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Abstract

Iron is an indispensable metabolic cofactor in both pro- and eukaryotes, which engenders a
natural competition for the metal between bacterial pathogens and their human or animal hosts.
Bacteria secrete siderophores that extract Fe3* from tissues, fluids, cells, and proteins; the ligand
gated porins of the Gram-negative bacterial outer membrane actively acquire the resulting ferric
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siderophores, as well as other iron-containing molecules like heme. Conversely, eukaryotic hosts
combat bacterial iron scavenging by sequestering Fe3* in binding proteins and ferritin. The variety
of iron uptake systems in Gram-negative bacterial pathogens illustrates a range of chemical

and biochemical mechanisms that facilitate microbial pathogenesis. This document attempts to
summarize and understand these processes, to guide discovery of immunological or chemical
interventions that may thwart infectious disease.
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INTRODUCTION

Since 1947, when Pappenheimer saw the regulation of diphtheria toxin production by iron
availability,! the link between iron acquisition and bacterial pathogenesis seemed logical.
Twenty years later, Bullen and Rogers? noted the impact of excess iron on innate immune
defense to infection, which began a series of their articles describing the antagonism
between prokaryotic iron requirements and iron sequestration by human hosts.210 The
research that validated those ideas exponentially expanded over the ensuing 50 years to
create an immense body of data. This paper will review those findings to the present day,
especially as they relate to iron uptake by Gram (=) bacterial pathogens that acquire different
forms of Fe3* through TonB-dependent transport systems in their cell envelopes. One

goal is to explain the transport strategies that carbapenem-resistant Enterobacterales!1-12
(formerly Enterobacteriaceael3-1%) (CRE; see Abbreviations for a list of all abbreviations
and acronyms) and the notorious group of Enterococcus, Staphylococcus, Klebsiella,
Acinetobacter, Pseudomonas, and Enterobacter (ESKAPE) pathogens!®17 and other
dangerous or multiply drug resistant organisms, utilize to circumvent the innate immune
defenses of eukaryotic hosts. In the process, we will consider the nature and relationships of
dozens of Gram (=) bacterial outer membrane (OM) receptor proteins that bind and transport
organic iron complexes. These summaries consider genetic, microbiological, biochemical,
and structural biological data with both clinical and mechanistic relevance. Our discourse
focuses on the iron uptake systems of pathogenic organisms of current worldwide concern
as a result of their unrelenting development of antibiotic resistance. Our overview is not
all-inclusive of Gram (=) bacterial iron uptake systems, nor comprehensive with regard to
clinical remedies that may arise against such phenomena. Instead, we address the possibility
of antibiotic discovery against TonB-dependent iron uptake in the target bacteria. TonB

is a ubiquitous, essential protein component of Gram (=) bacterial iron uptake pathways,

so inhibition of TonB action is potentially effective to limit bacterial growth, and thereby
stem the severity of CRE/ESKAPE pathogenesis. To simplify designation of the many small
molecules and proteins under consideration, we adopted the convention of abbreviating
prokaryotic molecules with a capitalized first-letter (e.g., enterobactin, Ent) and eukaryotic
proteins with all capitals (e.g., siderocalin, SCN).

1. NOVEL THERAPEUTICS AGAINST GRAM (-) BACTERIAL PATHOGENS

Today’s world faces a long-standing threat that intensified over the past several decades:
the uncertain outcomes of bacterial infection. In 2009, for example, Gram (=) bacteria
caused two-thirds of the mortality among ~100 000 bacteria-associated deaths in U.S.
hospitals; 20% were resistant to all known antibiotics.18 At that time, the WHO identified
Gram (-) CRE/ESKAPE pathogens as critical priorities for antibiotic discovery.19 Ten
years later, in 2019, the CDC reported more than 35,000 US deaths, 20 as a result of more
than 2.8 million infections with ESKAPE and other antibiotic-resistant bacteria. During the
same time, pharmaceutical companies lessened efforts to combat microbial pathogens.21-25
Antimicrobial treatments are typically either inhibitors of essential biochemical pathways
in the pathogen (antibiotics) or molecular constructs (vaccines) that stimulate adaptive
immunity in the host. Both approaches have a history of clinical applications that saved
millions of lives. Unfortunately, natural selection of variations in the pathogens that lead
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to resistance undermines both approaches. Antibiotic resistance often arises from mutations
that alter cell envelope permeability or decrease the susceptibility of target enzymes to
inhibition or other mechanisms.26-28 Viaccine inefficacy stems from changes in the antigenic
determinants of the pathogen that supersede the epitopes of the vaccine construct. Hence,
one challenge is to identify new pathways, proteins, or other molecules that are vulnerable
targets for drug or vaccine development.

Gram (-) bacterial antibiotic resistance largely derives from the selective permeability

of the OM and inner membrane (IM) of the cell envelope. The former excludes large

or hydrophobic antibiotics but internalizes solutes and nutrients,27+28 whereas the latter
contains pumps that expel antibiotics.2930 Without new antibiotics,31:32 soon no therapeutic
options will exist for an expanding number of bacterial pathogens. Many multidrug resistant
bacteria became problematic in the past decade, including members of the CRE/ESKAPE
pathogen group.33:34 Plus, in 2019, the CDC added other Gram (-) species as urgent or
serious threats: Campylobacter, Neisseria, Salmonella, and Shigella.?® The high rate of
antibiotic resistance in such strains, that produce the majority of nosocomial infections in
the U.S., makes them potentially lethal. These bacteria also often contain uniquely adapted
systems for “iron piracy”3® from humans and animals. The clinical options against CRE

are so limited that physicians must resort to abandoned toxic drugs like colistin,36 an old
antibiotic that was kept in reserve as a last resort against bacterial infections. If CRE
acquire colistin resistance, then they become predicted “superbugs”31:32 that are untreatable
by all known antibiotics. Colistin resistant Escherichia coli already appeared in the U.S.,37
underscoring the urgent need for new antibacterial agents.

2. IRON ACQUISITION AND BACTERIAL PATHOGENESIS

From a biochemical or metabolic perspective, iron is the most valuable metal in biological
systems. Over 80 enzymes require iron-containing heme (Hn) or non-Hn cofactors that

help catalyze the metabolic biochemistry of bacteria, fungi, and animals. Examples include
aconitase and succinate dehydrogenase in the Krebs cycle, proton-pumping oxidoreductases
in the electron transport chain, class la ribonucleotide reductases in de novo DNA synthesis,
monooxygenases like cytochrome Pys5q, and catalases and superoxide dismutases that
detoxify reactive oxygen species. This central role of iron in aerobic biochemistry makes it
a determinant of bacterial pathogenesis, invasiveness, and molecular competition at the host—
pathogen interface: the eukaryotic innate immune system sequesters iron, but successful
pathogens overcome this defense mechanism and capture the metal.38-51 The eukaryotic
components of cellular iron trafficking include the Fe3*-binding proteins transferrin

(TF), lactoferrin (LF) and ferritin (FTN), an intricate intracellular network of regulatory
and delivery proteins hepcidin, hepphaestin, hemoglobin-haptoglobin, Hn-hemopexin,
ferroportin, ceruloplasmin, serum albumin, and lipocalins (LCN),%2-%# including LCN2,
that is now called siderocalin® (SCN). Their prokaryotic counterparts are components of
diverse, omnipresent iron uptake systems that bacteria employ to obtain iron in the host.

In Gram (=) cells, iron acquisition usually begins with the elaboration of siderophores

(Gr. iron carrier), low molecular weight organic chelators®®:57 that complex adventitious,

or sequestered iron with unparalleled high affinity: Ent has a binding affinity constant of
1052 M~1.58.59 Over 500 different siderophores are known and characterized.®? The second
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part of Gram (=) bacterial iron uptake is an equally large group of discriminating, high
affinity cell surface receptors that bind ferric siderophores and other iron complexes (Kp ~
10710 M61.62) "since their discovery,63:64 these ~80 kDa proteins were recognized as the OM
components of multiprotein, energy- and TonB-dependent cell envelope transport systems.5°
Their nomenclature has evolved with the understanding of their properties, as iron-regulated
membrane proteins (IRMP®9), iron-regulated OM proteins (IROMPS7), ligand-gated porins
(LGP58), or TonB-dependent transporters (TBDT®9). None of these acronyms is perfect (see
following), but LGP perhaps best describes their mechanistic attributes. Like ligand-gated
ion channels,’%-72 the binding of a ferric siderophore, other metal complex, or eukaryotic
iron-containing protein activates LGP to conformational motion3573:.74 that signals their
occupancy and stimulates interactions with TonB. The ensuing actions of TonB, as energized
by electrochemical proton motive force (PMF), enable uptake of the iron complex or free
iron through the OM into the periplasm.

Since about 1970,8 the biochemical connections between pro- and eukaryotic iron
homeostasis were apparent, and many researchers, but especially J. J. Bullen,48.75.76 noted
the relationship between bacterial iron acquisition and infection. Fifty years of research on
these systems confirmed that bacteria need iron for metabolism, they produce biosynthetic
and transport systems to obtain it, and their success toward this end influences the outcome
of their infections. Conversely, iron deprivation, or disruption of iron uptake processes,
retards bacterial growth,66:77-81 reducing or eliminating virulence.3%:82-89 Although none of
the prokaryotic uptake systems are yet fully understood,9:90.91 Gram (-) bacterial Fe3*
transport begins when LGP adsorb iron complexes, and facilitated by TonB, internalize them
through the OM bilayer. TonB-dependent iron acquisition systems contribute to colonization
of eukaryotic hosts.#8:92-99 Qverall, an assortment of experimental approaches accumulated
comprehensive evidence that iron acquisition is a determinant of pathogenesis:

. Iron deprivation slows bacterial growth;100.66.77.79-82,101 hacteria secrete
siderophores to combat low-iron stress.80:66.81

. Gram (-) bacterial pathogens, including species of Escherichia,
Salmonella, Neisseria, Vibrio, Acinetobacter, Klebsiella, Yersinia,
Pseudomonas, Hemophilus, and more, acquire iron with TonB-dependent
transporters, /3.88,102-120

. Microbial iron scavenging and host iron sequestration are antagonistic processes
that influence infection.4.7.75.121

. Iron sequestration reduces or eliminates bacterial virulence,35.82-89,122-131

. Successful pathogens capture iron from their hosts.3°:38.39.41-51,83,96,132-147

. Vaccination with bacterial iron transporters creates protective humoral and/or

cellular immunity,148-157

. “Trojan Horse” siderophore antibiotics, that enter bacteria through iron
transporters, show broad-spectrum activity against Gram (-) bacteria,158-163

Despite the many connections between iron and infectious disease, and the variety of
studies that repeatedly verified the relationship between iron acquisition and bacterial
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colonization!64 or virulence,92:94.99.165-167 some findings challenged the idea that iron
uptake promoted bacterial pathogenesis.1®8 The explanation of this discrepancy is that
bacterial pathogens often elaborate multiple aposiderophores and acquire even more ferric
siderophores. So, single mutations that abrogate a particular iron uptake pathway may not
impair host colonization or virulencel68 because other iron uptake pathways compensate
for the deficiency. Laboratory £. coli K-12 strains, for example, produce at least seven
TonB-dependent transport systems for ferric iron,31-104.169-171 and wild £, cofi clinical
isolates encode even morel72-174 that either internalize ferric siderophores®”175 or extract
iron from eukaryotic proteins.3>:74 Other bacterial pathogens, like Acinetobacter baumannii,
produce as many as 10 different siderophores in iron deficient environments.176

Once this knowledge of iron uptake multiplicity and redundancy was known, it raised doubts
that siderophore pathways are appropriate targets for antibiotic development. However,

all Gram (=) bacteria acquire ferric iron with TonB-dependent LGP, so TonB itself is a
conserved common component of all these OM uptake reactions. The actions of TonB

are ostensibly susceptible chemical inhibition, which will reduce iron acquisition and
therefore also reduce bacterial proliferation in humans and animals. Furthermore, mutant
bacteria lacking TonB, or producing mutant TonB proteins, will not obtain iron in the host
environment and therefore fail to thrive or colonize.88:164 So, antibiotics that target TonB
may suffer less from resistance. These points suggest that TonB-dependent iron uptake
pathways are viable candidates for antibiotic discovery.

A large percentage of existing antibiotics target bacterial cell envelope biochemistry.177-180
Compounds that block OM iron transport will similarly focus on a process that

is uniquely prokaryotic: eukaryotes acquire iron by different mechanisms.181-184 |ron
potentiates the activity of the quinone antibiotic streptonigrin against £. coli '8 Neisseria
gonorrheae, 188187 and Haemophilus influenzae, 88 but not a single natural antibiotic is
known to antagonize bacterial iron transport systems, a fact that questions the likelihood of
finding new antibiotics against them. Nevertheless, the recent licensing of cefiderocol,189-191
that utilizes a TonB-dependent LGP to introduce a bacteriocidal antibiotic into the bacterial
periplasm, illustrates the clinical potential of such pathways. Finally, it is perhaps most
pertinent that the innate immune system encodes numerous proteins that reduce iron
availability to invading microbes, underscoring the potential of seeking chemical or
immunological interventions that similarly interfere with prokaryotic iron uptake.

3. OVERVIEW OF TONB-DEPENDENT IRON TRANSPORT SYSTEMS

Gram (=) bacterial LGP are surface receptors that recognize and bind metal complexes.
Then, activated by TonB, they internalize the ferric siderophore or porphyrin through the
OM bilayer. Virtually all Gram (=) bacterial pathogens obtain iron with TonB-dependent
systems, which explains the interest in blocking TonB action, but the incomplete information
about LGP transport mechanisms’4:90.192.193 complicates the use of iron deprivation against
pathogenesis. Furthermore, complex multiprotein arrays (in £. coli, 13 cell envelope
proteins) collaborate in the uptake of each iron atom. Their functions include high affinity
ligand recognition, transmembrane signal transduction, internal conformational motion,
catalytic protein—protein interactions driven by energy transmission between membranes,
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and active transport in two distinct membranes energized by both the electrochemical
gradient and ATP hydrolysis. Most notably, active iron OM transport occurs through

a closed membrane channel, across a bilayer that is unable to sustain an ion gradient,
necessitating a novel means of energization. Hence, besides its clinical potential, the topic
has theoretical importance.

LGP are omnipresent in Gram (=) bacterial cell envelopes to varying degrees of
representation. Members of Enterobacterales encode many (7-20) that act in iron or

other metal uptake, but Proteobacteria in other Families may contain many more
(Pseudomonadaceae, 35-38; Caulobacteriacae, 63; Xanthamonadaceae, 42—70%9) that are
predicted to span other substrate specificities. Most of these functions were assigned by
bioinformatic analyses and are not yet experimentally verified. In the case of Caulobacter
crescentus, five iron-regulated Omps were identified, but only one transport function was
identified as the receptor for hemin.194 The most mechanistically well characterized LGP
catalyze iron195-199 or cobalt195-199 yptake, but many other transport specificities are
proposed in the LGP superfamily.200 LGP often also act as receptors for bacteriocins

and phage. E. coliFepA (EcoFepA) (we abbreviate bacterial proteins to also designate

the genus and species of their origin: e.g., Klebsiella peumoniae FepA, KpnFepA; A.
baumannii BauA, AbaBauA; Pseudomonas aeruginosa FpvA, PaeFpVA, etc.), for example,
is the cognate receptor for the TonB-dependent colicins B and D64:201.202 and pacteriophage
H8.293 The architecture of EcoFepAl9 typifies the tertiary structure of all LGP: a 150-
residue N-terminal globular domain situated within a 22-stranded C-terminal porin S-barrel
(Figure 1). The eight LGP of £. coli K-12 acquire different types of metal complexes:

ferric catecholates (FepA,1% Fiu,294 Cirl9), ferric hydroxamates (FhuA,198.199 FhyE 205
lutA208), ferric citrate (FecAl97), and cyanocobalamin (vitamin By,; BtuB207). FptA208 and
FpvAZ209 of P aeruginosa, which show the same overall fold, transport iron complexes

of pyochelin210.211 (Pch) and pyoverdine?12.213 (Pvd), respectively. The discriminating
specificity of these receptors for their ligands,61:202.214 \whose binding potentiates the

active transport mechanism, is what led to the designation LGP.61:202.214 They are unlike
diffusive porins,2’ in that they bind ligands with high affinity and require energy and TonB
action to accomplish ligand internalization. The common designation TBDT®? is intuitively
accurate but potentially confuses these OM uptake systems with completely different active
transporters in the IM. Both classes of membrane proteins perform active transport, but they
are structurally different, function by different mechanisms, utilize different energy sources,
and inhabit different membranes. Hence, we reserve the term “transporter” for ATP-binding
cassette (ABC) transporters and electrochemical gradient-coupled (e.g., PMF-dependent)
major facilitator transporters in the bacterial IM.

3.1. OMIron Transport: LGP Crystal Structures

In 1990, Weiss et a/215 determined the first detailed crystal structure of a porin from
Rhodobacter capsulatus. 1t was followed by the crystal structure of £. coli OmpF
(EcoOmpF).216 Buchanan er a/.198 submitted a description of the crystal structure of
EcoFepA in September of 1998, a few weeks before that of EcoFhuA.198.199 Singe then,

18 more LGP structures were resolved (Table 1). The transmembrane S-barrels of these
OM proteins are central to the understanding LGP functionality, because they classify them
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in the porin superfamily.27.200 The 22-stranded S-sheets surround a structurally distinct,
N-terminal, ~150 amino acid globule that regulates the movement of molecules through the
pore.

3.1.1. N-Terminal Globular Domain (N-Domain).—The N-terminal portion of LGP
contain structural features that enable its biochemical functions. A four-stranded B-sheet
obstructs LGP channels. The N-terminal region contains the “TonB-box”,217:218 g short
sequence (7-11 residues) that mediates signal transduction to TonB. When ferrichrome (Fc)
binds to FhuA, or B4, binds to BtuB, their loops undergo changes that propagate through
the N-domain, altering the disposition of the TonB-box at the periplasmic interface.197.207
The exact sequence and molecular mechanics of these conformational changes are unknown,
but they occur in response to high affinity binding of a metal complex to the surface loops
of the LGP that coalesce around its ligand by induced fit.197:219.220 Ty large loops sit atop
the N-domain globule, and as many as 11 more surface loops ranging from 2 to 40 residues
bridge adjacent B-strands in the C-domain S-barrel. Loop motion during ligand binding is
the basis for concomitant or ensuing movement of the TonB-box at the internal surface of
the receptor, creating a trans-OM signaling pathway that activates the actions of TonB in the
periplasm.

3.1.2. C-Terminal Transmembrane B-Barrel (C-Domain).—Like other OM proteins
(Omp),215:216,221-223 | GP contain an antiparallel, amphiphilic B-sheet that circumscribes

an aqueous channel. The B-strands in the sheet are linked on the periplasmic side by

short reverse turns, and on the outer surface by usually expansive loops that are populated
with residues involved in ligand recognition and high-affinity binding. The diameter of the
22-stranded C-terminal B-barrel approximates 50 A, a size that potentially compromises

the permeability barrier of the OM bilayer.28 However, the N-domain restricts passage of
molecules through this large hydrophilic pore to ligands that specifically bind and activate
the energy- and TonB-dependent uptake mechanism.58

3.2. TonB/ExbBD Physiology

Genetic studies on iron uptake by £. coli, as well as its susceptibility to bacteriophage

or colicins,64:202.224-227 jdentified the fonB locus as a crucial component of the transport
system. fonB mutants were unable to thrive in iron-deficient media and showed pleiotropic
transport deficiencies. exvBD strains were similarly implicated,?17228 put the impact

of exbBD-deficiency was less dramatic, likely because they may be substituted by
TolQR.229.230 gyhsequent research revealed that TonB, ExbB, and ExbD form a multimeric
protein complex in the IM,231 with TonB presumably at the center of this assembly.232.233
Genetic, biochemical, bioinformatic, and biophysical data85233-238 show that TonB is an
IM-anchored protein that spans the periplasm (Figure 1). When an LGP binds a metal
complex, the TonB-box of its N-domain repositions at the periplasmic interface,198.199
allowing protein—protein interactions with the TonB C-terminal domain (TonB CTD).239:240
Binding of the TonB-box of LGP to the TonB C-terminal domain (CTD)239:240 facilitates
the movement of iron through the LGP channel. Models postulate238.241.242 and evidence
exists?37 that TonB transmits energy from the IM to the OM by rotary motion, driven by
the electrochemical gradient across the IM [for review see ref 91]. ExbB and ExbD231
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participate in this reaction. TonB-dependent, PMF-driven activity of LGP%2:227.243.244 g]|ows
their accumulation of iron against its concentration gradient. Thus, Gram (=) bacterial
pathogens obtain iron from human and animal hosts by TonB-dependent uptake systems that
are virulence determinants.47:62.121.227,243,.244 The ybiquity of TonB in Gram (-) bacterial
metal transport makes it a potential target for drug discovery.

3.3. Periplasmic and IM Iron Transport

After traversing the OM through LGP, iron complexes adsorb to periplasmic binding
proteins245:246 (like EcoFepB,247:248 Figure 2) and then to IM ABC-transporters?49-251 that
intake iron into the cytoplasm. For the prototypic FeEnt acquisition system, FepB247:252.253
(Figures 1 and 2) transfers FeEnt to the IM ABC-transporter complex FepCDG?2>* (Figure
1). During or after entry into the cytoplasm, Fes hydrolyzes the lactone scaffold of FeEnt,
concomitantly reducing and releasing ferric iron into intracellular pools as Fe2*,255-261

4. SIDEROPHORES

After the isolation of ferrichrome from the smut fungus Ustilago sphaerogena,®® and
mycobactin from the acid-fast bacterium Mycobacterium johnei;?62 more than 500 other
siderophores were discovered. We will not review the basic chemistry of siderophores
because numerous other descriptions®’-29:60.263 already exist. Suffice it to say that based
on their complexation of Fe3*, siderophores fall into three main groups: catecholate,
hydroxamate, and mixed chemistry chelators (Figure 2). Compounds in the latter

category contain a variety of chemical groups that may share electrons with the iron
nucleus: carboxylates, imidazoles, oxazolines, quinones, thiazolidines, and more. Although
siderophores in different categories have characteristic properties that affect their affinities
for iron(l11), the ferric ion favors complexation by oxygen, rather than nitrogen or sulfer, and
siderophores reflect this preference.

4.1. Complexation of Fe3* by Siderophores

Many siderophores are virulence factors of the bacteria that produce them.24 They capture
Fe3* in the host environment because they generally possess higher affinity for iron than
host proteins.264.265 Besides the prototypic tricatecholate compound Ent that many Gram
(-) bacteria in the Family Enterobacterales produce, and the prototypic trihydroxamate
ferrichromes (Fc) that many fungi produce, other siderophores of interest are the
monocatecholates dihydroxybenzoic acid (DHBA) and dihydroxybenzoyl serine (DHBS),
citrate (Cit), the citrate-based hydroxamate aerobactin (Abn), and the mixed chemistry
chelates acinetobactins (Acn), baumannoferrins (Bfn), fimsbactins (Fbn), yersiniabactin
(Ybt), pyochelin (Pch), and pyoverdine (Pvd). In nature, the monocatecholates are relevant
degradation products of Ent, vibriobactin26¢ (\/bn), and corynebactin67 (Crn; also called
bacillibactin®7) that are all cyclic trimers of 2,3-DHBS. The individual units are joined

by ester linkages between the alpha carboxyls and side chain hydroxyl groups of Ser
(Figure 3). Additionally, Ent may be derivatized by the addition of glucose to two of its
three catechol groups to create glucosylated Ent (GEnt). Both Ent and GEnt are potentially
labile compounds because their cyclic lactone backbone is susceptible to acid or base
hydrolysis, and their catecholate groups may oxidize to quinones. These chemical processes
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produce a series of natural hexadentate, tetradentate, and bidentate catecholate compounds
in the prokaryotic microenvironment, each with different metal complexation activities and
affinities. Several attributes of trimeric, hexadentate Ent/GEnt contribute to their immense
affinity for Fe3*, that is, 30 logs higher than that of a bidentate ligand like DHBA or
DHBS. First, the architecture of Ent/GEnt locates their catecholate hydroxyls in perfectly
symmetrical geometry around the metal center, without strain.263.268 Second, Fe3* prefers a
hard acidic ligand, like oxygen, rather than soft basic ligands like nitrogen or sulfur. Lastly,
and most importantly, trimeric Ent/GEnt exemplify the chelate effect: metal complexes of
polydentate ligands (in this case, hexadentate) are much more stable than complexes of
chemically similar mono- or bidentate ligands. Complexation by three isolated bidentate
ligands (7.e., DHBA/DHBS) requires three individual productive collisions between the
metal and the ligands, whereas chelation by a single hexadentate ligand (7.¢., Ent/GEnt)
occurs by an initial collision that attaches the first oxygen, followed by binding of the
second oxygen by rotation, and the remaining oxygens by motion of the aposiderophore
that enables them to surround the iron center. A hexadentate chelate also better resists
dissociation. When a mono- or bidentate group is displaced, it is lost into the bulk solution.
But, if any of the oxygens of the hexadentate Ent/GEnt are displaced, other oxygens still
remain attached, and it is only a matter of time until the displaced oxygen(s) find(s) the
metal again and reattach. All of these conditions stabilize the complex with hexadentate
Ent/GEnt, relative to an iron chelate formed by bidentate monocatecholate groups.

4.2. Siderophore Biosythesis in Bacterial Pathogenesis

An average man contains about 5 g of iron, creating an overall concentration of ~3 mM.
Most of that iron was acquired in the oxidized ferric [Fe3* or Fe(111)] form and then reduced
to the ferrous [Fe2* or Fe(11)] state within cells. Human proteins complex both ferrous

and ferric iron, for use as a biochemical or redox cofactor, as part of intracellular iron
homeostasis, and as a means of blocking microbial iron acquisition. As an initial response to
bacterial infection mammalian hosts increase the production of LF and TF, two iron binding
proteins of the innate immune system. This upregulation minimizes the concentration

of adventitious extracellular iron,2%9 confronting invading bacteria with an iron-depleted
environment.270 [ron sequestration renders bacteria iron-deficient, which retards their
metabolism and propagation.271:272 Within cells, proteins or small molecules complex iron
for metabolic purposes, but also because free iron promotes the formation of reactive oxygen
species by the Fenton reaction.264.273 Faced by iron unavailability, bacteria upregulate their
iron acquisition systems, many of which are implicated in bacterial pathogenesis.>:3%:49.274
They usually comprise two components: (i) siderophores, that chelate iron(l11) with high
affinity, and (ii) OM LGP, that avidly bind ferric siderophore complexes and actively
transport them into bacterial cells. Microbial siderophores surmount the low solubility of
free Fe3* in aqueous solutions (10718 M)* and antagonize innate immune proteins that
adsorb free iron in blood, serum, and cellular secretions. They capture the extra- and
intracellular iron of humans and animals for utilization by invading bacteria that may also
directly extract and transport3°275.276 jron from eukaryotic iron-binding proteins. Ent, the
native catecholate siderophore of the family Enterobacterales, has the highest affinity for
Fe3* (K, = 1052 M~1),58 which allows it to remove iron from proteins2/7:278 that have lower
affinity (e.g., transferrin; K, = 1020 M~1).279 Other microbial siderophores also remove iron
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from TF, LF, or FTN.211.212 |t js often stated that the host environment is iron deficient,
but the siderophores of pathogens invade and scavenge iron from eukaryotic metabolic and
storage pools, effectively raising the concentration of available iron from submicromolar to
much higher, potentially millimolar levels. In this way, siderophores confer an advantage
to bacteria during infection of host tissues,124:134,264,280-282 g it js not surprising that
heightened production of one or more siderophores is a virulence factor?83.284 in Gram

(-) bacterial pathogenesis. Siderophore production by invading pathogens overcomes host-
imposed iron restriction,

4.3. Utilization of Xenosiderophores

Ent and FepA, the receptor for FeEnt, are prototypic components of Gram (=) bacterial
TonB-dependent iron uptake systems. FeEnt is recognized and transported by both
commensal and pathogenic Gram (=) species in the same and other Families.120 This
natural ferric catecholate uptake system illustrates a common attribute of microbial habitats:
utilization of xenosiderophores. The term refers to siderophores that are recognized and
acquired by a different organism than the one that produced them. So, although A.
baumannii, Yersinia enterocolitica, Neisseria gonorrheae, and P. aeruginosa lack the ability
to synthesize Ent, all four species encode transport systems to assimilate FeEnt.120.272.285
This ability to utilize gratuitous ferric siderophores is an asset during colonization

and pathogenesis.286 The gut, for example, is populated by thousands of different

bacterial species?87-289 that may simultaneously produce dozens or hundreds of different
siderophores,®0 so access to this conglomeration of iron chelates is potentially valuable to
microbes that do not elaborate their own siderophores (e.g., Listeria monocytogenes?0).

In response, host epithelial cells and neutrophils produce SCN®° that preferentially binds
apo- and ferric catecholates (Figure 2). SCN binds FeEnt with about 10-fold less affinity
than EcoFepA and about the same affinity as other orthologues of EcoFepA (Table 1), so
depending on its concentration, SCN has the ability to compete for ferric catecholates and
thereby inhibit bacterial growth.264.291 Nevertheless, members of Enterobacterales adapted
to evade SCN by glucosylating two of the three the catecholate rings of Ent. SCN binds
the glucosylated form of the siderophore (GEnt/FeGEnt; also called ferric salmochelin)
with much lower affinity.2%1 Species of Klebsiella, Salmonella,?%? Escherichia,?®32%* and
Enterobacter?® encode the iroA gene cluster to glucosylate Ent.44 The jroA system contains
the biosynthetic /roBCDE genes: IroB glucosylates Ent to form GEnt; IroC mediates GEnt
export out of the cell; IroE cleaves the trilactone backbone of GEnt to a linear form

that may traverse the 1M, while IroD cleaves the linearized aposiderophore to generate

a monomer and dimer.296-299 The jroA region also encodes IroN, the cognate receptor

for FeGEnt. The ability of numerous pathogenic bacterial genera to glucosylate Ent

and transport FeGEnt, even in the presence of SCN, allows proliferation in places that

are inhospitable to other Gram (=) bacteria. Surprisingly, because it produces a number

of SCN-resistant siderophores,3%0 including GEnt, the £. cofi Nissle 1917 strain30? is
employed as a probiotic treatment.392-304 |t s thought to protect from diarrheal infections
(for example, by S. enterica) by outcompeting the other pathogens for iron,305.306.264
These observations, combined with widespread Ent biosynthesis and FeEnt transport by
Gram-negative bacteria, highlight the importance of catecholate siderophores in bacterial
colonization and/or pathogenesis.164
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4.4. Exchange of Iron among Siderophore Ligands

The myriad of chemically distinct siderophores254 warrants the question: why are so many
different molecules needed to scavenge iron in the microenvironent? Especially given

their prodigious affinity for Fe3*, why do not the catecholate siderophores monopolize
bacterial iron uptake processes to the exclusion of other less avid microbial chelators?

A clue to the answer may reside in the fact that the multitude of siderophores translates
into another multitude of unique ferric siderophore receptors in the OM. The variety

of ferric siderophore structures requires a variety of LGP recognition specificities that
allows individual organisms to preferentially bind and transport particular iron complexes.
As explained below, this selectivity for certain ferric siderophores has advantages to
proliferation in certain environments. Second, in considering how siderophores of lower
affinity compete against Ent and its derivatives for complexation of iron, it is important to
note that iron chelation reactions are equilibria: in a solution of multiple aposiderophores,
the distribution of iron among them reflects the affinities of the different organic ligands,
their concentrations, and the pH because exchange of ferric iron between organic ligands
occurs more rapidly at acidic pH. For example, Ent (Ka = 10°2 M~1), acquires iron from
FCA (Ka = 1034 M~1),59 put even at millimolar concentrations of both compounds this
exchange reaction takes hours to occur (#; = 4.5 h at neutrality3%7). In native, even iron-
deficient habitats, the concentrations of microbial aposiderophores usually do not exceed
micromolar levels, so the rates of ligand exchange around Fe 3* will be slower. The

upshot is that ferric siderophore complexes are relatively kinetically stable regardless of
their chelation chemistry. Once formed, a lower affinity iron complex like FeAbn has a
sufficient lifespan to provide iron to cells expressing its surface receptor, lutA,3% even in the
presence of Ent or other potent catecholate siderophores. Furthermore, living bacterial cells
act as a thermodynamic sink, driving iron—siderophore chelation equilibria toward the ferric
complexes that they bind and transport.

Redundant Iron Acquisition Systems

The advantage of redundancy during iron acquisition becomes apparent when considering K.
pneumoniae.3%° Hypervirulent K. pneumoniae, that causes pyogenic liver abscesses310:311
(predominantly in Asia312-315), elaborates copious amounts of multiple siderophores (=30
19/mL)283:318 that are virulence determinants. In this sense, hypervirulent K. pneumoniae
differs from classical K. pneumoniae. Hypervirulent K. pneumoniae strains harbor plasmids
that encode synthesis of Ent and GEnt, as well as uptake systems for their ferric
complexes.31” Humans and animals respond with serum SCN, that tightly binds Ent and
FeEnt, reducing their ability to supply iron to invading bacteria. Serum albumin also
adsorbs Ent, albeit with lower affinity.318 However, glycosylation of Ent by hypervirulent
K. pneumoniae and other pathogens impedes its recognition by SCN.55:291.319 Besjdes
catecholates, hypervirulent K. pneumoniae secrete the hydroxamate Abn and the mixed
chelator Ybt.320 Deletion of the Abn biosynthetic locus jucA reduced the virulence of
hypervirulent K. pneumoniae, loss of other siderophores did not affect its pathogenesis

in a murine infection model.283 The citrate-based siderophore Abn is well-known to

confer bacterial invasiveness,155:321.322 and its production is a virulence determinant of
hypervirulent K. pneumoniae.323 Like GEnt and FeGEnt, neither Abn nor FeAbn bind

to SCN or albumin. Thus, despite its much lower affinity for Fe3* (Ka = 1024 M~1),59
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unlike Ent, Abn remains active and available in host fluids and tissues, where it may

remove iron from TF and LF (K, = 10 20 M~1).277 Bjosynthesis of all four siderophores,

Ent, GEnt, Abn, and Ybt, is common in hypervirulent K. pneumoniae. However, studies

on the relationships of these four siderophores to the pathogenesis of K. pneumoniae?8
reiterated the influence of Abn, that consistently associated with virulence.284:309.324,325 For
instance, the majority of K. pneumoniae isolated from pyogenic liver abscesses produced
Abn, while only 2% isolated from other sites (respiratory tract, urine, blood, or stool)
secreted it.326 The other siderophores are less involved in the virulence of hypervirulent K.
pneumoniae. As noted, K. pneumoniae glucosylates Ent and produces Ybt, but neither GEnt
nor Ybt correlate with its systemic infections. One potential explanation for the persistent
presence of GEnt in hypervirulent K. pneumoniae is that it may act in concert with the toxin
microcin E492 during colonization.323 In classical K. preumoniae, on the other hand, GEnt
production does correlate with invasive colonization of specific lung tissues.280 Additionally,
in extraintestinal pathogenic £. coli (EXPEC), the expression of IroN, the cognate receptor
for FeGEnt, promotes biofilm formation.32” Thus overall, the apparent redundancy in the
siderophores of bacterial iron acquisition systems is a misconception. They all complex
Fe3*, but each one has chemical nuances that define their chelation properties, their ability
to extract iron from eukaryotic proteins, and their interaction with or persistence in animal
fluids or tissues. Together, these properties may produce unique, unexpected contributions to
bacterial pathogenesis.

4.6. Siderophores and Tissue Tropism

The production of Ybt by K. pneumoniae illustrates other aspects of microbial iron
acquisition during pathogenesis. Although named for its discovery in Yersinia pestis,328:329
several other infectious bacteria produce Ybt,330:331 that is, an atypical siderophore with
mixed chelation groups. The genes encoding Ybt reside in the pigmentation (pgm) locus of
the high pathogenicity island (HPI) of Y. pestis, Yersinia pseudotuberculosis, and Yersinia
enterocolitica. The HPI also occurs throughout Enterobacterales in Citrobacter, Enterobacter,
Klebsiella, Salmonella, Serratia, and all known pathotypes of Escherichia.332 Murine
infection studies with Y. pestis revealed that the siderophore facilitates establishment of the
pathogen at peripheral sites.330 While Ybt is essential for bubonic plague, it is dispensable
and has varying degrees of involvement for septicemic and pneumonic plague.332-334 With
regard to K. pneumoniae, classical strains that produce Ybt cause pneumonia in the murine
infection model, whereas Ybt nonproducers that only produce Ent are at best opportunistic
and only establish an infection in SCN-deficient mice. Despite the fact that classical

K. pneumoniae causes septicemia, wound, and urinary tract infections (UTI), Ybt* K.
pneumoniae strains are predominantly found in the respiratory tract over blood, urine, or
stool samples.326 Hypervirulent K. pneumoniae abundantly produces Ybt, but it was not
found to enhance its pathogenesis, perhaps because copious Abn production masked the
impact of Ybt.323 For uropathogenic £. coli, the noncatecholate siderophores Abn and

Ybt were advantageous to colonization, and their receptors IutA and FyuA, respectively,
correlated with bacterial invasion of the bladder and kidney.33% Vaccination of mice

with FyuA, furthermore, protected the animals against ascending UTI to the bladder and
kidney.336:337 Next, the mixed chelation chemistry of Ybt, that includes three electron pairs
from nitrogen and three pairs from oxygen, imparts multifunctionality: besides Fe3*, Ybt
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may bind Cu 2*, which protects Y. pestis against reactive oxygen by mimicking a superoxide
dismutase that converts oxygen to less harmful forms.338 In uropathogenic £. cofi, this
property confers a higher intracellular survival rate than that observed for nonpathogenic
strains. Lastly, Ybt production illustrates that a particular siderophore may influence the

site of an infection and allow the siderophore-producer to capture a replicative niche within
the host.264 Whereas Ybt* classical K. pneumoniae strains caused bronchopneumonia in
normal mice, resulting in moderate bacterial load in the lungs and spleen, otherwise isogenic
Ent* K. pneumoniae caused inflammation and bacterial density in the airways.280.283,284,326
In SCN-deficient mice, on the contrary, introduction of Ent* or Ent*, GEnt™ classical K.
pneumoniae strains caused perivascular invasion, higher bacterial load, greater involvement
of the spleen, and lower survival. These differences likely arise because of the better ability
of Ent, relative to Ybt, to strip iron from transferrin, which is rich in the perivascular

space. Consequently, in the absence of SCN, that neutralizes Ent but not Ybt, Ent-producers
outcompete Ybt-producers for the available iron.28%:326 These data also show the antagonism
of bacterial dissemination by SCN. In summary, ferric siderophore uptake systems have
multiple attributes that contribute to the infection of humans and animals. When viewed
from the perspective of the diversity of their chemistry and iron chelation properties, their
individual characteristics allow bacteria to adapt to the different conditions and iron sources
in specific tissues.

4.7. Utilization of Hn

Erythrocyte hemoglobin constitutes the biggest source of iron in the mammalian body.
Bacteria acquire iron from hemoglobin by hemolysis or cell death that releases Hn into

the plasma. Alternatively, Hn may adsorb to cell surfaces, such as the intestinal lumen.

Hn utilization is a factor in the virulence and pathogenesis of A. baumannii, E. coli,
Haemophilus influenzae, Neisseriameningitidris, P. aeruginosa, Shigella dysenteriae, Vibrio
cholerae and Y. pestis, that all utilize iron from hemoglobin.339-345 The iron in Hn is usually
in the ferrous state, but once removed from the porphyrin by Hn oxidases, and especially
in the presence of siderophores, the equilibrium shifts toward ferric iron, that is readily
complexed by both siderophores and TF.346 A. baumannii LAC-4, P. aeruginosa, and N.
meningitidis oxidize Hn to biliverdin,347 concomitantly converting Fe2* to Fe3*, which is
accessible to siderophores for iron supply to the pathogens.

5. FERRIC SIDEROPHORE TRANSPORT BY LGP OF BACTERIAL
PATHOGENS

Infectious Gram (=) bacteria evolved a variety of molecular strategies to initiate the iron
uptake process, that involve many different ferric siderophore or Hn receptors on the

cell surface. However, all these specific systems of diverse Gram (=) bacteria share an
underlying mechanistic component: the TonB/ExbBD complex that converts PMF-driven
bioenergetics in the IM into biochemical processes that drive active transport through the
OM (see also sections 3.2 and 8.1). The Gram (-) CRE/ESKAPE bacteria encompass
various examples and paradigms with regard to iron acquisition during pathogenesis.
These include K. pneumoniae, A. baumannii, P. aeruginosa, and E. coli, as well as other
Gram (=) pathogens (S. enterica, Y. pestis, Serratia marscescens) that collectively provide
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unambiguous evidence of the close relationship between iron acquisition and bacterial
virulence.

Just a glance through the activities of the iron-transporting LGP (Table 1) emphasizes the
significance of generic and specialized iron uptake mechanisms to bacterial pathogenesis.
Starting with pathogenic variants of £. coli (UPEC and EHEC), and in pathogens of

other genera, uptake of FeAbn, FeGEnt, and Hn consistently associates with invasiveness,
tissue tropism, or infectivity. Hn scavengers (£, aeruginosa, Y. pestis), furthermore, produce
both hemophore-dependent and -independent transport systems to obtain it. Utilization of
other ferric siderophores is often highly specialized: besides Y. pestis, the CRE pathogens
E. coliand K. pneumoniae both acquire FeYbt via FyuA, whereas P aeruginosa does

not encode such a receptor in its genome. A. baumanniiis a general exception to these
commonalities, in that most strains transport neither FeAbn nor Hn. However, analyses of
genomic sequences suggest that A. baumannii encodes several unique iron uptake systems.
A. baumannii produces three unique siderophores (Acn, Bfn, Fbn), it utilizes FeEnt,272

and its chromosome encodes at least six other LGP of currently unknown functions.
Exclusively genomic inferences are sometimes incorrect,194:348 s the full understanding

of the iron transport capabilities of A. baumannii await experimental characterization. After
TonB-dependent OM uptake, iron translocation into the cytoplasm involves multiple binding
and transport reactions in the periplasm and the IM. Consequently, the identification of a
homologous LGP orthologue in the OM does not necessarily guarantee the ability of A.
baumanniito use a particular ferric siderophore as an iron source.

5.1. E.coli

Most E. colistrains are harmless to animals and humans and live in the gut as

commensal microbes. Strains like the probiotic Nissle 1917 are beneficial to human
physiology, alleviating symptoms of colitis and inflammatory bowel disease.349 However,

E. coli also acquires pathogenesis determinants, including siderophore biosynthetic genes,
toxins, or other molecules that promote tissue invasion or tropism. Pathogenic £. coli

fall into numerous categories: ETEC (entero-toxigenic), EIEC (entero-invasive), EHEC
(enterohemorrhagic (including the widespread O157:H7), EPEC (entero-pathogenic), EAEC
(entero-aggregative), and AIEC [adherent-invasive, which includes uropathogenic £. coli
(UPEC), that causes ~90% of urinary tract infections (UTI)]. These pathogenic isolates often
rely on iron acquisition mechanisms that are not found in laboratory strains. For instance, the
EHEC pathogen 0157:H7 acquires iron from Hn or hemoglobin through the outer membrane
receptor ChuA.118

Tang and Saier'” compared the laboratory £. coli strain MG16553%0 to serovars in

five of the pathogenic categories. Not only are certain LGP exclusively found in the
pathogens, but some strains have multiple receptors for a single ferric siderophore or Hn.
MG1655 expresses six receptors for iron uptake, whereas UPEC strains produce 10-15,
again illustrating the direct connection between iron uptake versatility and virulence. It
is noteworthy that 4 of 7 pathogenic strains had two chromosomal fonB8 homologues, 167
although their functional differences are not known.
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Prototypic laboratory E. coli K-12 strains, like the sequenced paradigm MG1655, do

not chromosomally encode the FeAbn receptor IutA, but it is present in the genome of
pathogenic £ coli, like the AIEC strain 083:H7.351 As first discovered for EcolutA,15°
LGP are often encoded and mobilized on plasmids that transfer among bacteria in

natural habitats. lutA (NRG857_30235) and IroN (NRG857_30015) are encoded on the
E. coliplasmids pAPEC0O103-ColBM, pAPEC-01-ColBM, and pVMO01 (from the APEC
strain E3), on the S. enterica serovar Kentucky plasmid pCVM29188 146, and on the

K. pneumoniae CG43 plasmid pVLK. The chromosome of K. prneumoniae CG43 also
contains another FepA paralogue (NRG857_02640). Furthermore, in EXPEC the FeGEnt
receptor, IroN, contributes to biofilm formation, independently of GEnt production.327 £,
coli 0157:H7 encodes several novel LGP (Table 1), including ChuA, that recognizes and
transports Hn.

5.2. K. pneumoniae

Classical K. pneumoniae is a nonmotile Gram (=) bacillus in the Family Enterobacterales.
Most K. pneumoniae isolates are encapsulated, nontransformable, nontransducible, and
probably virulent. However, mutations in LPS and capsule biosynthesis,352-356 DNA
methylation,357 and iron acquisition3%8 may attenuate K. preumoniae. Besides its ubiquity
in surface water and soil, it is a commensal bacterium in the gastrointestinal tract and a
common opportunistic nosocomial pathogen. It may infiltrate the urinary tract, bloodstream,
or lungs, and it may contaminate surgeries, resulting in wound and urinary tract infections,
pneumonia, bacteremia, and sepsis. Infections with classical K. pneumoniae may progress
to pyogenic liver abscesses, meningitis, endophthalmitis, and sepsis. Such “community-
acquired infections” are public health threats, and the increasing propensity of this organism
to acquire antibiotic resistance augments its threat to human and animal health. Especially,
carbapenem-resistant strains of classical K. pneumoniae, that are resistant to nearly all
known antibiotics,3%9 cause 40-50% mortality from bloodstream infections.3¢0 Classical K.
pneumoniae strains that express extended spectrum S-lactamases (ESBLS) are resistant to
cephalosporins and monobactams.2°3:265 Besides the classical K. pneumoniae pathotype, a
hypervirulent variant emerged that causes hepatic abscesses, endopthalmitis, meningitis,
osteomyelitis, and necrotizing fasciitis, even in otherwise healthy individuals.361-366
Acquired drug resistance makes classical K. pneumoniae difficult to eliminate but does

not enhance its virulence. Hypervirulent K. pneumoniae, on the other hand, may acquire
both antibiotic resistance genes and novel virulence genes together on a large plasmid39°
and, in some cases, additional chromosomal elements as well. The biomarkers on the
virulence plasmid differentiate hypervirulent from classical K. pneumoniae. Hypervirulent
K. pneumoniae has the ability to infect healthy individuals and frequently causes invasive
infections that further distinguish it from classical K. pneumoniae. Thus, clinical isolates of
this superbug show a worrisome confluence of drug resistance and virulence determinants
that threaten a medical crisis, including hypermucoviscous capsule, lipopolysaccharide
(LPS), siderophores, and fimbriae.324:367 Other factors also play a role in the virulence

of K. pneumoniae. the OM permeability properties of its porins, IM efflux pumps, and
systems involved in allantoin metabolism. In many cases, the contributions of these factors
to pathogenesis are not yet fully understood.36”
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5.2.1. Overview of TonB-Dependent Iron Uptake by K. pneumoniae.—

Relative to wild-type strains, TonB-deficient K. pneumoniae are attenuated in murine
infection models.%® K. pneumoniae chromosomally encodes biosynthesis of four different
siderophores: Ent, GEnt, Abn, and Ybt. The production of multiple iron acquisition systems
counteracts host neutralization of any individual one of them, and different siderophores
may promote colonization of different tissues in the host,264:368 in both cases increasing the
survival of the pathogen. Among four siderophores secreted by classical K. pneumoniae, Ent
has the highest affinity for Fe3* (K = 1052 M~1)58 and Abn has the lowest (K = 1023
M~1),59 but this Ent/GEnt/Abn example illustrates, as discussed above (section 4.2), that
avidity for iron is not always the factor that determines the contributions of a particular iron
uptake process to virulence, invasiveness, or pathogenesis.3% Ent production is ubiquitous
among both classical and hypervirulent K. pneumoniae that utilize ferric catecholates in
both the wild and host environments. As in E. coli, the genes encoding the Ent biosynthetic
enzymes of K. pneumoniae reside in the chromosomal entABCDEF gene cluster, while
genes encoding FeEnt transport are in the chromosomal fepABCDEG gene cluster. Both Ent
production and FepA expression are upregulated during infection by K. pneumoniae, which
enhances colonization of the lungs.370:371

5.2.2. GEnt.—Production of SCN by neutrophils and on mucosal surfaces opposes the
actions of Ent/FeEnt by competing with KpnFepA for binding of the apo- and ferric
siderophore.326:367 Consequently, SCN minimizes iron uptake, which retards growth of
bacterial pathogens in host fluids and tissues.122:326:367.372 |ncreased production of SCN
also causes acute inflammatory effects, resulting in secretion of IL-8 that recruits neutrophils
to the infection site.122 Host production of SCN illustrates the active role of innate immunity
in combating bacterial iron uptake, but like other bacterial pathogens, K. pneumoniae
responds by glucosylating Ent. The chromosomal- or plasmid-encoded /roA gene cluster
(iroBCDEN) contains the genes for enzymes involved in GEnt biosynthesis31? as well

as for the OM FeGEnt receptor, IroN.367 KpnlroN is only 53.2% identical to EcoFepA,
considerably less than normally seen between LGP orthologues (the identity between
KpnFepA and EcoFepA is ~80%). This lower extent of identity still infers the same
structural fold, and may rationalize the different ligand selectivities of the two proteins:
KpnlronN recognizes both FeEnt and FeGEnt, but EcoFepA only binds FeEnt and not
FeGEnt.285 Because SCN does not adsorb GEnt/FeGEnt, neither does the glucosylated
siderophore induce inflammation at the infection site. Thus, concomitant glucosylation

of Ent and expression of IroN combine as a virulence determinant in both classical and
hypervirulent K. pneumoniae that supersedes the host innate immune response. GEnt
producers are more virulent that Ent producers in an SCN-sufficient host. For instance,
GEnt expression enhances colonization of the nasophyrynx by classical K. pneumoniae}?2
Although only 2-4% of the hospital-acquired classical K. pneumoniae strains carry the /roA
gene cluster, more than 90% of hypervirulent strains isolated from pyogenic liver abscesses
carry the genes and produce GEnt.122

5.2.3.  Ybt.—SCN does not recognize the mixed chelation siderophore Ybt that was
originally identified in a pathogenicity island of Yersinia enterocolitica.32%373 18% of
classical K. pneumoniae and 90% of hypervirulent clinical isolates produce Yhbt.122:367.372
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Ybt has robust affinity for Fe3* (K = 1036-6 M~1)374 byt significantly lower than Ent/
GEnt. FyuA binds and transports FeYbt:; it is also a receptor for pesticin.375376 The IM
ABC-transporter YbtPQ conveys FeYbt into the cytoplasm.367 Because SCN does not bind
FeYbt,280.326 K pneumoniae strains that produce it create increased bacterial loads during
lung infections. TF antagonizes Ybt in plasma, but as a result of its lower affinity for Fe3*,
at equivalent concentrations the equilibrium favors the ferric siderophore. K. pneumoniae
strains that only produce Ybt are unable to infect imnmunocompetent individuals,326 but
elaboration of Ybt is a virulence determinant for classical K. pneumoniae strains in mouse
infection models.122:367

5.2.4. Abn.—The citrate-based hydroxamate siderophore Abn was originally isolated
from Aerobacter aerogenes.3'" 1t has the lowest affinity for iron>® of the siderophores
secreted by K. pneumoniae, but Abn rapidly removes iron from TF,277 and unlike the
catecholate chelators, neither SCN nor serum albumin remove it from circulation.318 Hence,
Abn-mediated iron acquisition is unexpectedly efficacious in the host. Furthermore, 90%

of hypervirulent K. pneumoniae strains excrete Abn, compared to only 6% of classical
strains,378:379 directly linking Abn to bacterial pathogenesis. In K. pneumoniae, as in
virulent £, colistrains that make Abn and transport FeAbn,42:380 the biosynthetic /ucABCD
enzyme system utilizes L-lysine and citrate to produce the hydroxamate siderophore.

The sequential activities include a hydroxylase (lucD), an acetyltransferase (lucB) and

the Abn synthetase (lucA), that stereospecifically adds AP-acetyl-AB-hydroxylysine to the
primary carboxylate of citrate.381 Transfer of a plasmid carrying the /ucABCD genes

of hypervirulent K. pneumoniaeto laboratory £. coliled to production of Abn,324
confirming this pathway. The structural gene of the FeAbn receptor, /utA,398:382 ysyally
resides on the same plasmid as the Abn biosynthetic loci. Furthermore, in hypervirulent

K. pneumoniae, the rmpA gene, that increases capsule production, is on the same
plasmid.264:367 Consequently, Abn-mediated iron acquisition and hypermucoviscous capsule
are often linked in hypervirulent strains. Elevated levels of both Abn production (6-10-fold)
and hypermucoviscous capsule are defining characteristics of these strains, relative to
classical K. pneumoniae. Among the four siderophores that hypervirulent K. pneumoniae
secretes, Abn accounts for more than 90% of iron transport activity,383 is a critical factor
for growth and survival in human ascites or ex vivo serum and confers virulence in murine
systemic or pulmonary infection models.284 This role as a primary virulence factor likely
derives from a combination of Abn’s indifference to SCN and its enhanced production

by hypervirulent K. pneumoniae. Although hypervirulent K. pneumoniae normally also
produces Ent/GEnt, the contributions of the glucosylated catecholate to systemic infections
are not fully defined.284:323 |n the absence of Abn, otherwise wild-type classical K.
pneumoniae, that still excrete Ent, GEnt, and Ybt, showed higher bacterial load in the

lungs of mice, relative to an isogenic entB ybtS strain that did not produce either catecholate
siderophore. All three siderophores were required for the dissemination of classical K.
pneumoniaeto the spleen and induction of proinflammatory cytokines.285 These data
support both the primary importance of Abn during pathogenesis by K. pneumoniae, as
well as the ability of particular siderophore iron acquisition pathways to allow bacterial
proliferation in specific host tissues.
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5.2.5. FepB.—In K. pneumoniae, FepB participates in the uptake of FeEnt/FeGEnt; a
AfepB strain was attenuated in lung colonization and tissue dissemination in vivo. However,
the reductions in virulence engendered by AfepB were distinct from the FeEnt/FeGEnt
uptake defects alone and unrelated to acquisition of Fe'Ybt.253 Studies of the transcriptional
regulator RamA in another member of Enterobacterales, S. enterica, coincidentally revealed
that the periplasmic FeEnt/FeGEnt binding protein FepB contributes to the survival of S.
entericain RAW 264.7 macrophages and to its virulence in BALB/c mice.2%3

5.3. A. baumannii

A. baumannii is a short, nonmotile, rod-shaped, oxidase-negative, Gram (-) coccobacillus
in the Family Moraxcellaceae. In 2019, A. baumannii constituted over 20% of all hospital-
acquired infections; nearly half of these isolates were carbapenem-resistant Acinetobacter3®*
that are recognized as an urgent threat to human health from their propensity to cause
pneumonia, wound, bloodstream, and urinary tract infections. The rapidly increasing
resistance of this bacterium to most antibiotics is a concern for healthcare systems around
the globe.20 Additionally, A. baumannii has an abnormally high mortality rate compared
to other Gram (-) pathogens (up to 70% from extreme drug resistant (XDR) strains).385
A. baumannii further illustrates the impact of iron acquisition on pathogenesis, in that it
overcomes the iron-limiting conditions of the host by secreting atypical siderophores and
altering its OM protein composition to optimize the uptake of its own and other ferric
siderophores,386-390

5.3.1. Fur-Mediated Regulation of Iron Acquisition.—Iron deficiency affects the
virulence of A. baumannii, which responds by upregulating genes involved in iron
acquisition and other processes like respiration, biofilm formation, and motility.391-393 As
in all Gram (-) bacteria, the ferric uptake regulator (Fur) controls expression of the iron
transport systems of A. baumannii. Fur negatively controls expression by binding to the
“Fur box,” a conserved DNA sequence upstream of iron-related biosynthetic and transport
genes. The primary structure of Fur from A. baumannii strain BM2580 is 63% identical to
that of Fur from £, coli K-12.387 Fur boxes were also identified in the genomes of other

A. baumannii strains.391:394 The iron uptake systems of A. baumannii are also upregulated
during growth at 28 °C compared to 37 °C,3%® and during growth in serum, supporting their
role the organism’s virulence /n vivo.3% Additionally, at lower temperatures the BLUF-type
photoreceptor BIsA interacts with Fur to photoregulate genes involved in Acn biosynthesis
and FeAcn uptake.397 In the dark at 23 °C, BISA antagonizes the actions of Fur to upregulate
the production of both biosynthetic and transport genes; growth in blue light or at 37 °C
eliminates this effect.

5.3.2. Siderophores: Acn, Bfn, Fbn.—The native, chromosomally encoded
siderophores of A. baumannii are the mixed chelate Acn,3% the hydroxymates BfnA
and BfnB,3% and the mixed chelation compounds Fbn.3% Other putative siderophores
biosynthetic gene clusters exist among particular isolates of A. baumanniithat are as yet
uncharacterized,388:400-403
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5.3.2.1. Acn.: The most-studied A. baumannii siderophore gene cluster encodes Acn390,
that contains catecholate, hydroxamate, and imidazole groups. The Acn gene cluster

occurs in the majority of clinical isolates and sequenced genomes, with the exception

of A. baumannii SDF.391:400.404 Fyr hoxes control transcription of the structural genes

for the enzymes involved in Acn biosynthesis and for FeAcn transport, in response

to extracellular iron levels.3%4 Bioinformatic analyses identified three putative systems
within the Acn cluster: basA-Jfor acinetobactin synthesis, bauA-Ffor A. baumannii
acinetobactin utilization, and barAB for A. baumannii acinetobactin release to the
environment.394405 Acn belongs to the nonribosomal peptide synthetase (NRPS) class of
siderophores#96 and consists of 2,3-DHBA, threonine, and A-hydroxyhistamine.4%6 The
entA gene, that encodes production of DHBA, resides elsewhere in the genome, away

from the acinetobactin gene cluster.394407 Acn exists in two forms: preacinetobactin (pAcn)
contains an isooxazolidinone ring system that undergoes a pH-dependent isomerization to

an oxazoline ring in Acn?8 (Figure 3). This response to the acidic conditions typically
found at sites of acute infection makes pAcn/Acn virulence factors.#9% Both siderophore
isomers bind iron as a 2:1 complex, and both enable A. baumannii growth in low iron
conditions.#08:410-412 Bay A the pertinent OM receptor, was crystallized in complex with
FepAcn.?13 However, the exact selectivity of BauA for iron complexes of pAcn and Acn

is uncertain because both compounds promote growth. Furthermore, the next entity in the
transport pathway, the periplasmic binding protein BauB, was crystallized in complex with
FeAcn. BauB binds both FepAcn and FeAcn with nanomolar affinity.#10411 The fact that the
crystallized BauA protein originates from A. baumannii ATCC 19606,13 whereas bauA was
originally annotated in strain ATCC 17978, within the classic Acn biosynthesis and transport
gene cluster,391 further confuses the issue. The 19606 and 17978 BauA primary structures
are only 56.6% identical, suggesting that they are functionally different receptors. Although
it lacks the ability to produce Ent or Fc, A. baumannii assimilates both ferric siderophores
through LGP encoded in its genome.264.272.285414

Similar to hypervirulent K. pneumoniae, the presence or absence of genes for biosynthesis
and uptake of various siderophores in the A. baumannii genome often affects the extent

of its virulence. Acn synthesis is required for A. baumannii pathogenesis: the biosynthetic
and transport proteins BasD and BauA, respectively, are virulence determinants for A.
baumannii ATCC 196067 in the Galleria mellonella larvae infection model#15416 and in

a murine model of systemic infection.41®> BasD was required for full virulence of A.
baumannii ATCC 19606 in a murine model of wound infections,*1” and Acn biosynthesis
enabled persistence of A. baumannii ATCC 196067 in human alveolar epithelial cells,
ultimately resulting in apoptosis.#1>418 Siderophores, especially Acn, promote survival of
A. baumannii in serum, where they strip iron from TF and LF.176:419

5.3.2.2. Bfn.: A second siderophore biosynthetic cluster exists in A. baumannii AYE and
other strains, that encodes the hydroxamates Bfn A and B.398 The genetic and biochemical
details of Bfn biosynthesis are less well-defined. A. baumannii AYE does not have a
functional entA locus and therefore does not produce Acn.398407 The Bfn biosynthetic and
transport gene cluster consists of £/7A4-L and exists in the majority of sequenced strains.3%8
Bfn compounds are nonribosomal peptide synthetase-independent (NIS) siderophores, based
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on their production by BfnA and BfnD synthetases.3% BfnH is the LGP that recognizes
Bfn.3%8 Bfn A and B are chemically similar to acinetoferrin, another hydroxamate from
Acinetobacter hemolyticus ATCC 179067.420 The role of Bfn A and B in pathogenesis are
not yet known.

5.3.2.3. Fbn.: A. baumanniiproduces a third unique iron acquisition system, based on
the mixed chelation (catecholhydroxamate) siderophores Fbn A-F, that were found in
Acinetobacter baylyi ADP1 and four other sequenced strains including A. baumannii ATCC
17978.391,399.400411 FhnA s the predominant siderophore in this group (~85% of total
mass); FbnB-F are likely biosynthetic intermediates or shunt byproducts.3%° Like Acn, Fbn
classify as NRPS siderophores, but unlike Acn, they contain a single hydroxamate and two
catecholate groups that together create a 1:1 complex with Fe3*. 411 A. paumannii ATCC
17978 excretes less Fbn than Acn,11 and the role of Fbn in pathogenesis is currently
undefined. Regarding their transport, FeFbnA initially binds to FosN,3% then to BauB

(the FeAcn periplasmic binding protein) with nanomolar affinity. The fbr gene cluster
does not encode a periplasmic binding protein; broad recognition specificity is common in
periplasmic siderophore binding proteins, as occurs in FhuD#2! and FepB248:421:422 of £,
coli. Consequently, FeFbnA transport competitively antagonizes FeAcn uptake. 411

5.3.3. Hn Utilization.—Like many bacterial pathogens, A. baumannii displays hemolytic
activity when grown in iron-deficient conditions#23 that releases Hn from erythrocyte
hemoblobin as an iron source. The genomes of humerous sequenced strains and clinical
isolates of A. baumannii contain plcI and plc2that encode phospholipase C enzymes with
the capability of lysing host red blood cells.#00:404:423.424 p|c1 and Plc2 are upregulated

and hemolytic to horse and human erythrocytes in low-iron conditions, suggesting a role

in iron acquisition from Hn found in erythrocytes.#23 The former enzyme, but not the

latter, is critical for the virulence of A. baumannii ATCC 19606 in the G. mellonella
infection model.#23 Three different phospholipase D enzymes in A. baumannii also impact
its virulence,404.425.426 ht their role in iron acquisition is not yet defined.

Once inserted into protoporphyrin 1X by ferrochelatase, iron is stable in Hn unless the
porphyrin ring system is compromised. Bacterial pathogens, including A. baumannii,
liberate iron from Hn by the actions of oxidases. Although A. baumannii generally uses
Hn as an iron source, different strains show variability in Hn utilization.#27-430 Separate
gene clusters encode Hn uptake systems and a Hn oxygenase (HemO) that cleaves the
porphyrin and releases iron.#00:428:430 For example, the highly virulent A. baumannii LAC-4
contains a cell envelope Hn uptake system, that acquires Hn at sites of infection, and it
produces HemO, that degrades Hn to release iron.#28:429 On the other hand, A. baumannii
ATCC 17978 encodes the Hn uptake loci but lacks #emO. Consequently, it does not grow
well with Hn as a sole iron source, underscoring the importance of Hn degradation to its
pathogenesis.28:429

5.3.4. LGP.—TonB-dependent ferric siderophore transport into A. baumannii
encompasses as many as 21 predicted LGP, although at present only a few are biochemically
characterized.%% As noted above, AbaBauA recognizes FeAcn, while AbaBfnH3% and
AbaFbsN3%° are the predicted receptors for FeBfn and FeFbn, respectively. The latter
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two designations are not yet experimentally verified. Besides the three siderophores of

its own creation, A. baumannii utilizes other xenosiderophores, including FeEnt,272431 yja
the orthologue AbaFepA. Accordingly, A. baumannii apparently also acquires iron from
monocatecholate compounds, catalyzed by AbaPiuA and AbaPirA, that confer sensitivity of
A. baumannii ATCC 19606 to siderophore—monobactam antibiotic conjugates.#32 Despite
the solution of crystal structures for PiuA and PirA from both A. baumannii and P,
aeruginosa,*32 their biochemical roles in siderophore uptake, bacterial physiology and
infection are currently undefined. A. baumannii utilizes iron from ferrichrome but not

from ferrichrome A.272 Other proteins were implicated in iron transport by A. baumannii,
including homologues of OmpW and OprD.#33 Lastly, AbaFepA is a virulence determinant
of A. baumannii ATCC 17978 in a mouse sepsis infection model, showing the importance of
xenosiderophore utilization /7 vivo.*31

5.3.5. TonB/ExbBD.—AIl sequenced A. baumannii genomes contain three separate
tonB gene clusters that were likely horizontally acquired from different sources.*3* In

A. baumannii ATCC 19606, the three systems are fonB;/exbBy/exbD; 1/exbDy, tonBs,
and tonBsl exbBslexbDs. The genes in these loci are variably expressed, but only fonBs
contains an upstream Fur box, and iron deprivation only upregulates fonB3, implicating

it in iron homeostasis.393434 The analyses of individual mutants in these loci were
inconclusive,393:434 byt both AbaTonB, and AbaTonB3; functionally complement the
absence of EcoTonB during iron-limited growth of £, co/i*3* AbaTonB; and AbaTonB,
are both required, but neither are individually sufficient, for full virulence of A. baumannii
ATCC 196067 in the G. mellonella infection model, nor in a mouse sepsis model. In the
latter case, Runci er a/.3% inoculated mice with wild-type A. baumannii ATCC 196067,
and a second group with a AfonBjs derivative of the same strain. After 24 h, none of

the mice infected with the wild-type survived, whereas all the mice inoculated with the
tonBzdeficient strain survived. These data indicated that TonBs is essential to the virulence
of A. baumannii ATCC 196067. Overall, AbaTonB3 was both necessary and sufficient

for virulence in either experimental model.393434 Together these studies suggest that fonBs/
exbBslexbDs is the major system that facilitates iron acquisition by A. baumannii.

5.3.6. Uptake of Fe2*.—Like E. coli, S. typhimurium and other Gram (=) bacteria, A.
baumannii utilizes the ferrous iron transport system, FeoAB, regulated by FeoC, during
growth in reducing environments where ferrous iron may predominate.*%% The eukaryotic
intracellular environment is one such situation. An feoA mutant of A. baumannii ATCC
17978 was deficient in iron-limiting conditions with regard to growth, biofilm formation,
adhesion, and virulence.*3> Two feoB homologues exist in some A. baumannii strains,
including ATCC 17978, that contains both chromosomal and plasmid (pAB3) loci.43 In

A. baumannii ATCC 19606, feoAB s controlled by Fur, viaan upstream Fur box.393 The
FeoAB system is a virulence determinant in both Gram (=) and (+)#36 bacteria. However,
a AfeoB derivative of A. baumannii ATCC 196067 was not impaired in low-iron media, nor
in the G. mellonella nor mouse infection models. Conversely, its growth was restricted in
human serum,393 and feoB was required for full virulence in a mouse sepsis model.414 On
balance, despite some conflicting data, the FeoAB system is an important contributor to iron
acquisition by many prokaryotes, including A. baumannii, in the host environment.
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5.4. P. aeruginosa

P, aeruginosa is an encapsulated, catalase- and oxidase-positive Gram (=) bacillus in the
Family Pseudomonadaceae that forms biofilms and causes disease in plants, animals,

and humans. It is an opportunistic pathogen that thrives in numerous host environments,
infects a variety of tissues, and causes particularly serious disease in patients with cystic
fibrosis. Their lungs and digestive pathways accumulate copious sticky mucus, creating

an environment that 2 aeruginosa readily colonizes with biofilms that correlate with its
virulence.3" P aeruginosa also infects the urinary tract and burn wounds, often resulting in
septicemia. Like other pathogens it faces the reduced accessibility of iron in animal tissues,
as a result of TF, LF, and FTN.#4 However, depending on the infection (acute vs chronic), 2.
aeruginosa adjusts its preferred iron source to minimize the metabolic input needed to obtain
it,438 and it employs diverse mechanisms of iron acquisition.

5.4.1. Elaboration of Siderophores.—P~ aeruginosa synthesizes Pch?11 and Pvd,?12
that are atypical siderophores (Figure 3). The former is similar to Ybt, in that it contains

a hydroxyphenyl and two thiazolidine rings (Ybt contains three thiazolidines), but Pch

(324 Da) is smaller than Ybt (482 Da). Pch has considerably lower affinity for Fe3* (K
=10° M ~1)439 than most siderophores, it binds iron with a 2:1 stoichiometry and may

form mixed iron complexes with other ligands.2% Its biosynthesis requires expression of
fewer genes than Pvd, so when environmental iron levels drop below micromolar levels, 2
aeruginosa produces Pch first.440 The larger, mixed chelation siderophore Pvd (1365 Da)
has an uncommon structure, that includes a dihydroxyquinoline complexation moiety and
6-14 L- or p-amino acids, in some cases cyclized, that provide additional hydroxamate or
carboxylate ligands to the hexadentate iron center. Its more typical high affinity for Fe3* (Kx
= 1032 M~1)441.442 3l lows Pvd to remove iron from TF/LF,443444 and it is not recognized
and removed from circulation by SCN (see below). Pseudomonads in the biosphere produce
over 60 chemical variants of pyoverdine (also called pseudobactins?45446). Strains that do
not produce pyoverdine are less virulent in murine?3 and in rabbit44? infection models,
comparable to the reduction in virulence seen for TonB-deficient mutants.*48 The role of
Pvd in pathogenesis goes beyond its ability to capture iron, because it regulates its own
synthesis, as well as the production of two extracellular virulence factors, the protease Prp
and exotoxin A.73:449 Besides Pch and Pvd, studies on the effect of airway mucus secretions
on the growth of P, aeruginosa revealed another siderophore biosynthesis and transport
system.#%0 A mutant strain devoid of Pch and Pvd survived iron deficiency by obtaining
iron with a prevously unknown, alternative mechanism. Using transposon-mutagenesis, Gi
et al*>0 identified a multigene locus encoding the synthesis and uptake of nicotianamine,

a tricarboxylate iron chelator formed from S-adenosyl methionine, that was originally
described in plants.451:452 Nicotianamine may play a role in the survival and fitness of

P, aeruginosa in human lungs.#50

5.4.2. Uptake of Xenosiderophores.—The genome of £ aeruginosa encodes more
than 30 putative LGP, many of which bind and transport ferric siderophores that

originated from other bacteria and fungi. PfeA and PirA bind and transport FeEnt,

produced by Enterobacterales;>3-4%5 FoxA transports ferrioxamine B,*°6 a siderophore from
Streptomyces, FiuA transports the fungal siderophore ferrichrome;#57458 FemA utilizes iron

Chem Rev. Author manuscript; available in PMC 2021 December 20.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Klebba et al.

Page 24

complexes of mycobactin and carboxymycobactin:#>® FecA transports FeCit;#60 ChtA acts
as receptor for iron complexes of rhizobactin, Abn, and schizokinen;#61 FvbA for the uptake
of FeVbn.#62 The role of these ferric xenosiderophores in the mammalian pathogenesis of 2
aeruginosais not yet fully known, but P aeruginosa has an ability to sense its environment,
as illustrated by the fact that some strains stop making their own siderophores when grown
together with Streptomyces ambofaciens and instead up-regulate the expression of FoxA to
profit from the presence of ferrioxamine B.#63 Similar accommodations may occur during
infection of mammalian hosts, depending on other microorganism that may be present.

5.4.3. Hn Utilization.—P, aeruginosa uses two distinct TonB-dependent systems for
acquisition of Hn from proteins like hemoglobin or hemopexin:464 Pseudomonas haem
uptake (Phu) and haem assimilation system (Has). The Phu system involves an LGP,
designated PhuR, that recognizes and directly extracts Hn from the target proteins, while
the Has system encompasses an additional, secreted hemophore (HasAp) that binds Hn
and then adsorbs to the LGP HasR.#65-467 Single mutants in either systems still utilize Hn
as sole iron source, but a double mutant is unable to do s0.464 Experiments suggest that
PhuR is the primary Hn receptor, whereas the Has system is centered on sensing Hn in
the environment.468:469 A third system, Hxu, was identified by proteomics.#’0 Like Has, it
may play a prominent role in sensing Hn but only a minor role in Hn uptake. However,

in the absence of HasR, P, aeruginosa upregulates the OM receptor HXuA, suggesting its
participation in Hn uptake.

5.4.4. Extraction of Iron from FTN.—Roughly 25% of all the iron in the human body
resides in cytoplasmic FTN. Each molecule holds as many as 4000 iron atoms, which makes
it a potentially useful source of iron for invading pathogens. However, the iron within FTN
exists as a ferrihydrite that has only marginal solubility. To further complicate utilization of
its iron, FTN is present in miniscule amounts in circulation: the plasma FTN concentration
is 1.5-30 ng/mL; TF, by comparison, is present at 100-fold higher concentrations.*”1
However, the lungs of CF patients contain a 70-fold higher extracellular concentration of
FTN,472 suggesting that it may act as an iron source for growth of strains adapted to

thrive in that environment. It is relevant that both catecholate and hydroxamate siderophores
readily remove iron from FTN.278 Careful measurements with wild-type and siderophore-
deficient strains implied that Pch and Pvd acquired iron from FTN to support growth of 2
aeruginosa, even without any proteolytic degradation of the multimeric protein cage. FTN
also supported growth of siderophore-deficient P aeruginosa strains, but only in the presence
of extraneous proteases.”3 In this case, after degradation of the protein framework, the
actions of extracellular reducing agents (e.g., phenazines like PCA) presumably produce
FeZ*, allowing iron uptake by the FeoAB system.

5.4.5. Cell Surface Signaling during Iron Uptake.—As originally described for £.
coli FecA,*74 certain LGP accomplish signal transduction through the cell envelope to the
cytoplasm in response to recognition and binding of a cognate ligand on the cell surface.
Binding of FeCit by EcoFecA positively upregulates transcription of its structural gene,
ultimately increasing the rate of FeCit uptake. In 2 aeruginosa, numerous LGP have the
ability to regulate gene expression.#’® This phenomenon, now called cell-surface signaling
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(CSS), was first shown in P, aeruginosa for the self-regulated uptake of FePvd by FpvA,
but it was later observed for receptors of Hn and citrate, that act as xenosiderophores.

CSS LGP like FecA and FpvA contain a 70-80 residue N-terminal extension that contains
two a-helices sandwiched between two SB-sheets.*”6:477 In the well-studied case of FpvA,
binding of FePvd activates the alternate sigma factors PvdS and Fpvl, leading to enhanced
expression of the Pvd biosynthetic genes and fovA itself.478479 |n the absence of FePvd
the activities of PvdS and Fpvl are inhibited by an antisigma factor, FpvR, that spans

the cytoplasmic membrane.#480:449481 \When Pvd captures iron and associates with FpvA,
the binding reaction stimulates proteolytic degradation of FpvR, releasing the alternate
sigma factors to act on RNA polymerase, which improves recognition of promoters and
up-regulates both the synthesis of pyoverdine, FpvA, and virulence factors.

5.4.6. Iron Uptake in Biofilms.—The biofilms of P aeruginosa are complex structures
that may contain additional different microorganisms, all of which are surrounded by
extracellular polysaccharides, DNA, and polypeptides.*82-484 Biofilm formation facilitates
evasion of host immune recognition, phagocytosis, and bacteriocidal actions by the host.485
Although Pch is not needed for biofilm production, Pvd biosynthesis is required,*86:487
indicating a need for iron uptake during biofilm formation. In the absence of Pvd,
supplementation of media with FeCit restores biofilm formation, supporting this conclusion.
High-throughput genetic screens using Pvd fluorescence as an assay of its production
revealed 55 genes that affect Pvd production: their absence decreased Pvd biosynthesis.*84
The loci fell into a few classes; several genes related to biofilm production affected Pvd
biosynthesis, including genes for flagellin biosynthesis, chemotaxis, type 1V pili assembly,
cup fimbriae biogenesis, and exopolysaccharide synthesis.*8* A direct correlation exists
between Pvd production and biofilm formation, leading to the conclusion that FePvd
provides the iron needed for biofilm biosynthesis in iron-deficient conditions. Nevertheless,
Pvd biosynthesis is not needed for biofilm formation in iron-replete conditions.

5.4.7. Extracellular Reduction of Iron.—Production of siderophores combats the
low solubility of ferric iron in aerobic aqueous environments but also create a dilemma
for Gram (-) bacteria because ferric siderophore complexes are often too large and

bulky to penetrate the 10 A channels of general porins. LGP solve this OM transport
problem, but at an energetic cost (in the case of EcoFepA, ~4 ATP per molecule of

FeEnt internalized®2). Ferrous iron, on the other hand, is soluble and predominates in
partially anaerobic, acidic environments.#88 This setting may exist in the lungs of CF
patients, due to the disproportionate amount of mucus that accumulates on their epithelial
surfaces, where the bacterium forms biofilms. In that context, P aeruginosa secretes PCA,
a secondary metabolite with reducing potential. PCA is present in large amounts in the
mucus of patients with advanced £ aeruginosa infections,*894% portending a role for

this uptake system in virulence. Once reduced to Fe2*, iron may diffuse through OM
general porin*®1 channels to the periplasm, where the FeoAB transporter passes it to

the cytoplasm. The human protein calprotectin targets PCA-mediated iron uptake by P,
aeruginosa. Calprotectin sequesters Mn(11), Zn(ll), and Fe(l1),4%2 and it inhibits phenazine
biosynthesis in £ aeruginosa, resulting in iron-deprivation. Hence, its activity resembles the
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sequestration of ferric catecholates by SCN, as a nutritional immunity defense mechanism
against the pathogen493:494

5.4.8. Periplasmic Transport of Pvd.—FePvd is bound and transported to the
periplasm by the TonB-dependent OM receptors FpvAl and FpvB.#42:495 |n Gram (-)
bacteria, ferric siderophores generally remain intact, even when bound to periplasmic
binding proteins, until their internalization through the IM into the cytoplasm. In 2
aeruginosa, however, it was suggested that reduction of iron occurs in the periplasm and
that both Fe2* and the aposiderophore traverse the IM into the bacterial cytoplasm. For
example, after OM transport through TonB-dependent LGP FpvAl or FpvB, FePvd is bound
by periplasmic FpvC or FpvF,49 after which the IM FpvG reduces the iron complex,
releasing Fe 2* for binding by periplasmic FpvC. According to this mechanism, the ABC-
type transporter FpvDE ultimately transports ferrous iron into the cytoplasm. An overview
of experiments concerning the fascinating path of pyoverdines from outside to inside the
bacterial cell is found in Vigoroux et a/43"

5.4.9. Mitochondrial Toxicity of Pvd.—Besides the well-known the role of Pvd

in the virulence of P, aeruginosa, it directly contributes to cytotoxicity. When Pvd

enters Caenorhabditis elegans*®8 or mammalian cells,*83 it fatally disrupts mitochondrial
homeostasis. Cells that suffer this type of damage destroy and recycle their mitochondria, in
a process known as autophagy, which may be viewed as an arm of innate immunity against
pathogens like P aeruginosa.

5.5. Y. pestis

Y. pestisis a nonmotile, facultative anaerobic, rod-shaped, Gram (=) coccobacillus in the
Family Yersiniaceae, that does not produce spores. It causes potentially fatal diseases:
bubonic, pneumonic, and septicemic plague.499-502 In . pestis, as in many pathogens, the
ability to infect humans and animals hinges on the activation of virulence determinants,
some of which acquire nutrients in the host. Iron uptake systems are required for
intracellular growth of Y. pestis so they are tightly regulated during its colonization of
humans and animals.?93-506 The ¥/ pestis genome encodes multiple iron or Hn transporters,
including TonB-dependent OM systems, IM ABC- and non-ABC transporters. “Ironomic”
studies of Y. pestisidentified 16 iron uptake systems, but only two of them, the LGP FyuA,
that internalizes FeYbt, and the IM ABC-transporter Yfe, that transports iron or manganese,
correlate with its virulence,505.507-515

5.5.1. The High Pathogenicity Island.—The TonB-dependent uptake system for
FeYbt is encoded in a high pathogenicity island termed pgm, that includes the biosynthetic
ybtPQXS operon, the irp12ybtUTE loci, and the OM transport locus, psn.>16 The entire pgm
region may be deleted by recombination, creating a strain with attenuated virulence.517-520
In light of its high affinity for Fe3* (Ka = 4 x 1036 M~1),374 Ybt readily extracts iron

from LF and TF.502.521 ypt biosynthesis requires so-called “high molecular weight proteins”
(HMWP), including the iron-regulated proteins (Irp), YbtU, YbtS, YbtT, and YbtE.>16 After
secretion of Ybt to the extracellular host environment, where it complexes iron, FeYbt
encounters the LGP YpePsn (99.4% identical to KpnFyuA), that binds and transports it to
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the periplasm. The YbtPQ ABC-transporter passes FeYbt to the cytoplasm.522-524 yptx; in
the same operon, is not required for iron uptake; the growth of a YbtX-deficient strain was
not impaired in iron-deficient conditions. YbtX was essentials, however, for Zn uptake,524
suggesting that the same system transports two different metals. This conclusion faces some
conceptual problems because the chemical attributes of FeYbt and uncomplexed Zn?* are
significantly different.

5.5.2. Iron Acquisition As a Determinant of Plague.—The Ybt system is a
virulence factor for Y. pestisin the early progression of bubonic plague. Loss of any gene
that compromises the overall iron uptake system (/.e., siderophore biosynthesis or ferric
siderophore transport) renders Y. pestis avirulent in mice after subcutaneous inoculation,
although virulence of the same strains was not reduced upon intravenous inoculation.%92:525
In a pneumonic plague model, the biosynthesis-deficient /rp strain showed greater loss

of virulence than a transport-deficient psn strain. These results suggest either redundancy

in the FeYbt uptake process, or secondary functions of Ybt, distinct from its role in

iron acquisition, during the progression of pneumonic plague.592:525 For example, the
presence of Ybt may activate transcription of relevant genes or other virulence factors in

Y. pestis.02:525 |n avian pathogenic E. coli, that also synthesize Ybt and transport FeYhbt,
irp2and fyuA are virulence determinants: inactivation of either /rp2or fyuA on its high-
pathogenicity island impaired cell adhesion, inhibited transcription of other virulence genes
and reduced pathogenicity.526

5.5.3. OM LGP and IM Transporters.—The OM receptor for FeYbt is a 651 residue
protein, termed Psn in Y, pestis and FyuA in K. pneumoniae. Y pePsn and KpnFyuA are
99.4% identical, with only four amino acid differences between the two proteins. Like

all LGP, they contain a 22-stranded B-barrel that wraps around an N-terminal globular
domain.527 The two proteins function equivalently in ¥, pestisand K. pneumoniae, as
evidenced by their recognition of both FeYbt and pesticin in the two organisms.>27-529
Furthermore, an engineered hybrid toxin that contains the receptor binding domain of
pesticin, and the N-terminus of T4 lysozyme, that degrades peptidoglycan (PG), killed both
Y. pestis and pathogenic £. coli. The hybrid toxin crossed the OM and was unaffected by
Pim, a protein that inhibits degradation of PG in some Yersinia pathogens. Such hybrid
toxins or siderophores may target bacterial pathogens expressing particular receptor proteins
that correlate with virulence.?2”

The cryo-EM structure of a predicted IM ABC transporter of FeYbt, YbtPQ from
uropathogenic £. coli, unexpectedly revealed the conformation of a type IV exporter.530
Furthermore, a transmembrane helix within YbtP unwinds upon release of substrate, while
the nucleotide binding domain remains tightly packed even in the absence of a bound
nucleotide. These findings suggest a different mechanism of ferric siderophore uptake

by YbtPQ,330 relative to other ABC-transporters, like the BtuCD complex that acquires
B1,.231:932 The YbtPQ IM ABC-transporter, that contributes to the virulence of ¥/ pestis,
spans a 5.6 kb region of the Y. pestis genome and contains the yfeABCD operon and

the yfeF locus.599:511.521 yfaABCD is regulated by iron availability, mediated by Fur;
yffeEis tightly linked to yfeABCD, transcribed in the opposite direction, and expressed
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independently of Fur.281 Deletion of yfe£ inhibited growth in iron-deficient conditions,
indicating that YfeE participates in iron transport despite the fact that its expression is not
iron-regulated. Although the exact function of the 184 residue Yfe protein is unknown,

it contributes to the pathogenesis of bubonic plague:599:533 a ypt. yfe double mutant

was avirulent in mice after intravenous inoculation, suggesting that yfe is essential for

its virulence during the later stage of the disease. By the subcutaneous route, a ybr* yfe
strain had reduced virulence relative to its ybor" yfet parent. These data suggested that

Yfe participates early in the progression of bubonic plague but may not be absolutely
essential.?%% On the other hand, the TonB-dependent Ybt system was essential for the
virulence in the early stage of bubonic stage but not in the later stage. Hence, Ybt and

Yfe system may act together to drive the progression of bubonic plague through different
stages.509:533.534 Regarding other components, YfeA resembles a periplasmic substrate
binding protein. Its crystal structures®3 classified YfeA as a cluster A-1 substrate binding
protein, whose other members directly bind metal ions, including zinc, manganese, and iron.
YfeA contains two metal binding sites: site 1 shows polyspecificity for Zn?*, Mn2*, and
FeZ* jons and alters its substrate binding specificity in response to environmental conditions.
Binding site 1 in YfeA tightly binds metal ions because incubation with EDTA does not
remove metals ions from it. Site 2 binds Zn?* and Mn2*, but not Fe2*, and its biological
contributions are undefined.536

6. ADSORPTION OF APO- AND FERRIC SIDEROPHORES BY SCN

The innate immune system produces TF, LF, and FTN, that antagonize bacteria by
scavenging, sequestering, and storing iron,>37-540 whereas SCN adsorbs both apo- and ferric
siderophores in body fluids, eliminating them from circulation and thereby reducing their
availability to the bacteria that produced them. Before the discovery of this activity,?> SCN
was known as neutrophil gelatinase-associated lipocalin (NGAL), a 25 kDa protein that was
found covalently bound to matrix metalloproteinase 9 from human neutrophils.>41 The same
protein was also discovered by the increase of its mMRNA in mouse kidney cells infected

by SV40 virus and named lipocalin 2 (LCN2).542 Lipocalins were known as acute phase
proteins from myelocytes that were stored in neutrophil granules and overexpressed in
epithelial cells during inflammation.>43 Experiments suggested that LCN2 was an alternative
means of delivering iron to epithelial cells during development, especially in the absence

of TF,55 although the form of delivered iron was unknown.>** A so-called “mammalian
siderophore” (2,5-DHB) was found bound to LCN2, implicating it in the delivery of iron to
cells.>#> Consistent with these postulates, animals responded to infection by suppressing
production of 2,5-DHB and upregulating LCN2.546 Another member of the lipocalin
superfamily, 24p3/NGAL, delivers iron to the cytoplasm of cells by endocytosis.>** Goetz
et al>> subsequently observed that FeEnt adsorbed to NGAL/LCNZ2, creating a red-colored
complex and appropriately renamed the protein as SCN.

6.1. Specificity

Characterization of the SCN-FeEnt binding reaction by tryptophan fluorescence quenching
analysis showed high affinity binding of the ferric siderophore to purified SCN (Kp = 0.4
nM), which led to the conclusion that SCN competed with the bacterial receptor FepA to
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capture FeEnt during bacterial infections. SCN also bound the apo-siderophore with about
10-fold lower affinity (Kp = 3.5 uM). Structural delineation of the SCN-FeEnt complex
found a binding interaction mediated by ionic and cation—r interactions between anionic
FeEnt (37) and the cationic side chains of residues R81, K125, and K134 in the SCN
calyx.24” Additional experiments revealed broad recognition of siderophores (Figure 2)

by SCN: it adsorbs tricatecholates, carboxylates, hydroxamates,>*’ the monocatecholate
breakdown products of Ent (DHBA, DHBS),>#8 and carboxymycobactins.>*° Epithelial cells
secrete another lipocalin, LCN1, in tears and respiratory secretions,> that binds an array of
siderophores, including hydroxamates, but with lesser affinity, so its role in innate immunity
may be secondary to the more efficient SCN.547 Transcriptional microarrays that monitor
host gene expression demonstrated that colonization of nasal passages by Streptococcus
pneumoniae or H. influenzae induced expression of host SCN to higher levels.?51 Neither
of these pathogens produces their own siderophores, but they utilize xenosiderophores

of other microorganisms, so enhanced production of SCN naturally counteracts their
infectivity. Similarly, the presence of bacteria in bronchial epithelium induces the influx

of myeloid cells, resulting in increased SCN production. Consistent with these inferences,
SCN-deficient mice were more susceptible to intraperitoneal or intratracheal infection with
E. coli;>52 and more bacteria were found in their lungs. The protective effects of SCN were
counteracted by administration of high doses of Fc.553 These data all supported a major role
for SCN in counteracting bacterial pathogenesis.

6.2. Glycosylated Catecholates: GEnt/FeGEnt

Despite the efficacy of SCN in neutralizing microbial siderophores, bacterial pathogens
adapt to escape SCN-mediated defenses. As noted above, they synthesize and/or utilize
GEnt/FeGEnt (see also below, section 5.2.2), that SCN does not efficiently bind.124 The
micromolar affinities of SCN for GEnt/FeGEnt are a thousand-fold lower than for Ent/

FeEnt,124 so the protein does not clear the glucosylated catecholates from blood, serum,
lymph, or other fluids.554-556

6.3. Mixed Chelation Siderophores

Other noncatecholate siderophores also evade inhibition by SCN, including Abn, Ybt, and
Pvd and Pch from P, aeruginosa. In part because of their SCN-resistance, Abn enhances

the hypervirulent phenotype of K. pneumoniae in lung infections,324 and Ybt increases the
virulence of ¥/ pestis in the manifestations of bubonic plague.332 Molecular modeling of
the binding interactions between Ent or Pvd to SCN concluded that SCN readily adsorbs
the former but not the latter.438 Although Pvd docked to SCN in nine potential positions,
none of them occurred in the binding cleft that adsorbs other siderophores. These data
rationalize the finding that Pvd promotes colonization of P aeruginosain patients with cystic
fibrotic lungs.#38 SCN also acts in the microbial ecology of the gut. Nonpathogenic £. coli
that produce GEnt (e.g., Nissle 1917) outcompete and reduce the numbers of pathogenic

S. typhimurium in the intestines of normal mice that were used as a model of acute colitis
and chronically persistent infections. In SCN-deficient mice, however, Nissle 1917 did not
outcompete S. typhimurium.3%> Bacillus anthracis similarly evolved mechanisms to escape
SCN-mediated iron deprivation. It produces two siderophores, Crn and petrobactin (Pbn);
SCN adsorbs the former but not the latter. However, a combinatorial, genetically engineered
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version of SCN selectively bound Pbn instead of Cbn, with even higher affinity (Kp = 20
pM). The novel binding protein, called “petrocalin” was crystallographically solved, and
when administered together with SCN it suppressed growth of Bacillus cereus under iron-
limiting conditions. The reprogrammed SCN, petrocalin, may offer new treatment options
for serious infections caused by B. anthracis.>°" Similar reshaping of SCN improved its
binding of siderophores from P, aeruginosa.>>8

7. SIDEROPHORE-ANTIBIOTIC CONJUGATES (TROJAN HORSE
ANTIBIOTICS)

7.1. Uptake of Trojan Horse Antibiotics by E. coli

The potential clinical applications of siderophores were hypothesized and realized soon
after their discovery.® The first example was the ability of apoferrioxamine B (Figure 3,
also called desferrioxamine B, desferal),>59-561 to combat hemochromatosis and reduce iron
overload by excretion of ferrioxamine B in the urine.>%® Coulton et a/.562 subsequently
discovered that even when conjugated to a large polymer, Fc was capable of TonB-
dependent iron supply to £. coli, and Rogers et al.563:564 showed that transition metal
complexes of Ent had bacteriostatic effects on pathogenic bacteria. Soon thereafter, 5-
lactams conjugated to catecholates and related moieties were found active against £.

coli, other members of Enterobacterales, and P. aeruginosa.>85-570 Furthermore, uptake

of the catechol-containing cephalosporin E0702 (Figure 4) was TonB-dependent,®’! and

it produced spontaneously resistant, 100- to 1000-fold less susceptible mutants of £.
colithat mapped to the tonB locus.>’! Lastly, the antibacterial potency of E0702 was
enhanced in iron-deficient conditions but lost in iron-replete and reduced in anaerobic
conditions,119 where TonB-independent pathways facilitate uptake of soluble Fe2*, leading
to downregulation of LGP expression.>”2 These studies provided the key evidence that
Gram (=) bacteria actively transport catechol-containing antibiotic compounds with iron-
regulated LGP. Miller er a/.>"3 designated siderophore—antibiotic conjugates as Trojan Horse
antibiotics.

To further characterize the uptake pathways, Curtis et a/>7* studied catechol-cephalosporins
and evaluated their antibacterial activity against mutants with disruptions in one or more
TonB-related genes. Single mutants in fonB, exbB, exbD, and cirhad significantly elevated
minimal inhibitory concentrations (MIC) for catechol-conjugated cephalosporins, but only
mutant strains lacking both fizand cirhad elevated MIC values (as much as 1000-fold),
which was comparable to fonB mutants.>’4 The double fiu-cir mutant also exhibited
dramatic MIC shifts for the catechol-cephalosporin E0702 and the hydroxypyridinone—
monobactam, pirazmonam (Figure 4).294 Uptake of the 55Fe-chelate of a catechol—
cephalosporin confirmed that both TonB and Fiu/Cir participate in transport of the

ferric catechol-cephalosporin complex, consistent with the MIC shifts observed for the
mutants.>’4 Wild-type cells transported both the unliganded and ferric E0702 at equivalent
rates, but uptake of both forms was lost in the fiu-cir double mutant.204

Trojan Horse antibiotics involve, mimic, or capitalize on the native iron acquisition systems
and siderophores of the target bacteria. Consequently, the chemistry and biology of the
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iron acquisition pathways are essential to the design of antibiotic compounds against them.
A priori, it is difficult to evaluate the contributions of the various potential catecholate

iron complexes in the microenvironment of a bacterium that is producing and excreting
Ent/GEnt. The efficacy of the degradation products (such as mono- and dicatecholates)

in complexing and supplying iron may depend on whether other, potentially more avid
siderophores are present. However, members of Enterobacterales and other Gram (-)
Families produce TonB-dependent uptake systems for ferric monocatecholates. Nikaido ef
al204 suggested that the natural ligands of Fiu and Cir are the monocatechol hydrolytic
products of Ent: DHBS and/or DHBA. The latter is most relevant as a biosynthetic
byproduct, rather than a degradation byproduct. Besides the prokaryotic monocatechols,
the eukaryaotic catecholamine stress hormones epinephrine, norepinephrine, and dopamine
are relevant to this phenomenon.®”>-577 They are proposed to release iron from TF/LF,
making it available to support bacterial growth, mediated by the scavenging actions of
bacterial siderophores or the catecholamine iron complexes themselves.>”” Even in the
absence of TF/LF, dopamine promoted S. enterica growth and increased iron uptake

from the medium.>"> Bordetella bronchiseptica utilizes ferric-norepinephrine to support
growth of a siderophore-deficient mutant due to the presence of three TonB-dependent
catecholamine transporters.>’6 These receptors can also recognize the Ent component
DHBA.578 |t is noteworthy that in the presence of equivalent concentrations of tricatecholate
siderophores like Ent, GEnt or Vbn, monocatecholates are not thought to significantly
contribute to extracellular iron scavenging. The intact tricatecholates will monopolize
Fe3* because of their much higher affinity. Nevertheless, as discussed above (section

4.4), the affinity of a chelate for iron is not the only consideration that determines its
overall importance to iron utilization. Siderophores complex Fe3* over a broad range

of affinities;>9:60 lower affinity siderophores like Pch#39 and Abn®? still effectively bind
iron, and their cognate LGP internalize the iron complexes via TonB-dependent reactions.
Gram (-) bacteria also efficiently transport monocatecholate ferric complexes supplied at
appropriate external concentrations.>’8-580 Analogously, LGP (e.g., EcoFiu and EcoCir)
actively transport catecholate siderophore—antibiotics (such as those in Figure 4) by virtue
of their chemical similarity to native monocatecholate compounds. In contrast to most
natural siderophores, and like the degradation products of Ent/GEnt, synthetic siderophore
Blactam conjugates (SBLC) have a single bidentate Fe3* chelation ligand (Figure 4) and
show orders of magnitude lower affinity for Fe3*581 than Ent/GENnt®® or other relevant
siderophores (e.g., Pvd®82). Iron-regulated LGP are expressed at higher levels in iron-
deficient conditions,119.204.574.583 5q the antibacterial activity of Trojan Horse conjugates
increases in low-iron medial19.204.574.583 gegpite the fact that Fe3* levels are below the
Kp of FeSALC binding to their OM receptors and further decrease as bacteria secrete
high-affinity siderophores.583 This situation suggests the possibility that the relevant

LGP also recognize and transport apo-SBLC. Some ferric siderophore receptors bind

the corresponding aposiderophore (e.g., Ent/FepA; Pvd/FpvA384), but this association has
minimal biological significance because LGP optimally recognize the metal center of
ferric siderophores, often stereospecifically.>85-589 Ferric siderophores always adsorb to
their receptors with higher affinity than the corresponding aposiderophores. Consequently,
in a binding equilibrium involving both forms, the ferric siderophore predominates. It is
plausible that both apo- and ferric complexes of SBLC may be recognized and transported
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by LGP, but uptake of an aposiderophore is intuitively counterproductive and has not

been demonstrated. Besides the apo- and ferric complexes of SALC,204 SALC may form
complexes with alternative divalent cations (Zn%*, Ca2*, or Mg2*) that are present in
culture media or host tissues, and may also form mixed, “piggyback” complexes with ferric
siderophores (e.g., pAcn or Pvd) to gain entry through the cell envelope.5%°

7.2. Spectrum of Trojan Horse Antibiotic Activity

Besides the susceptibility of £. colito siderophore-antibiotics, SALC are potent

and effective against other Gram (=) bacteria, including £ aeruginosaand A.
baumannii119:591-593 The repertoire of iron-regulated LGP varies among Gram

() pathogens, but orthologues of £. coliFiu, FepA, and Cir exist across the

Family Enterobacterales#32 and other Families as well, although these relationships

are mostly bioinformatically defined and not yet experimentally validated. In 2
aeruginosat32:592.594-597 and A, baumannii*3? for example, the OM proteins PiuA/D and
PirA were implicated in SALC uptake. Disruption of one or both of the genes encoding
these proteins, in both organisms, reduced susceptibility to SBLC.432:592,594-596 pjyA js
most homologous to Fiu; PirA is most homogous to FepA.432 Expression of both proteins is
regulated by Fur®98:599 in response to extracellular iron availability and potentially by iron
uptake through other pathways. The P, aeruginosa genome encodes 34 different LGP, whose
specificities and natural ligands are mostly undefined. Iron deprivation leads to >2-fold
upregulation for nearly half of the P aeruginosa LGP; expression of FptA, the receptor for
FePch,59 increases as much as 120-fold. The expression levels of these proteins during
infection is not known, but in a 2 aeruginosa piuA mutant as many as 7 LGP significantly
affected susceptibility to SBLC,%94 suggesting that multiple OM proteins may actively
transport SBLC via TonB-dependent pathways. In each target organism, SBLC potency is

a function of the relevant LGP expression level, its affinity for the siderophore—antibiotic,
potential competition with other natural iron-binding ligands, and overall uptake efficiency.

7.3. Cefiderocol, The First FDA-Approved Trojan Horse Antibiotic

The first and only FDA-approved Trojan Horse antibiatic is the catecholate—cephalosporin
conjugate cefiderocol (Fetroja; FDC, Figure 4), that was authorized for treatment of
complicated urinary tract infections, including pyelonephritis.592.600-602 FDC s potent
against critical Gram (=) pathogens including carbapenem-resistant 2 aeruginosa and A.
baumannii, due to the combination of uptake via LGP, good stability against all classes

of carbapenemases, and its covalent inhibition of target PBPs.581:592,594.602 The pranded
name of FDC, Fetroja, reflects its transport through iron (Fe) siderophore uptake like

a Trojan Horse (troja). Because of the enhanced uptake of FDC by LGP and /n vivo
pharmacokinetic/pharmacodynamics (PK/PD) correlations to MIC, the standard medium
for FDC susceptibility testing is iron-depleted, cation-adjusted Mueller—Hinton broth (final
[Fe] < 0.10 mg/L, [Ca] = 22.5 mg/L, [Mg] = 11.25 mg/L, [Zn] = 0.65 mg/L).%83 FDC
utilizes the typical pathogenspecific LGP identified for other SALC (e.g., Fiu-Cir or PiuA-
PirA),592:594,59 byt an alternative uptake pathway for FDC uptake through FptA may exist
in a pyochelin-dependent manner.5%0
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Earlier SBLC, such as MB-1 (Figure 4) and SMC-3176, failed to show efficacy in animal
infection models and suffered from “adaptive resistance” in vitro.596:603.604 EDC avoids the
adaptive resistance liability compared to MC-1, MB-1, and SMC-3176.604.605 |n the case of
P, aeruginosa, increased levels of Pvd were implicated in adaptive resistance to MB-1.603.606
Higher Pvd levels would be expected to result in more efficient Fe3* uptake, higher cytosolic
Fe levels, and downregulation of the preferred SBLC LGP. Although FDC seems avoids

the adaptive resistance liability of other SBLC, /n vivo efficacy studies with humanized
exposures of FDC identified clinical isolates of both P aeruginosaand A. baumannii against
which FDC underperformed or did not demonstrate expected efficacy.59° A significant 10—
20% of these isolates did not achieve bacterial stasis or =1-log1o-CFU reduction despite
having MIC values that predicted susceptibility. The results with many isolates also showed
high variability due to inconsistent responses to FDC among the replicates.59% Whether these
issues relate to adaptive resistance is not known. While FDC has potent antibacterial activity
against Gram (=) pathogens, as a cephalosporin, it is still hydrolyzed by clinically relevant
SBlactamases.592 It is worth noting that SBLC that show adaptive resistance liability (e.g.,
MC-1, MB-1, and SMC-3176) all contain hydroxypyridinone chelation groups, whereas
FDC is based on chelation by a catecholate (Figure 4).5% Another catechol-containing -
lactamase inhibitor LN-1-255 (a substituted penicillin sulfone) was reported, though nothing
was known about whether it promotes adaptive resistance or is transported by an LGP.607
The only other SBLC to enter clinical trials, BAL30072, was also a hydroxypyridinone
siderophore (Figure 4). It did not show adaptive resistance,#32:594.595 pyt its development
was suspended in phase 1.608

7.4. Non-B-Lactam Siderophore Conjugates

Decades before FDA approval of FDC, a diverse group of non-g-lactam siderophore—
antibiotic conjugates were described and studied. The research began with natural
sideromycins, albomycins,699-613 and salmycins;%14 the former showed broad spectrum
antibacterial activity against Gram (+) and Gram (-) bacteria in a murine infection model,81°
but the latter were less effective, likely as a result of its chemical lability. Synthetic
siderophore—antibiotic conjugates were subsequently developed that required some form of
cleavage for full activity.516-619 While the targets of B-lactam antibiotics, penicillin-binding
proteins, reside in the periplasm, many other systems or pathways that are susceptible

to antibiotic action reside in the cytoplasm. So although LGP may deliver siderophore—
antibiotics into the periplasm, the IM poses a second permeability barrier, especially to
charged/polar compounds.520 However, appropriate IM ABC transporters may recognize
and internalize the ferric siderophore moiety of Trojan Horse compounds, with concomitant
uptake of the attached antibiotic. Nolan and co-workers created Ent-antibiotic conjugates,
beginning with Ent-S-lactam conjugates that are active in the periplasm.®18 The uptake of
the conjugate depended on FepA and provided 1000-fold lower MIC than the S-lactam
alone.818 They later conjugated Ent to ciprofloxacin (CIP), whose targets (DNA gyrase

and topoisomerase 1V) reside in the cytoplasm.617 In the latter case, the Ent-CIP conjugate
crossed the OM via FepA-TonB/ExbBD and then crossed the IM by FepCDG.617 Ent-CIP
was inactive unless hydrolyzed by the salmochelin esterase IroD in the cytoplasm to release
the DHBS-CIP monomer.517 An alternative strategy for cytoplasmic release of CIP employs
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a disulfide linker in the Ent-CIP conjugate that may be cleaved by the cytoplasmic low-
molecular-weight thiols like glutathione.617

Miller and co-workers used other siderophores and cleavage strategies for cytoplasmic
antibiotic delivery and release.516:619 They first conjugated desferrioxamine B to CIP

with potential esterase- and phosphatase-susceptible linkers.521 The esterase-triggered
conjugate had weaker activity than that of the parent CIP, while the phosphatase-triggered
conjugate was inactive.61° These results revealed the extent of optimization needed

when considering all the uptake and implementation variables: OM and IM transport,
enzymatic cleavage, and target engagement. The Gram (=) OM creates a potentially
insurmountable permeability barrier2’28 to many antibiotics that are active against Gram
(+) cells. For example, oxazolidinones target the ribosome but are limited to Gram-positive
pathogens, even though their ribosomal target is conserved in Gram (=) bacteria like £.
coli. Consequently, Miller and co-workers designed a clever siderophore—cephalosporin—
oxazolidinone conjugate,16 whose cleavage depended on periplasmic hydrolysis by
cephalosporinases, releasing the free oxazolidinone.%18 This conjugate, that contains a bis-
catechol siderophore, boosted cephalosporin activity against periplasmic PBP. Although
expression of the cephalosporinase impacted the potency of the cephalosporin core, the
consequent release of the oxazolidinone provided a significant boost in antibacterial
potency.22 Another study conjugated bis-catechol or bis-catechol-monohydroxamate to
teicoplanin, which normally targets the PG p-Ala-p-Ala termini of only Gram-positive
bacteria because it cannot penetrate the OM of Gram (-) bacteria.®23 Interestingly, the
siderophore—teichoplanin conjugates demonstrated potent activity in A. baumannii but not
E. colior P. aeruginosa, despite the fact that their PG targets are identical.523 These data
suggest differences in the LGP-mediated uptake pathways among the different bacteria.
Compared to SBLC, the challenges to synthesize, characterize, and develop synthetic
sideromycins are daunting. Nevertheless, antimicrobial resistance is inevitable for every
new drug, so the development of all types of Trojan Horse antibacterials remains a desirable
long-term goal.

8. MECHANISTIC INSIGHT FROM BIOINFORMATIC ANALYSES OF TONB-
DEPENDENT SYSTEMS

As a consequence of their high rate of antibiotic resistance, the Gram (-) CRE/ESKAPE
pathogens33:34 cause a large fraction of nosocomial infections, and clinical options against
them are limited.31:32:36 Both strategic design of antibiotics and large scale screening

of chemical libraries for compounds that may block iron acquisition in these organisms
hinge on the understanding of LGP transport biochemistry. The bacteria under discussion
in this analysis represent four phylogenetic Families: Enterobacterales, Moraxellaceae,
Pseudomonadaceae, and Yersiniaceae. Together, they inhabit different natural environments,
but each one has adapted to infect humans and animals, in part from OM permeability
properties that differ from those of £. coli, the prototype of Enterobacterales. For example,
clinical isolates of K. pneumoniae, in the same Family, have much lower overall OM
permeability from the absence of certain porins624-627 and higher serum resistance from
enhanced capsule formation.628.629 The latter trait was maximized in the highly virulent,
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hypermucoviscous form that also manifests more efficient iron acquisition.630.:631 Both

P, aeruginosd3%-535 and A. baumannii®36-638 in the Families Pseudomonadaceae and
Moraxellaceae, respectively, have similarly low OM permeability, and their iron-regulated
formation of biofilms®39-641 constitutes an additional virulence determinant. Lastly, Ybt, the
primary siderophore of Y/ pestis, was co-opted by members of the other families in ways that
augment their virulence.326:358.376 gy ch adaptations illustrate the connections between cell
envelope architecture, the mechanisms of TonB-dependent iron acquisition, and pathogenic
virulence.

8.1. Sequence Diversity in TonB

TonB action encompasses a number of biochemical activities that are potential targets

for chemical inhibition: binding to the TonB-box of LGP,239.240 physical interactions

with ExbBD,232:233 and associations with PG238 that may involve monomer—dimer
conversions®1241 and other currently un-delineated aspects of the transport process. Besides
their microbiological and ecological diversity, each ESKAPE bacterium acquires multiple
ferric siderophores, some of which correlate with their invasiveness, tissue tropism, or
overall virulence (K. pneumoniae, FeAbn; P aeruginosa, FePvd; A. baumannii, FeAcn; Y.
pestis, FeYbt). Consequently, their TonB proteins must physically interact with multiple
iron-transporting LGP. The primary structures of these TonB orthologues are unusually
variable. The extent of EcoTonB (NCBI: NP_415768.1) sequence identity to KpnTonB
(CAA48498.1), PaeTonB (Q51368.2), and AbaTonB (AHB92731.1) is 75%, 37%, and 25%,
respectively; a CLUSTALW2 alignment of the four TonB proteins showed only 11% identity
(26 of 239 residues). This divergence among TonB proteins indicates that the component
proteins of the individual OM iron transport systems are uniquely adapted to one another

in each species and explains why the LGP from one species do not necessarily function

in other species. Structural data is only available for the C-terminal domain of EcoTonB,
but both bioinformatic predictions and biochemical data suggest that the 239 aa EcoTonB
encompasses a hydrophobic N-terminal helix in the 1M,238:642 3 central rigid region that
spans the periplasm,236:643.644 and a globular, periplasmic C-terminal domain (CTD) that
associates with the LGP in the OM.239-241.645.646 \ost of the conserved residues among
the four noted TonB proteins reside in the central, ~75-residue rigid region (9 Pro, 4 Lys
and 2 Glu), whereas the ~75-residue CTD, that recruits TonB-box peptides of LGP into a
four-stranded B-sheet, contains only six conserved identical residues (5 Val, 1 Phe). This
structural variability suggests that it is unlikely to find a generic, broad-spectrum inhibitor
of TonB activity that functions across distantly related bacterial pathogens. Yet, an HTS
screen against EcoTonB discovered numerous compounds that also inhibited the activity

of AbaTonB,272 so despite a priori skepticism, a broad-spectrum anti-TonB antibiotic is
conceivable.

The conserved identical residues in the CTD of ESKAPE TonB proteins localize to internal
regions of both the dimeric4! and monomeric239.240.647 forms, The hydrophobic nature of
the conserved residues and their internal localization infer that they stabilize the domain’s
tertiary structure. Since the completion of the crystal structures of the TonB CTD in different
forms, including its association with the TonB-box of LGP,241.645-647 fe\y experiments
reflected on the functional relationships between its monomeric and dimeric forms. Yet, the
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crystallographic demonstration of interactions between the monomeric TonB CTD and LGP
N-termini validated the relevance of the monomer, and the interactions of the dimer with PG
in the bacterial periplasm had implications on the potential mechanism of TonB action.%1:238

8.2. Commonality of FeEnt Transport by Prototypic FepA Proteins

Each of the four CRE/ESKAPE organisms secretes different siderophores and utilizes
different ferric xenosiderophores by the actions of unique LGP, but they all also efficiently
transport FeEnt120.285 with orthologues of EcoFepA. The £. coli protein is an accessible
prototype of both active OM transport and biochemical interactions with TonB. The
comparative bioinformatic analysis of EcoFepA orthologues (see below) reveals unexpected
aspects about the capture of ferric catecholates by Gram (=) bacterial pathogens.

8.2.1. EcoFepA.—Laboratory £. coli K-12 strains produce Ent and transport FeEnt
through EcoFepA, but pathogenic £. coli (UPEC, EHEC; Table 1) also glucosylate the
siderophore and transport FeGEnt through orthologues of IroN. The primary structures
of EcoFepA and EcolroN are only 52% identical, intimating a potentially significant
divergence of specificity and function.

8.2.2. KpnFepA.—K. pneumoniae encodes four apparent orthologues of EcoFepA in
its genome: three in the chromosome [/oci 1658 (KpnFepAl), 2380 (KpnFepA2), 4984
(KpnFepA4)] and one (/ocus 0027: KpnlroN) from an endogenous plasmid. The resulting
four FeEnt receptors are 82%, 53%, 73%, and 53% identical to EcoFepA, respectively.

8.2.3. AbaFepA.—A. baumannii produces a single LGP (AbaFepA) that catalyzes FeEnt
uptake, and has 46% sequence identity with EcoFepA. Despite being the most distant
orthologue to EcoFepA in the CRE/ESKAPE group, AbaFepA still retains sufficient identity
(i.e., >30%548.:649) to predict a conserved tertiary structure.648

8.2.4. PaeFepA.—Like K. pneumoniae, P. aeruginosa strain PAO1 contains the structural
genes for 3 FepA orthologues, as well as IroN, all in its chromosome. PaeFepAl, PaeFepA2,
and PaePfeA share 71%, 81%, and 61% identity with EcoFepA,; the sequence of PaelroN is
60% identical to that of EcolroN.

When grown to low-iron stress in iron-deficient MOPS media,%°0 the four CRE/ESKAPE
pathogens comparably transport FeEnt like £. coli K-12.285 Despite their sequence
divergence, the ESKAPE FepA orthologues all have sufficient identity to predict a nearly
identical overall structural fold as EcoFepA (1FEP1%), but like TonB, their primary
structures have evolved in K. pneumoniae, A. baumannii, and P. aeruginosa such that
they are not generally interchangeable among the four species. Closely related KpnFepA
transports FeEnt when expressed in £. coli, but more distant PaeFepA and AbaFepA do
not partner with EcoTonB to catalyze FeEnt uptake in £. coli (Nairn, Newton, Kumar and
Chakravorty, unpublished data). This situation reinforces the notion that TonB and LGP
concomitantly evolved in the different species. Therefore, compounds that inhibit TonB-
dependent Fe3* uptake in £. coli may not similarly block iron uptake in K. pneumoniae, and
even less so in P aeruginosa or A. baumannii. Hence, each CRE/ESKAPE pathogen will
likely exhibit different susceptibilities to compounds in chemical libraries, and potential
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inhibitors of TonB-dependent processes may require species-specific evaluation and/or
optimization to attain appropriate efficacy.

8.3. Other Ferric Catecholate Transporters

At least six LGP participate in uptake of ferric siderophores in £. coli K-12: Fiu, FecA,
FepA, FhuE, FhuA, and Cir. Expanding the scope to pathogenic £. co/iadds IutA, IroN,
ChuA, and FyuA;551 consideration of vitamin By, (cyanocobalamin) includes BtuB.552
The fact that among 11 £. coli LGP, five (FepA, IroN, Fiu, FecA, Cir) function in

the uptake of ferric catecholates underscores the importance of this class of siderophore

to bacterial iron acquisition. With the exception of IroN, the structures of these ferric
catecholate transporters were independently crystallographically determined. However, the
scope of their recognition specificities and binding preferences are only now becoming
fully known.285 Orthologues of EcoFepA are broadly distributed among members of
Enterobacterales and other Families, to selectively recognize and transport FeEnt, but the
chemical lability of the catecholate trilactone siderophore makes its degradation products,
that include mono-catecholates (Figure 3), also relevant to iron acquisition by the spectrum
of Gram (-) bacteria. Within a few days of forming and purifying FeEnt,56 its visible
absorbance spectrum begins to change, even if the ferric siderophore is stored on ice

or frozen. Chromatography over Sephadex LH20 reveals a rapidly mobile, purple peak

of oxidized FeEnt (FeEnt*) that separates from the crimsoncolored authentic FeEnt.214
These changes primarily derive from oxidation of the catechol groups at the metal center
to quinones. Furthermore, the lactone backbone is susceptible to cleavage by acid, base,
and esterases. Consequently, the monomeric iron—catecholate complexes, formed by the
degradation products of FeEnt, inhabit the environments that bacteria experience in the
host. Cir>74 and Fiu2%4 participate in the transport of monocatecholate iron complexes [e.g.,
Fe(DHBS)3] and catechol-containing antibiotics.523:654 GEnt is secreted by uropathogenic
E. coli, S. enterica, and K. pneumoniae, whereas Crn267.655.656 js a similar but distinct
catecholate from Gram (+) bacteria. Collectively, the catecholate siderophores create a
myriad of possible iron complexes that bacterial pathogens may utilize to different extents
and priorities.

The approximately one dozen iron-transporting LGP in £. coli expand into a plethora of
LGP in some other organisms. The genomes of C. crescentusand P. aeruginosa encode

66 and 34 LGP, respectively. Besides a similar cadre of iron-regulated LGP,194 one of

the C. crescentus receptors performs TonB-dependent transport of maltodextrins,88.659
and others are predicted to transport a variety of substrates besides metal complexes.

The primary, secondary, and tertiary structures of proteins in the LGP superfamily

create a consistent structure/function paradigm. The external hydrophobic surfaces of

their amphiphilic transmembrane S-barrels interact with OM lipids, while their internal
hydrophilic surfaces circumscribe an aqueous channel and envelop the N-terminal, 150-
residue globular domain that interacts with TonB/ExbBD to regulate ligand movement
through the pore. Large surface loops that selectively bind ligands and short reverse g-turns
between the g-strands of the barrel complete LGP architecture. Despite this conserved
format, variability of their surface loops results in a relatively low overall sequence identity
in the superfamily. The £. coli LGP only average about 20% overall identity between any
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two individual proteins despite much higher of levels of identity in the strands of their
B-barrels. The highest degree of conservation of primary structure among £. coli LGP is

the 52% identity that occurs between FepA and IroN, the receptors for FeEnt and FeGEnt.
The low overall sequence identity among EcoLGP is somewhat unexpected because they

all physically interact with EcoTonB and likely function by the same general mechanism.
However, sequence divergence in the surface loops confers unique ligand recognition
specificity to each individual LGP. Furthermore, this ligand selectivity occurs in the context
of antigenic variation in the same external loops to evade the vertebrate immune response.
The biochemical selectivity created by the external loops impacts the actions of Trojan
Horse antibiotics. For instance, both mono- or di- glucosylated Ent (GEnt) derivatized with
ampicillin or amoxicillin showed improved antibacterial activity and evaded scavenging

by SCN from the host. Both siderophore—antibiotics had a narrow application range that
selectively killed pathogenic £. coli (expressing IroN) but not nonpathogenic £. coli (lacking
IroN).560 These findings suggest that the recognition of particular iron complexes by LGP
may be exploited with Trojan Horse compounds to only target pathogens that produce

those siderophores and/or utilize their iron complexes. These are significant advantages over
wide-spectrum antibiotics and potentially superior for clinical applications.

8.4. Biphasic Ligand Adsorption

The initial stage of ligand adsorption is a mechanistically well-defined aspect of LGP-
mediated iron transport. Payne et a/.561 demonstrated biphasic binding kinetics for the
interactions of both FeEnt and ColB with EcoFepA. Subsequent studies refined this
conclusion for EcoFepA21? and EcoFecA,197 in the former case with chemical cross-linking
studies and in the latter case by crystallographic depictions that showed conspicuous motion
of surface loop 7 (L7) in the transition from the ligand-free to the FeCit-bound form of

the receptor. Crystallographic characterizations and simulations of PaePfeA found potential
FeEnt binding sites in both its the surface loops and within its external vestibule, supporting
the two-stage nature of FeEnt binding.%62 Furthermore, fluoresceination of individual Cys
substitutions in EcoFepA220 allowed descriptions of the loop motion that LGP undergo
during ligand adsorption: stopped-flow measurements of fluorescence quenching showed
that they move at different rates, individually and independently, as they capture FeEnt from
the environment. The two-stage kinetic process thus resolves into rapid initial interactions of
the ligand with surface loop residues that engender a slower second stage of conformational
motion as loops coalesce around the metal complex by induced fit, creating a high-affinity
form at equilibrium. The process of ligand acquisition by the surface loops of FepA is
analogous to a hand catching a ball from the air: the ball collides with the open hand,

and then the fingers individually move to close around it.220 In that sense, in iron-deficient
conditions the Gram (=) bacterial cell surface becomes infused with thousands of molecular
hands, each adapted to catch a particular type of iron complex for subsequent translocation
into the cell.

As noted for FepA, biphasic binding kinetics correlate with a structural transition from

a form with open, extended loops to a form with contracted loops that surround the

bound ligand.?19 Crystal structures of EcoFiu reiterated this conclusion.683 Like other
TonB-dependent transporters, Fiu contains a 22-stranded S-barrel, covered by extracellular
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loops. Crystallography revealed two distinct structural states of Fiu: a conformation with
disordered extracellular loops that form an open cavity to the extracellular environment, and
a conformation with ordered, closed loops.63 By opening and closing in this manner during
ligand transport the dynamic actions of LGP maintain the natural permeability barrier of the
OM. They allow ligand recognition and uptake while still excluding deleterious compounds
like bile salts and antibiotics that may compromise the integrity of the IM bilayer, PG
biosynthesis, or other processes in the periplasm.663 As Dick van der Helm described it, the
FepA channel functions like an air-lock: the external loops close before the internal domain
opens.

8.5. Evolutionary Covariance and Conserved Sites of Mechanistic Importance

Despite 50 years of research on TonB-dependent membrane transport, the underlying
molecular mechanism of metal internalization remains incompletely defined. Nevertheless,
the mountain of available genomic information, mined by bioinformatic algorithms, yields
insight into this conundrum. We aligned and analyzed 79 LGP sequences (Table 1) by
CLUSTALQ®84 (Figure S1) and B1S2,665 which identified sequence conservation that
reflects on the biochemical transport mechanisms of ferric siderophore and Hn receptors.
The analyses also described the phylogenetic relationships of the proteins (Supporting
Information, Figure S2). The collection of 79 proteins, that transport at least 16 different
metal complexes, exposed an unexpected characteristic of LGP N-domains: the most
significantly conserved and simultaneously covariant amino acids in the LGP N-termini
are glycines (Figure 5). Among seven highly conserved residues (>90% identity) in the
N-domains of 79 LGPs of bacterial pathogens, five were Gly. The other two conserved
amino acids have basic side chains (R75, R126 in EcoFepA), that map adjacent to and pair
with conserved acidic amino acids on the interior of the C-terminal B-barrel (E511, E567
in EcoFepA). In the full length primary structures of the 79 proteins, a total of 16 residues
exhibited extensive identity, or evolutionary covariance, or both. Together they defined a
charge cluster in LGP infrastructure, situated among a group of conserved glycines (Figure
5). These data suggest two attributes of LGP ligand transport: an electrostatic channel-
gating mechanism and conformational flexibility that promotes uptake functionality. The
association of R75-E511 and R126-E567 in an ionic cluster on the channel wall, directly
above the TonB-box and across the pore from the N-domain—g-barrel junction, strongly
suggests a protonation-based trigger to the ligand internalization process. Protonation of
E511 and E567 is a key to unlocking this electrostatically closed channel because it

will free the N-domain to movement. As in the case of Lac, the protein environment
surrounding the R75-E511 and R126-E567 pairings may significantly change the pKj
values of the acidic side chains.866:667 This inference concurs with the PMF-dependence
of LGP-mediated transport,62:668 byt in an unexpected way that raises the question, does
this biochemistry precede, coincide with, or follow the interaction of the TonB-box of
LGP with the C-terminus of TonB? Second, five conserved Gly surrounding the charge
cluster in the N-domain minimizes ¢/y steric hindrance to conformational motion, which
reinforces conclusions from site-directed disulfide bonds within EcoFepA: disulfide links
in the N-domain that precluded conformational motion also prevented FeEnt transport.569
Thus, both bicinformatic and experimental results point to structural rearrangements within
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the N-terminal globule, while resident in the transmembrane channel, allowing passage of
FeEnt into the periplasm.

9. INTERVENTION AGAINST GRAM (-) BACTERIAL PATHOGENS

The indispensability of iron in aerobic metabolism, combined with the uniqueness of
prokaryotic cell envelope iron acquisition systems, makes TonB-dependent transport activity
a potentially susceptible target in the Gram (=) cell envelope. It is conceivable to either
block uptake of iron complexes by immunochemical inhibition, or to chemically target the
mechanisms of LGP biochemistry.

9.1. Immunological Approaches

9.2.

Certain anti-LGP antibodies prevent the recognition and binding of ferric siderophores by
adsorbing to loops that participate in the recognition process,870-674 and these immunogenic
epitopes are the basis of vaccines.875-677 However, rough £. coli K-12 strains were used for
many of the immunochemical analyses of these phenomena, which raises questions about
their application to unattenuated, wild bacterial pathogens that are usually encapsulated

and produce complete lipopolysaccharide (LPS) O-antigens. Full-length LPS shields Omp
surface epitopes from antibody binding,678:679 capsule accentuates this effect, and the

cell envelopes of CRE/ESKAPE pathogens encompass both of these traits. Consequently,
efficacious human vaccines against CRE/ESKAPE organisms from Gram (=) bacterial LGP
are an uncertain prospect, and existing data substantiate these concerns.580 Therapeutic
monoclonal antibodies, that react with single or multiple epitopes of specific iron
transporters, face similar obstacles to recognition of surface proteins in pathogenic bacteria
and are costly to produce for clinical use. It is fair to say that the conceptual promise

of immunological intervention against TonB-dependent iron uptake systems faces practical
problems that will be difficult to circumvent or supersede.

Biochemical Targets of Antibiotic Action

The overall biochemistry of Gram (=) bacterial iron acquisition offers both specific and
general molecular targets that are vulnerable to chemical inhibition. The former, specific
category includes cell surface ligand binding reactions, intrinsic LGP mechanisms, and

the activities of periplasmic binding proteins, ABC transporters, and ferric reductases

that function during iron uptake. The latter, general category focuses on TonB: physical
interactions between LGP and TonB, intrinsic TonB/ExbBD mechanisms, and interactions
between TonB and ExbBD. The latter category is more desirable, but the notion of
compounds that broadly inhibit TonB/ExbBD in a group of diverse pathogens is undercut
by the known sequence diversity in the target proteins of these bacteria. The diversity
originates from coevolution of LGP and TonB together in the unique cell envelopes of

the ESKAPE organisms, as they propagate in different wild and host environments (see
following). From the current understanding of TonB/ExbBD physiology,1:237 inhibitors
may block iron uptake by adsorbing to TonB’s C-terminal domain (CTD), that interacts
with PG238 and with ligand-bound iron transporters,239:240.681 or tg the regions of TonB that
interact with ExbBD.232:233 The sequence diversity that was noted in the TonB proteins of
the ESKAPE organisms (see section 8.1, above) also occurs in their FepA orthologues: the

Chem Rev. Author manuscript; available in PMC 2021 December 20.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Klebba et al.

9.3.

Page 41

extent of EcoFepA (NP_415116.1) sequence identity to KpnFepA (EYB77073.1), PaeFepA
(NP_251378.1), and AbaFepA (KFG14278.1) is 81%, 61%, and 46%, respectively. Hence,
in each individual bacterium, the LGP is adapted to the properties and components of its
own cell envelope, including the nuances of the TonB/ExbBD complex. Hypothetically,
chemicals that block TonB-dependent iron uptake in £. co/i may not inhibit, or may have
less efficacy against, K. pneumoniae, P. aeruginosa, and A. baumannii. Thus a search for
broad-spectrum inhibitors of TonB action that are efficacious against all Gram (=) cells may
not succeed. Specific inhibitors of TonB systems in each individual CRE/ESKAPE organism
are a potentially realistic goal for HTS of chemical libraries. Because the activities of TonB/
ExbBD occur in the periplasm or IM, potential antibiotics against TonB-dependent activity
must also overcome the size and hydrophobicity barriers of the Gram (-) bacterial OM.28
Efficacy depends in part on the cell envelope permeability properties of the individual target
organisms, so it is most apt to directly screen chemical libraries against the pathogen of
interest and subsequently assess whether specific hits that inhibit TonB-dependent processes
may have generic activity. Alternatively, one may seek compounds that target and block
specific iron transporters instead of TonB/ExbBD, for example, specific inhibitors of FeEnt
uptake in E. coli, K. pneumoniae, or A. baumannii, or of FePvd uptake in P, aeruginosa.
However, this approach is potentially compromised by the numerous, redundant iron uptake
systems that exist in bacterial pathogens.

Fluorescent High-Throughput Screening (FLHTS)

A search for therapeutic chemicals requires an assay that identifies them. Kaback and
colleagues extensively explored Cys scanning mutagenesis of the lactose permease of

the £. coli cell envelope®2-684 and extended the approach to alkylation of single Cys
residues®85-688 with fluorescent®86.689-692 or naramagnetic®93-696 probes. These biophysical
modifications allowed determinations of internal distances, conformational change, sugar
binding, and other parameters. Their studies with the lactose permease required preliminary
mutagenesis to eliminate seven native Cys residues, followed by site-directed introduction
of Cys at positions of interest into the so-called “Cys-less” LacY. However, Cys is often
conveniently absent from Gram (=) bacterial OM proteins or involved in stable disulfide
bonds when it is present. EcoFepA, for example, contains a single pair of Cys residues in
L7 that are unreactive unless reduced.897 Many porins, including most LGP, are devoid of
Cys. Cao et a/5% took advantage of this fact and employed site-directed fluoresceination

to create a spectro-scopic assay of FeEnt uptake by EcoFepA in living bacterial cells.598
This methodology observes TonB-dependent FeEnt uptake by monitoring fluorescence
quenching as bacterial transport the ferric siderophore. The /n vivo approach surmounts our
current inability to reconstitute TonB-dependent systems /n vitro and confers the advantages
of living cell-based assays: convenience, predictability, miniaturization, automation, and
multiplexing.69°

9.3.1. Specific Fluoresceination of Heterologous Proteins.—Once modified with
a fluorophore in its surface loops, an LGP becomes a sensitive biophysical sensor for

the detection, quantification, and flux of a particular metal complex in the environment.
Fluoresceination usually does not impair either the specificity or affinity of an LGP for

its ligand.220-285 Hence, it is feasible to design and create fluorescent LGP sensors in the
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individual pathogens of interest. Each CRE/ESKAPE bacterium poses challenges from their
particular cell envelope architecture and biochemistry, which complicates the interpretation
of HTS data and makes it advantageous to directly screen chemical libraries against

the individual pathogens of interest. Lastly, each bacterium may transport specific ferric
siderophores that correlate with their virulence (K. pneumoniae, FeAbn; P, aeruginosa,
FePvd, FePch; A. baumannii, FeAcn); FLHTS methods have the ability to modify and
analyze virtually any LGP in a living bacterium. The structural folds of approximately 20
LGP are crystallographically solved (Table 1), which simplifies the identification of optimal
sites for localization of fluorescent probes.220:285.700 Unsolved proteins may be modeled
from the structures of solved orthologues. For example, AbaFepA in A. baumannii ATCC
17978 shares 46% sequence identity with EcoFepA in £. coli MG1655, resulting in a
nearly conserved predicted tertiary structure19 that accurately suggested good locations

for fluoresceination.2’2 However, caution is advised, because modeling of an orthologue/
parologue with lower identity (e.g., EcoFiu, 20% identical to EcoFepA) may significantly
err in the delineation and disposition of LGP secondary structures and surface loop regions.

9.3.2. Universal Fluorescent Sensors.—Further development of the FLHTS concept
revealed another approach that obviates the need to genetically engineer the LGP of
individual pathogens for site-directed fluoresceination. Production of EcoFepA-FM in a
AtonB E. colihost creates a “sensor strain” that detects [FeEnt] and sensitively reports FeEnt
depletion from solution. The £. colisensor strain binds but cannot transport FeEnt because
of its TonB-deficiency. By monitoring FeEnt-mediated quenching, the sensor strain observes
FeEnt uptake by other bacteria in the same solution. This method creates a “universal”
fluorescence assay of FeEnt uptake by any organism and readily adapts to uptake of any iron
complex by any bacterium.28% Both species-specificZ’2:701 and universal?8® FLHTS assays
effectively function in microtiter plate format.

9.4. Summary of Antibiotic Discovery

Several small-scale HTS studies conceived assays that targeted TonB-dependent uptake
systems. Yep et al2’3 employed a whole-cell growth-based high throughput screen of 149
243 compounds against UPEC under iron-limiting conditions and found 16 compounds that
arrested bacterial growth only under iron-limiting conditions, that were all bacteriostatic,
and that did not inhibit proton motive force. Two of the compounds lost inhibitory activity
against a TonB-deficient strain. Nairn et a/272 used FLHTS to identify inhibitors of TonB
function in £. coliK-12 and A. baumannii. In a screen of 17 441 compounds, 165 primary
hits inhibited TonB-dependent FeEnt uptake at a level of at least 30%. Among 20 of

the primary hits that were further analyzed with respect to TonB-dependent ferrichrome
uptake, colicin killing, and proton-motive force-dependent lactose transport, six of the
compounds blocked TonB activity in all tests without affecting lactose uptake. Lastly, Bailey
et al.792 conducted HTS of 110 000 compounds for inhibitors of Abn biosynthesis324

in hypervirulent K. pneumoniae. As noted above, Abn is a virulence factor for HvKpn.

The HTS system utilized a sensitive malachite green-based assay, in which an inorganic
pyrophosphatase cleaved the byproduct pyrophosphate to produce inorganic phosphate. The
screening assay identified potent inhibitors of lucA, but these compounds also showed
undesirable attributes, especially inhibition of unrelated enzymes.
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10. CONCLUSIONS AND FUTURE DIRECTIONS

As this overview illustrates, the correlations between prokaryotic iron acquisition and

the pathogenesis of humans and animals are diverse, numerous, and well supported by
extensive data. Bacterial pathogens secrete siderophores that capture iron from host cells or
proteins and facilitate bacterial tropism or invasiveness to particular tissues. Additionally, a
multitude of unique LGP of different specificities populate the outer membranes of Gram
(-) bacteria, allowing recognition and transport the many ferric xenosiderophores that they
may encounter in wild or host environments. The various examples of these phenomena
spotlight the potential for chemical therapeutics that block prokaryotic iron uptake. The
redundancy and complexity of these systems, and the relative inaccessibility of TonB in
the periplasm, created skepticism about LGP systems as targets for antibiotic discovery.
However, opportunity exists for the identification of efficacious compounds against TonB-
dependent uptake systems. Random high-throughput screening of chemical libraries, and
rational design of novel compounds that target iron transport biochemistry or related cell
envelope processes are viable approaches. Both will profit from additional findings that
better explain the mechanisms of TonB-dependent transport.

10.1. Antibiotic Development

Although cefiderocol is now available for clinical applications against Gram (=) bacterial
infections, numerous questions remain about it and related Trojan Horse antibiotics. For
example, which among the four or five ferric catecholate receptors in each ESKAPE
pathogen act to receive and transport ferric monocatecholate—antibiotic conjugates? This
query highlights the fact that for many LGP, the full scope of their ligand recognition
attributes are not well-defined. What are their natural ligands (human or bacterial), do

they include catecholamine stress hormones, and what are the affinities of their binding
interactions and the rates of their iron transport reactions? Little experimental data exists
to illuminate the uptake of monocatecholate iron complexes. Presumably the Trojan Horse
catecholate conjugates follow the entry same routes as iron complexes of the hydrolytic
and/or oxidized degradation products of Ent, but which LGP participate in these transport
events in the various CRE/ESKAPE organisms? Once through the OM into the bacterial
periplasm, FeSBLC complexes enter a biochemical no-man’s land that is difficult to
experimentally characterize or observe. What periplasmic binding proteins recognize these
complexes, does the AcrAB-TolC export pathway counteract their OM uptake,2 and how do
such large molecules gain entry into bacterial cells through IM membrane permeases? The
answers to these questions may explain the molecular mechanisms of adaptive resistance
that are major obstacles to continuing use of antibiotics like Fetroja.

10.2. HTS of Chemical Libraries

Once an HTS assay method, like FLHTS,7%3 is developed and optimized for the primary
screening of a chemical library, the main impediments to antibiotic discovery within the
library derive from the secondary screening process. For example, primary hits against
EcoTonB by FLHTS were subject to a funnel of criteria that attempted to exclude
nonrelevant inhibition. In the FeEnt uptake FLHTS assay, besides authentic inhibitors
of TonB action, primary hits may include: (i) specific antagonists of FeEnt uptake,
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(if) nonspecific fluorescence quenchers, (iii) metabolic poisons that interfere with active
transport, (iv) membrane disruptors that compromise cellular integrity, and (v) pan assay
interference compounds (PAINS?94-706) Secondary screens on candidate compounds are
laborious and time-consuming. Whereas primary HTS of a chemical library only requires
a few weeks of experiments, the ensuing secondary screens are much slower because

they usually involve biochemical characterizations of each individual candidate inhibitor.
Analysis of only 20 or 30 compounds may involve months of work. Nairn et /272 screened
a small chemical scaffold library of 17 500 compounds and found 165 primary hits.
Applications of the same method, that yielded a 1% hit rate to a more typical library of
500 000 chemicals will produce ~5000 primary hits that are unmanageable except by HTS
methods. Hence, the expansion and optimization of secondary assays to HTS formats is

an important aspect of antibiotic discovery in chemical libraries. It is likely that the novel
antibiotics we seek are present in those chemical collections, but it will take cleverness and
technical innovations to find them.
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ABBREVIATIONS

Siderophore or Porphyrin

Ent* degraded enterobactin
GEnt glucosylated enterobactin
DHBA 2,3-dihydroxybenzoic acid

DHBS 2,3-dihydroxybenzoyl serine
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Crn
Pbn
Vbn
Fc
FcA
FxB
Abn
Acn
Fbn
Bfn
Ybt
Pvd
Pch
Nti
Mbn
Hn
B12
Cit
TF
LF
FTN
NGAL
LCN2
SCN
FDC

CIP

corynebactin (= bacillibactin)
petrobactin

vibriobactin

ferrichrome

ferrichrome A

ferrioxamine B (apoFxB: desferal)
aerobactin

acinetobactin

fimsbactin

baumannoferrin
yersiniabactin

pyoverdin

pyochelin

nicotianamine

mycobactin

heme

cyanocobalamin (vitamin By5)
citrate

transferrin

lactoferrin

ferritin

neutrophil gelatinase-associated lipocalin
lipocalin 2

siderocalin (= NGAL, LCN2)
Fetroja (= cefidericol)

ciprofloxacin

Phrase or Series of Words

CRE

carbapenem-resistant Enterobacterales
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ESKAPE Enterococcus, Staphylococcus, Klebsiella, Acinetobacter,
Pseudomonas, Enterobacter

OoM outer membrane

IM inner membrane

PG peptidoglycan

IRMP iron-related or -regulated membrane proteins

IROMP iron-regulated outer membrane proteins

LGP ligand-gated porin

TBDT TonB-dependent transporter

PMF proton-motive force

CTD C-terminal domain

ABC ATP-binding cassette

HPI high pathogenicity island

UTI urinary tract infection

EXPEC extra-intestinal pathogenic £. coli

ETEC entero-toxigenic E. coli

EHEC entero-hemorrhagic £. coli

EPEC entero-pathogenic E. coli

EAEC entero-aggregative £. coli

AIEC adherent-invasive E. coli

UPEC uropathogenic £. coli

ESBL extended spectrum S-lactamase

XDR extreme drug resistant

CSS cell-surface signaling

HMWP high molecular weight protein

PK/PD pharmacokinetic/pharmacodynamic

MIC mimimum inhibitory concentration

PAINS pan assay interference compounds
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Figure 1.
TonB-dependent iron and B, transport pathways in Gram (=) bacteria. The diagram

displays selected components of the £. coli OM, periplasm, and IM, rendered by CHIMERA
(UCSF) from their RCSB crystallographic coordinates. Proteins that participate in metal
flux are portrayed in colors; other cell envelope components are shown in shades of

gray. Bacteria and fungi secrete siderophores that chelate extracellular iron. In human

and animal hosts, the innate immune system proteins albumin, SCN, and TF antagonize
bacterial iron acquisition, by adsorbing siderophores, ferric siderophores, or free iron from
blood, serum, lymph, and other fluids. Nevertheless, high affinity bacterial OM LGP

bind specific ferric siderophores (or vitamin B1,) and actively transport them into the
periplasm. The bacterial TonB/ExbBD complex spans the cell envelope and utilizes IM

PMF to energize the OM active transport reactions.1:237 TonB/ExbBD is modeled from the
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crystallographic coordinates of the TonB C-terminus,24 the ExbBD proteins,232:233.707 anq
other data;236:644.708 the full complex was not yet structurally delineated. The import (black
arrows) and export (red arrows) pathways of FeEnt typify those of other metal complexes:
after binding and TonB-dependent internalization by FepA, FeEnt binds to the periplasmic
protein FepB that delivers it to the IM ABC-transporter FepCDG, which hydrolyzes ATP as
it transports the ferric siderophore to the cytoplasm. During or after the IM uptake process,
Fes hydrolyzes the lactone backbone of FeEnt, which effectively releases Fe3* for reduction
to Fe2*.799 Ferrous iron enters cellular iron pools, and equilibrium with the global regulator,
Fur.”10-712 Alternatively, if surplus FeEnt exists in the periplasm, then the AcrABTolC
export complex expels the excess to the exterior.52 The depiction of FepCDGFes was
modeled from the crystal structure of BtuCD.
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Figure 2.
Binding of FeEnt by HsaSCN and EcoFepB. Comparison of the crystallographic structures

of human SCN (3CMP) and E. coli FepB (3TLK), with bound FeEnt, shows two different
structural folds for FeEnt binding. Both contain a- (pink) and B (gold) structures, but the
former human serum protein binds FeEnt in the mouth of a seven-stranded S-barrel, whereas
the latter periplasmic protein binds it in the central cleft of a bilobed globule. In both cases,
however, affinity for the aromatic, triply negatively charged ferric siderophore derives from
interactions with cationic (SCN: R81, R130, R134; FepB: R78, R242, R301) and aromatic
(SCN: Y52, W79, Y100, Y106, F123, Y132; FepB: F300, W209) side chains in the binding
protein. Adsorption of FeEnt to EcoFepA involves similar contributions of charge’13 and
aromaticity’14.715 to the overall affinity.
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Siderophores. Pathogenic bacteria secrete and/or utilize a variety of catecholate,
hydroxamate, and mixed chelation siderophores, usually less than 1000 Da in mass. The
illustrations show the structures, abbreviations, and masses of the aposiderophores, with
their iron chelation moieties colored blue.
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Structures of siderophore-g-lactam Trojan Horse antibiotics. These monocatecholate

and hydroxypyridinone siderophore—antibiotic conjugates target ferric catecholate uptake
pathways in Gram (=) cells. The iron chelation moieties are colored blue. Cefiderocol (FDC)
contains a monocatecholate siderophore moiety and is the only FDA-approved siderophore-
conjugated antibacterial drug.
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Sequence Identity (CLUSTALW) Evolutionary Covariance (BIS2)

% Residues Cluster Residues

100 | N677 1 G76, G134, G140

95 G127, G134, R431 G565, N677 2 R126, G429, A538

920 R75, G76, G88, G127, G134, G140, 3 G76, G134, G140, N99, G565, E567,
R431 E511, G513, G565, N677 N677

Figure 5.
Conserved mechanistic charge cluster in the LGP interior. After aligning the primary

structures of 79 LGP from commensal and pathogenic Gram (=) bacteria (Table 1) by
CLUSTALQ%64 and analyzing the aligned files for evolutionary covariance by BIS2,665 we
mapped 16 conserved (>90%) or coevolved amino acids to the tertiary structure of EcoFepA
(PDB 1FEP) using CHIMERA (UCSF"16). (A) Side view of EcoFepA: the N-domain
(residues 1-150) is depicted in ribbon format and colored red; the C-domain B-barrel
(residues 151-7240 is depicted in ribbon format and colored green. Among the 16 residues
of interest (shown in space-filling fomat), one (N677, colored gray) was conserved in all the
LGP. (B) —90° X-axis rotation of the view in (A) creates a perspective inside the g-barrel,
from the periplasm. Four polar charged side chains (R75, R126, E511, E567; colored sky
blue and red, respectively; heteroatoms N and O colored blue and red, respectively) create
an electrostatic lock that, in the absence of protonation, holds the N-domain to the S-barrel
directly above the TonB-box region (in ribbon format, colored cyan). A group of eight
glycines (colored gray), located in either the interior of the N-domain (G76, G88, G127,
G134, G140) or in the strands of the B-barrel (G429, G513, G565), surround the charge
cluster, potentially maximizing the flexibility of the protein structure in this region.
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