores. We did so by comparing their ability to impair the uptake of
[59Fe]Ent and [14C]lactose, which both require PMF for transport through the OM and
IM, respectively. Despite their effects on ferric siderophore uptake in nutrition tests, and
the reduction of colicin lethality that they caused, neither baicalein nor ST003142
decreased accumulation of [59Fe]Ent or [14C]lactose, at concentrations as high as 0.5
mM (Table 2). Thimerosal and zinc pyrithione, on the other hand, were potent inhibitors
of both [59Fe]Ent and [14C]lactose uptake, with roughly the same concentration de-
pendence, in about the same manner as CCCP (Table 2). Lastly, ebselen and ST0082990
behaved differently (Fig. 3). First, relative to CCCP, which decreased [59Fe]Ent uptake 80
to 90% at 25 �M, both ebselen and ST0082990 caused comparable (but still less)
inhibition only at a much higher concentration: 250 �M. Likewise, whereas CCCP at 25
�M blocked 80% of [14C]lactose transport, ebselen at 250 �M only decreased it �30%.
Second, ebselen and ST0082990 inhibited [59Fe]Ent transport considerably more than
they impaired [14C]lactose uptake. At 250 �M ebselen reduced [59Fe]Ent uptake 82%,
but it only reduced [14C]lactose uptake 32%; 100 �M ST0082990 inhibited FeEnt uptake
66% but only reduced [14C]lactose uptake 26%. Hence, in this proof-of concept screen,
2 (10%) of the 20 primary hits that we fully analyzed (0.05% of the complete library)
reduced iron transport and impaired colicin killing without abrogating PMF-dependent
lactose transport. They differed from CCCP in both potency and scope of activity,
suggesting that neither acts by PMF depletion. These two chemicals, ebselen and
ST003142, remain potential candidate inhibitors of TonB-ExbBD.

FIG 1 Candidate inhibitors of TonB action identified by primary screening. Among the 44 compounds that inhibited fluorescence �30% in the primary FLHTS
screening, we selected 20 compounds for further testing and obtained them from suppliers as fresh powders. These chemicals caused dose-dependent
inhibition of fluorescence recovery; we did not consider compounds that reduced initial fluorescence and/or the extent of initial quenching. We also tested
compound 120304 from reference 71, but it had no effects in our primary or secondary tests of TonB action (see also Table 2).
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MIC tests. To evaluate the bactericidal activity of the 20 chemicals, we grew E. coli
MG1655 in the presence of a 2-fold dilution series of each compound in Luria broth (LB)
and calculated the effective MIC up to 512 �M (Table 2). We also performed MIC studies
in morpholinepropanesulfonic acid (MOPS) minimal medium under conditions that
require active iron transport. The results were approximately the same in both media
for the 20 compounds that we subjected to secondary screens. Cadmium acetate,
ebselen, ST003142, ST0082990, ST0084954, thimerosal, and zinc pyrithione, which all
inhibited of TonB-mediated physiology in some way, had MICs of �512 �M. Baicalein
was not inhibitory to bacterial growth at concentrations as high as 512 �M, but ebselen
and ST0082990, the most promising hits, both showed MICs of �128 �M.

FIG 2 Secondary screening by TonB-dependent siderophore nutrition assays and colicin killing tests. (A) We tested the 20 selected primary
hits for interference with siderophore nutrition assays with FeEnt and Fc; the negative and positive controls were untreated bacteria and
bacteria treated with CCCP, respectively. We observed several types of inhibition by the compounds: larger halos (that imply a lower rate
of iron uptake [10, 44, 45]; illustrated by the control, CCCP, at 15 and 10 �M), distorted, aberrant halos, and the complete absence of a
halo. Inhibition was identified by a loss of halo or an increase in the diameter of the halo around the ferric siderophore disc (Table 2). (B)
We performed ColB and ColIa killing tests in the presence of the 20 selected compounds, with the same controls. The graph depicts the
percent survival of bacteria in the presence of ColB or ColIa in the absence and presence of inhibitory compounds (see also Table 2). We
performed each experiment 2 or 3 times and averaged the percent survival of colicin killing in the absence and presence of each
compound. Error bars represent the standard deviations of the mean values. Compound abbreviations: CCCP, carbonyl cyanide
m-chlorophenylhydrazone; Bai, baicalein; CA, cadmium acetate; CD, carbidopa; CP, carboplatin; CHL, p-chloranil; DS, dideoxyscleroin; DC,
dequalinium chloride; EB, ebselen; EA, ellagic acid; MC, methylcatechol; THM, thimerosal; ZP, zinc pyrithione; 120304, lead compound from
reference 71. See Fig. 1 and Table 2 for more information about the enumerated compounds.
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We measured FeEnt nutrition and MIC in LB for the compounds of interest against
the ESKAPE pathogen A. baumannii. With the exception of baicalein, all of the chemicals
that inhibited FeEnt nutrition of E. coli also inhibited nutrition of A. baumannii (Table 2),
and the compounds that inhibited E. coli growth in LB likewise inhibited A. baumannii,
with some differences in sensitivity (Table 2). Relative to E. coli, certain compounds had
higher or lower MICs against A. baumannii. Most notably, ebselen and ST0082990 were
more active against A. baumannii (MICs of 32 �M and 16 �M, respectively), despite the
100-fold-lower OM permeability of the ESKAPE organism. These results suggested that
a similar FLHTS screen against A. baumannii may identify compounds that inhibit its
TonB-dependent transport processes.

Identification of the FeEnt transporter in A. baumannii. The A. baumannii chro-
mosome contains a fepA ortholog from A1S_0980 and A1S_0981, in a region that was
incorrectly annotated as split by a stop codon (47). However, PCR analysis of genomic
DNA from ATCC 17978 at the noted locus juncture revealed the error: the annotated
stop codon was absent. Therefore, A1S_0980 and A1S_0981 represent a single open
reading frame (ORF) (data not shown) (41). We precisely deleted A1S_0980 and A1S_
0981 from the chromosome and tested the resulting ΔfepA strain for its ability to utilize
FeEnt.

We discovered that like E. coli, A. baumannii cannot utilize iron from ferrichrome A
(43), which allowed us to use apoferrichrome A (apoFcA) as an iron sequestering agent.
We grew wild-type A. baumannii 17978 and its ΔfepA mutant in MOPS minimal medium
plus or minus apoFcA (Fig. 4A). Under either condition, the ΔfepA derivative grew like

TABLE 2 Secondary screening of top 20 candidate compounds against E. coli and A. baumanniia

Treatment

E. coli A. baumannii

FeEnt
(cm)b Fc (cm)b

ColB
hits/cellc

ColIa
hits/cellc

[59Fe]Ent
uptaked

[14C]lactose
uptakee MIC (�M)f

FeEnt
(cm)g MIC (�M)f

None 1.5 � 0.1 1.5 � 0.1 1.0 1.0 1.0 1.0 NA 1.2 � 0.1 NA
CCCP 2.0 � 0.1 1.9 � 0.1 0.1 � 0.0 0.2 � 0.0 0.2 0.2 NT 1.5 � 0.1 NT
Baicalein 1.7 � 0.1 1.7 � 0.1 0.3 � 0.1 0.7 � 0.0 1.0 1.0 — 1.2 � 0.1 —
Cadmium acetate 2.2 � 0.1 2.1 � 0.4 1.1 � 0.2 0.8 � 0.1 NT NT 512 0 256
Carbidopa 1.6 � 0.1 1.6 � 0.1 1.4 � 0.5 NT NT NT — 1.1 � 0.0 —
Carboplatin 1.5 � 0.0 1.6 � 0.0 1.1 � 0.1 NT NT NT — 1.1 � 0.1 —
p-Chloranil 1.5 � 0.2 1.6 � 0.1 0.7 � 0.1 0.8 � 0.0 NT NT — 1.1 � 0.0 —
Dideoxyscleroin 1.6 � 0.1 1.7 � 0.2 1.1 � 0.2 NT NT NT — 1.2 � 0.0 —
Dequalinium-Cl 1.4 � 0.1 1.6 � 0.1 1.1 � 0.1 NT NT NT — 1.1 � 0.0 —
Ebselen 0h 0h 0.6 � 0.1 0.8 � 0.1 0.18 0.68 128 0 32
Ellagic acid 1.6 � 0.1 1.4 � 0.2 0.6 � 0.1 0.7 � 0.1 NT NT — 1.1 � 0.0 256
3-Methoxycatechol 1.5 � 0.1 1.6 � 0.5 0.9 � 0.3 NT NT NT — 1.1 � 0.0 —
Thimerosal 0h 0h 1.1 � 0.1 1.1 � 0.1 0.2 0.2 2 0 1
Zinc pyrithione 0h 0h 0.0 � 0.0 0.5 � 0.0 0.2 0.2 4 0 16
120304 1.6 � 0.1 1.6 � 0.1 1.0 � 0.2 NT NT NT — 1.2 � 0.1 —
ST003142 2.7 � 0.3 2.1 � 0.0 0.0 � 0.0 0.7 � 0.1 1.0 1.0 256 1.7 � 0.4 512
ST005540 1.6 � 0.2 1.7 � 0.2 1.2 � 0.2 1.2 � 0.1 NT NT — 1.1 � 0.0 —
ST082990 0h 0h 0.6 � 0.0 0.7 � 0.0 0.44 0.74 128 0 16
ST084954 0h 0h 1.3 � 0.3 1.1 � 0.1 1.0 1.0 32 1.4 � 0.1 256
KUC101887N 1.4 � 0.1 1.5 � 0.1 1.1 � 0.3 NT NT NT — 1.1 � 0.1 —
KUC108008N 1.5 � 0.0 1.6 � 0.0 1.3 � 0.3 NT NT NT — 1.1 � 0.0 —
KUC108005N 1.5 � 0.1 1.6 � 0.1 1.0 � 0.0 NT NT NT — 1.1 � 0.0 —
KUC108013N 1.5 � 0.1 1.6 � 0.1 1.3 � 0.3 NT NT NT — 1.1 � 0.0 —
aNA, not applicable; NT, not tested. —, MIC exceeded 512 �M.
bSiderophore nutrition test using MG1655 with 50 �M FeEnt or Fc and a 100 �M concentration of a compound of interest. The data for CCCP derive from
siderophore nutrition tests with the proton ionophore included at 15 �M.

cRelative inhibition of ColB or ColIa measured by quantitative determination of colicin titer against MG1655 in the absence or presence of the inhibitors, according to
S/S0 � e�k (79), with the titer against untreated bacteria set at 1.0. Addition of the compounds alone (diluted from a DMSO stock) caused �5% reduction in bacterial
viability. The data for CCCP derive from siderophore nutrition tests with CCCP included at 15 �M.

dUptake of [59Fe]Ent, relative to E. coli MG1655. Data for CCCP derive from experiments with CCCP included at 15 �M.
eUptake of [14C]lactose, relative to E. coli MG1655. Data for CCCP derive from experiments with CCCP included at 15 �M.
fMIC determined by titration of compounds against MG1655 or 17978 in LB. The noted concentration represents the point at which we observed growth inhibition in
a series of serial 2-fold dilutions from 512 to 0.5 �M.

gSiderophore nutrition test using 17978 with 50 �M FeEnt and a 100 �M concentration of a compound of interest.
hSome compounds completely blocked bacterial growth at 100 �M, but at lower concentrations caused enlarged growth halos in siderophore nutrition tests (Fig. S2).
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the wild type, suggesting that other iron acquisition systems are sufficient for A.
baumannii growth. However, unlike the wild type, the iron-starved ΔfepA strain did not
utilize FeEnt as the sole iron source, indicating that locus A1S_0980-A1S_0981 encodes
a FeEnt transporter (Fig. 4B). Siderophore nutrition tests confirmed that unlike wild-type
A. baumannii, the ΔfepA derivative did not utilize FeEnt, whereas both strains normally
utilized Fc (Fig. 4C). The expression of putative AbaFepA in trans under the control of
its native promoter (pAbafepA) or an exogenous promoter (p2682proAbafepA) restored
the ability to utilize FeEnt (Fig. 4D), confirming the identity of locus A1S_0980-AIS_0981
as the A. baumannii fepA gene.

To biochemically define FeEnt transport by AbaFepA, we measured both the
accumulation (Fig. 4E) and concentration dependence (Fig. 4F) of [59Fe]Ent transport by
A. baumannii 17978 and its derivatives. Whereas the wild type and the complementa-
tion strain accumulated 500 to 600 pM FeEnt per 109 cells in 45 min, uptake of FeEnt
by the ΔfepA strain was much less, confirming that AbaFepA is its primary transporter.
Kinetic measurements of [59Fe]Ent uptake over a range of concentrations revealed
the following parameters for AbaFepA: Km � 14.6 nM and Vmax � 413.05 pmol/109

cells/min (Fig. 4F). Overall, these data showed both chromosomally encoded and
plasmid-encoded AbaFepA confer utilization and transport of FeEnt as an iron source
for A. baumannii.

Generation of Cys substitution mutants in A. baumannii FepA. The genetic
engineering of Cys substitutions in the surface loops of AbaFepA required knowledge
of its tertiary structure. Because no crystal structure yet exists for AbaFepA, we used the
“Modeler” function of Chimera to predict the architecture of AbaFepA from the crystal
structure of its EcoFepA ortholog (Fig. 5A and B) (48). Guided by past Cys substitutions

FIG 3 Inhibition of [59Fe]Ent and [14C]lactose uptake. E. coli MG1655 was grown in MOPS minimal
medium until late exponential phase and independently assayed for its ability to accumulate [59Fe]Ent
(A and C) and [14C]lactose (B and D) in the presence of either ebselen (A and B) or ST0082990 (C and D).
We tested MG1655 in the absence of any inhibitors (circles), in the presence of CCCP at 25 �M (triangles),
in the presence of ebselen at 25 (light gray squares), 200 (medium gray squares), and 250 (dark gray
squares) �M, or in the presence of ST0082990 at 25 (light gray squares), 100 (medium gray squares), and
250 (dark gray squares) �M.
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FIG 4 FeEnt transport by A. baumannii. (A) Growth of A. baumannii 17978 (circles) and its ΔfepA derivative
(squares) in MOPS minimal medium without (open symbols) or with (gray symbols) 100 �M apoFcA (means from
3 experiments with standard deviations of the means as error bars) shows no growth defect from the ΔfepA
mutation. (B) A. baumannii 17978 (�) and its ΔfepA derivative (�) were grown in LB, subcultured (1%) into MOPS
minimal medium plus 100 �M apoFcA, and subcultured (1%) into MOPS minimal medium plus or minus 1 �M
FeEnt (means and standard deviations from three experiments). The ΔfepA strain shows roughly half the growth
of its parent. (C and D) Siderophore nutrition assays with A. baumannii 17978 and its ΔfepA mutant (C) or
17978/pWH1266 (��/p), ΔfepA/pWH1266 (ΔfepA/p), ΔfepA/pWH1266AbafepA� (ΔfepA/pAbafepA�), and ΔfepA/
p2682proAbafepA� (ΔfepA/pproAbafepA�) (D). The bacteria were plated in top agar with 100 �M apoFcA, and
discs containing FeEnt or Fc (10 �l of 50 �M) were placed on the agar surface. Both panels C and D are representative
images from three separate experiments. (E) Accumulation of [59Fe]Ent over 45 min, with each data point performed
in triplicate, by 17978/pWH1266 (�), ΔfepA/pWH1266 (�), and ΔfepA/p WH1266AbafepA� (Œ). The graph depicts
the means and standard deviations of the means from two experiments. (F) Transport of 59Fe[Ent] by A.
baumannii 17978 (�) or its ΔfepA mutant (�). The graph depicts the means and standard deviations of the
means from triplicate measurements in two separate experiments.
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in the loops of EcoFepA (28, 49), we identified potential sites for fluoresceination in 7
loops of AbaFepA and used site-directed mutagenesis to convert the native residues to
Cys: T223C, S279C, A326C, T383C, T482C, T562C, S665C, S712C (Fig. 5). After transform-
ing the A. baumannii ΔfepA derivative with the plasmids carrying mutant AbafepA
genes, we expressed the AbaFepA Cys mutants, labeled them with fluorescein maleim-
ide (FM), and evaluated the extent of Cys-specific labeling by SDS-PAGE and fluores-
cence imaging (Fig. 6A). Wild-type AbaFepA was not significantly modified by FM, but
all the AbaFepA Cys mutants were strongly fluoresceinated, much like EcoFepA-S271C.
Each AbaFepA Cys mutant utilized FeEnt in siderophore nutrition like wild-type
AbaFepA and EcoFepA-S271C (data not shown). To verify their functionality for FLHTS,
we measured [59Fe]Ent uptake by each mutant before and after FM labeling. In total we
generated 9 functional AbaFepA Cys mutants that had a range of FeEnt transport

FIG 5 Fluoresceination of Cys substitutions in AbaFepA facilitates measurement of FeEnt uptake by
A. baumannii. (A and B) Cys mutagenesis of AbaFepA. The Modeller function of CHIMERA (48)
predicted the tertiary structure of AbaFepA (dark beige) based on its 46% identity to EcoFepA (PDB
file 1FEP; N domain, red; C domain, lime green). We selected eight amino acids in the surface loops
of AbaFepA loops (colored and depicted in space-filling format) with Cys, from their similarity to
residues in EcoFepA that when fluoresceinated gave substantial quenching during FeEnt binding
(28). (C and D) Fluorescence spectroscopic measurement of FeEnt transport in A. baumannii. (C) After
transforming mutant plasmids encoding AbaFepA Cys mutants into A. baumannii 17978 ΔfepA, we
maximized expression of the AbaFepA Cys mutants by growth in iron-deficient MOPS medium and
labeled the cells with FM. We monitored fluorescence voltage from FM-labeled ΔfepA/pAbafepA-Cys
mutants in response to addition of 10 nM FeEnt at 100 s and normalized the data to the initial
fluorescence of the bacteria (F/F0). Binding of FeEnt to AbaFepAS279C-FM, T562C-FM and S665C-FM
quenched their fluorescence; subsequent FeEnt uptake by the cells depleted the ferric siderophore
from solution, resulting in a gradual increase to initial fluorescence levels (recovery). The plotted
data are the averages from three separate experiments. (D) Normalized fluorescence of FM-labeled
17978 ΔfepA/pAbafepAS279C following exposure to various concentrations of CCCP (black, no CCCP;
blue, 2.5 �M CCCP; green, 5 �M CCCP; red, 10 �M CCCP). The plotted data are the averages from
two separate experiments.
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capabilities (Fig. 6B); 3 showed �30% of wild-type uptake levels even when fluores-
ceinated: S279C, T562C, and S665C mutants.

Fluorescence observations of FeEnt transport with AbaFepA Cys mutants. We
assessed the ability of the individual Cys substitution derivatives of AbaFepA to monitor
FeEnt uptake (Fig. 5C). The functionality of AbaFepA S279C, T562C, and S665C mutants,
even when fluoresceinated, made them candidates for use in FLHTS. Both the fluores-
cence emissions of cells expressing them and fluorescence scans of SDS-PAGE gels of
their cell lysates showed strong specific labeling of the mutants. Wild-type AbaFepA
was only labeled at background levels that did not result in detectable fluorescence
quenching or recovery (Fig. S3A and B). FM quantitatively labeled AbaFepA S279C,
T562C, and S665C mutants (Fig. 6A), and FeEnt binding quenched the fluorescence
of the cells 10% to 20%. AbaFepAS279C-FM, -T562C-FM, and -S665C-FM had,

FIG 6 FeEnt uptake by fluoresceinated AbaFepA-Cys mutants. (A) FM labeling. A. baumannii 17978 ΔfepA
harboring plasmids expressing AbaFepA Cys mutants were labeled with 5 �M FM and subjected to
SDS-PAGE, followed by fluorescent imaging. We included E. coli OKN3/pITS23-S271C as a positive control.
The imaged gel was representative of three experiments. (B) FeEnt transport Vmax screening. All
unlabeled mutants normally utilized FeEnt in siderophore nutrition tests (data not shown), but quanti-
tative measurements of [59Fe]Ent uptake showed that certain Cys substitutions (T223C, A326C, T383C,
and S482C) impaired iron transport, especially when fluoresceinated. The graph depicts the transport of
[59Fe]Ent by the mutant strains before and after FM labeling, relative to wild-type A. baumannii that was
untreated but harboring the empty plasmid vector. S279C, T562C, and T665C mutants transported
[59Fe]Ent with 38 to 75% of the efficiency of wild-type AbaFepA. Each bar derives from the average of 2
or 3 experiments, performed in triplicate.
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respectively, 75%, 53%, and 38% FeEnt uptake activity of wild-type, unmodified
AbaFepA (Fig. 6B), resulting in fluorescence recovery in all three strains within 10 to
15 min (Fig. 5C). We determined the concentration dependence of FeEnt activity in
the FLHTS system for AbaFepAS279C-FM (Fig. S3). Across a range of 5 to 40 nM
FeEnt, 10 to 20 nM gave maximum quenching with complete recovery in 10 min.
Furthermore, CCCP blocked FeEnt transport by AbaFepAS279C-FM (Fig. 5D), con-
firming the physiological relevance of the system. A. baumannii was �5-fold more
sensitive than E. coli to CCCP, in that a 5 �M concentration of the proton ionophore
abrogated FeEnt transport by bacteria harboring AbaFepAS279C-FM. Like E. coli,
cryopreserved, fluoresceinated A. baumannii ΔfepA/pAbafepAS279C cells were viable
in the assay (Fig. S3A). Finally, we compared the three AbaFepA Cys mutants that
performed best in cuvettes (S279C, S665C, and T562C mutants) for FeEnt transport
in 96-well plates (Fig. 7). In microtiter wells containing 5 	 107 cells/ml of FM-
labeled A. baumannii ΔfepA/pAbafepAS279C or -T562C, 20 nM FeEnt quenched
fluorescence 14% and 18%, respectively. The nearly complete recovery that oc-
curred during subsequent iron transport (Fig. 7A and B) yielded Z= factors of 0.6 to
0.8 after 8 to 15 min (Fig. 7C). These data showed the adaptability of FLHTS to A.
baumannii, for discovery of inhibitors that block TonB-dependent transport in the
ESKAPE pathogen.

DISCUSSION

In 2009, 1.7 million hospital-associated bacterial infections caused or contributed to
99,000 deaths. Gram-negative bacteria were responsible for two-thirds of the mortality,
and 20% of the isolates were resistant to all known antibiotics (50). This large fraction
of resistance derives in part from the selective permeability and antibiotic export
capabilities of the prokaryotic cell envelope (51, 52). In 2011, a survey of 183 hospitals
involving 11,282 patients revealed that 4% developed health care-associated bacterial
infections (53). The CRE (carbapenem-resistant Enterobacteriaceae) and ESKAPE patho-
gens cause the majority of nosocomial infections as a result of their antibiotic resis-
tance, and the clinical options for these bacteria are limited (54). Against this backdrop,
drug and pharmaceutical companies lessened efforts to combat bacterial infections
(55).

Microbes must acquire iron during colonization of humans and animals (25), and the
ubiquitous TonB-dependent iron uptake systems of Gram-negative bacteria are viru-
lence determinants (56, 57). The spectroscopic methodology we developed to study
TonB-dependent transport, and customized for FLHTS, allows facile discovery of chem-
icals that may block or impair TonB action; these may become antibacterial drugs.
Application of FLHTS in vivo obviates reconstitution of TonB-dependent transport in
vitro, which has not yet been accomplished. It also offers the many advantages of
live-cell assays: convenience, predictability, miniaturization, automation, and multiplex-
ing (58). The findings reported herein create a template for comparable use of the iron
transport systems of other bacteria: FLHTS against A. baumannii using FeEnt uptake
produced Z= values similar to those with E. coli. Its application to bacterial pathogens
may lead to discovery of compounds that block specific iron transporters or broad-
spectrum inhibitors of all Gram-negative bacterial TonB-dependent systems. Both
classes may retard infections by Gram-negative ESKAPE organisms, and our findings
with a small chemical library portend hundreds of relevant compounds in large
chemical libraries.

Statistically, the FLHTS primary screen of 17,441 compounds against E. coli (42) in a
384-well format gave a sufficiently high mean Z= factor (59) of 0.87 across all plates and
an overall hit rate of 0.54%. We used CCCP as a positive control in these experiments
because it depletes the PMF underlying TonB action in OM transport. However, it had
limited value because it does not specifically target TonB. Many of the 165 compounds
that impaired or retarded FeEnt uptake in the primary screen did not fit the desired
inhibitor profile, illustrating that numerous types of compounds may inhibit iron uptake
by mechanisms that do not involve TonB-ExbBD. Chemicals that spectrally overlap
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fluorescein or specifically or nonspecifically adsorb to FepA, for instance, may quench
by energy transfer or ground-state complex formation, respectively. We excluded such
compounds from further consideration because they quenched fluorescence in the 1st
read, prior to the addition of FeEnt. Among 44 other chemicals that did fit the expected
profile for inhibition of TonB action, we analyzed 20 and found 6 that affected
TonB-dependent secondary screens; 5 more impaired activity in all 4 TonB-dependent
transport in multiple ways, but not in every test we conducted. For E. coli, concomitant

FIG 7 Adaptation of fluorescence assay to HTS format in A. baumannii. We tested 17978 ΔfepA expressing
AbaFepAS279C-FM, T562C-FM, and S665C-FM (not shown) in the fluorescence assay in a 96-well
microtiter plate format. The tracings depict normalized fluorescence of FM-labeled ΔfepA/pAbafepAS279C
(A) or T562C mutant (B) following exposure to 10 �M CCCP (negative control; filled symbols) or an
equivalent volume of DMSO; open symbols. Following three readings of initial fluorescence (F0), we
injected 20 nM FeEnt in the absence (gray symbols) or presence (filled symbols) of CCCP and measured
changes in the ensuing fluorescence (F) over time. We also included cells to which no FeEnt was added
(positive control; open symbols). The graph averages data from two separate experiments. (C) Z= factors
for each mutant’s controls were calculated at each read during experiment, averaging between 0.6 and
0.8 for the controls from 8 to 15 min.
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impairment of siderophore nutrition and colicin killing potentially implicates TonB as
the drug target. We tested FLHTS primary hits against three different OM TBDT: FepA
(FeEnt and ColB), FhuA (Fc), and Cir (ColIa). Simultaneous blockage of FeEnt and Fc
uptake, or ColB and ColIa killing, eliminated the possibility of steric hindrance of ligand
adsorption by an inhibitor, because TBDT ligand recognition is highly specific (8, 10, 45).
Next, concomitant reduction of both ferric siderophore uptake and colicin killing
excluded inhibition of an IM (iron) ABC transporter or of ATP hydrolysis as explanations,
because colicin killing does not involve these processes. Still, these tests do not
discriminate chemicals that directly inhibit TonB-ExbBD from compounds that affect
related but different physiology, such as PMF. Proton ionophores are abundant in
chemical libraries, and we used [14C]lactose uptake assays to identify them. The OM
FeEnt transport system is similarly sensitive to PMF depletion as the IM lactose
permease: the CCCP 50% inhibitory concentrations (IC50) were 5 to 15 �M for FeEnt
uptake (this study) and 2 to 5 �M for lactose uptake (60). Comparable inhibition of
[59Fe]Ent and [14C]lactose uptake suggested the actions of a proton ionophore. Con-
versely, [14C]lactose accumulation data provided the rationale for excluding PMF
depletion as the underlying inhibition mechanism of ebselen and ST082900: both
compounds were effective only at much higher concentrations (250 �M and 100 �M,
respectively), and even at those high levels they were ineffective in blocking [14C]lac-
tose uptake (ebselen, 32%; ST082990, 26%). Chemicals that passed through this filter of
secondary tests may interfere with TonB biochemistry, including interactions between
TonB and the TonB box of ligand-bound TBDT (16), between TonB and PG (24), or
between TonB and ExbBD (61). Compounds of interest may also block TonB-ExbBD
utilization of PMF or mechanistic motion by TonB (22). Even using TonB-deficient
strains, authentic inhibitors of TonB action are difficult to confirm, because ΔtonB
strains grow poorly under iron-deficient conditions. They form tiny colonies on plates
and have long doubling times and low yield in low-iron liquid media (e.g., nutrient
broth/plates and minimal media), confounding the antagonistic effects of chemicals
with their already compromised growth. TolAQR partially compensates and comple-
ments the absence of TonB-ExbBD (62–64), so inhibitors of TonB may further curtail
ΔtonB strains by blocking TolAQR. Lastly, the TonB C terminus binds PG in the sacculus
(24), and chemicals that block this protein-PG interaction may interfere with PG
metabolism and hence inhibit even ΔtonB strains.

Our small-scale FLHTS of 17,441 chemicals yielded 94 (0.54%) primary hits that
inhibited fluorescence recovery �20%. Among the 20 primary hits we further tested, 2
(10%), ebselen and ST0082990, remained as candidates against TonB. These data
extrapolate to an overall frequency of 0.054% potentially relevant TonB antagonists
in a diverse compound collection, which predicts several hundred relevant, non-
proton ionophore chemicals in a larger library (e.g., KU-HTSL encompasses 350,000
chemicals).

The screening results provided insight into the nature of chemicals that may affect
TonB action. Numerous types of inhibition may occur, including the oligodynamic
effects of organomercurials like thimerosal (65) that react with protein amino and
sulfhydryl groups. TonB residue His20 is crucial to its physiological actions (66), which
may explain finding thimerosal as an inhibitor of TonB-dependent FeEnt uptake. Zinc
pyrithione, another potent primary hit, is a coordination complex proton ionophore
(67–70), with bacteriostatic effects from disruption of membrane transport, whose
actions resemble those of CCCP. A few compounds differentially affected TonB-dependent
physiology: ST084954 and ST005540 inhibited ferric siderophore uptake but not colicin
killing, whereas p-chloranil showed the opposite effect. The ability of these chemicals
to differentiate the TonB-dependent activities of FepA may provide insight into the
mechanisms of its interactions with its ligands. Others investigators searched for TonB
inhibitors with an iron-dependent growth assay that used an E. coli tolC strain with
altered cell envelope permeability (71): the inactivation of TolC causes greater retention
of chemicals in the periplasm. We tested a lead compound from the study described in
reference 71, compound 120304, but at 100 �M it was inactive in both the primary
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fluorescence FeEnt uptake test and other secondary screens of TonB activity. We did
not define or characterize the permeability properties of compound 120304, but its
mass (261 Da) implies rapid equilibration through general porin channels (72) into the
bacterial periplasm. The tolC mutant employed by Yep et al. (71) decreases antibiotic
export, potentially increasing the active concentration of compound 120304 in the
periplasm, IM, and/or cytoplasm. This caveat may explain the activity of compound
120304 against the tolC derivative, but the FLHTS assay revealed that compound
120304 apparently does not affect TonB action in wild-type E. coli. It is noteworthy that
secondary screens do not yet exist to identify inhibitors that directly target TonB-
ExbBD. Nevertheless, the small-scale, proof-of-concept screen we completed identified
6 compounds that block TonB-mediated transport, and 2 of those may antagonize TonB
itself. Further analyses of the remaining untested 165 primary hits will likely discover
more, and FLHTS of larger libraries (�350,000 compounds in the KU-HTSL) may find
hundreds more.

A. baumannii ATCC 17978 encodes siderophore biosynthetic systems for acineto-
bactin (73), baumanoferrin (39), and fimsbactin (40), as well as Fur-regulated (34, 35)
TBDT for ferric siderophores that it does not synthesize (e.g., FhuA-Fc, FhuE-Fe-
rhodotorulate, and FepA-FeEnt). Hence, A. baumannii ORF A1S_0980-A1S_0980 encodes
AbaFepA, the iron-regulated OM receptor for FeEnt, which efficiently transported the
catecholate ferric siderophore. So, like other Gram-negative bacteria (74), A. baumannii
responds to iron limitation by acquiring the ferric complexes in its environment.
Enterobactin has the highest affinity for Fe3� of any siderophore; the expression of
AbaFepA allows A. baumannii to compete for iron in the presence of enterobactin-
secreting organisms.

Using the 46% identity in primary structures between AbaFepA and EcoFepA in the
Modeler function of CHIMERA (6, 48), we predicted the tertiary structure of AbaFepA
from the crystal structure of EcoFepA (6). We then targeted sites in its surface loops and
introduced single Cys residues in AbaFepA. Cys mutations in AbaFepA at equivalent
sites to those in EcoFepA generally did not compromise FeEnt transport, even when
AbaFepA was fluoresceinated. EcoFepA contains a disulfide-bonded Cys pair in L7 (6),
and AbaFepA contains a homologous Cys pair in L7. Like wild-type EcoFepA, wild-type
AbaFepA was not fluoresceinated by our procedures. FM specifically labeled only the
engineered individual AbaFepA Cys substitutions, with minimal background labeling.
Unfortunately, at present the only known assays of TonB action in A. baumannii are
ferric siderophore and heme uptake; additional secondary tests for inhibition of TonB-
ExbBD are needed. Nevertheless, our findings with A. baumannii validate the FLHTS
strategy against Gram-negative bacteria that encode FepA and transport FeEnt. It is
conceivable that other iron transport systems (for example, Fc-FhuA) are amenable to
study with similar fluorescence approaches.

When applied to A. baumannii the fluorescence transport assay sensitively moni-
tored uptake of FeEnt, as it does in E. coli. In A. baumannii, however, binding of FeEnt
to AbaFepA-FM quenched fluorescence less than when bound to EcoFepA-FM. The
maximum quenching of AbaFepA-FM (labeled at S279C or T562C) was �20%, whereas
FeEnt binding to EcoFepA-FM (labeled at A698C) quenched �60% of the original
fluorescence (28). FeEnt-induced quenching in EcoFepA-FM originates from conforma-
tional motion in the surface loops that relocates the fluorophore (27, 28). It is conceiv-
able that our survey of AbaFepA surface loops did not identify an optimum site for Cys
substitution and fluorophore attachment. Alternatively, the lesser fluorescence quench-
ing in A. baumannii may derive from the full-length LPS O-antigen and/or polysaccha-
ride capsule in its cell envelope, which create a more hydrophilic surface than that of
rough E. coli K-12. Additional hydrophilic cell surface structures may decrease base
fluorescence by collisional quenching, thereby limiting the extent of further quenching
from conformational changes during FeEnt adsorption. We still observed dose-
dependent quenching and recovery during FeEnt uptake in A. baumannii that yielded
acceptable reproducibility and Z= values in FLHTS.

In summary, this proof-of-concept FLHTS study against E. coli discovered com-
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pounds that antagonize the functions of TonB. FLHTS against an ESKAPE bacterium is
a logical next step in its application to antibiotic discovery. The efficacy of the assay
against A. baumannii creates a methodological template for identification of drugs
against clinically important Gram-negative bacteria, as opposed to the laboratory E. coli
strain used in our initial experiments. This capability is sorely needed in a world that
faces an increasingly uncertain outcome of microbiological infection. We also expect
that once found, bona fide inhibitors of TonB-ExbBD activity will provide new mech-
anistic insight into the biochemistry of TonB action.

MATERIALS AND METHODS
Bacterial strains and reagents. The experiments involved E. coli strains MG1655 or BN1071 and their

derivatives OKN1 (ΔtonB), OKN3 (ΔfepA), OKN7 (ΔfhuA), and OKN3/pITS23 (ΔfepA/pEcofepA; contains the
wild-type EcofepA structural gene under the control of its natural, Fur-regulated promoter, cloned on the
low-copy-number plasmid pHSG575 [75]) and its derivative OKN3/pFepAS271C (10, 76, 77). Experiments
with A. baumannii were performed with strain ATCC 17978 or its ΔfepA derivative. Bacteria were cultured
in Luria broth (LB) at 37°C with aeration. When appropriate, we added antibiotics at the following
concentrations: ampicillin (Sigma), 100 �g/ml for E. coli and 500 �g/ml for A. baumannii; streptomycin
(Sigma), 100 �g/ml; and chloramphenicol (Sigma), 20 �g/ml. For iron deprivation we used iron-deficient
MOPS minimal medium (78). We prepared carbonyl cyanide-m-chlorophenylhydrazone (CCCP; Sigma) as
a 10 mM stock in dimethyl sulfoxide (DMSO) and stored it at �20°C. For secondary screening, we
purchased compounds as fresh solids (�95% purity) from commercial suppliers or the University of
Kansas (KU CMLD), dissolved them in DMSO to 10 mM, and stored them at �20°C.

Generation of deletion mutants and complementation vectors in A. baumannii. For generation
of the A. baumannii ΔfepA derivative, we amplified approximately 1,000 bp of DNA in both the 5= and
3= flanking regions surrounding each open reading frame from A. baumannii genomic DNA. We
subsequently amplified the pFLP2 suicide vector (79) and stitched the three PCR products together by
the method of Gibson et al. (80), using the NEBuilder HiFi cloning kit (New England BioLabs), and verified
the resulting construct by sequencing. After transforming this vector into A. baumannii by electropora-
tion, we selected bacterial integrants on LB Amp500 agar and patched transformants onto LB Amp500
or LB with 10% sucrose: merodiploids were Ampr and sucrose sensitive. To resolve the integrated
plasmid, we grew the merodiploid strains overnight in 3 ml of LB at 37°C with shaking, then serially
diluted the cultures, plated them for single colonies on LB agar with 10% sucrose, and incubated them
overnight at 37°C. We patched the transformants on both LB Amp500 and LB agar, incubated them at
37°C overnight, and then screened the Amps strains for the loss of fepA by PCR analysis.

For fepA complementation in A. baumannii, we amplified the complete A. baumannii fepA structural
gene, including the native promoter, fepA gene, and terminator region from A. baumannii genomic DNA,
incorporating BamHI and SalI restriction sites at the 5= and 3= ends, respectively. We also amplified
the isolated fepA gene using the same strategy. Following digestion, we ligated these two PCR
products into pWH1266 or p2682pro (81) to make pAbafepA and p2682proAbafepA, respectively. For
each construct, we confirmed the sequences of the promoter, terminator, and structural gene
(McLab, San Francisco, CA).

Site-directed mutagenesis to introduce Cys substitutions in AbaFepA. We predicted the tertiary
structure of AbaFepA using the Modeler algorithm of CHIMERA (48). The 46% identity of primary
structure between AbaFepA and EcoFepA indicated a comparable overall fold for the former protein,
based on the crystal structure of the latter (6). We used the model to select several residues in different
predicted surface loops, which were generally structurally analogous to loop residues in EcoFepA that
were successfully fluoresceinated (28, 49). We engineered the mutations in pAbafepA using a
QuikChange II XL mutagenesis kit (Agilent, Santa Clara, CA). Specifically, with pAbafepA as the template,
we generated site-directed Cys substitutions at positions T223, S279, A326, T383, T482, T562, S665, and
S712 in AbaFepA. After verification by DNA sequence analysis, we transformed the constructs into the A.
baumannii ΔfepA host and evaluated FeEnt transport of each strain by nutrition assays to verify
complementation by the plasmid-mediated Cys mutant fepA genes.

Fluorescence labeling and spectroscopy. For fluoresceination of FepA in live cells, after overnight
growth in LB, we subcultured E. coli in MOPS minimal medium and A. baumannii in nutrient broth (NB)
with shaking at 37°C until an optical density at 600 nm (OD600) of 1.0 to 1.5 was reached. We labeled the
live bacteria with 5 �M fluorescein maleimide (�493 nm � 81,500 M�1 at pH 8.0) in 50 mM NaHPO4, pH
6.7, for 15 min at 37°C, quenched the reaction with 1.3 mM �-mercaptoethanol, and pelleted, washed,
and suspended the bacteria in phosphate-buffered saline (PBS) plus 0.4% glucose for E. coli (42), or 0.4%
50 mM sodium acetate for A. baumannii.

Spectroscopic assays were performed in an SLM/OLIS spectrofluorometer that has an SLM 8000
chassis (Aminco, Lake Forest, CA), upgraded to automatic control by an OLIS central processing unit,
operating system, and analysis software (OLIS, Inc., Bogart, GA). The excitation and emission wavelengths
were 490 and 520 nm, respectively. With the labeled cells diluted to 2.5 	 107/ml in 2 ml of the same
buffer in a 3-ml quartz cuvette, we collected initial readings of fluorescence intensity, added FeEnt to the
desired final concentration, and monitored changes in fluorescence emissions during its binding and
transport.

For optimization in microtiter format, we used the Tecan GENios microplate reader (Tecan, Switzer-
land). We added frozen or fresh labeled cells to black, round-bottom 96-well (Corning, Lowell, MA) or
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384-well (Greiner Bio-One, Monroe, NC) plates to a 190-�l or 95-�l total volume, respectively, of PBS plus
0.4% glucose or 50 mM acetate as for the SLM. After three reads of initial fluorescence at 535 nm, we
added FeEnt at the designated concentration to each well by automatic injection. After shaking for 10
s, we recorded transport over a time course with reads every minute.

To determine the effect of cryopreservation on the labeled bacteria, we froze them at �70°C in 20%
glycerol, thawed them on ice, and warmed them to 37°C prior to evaluation of transport in either format
of the fluorescence assay. The cells remained viable and transported FeEnt with similar kinetics after
cryostorage for at least 1 month by this method. For all fluorescence assays, we normalized raw
fluorescence volt readings to account for variations in labeling efficacy and cell number, as instantaneous
fluorescence (F) relative to initial fluorescence (F0). To determine the statistical effect size, we calculated
Z= factors for the positive and negative controls: Z= � 1 � (3*��c � ��c)/(|��c � ��c|) (59). We plotted
the raw and normalized values with GraFit 6.011.

Primary FLHTS assay. The test strain in FLHTS, OKN3/pFepAS271C (entA ΔfepA/pEcofepAS271C),
expresses FepAS271C under the control of its natural, Fur-regulated promoter from the low-copy-
number plasmid pITS23, a derivative of pHSG575 (75). After growing and fluoresceinating E. coli
OKN3/pFepAS271C as described above, we confirmed the extent of labeling and its ability to transport
FeEnt by the spectroscopic assay. We aliquoted the labeled bacteria at 2 	 108 cells/ml, froze them at
�80°C, and transported the frozen cells to University of Kansas HTS facility on dry ice. We next validated
the FLHTS assay with frozen cells reconstituted in PBS, plus or minus CCCP, in the BioTek Synergy
microplate reader (BioTek, Winooski, VT), prior to performing the HTS assay. We screened four libraries
totaling 17,441 compounds in a 384-well plate format, with the bacteria at 2 	 107 cells/ml in PBS plus
0.4% glucose. Using the BioTek Synergy (gain � 90, excitation � 495 nm, and emission � 520 nm), we
measured initial fluorescence (F1), quenched fluorescence 1 min after FeEnt addition (F2), and recovered
fluorescence 60 to 80 min following addition of FeEnt and incubation at 37°C (F3). We included the same
labeled cells plus FeEnt and 100 �M CCCP as controls on each plate.

Data analysis and dose-response curves from primary hits. From the positive and negative
controls, we calculated Z= scores for each plate and plotted a scattergram of all compounds to determine
the median and standard deviation (SD). We performed dose-response curves for compounds that
inhibited fluorescence recovery more than 2 standard deviations from the mean of all compounds tested
(165 compounds [Table 1]). We tested each compound at 0, 2.5, 5 10, and 20 �M in a kinetic format of
the fluorescence assay described above, with fluorescence reads every minute for 80 min. The primary
hit compounds fell into categories of percent inhibition: �30% inhibition, 20 to 30% inhibition, and
�20% inhibition. We focused on 44 compounds with �30% inhibition and purchased 20 of them for
secondary screening analysis.

Siderophore nutrition assays. After overnight growth in LB and subculture in nutrient broth (NB)
with appropriate antibiotics at 37°C for 5.5 h, we added 100-�l aliquots of E. coli and A. baumannii to NB
top agar containing 100 �M apoFcA in 6-well plates (43, 82, 83). We applied 10 �l of 50 �M FeEnt or Fc
to paper discs on the agar surface and incubated the plates overnight at 37°C. In secondary screens of
primary hit compounds we added the chemicals of interest (diluted 100-fold from DMSO stock solutions
to 100 �M) to the bacteria in top agar, plated the mixture, added discs with FeEnt or Fc, and incubated
the assay overnight. Halos of growth around the discs revealed ferric siderophore utilization by the test
bacteria; alterations in halo size or morphology or the complete absence of a halo indicated inhibition
by the test compound. For some compounds we evaluated a range of concentrations from 1 to 75 �M
in FeEnt nutrition tests. DMSO alone had no effect in the assay, and the positive control CCCP (at 15 or
20 �M) inhibited FeEnt uptake.

Colicin killing tests. We used susceptibility to B-group colicins as additional tests of inhibition of
TonB action. Colicins B and Ia kill E. coli by adsorbing to FepA and Cir, respectively, penetrating the OM
in TonB-dependent fashion before forming a depolarizing channel in the IM (46). Hence, blockage of their
killing action may reflect the inhibition of TonB. To assess the influence of primary hits, we determined
the titer of each colicin (84, 85) in the absence and presence of the primary hit compound of interest.
We cultured MG1655 overnight in 5 ml of LB, subcultured it at 1% in 5 ml of MOPS medium for 6 h, and
adjusted the bacterial concentration to 1 	 104 CFU/ml by OD600 (confirmed by serial dilution and
plating on LB agar). We incubated a subtoxic concentration (as determined by MIC assay) of compound
with 100-�l aliquots of bacterial cells for 15 min at 37°C, then added a predetermined amount of colicin
B or Ia to the mixture, and incubated it for an additional 15 min at 37°C before plating on LB agar. After
incubation at 37°C for 16 h, we counted the colonies on the plates and determined the number of colicin
hits per cell from S/S0 � e�k (85), where S is the number of colonies in the presence of colicin (cells that
survive colicin exposure), S0 is the number of colonies in the absence of colicin, and k is the number of
hits per cell. These experiments allowed quantitative comparisons of colicin killing in the absence and
presence of test compounds. We evaluated each primary hit compound of interest in at least three
separate experiments and averaged the three replicates as either percent killing (Table 2) or percent
survival (Fig. 2B) using GraFit 6.011.

MIC assay. E. coli MG1655 or A. baumannii ATCC 17978 was cultured overnight in LB and subcultured
at 1% into LB in the absence or presence of the compound of interest. We tested each compound over
a range of concentrations in a 2-fold dilution series: 0.25 to 512 �M. The MIC was the minimum final
concentration that completely prevented bacterial growth; compounds that did not prevent growth at
512 �M were considered noninhibitory. We included untreated E. coli and E. coli exposed to the
corresponding volumes of DMSO as controls. We tested each compound in 2 or 3 separate experiments.

Growth assay under iron-limiting conditions. We cultured wild-type A. baumannii and its ΔfepA
derivative overnight in LB, subcultured the bacteria at 1% in MOPS minimal medium plus or minus 100
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�M apoFcA, and monitored growth over an 8-h time course. For growth with FeEnt as an iron source,
we grew and subcultured the strains as described above, diluted them at 1% into MOPS minimal medium
plus or minus 1 �M FeEnt, and evaluated them for growth over an 8-h time course.

[59Fe]Ent accumulations. We measured accumulation (86) of freshly prepared, chromatotraphically
purified (87) [59Fe]Ent (specific activity, �200 cpm/pmol). For E. coli we cultured the bacteria in LB,
subcultured them at 1% in MOPS minimal medium plus 0.4% glucose at 37°C with shaking for 5.5 h, and
maintained the cultures at 37°C during the uptake assay. To a 4-ml aliquot of bacterial culture in a water
bath with gentle agitation, we added [59Fe]Ent to 1 �M at time zero. After 5, 15, 30, and 45 min at 37°C,
we collected 100-�l aliquots of cells (in triplicate) on 0.45-mm nitrocellulose filters and washed them with
10 ml of 0.9% LiCl. For A. baumannii we cultured the bacteria in LB and subcultured them at 1% in MOPS
minimal medium plus 50 mM sodium acetate at 37°C with shaking for 5.5 h. All other procedures were
identical to those used for E. coli. After measuring the radioactivity on the filters in a Cobra Quantum
gamma counter (PerkinElmer, Inc., Waltham, MA), we averaged the data from replicate experiments and
plotted the results with GraFit 6.011.

[59Fe]Ent uptake kinetics in transport assays with A. baumannii. We deposited bacteria, cultured
as described above, in a 50-ml glass test tube in a 37°C water bath and without delay poured 10 ml
of prewarmed MOPS minimal medium plus 20 mM sodium acetate containing various concentra-
tions of [59Fe]Ent into the tube. After 5 s or 1 min 5 s, we collected the cells on 0.45-mm
nitrocellulose filters, washed them with 10 ml of 0.9% LiCl, and determined their radioactivity in the
gamma counter (86). We used the Enzyme Kinetics function of Grafit 6.011 to determine kinetic
parameters from the initial rates of FeEnt uptake, which we determined at each substrate concen-
tration from two independent measurements, each made in triplicate, at 5 s and 1 min 5 s. We
subtracted the radioactivity associated with the cells at 5 s from the radioactivity associated with the
cells at 1 min 5 s. We fitted curves by nonlinear regression analysis of the average of replicate
experiments, which produced Km and Vmax values.

[14C]lactose accumulations. To identify compounds that act as proton ionophores, we measured
their effects on the accumulation of [14C]lactose. We cultured E. coli MG1655 in LB, subcultured the
bacteria at 1% in MOPS minimal medium plus 0.4% glucose at 37°C with shaking for 3.5 h, added
isopropyl-�-D-thiogalactopyranoside (IPTG) to 0.1 mM with shaking for 2 h more, and maintained the
cultures at 37°C during the uptake assay. To a 4-ml aliquot of bacterial culture in a water bath with gentle
agitation, we added [14C]lactose to 10 �M at time zero. After 5, 15, 30, and 45 min at 37°C, we collected
100-�l aliquots of cells (in triplicate) on 0.45-mm nitrocellulose filters and washed them with 10 ml of
0.9% LiCl. After measuring the radioactivity on the filters in a Cobra Quantum gamma counter (Perkin-
Elmer, Inc., Waltham, MA), we averaged the data from replicate experiments and plotted the results with
GraFit 6.011.
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