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ABSTRACT: Siderophores are small-molecule high-affinity multi-
dentate chelators selective for ferric iron that are produced by
pathogenic microbes to aid in nutrient sequestration and enhance
virulence. In Gram-positive bacteria, the currently accepted
paradigm in siderophore-mediated iron acquisition is that effluxed
metal-free siderophores extract ferric iron from biological sources
and the resulting ferric siderophore complex undergoes diffusion-
controlled association with a surface-displayed siderophore-binding
protein (SBP) followed by ABC permease-mediated translocation
across the cell envelope powered by ATP hydrolysis. Here we show
that a more efficient paradigm is possible in Gram-positive bacteria
where extracellular metal-free siderophores associate directly with
apo-SBPs on the cell surface and serve as non-covalent cofactors

SBP = Siderophore-Dependent Ferrichelatase

Gram-positive Bacterial Iron Shuttle ferric siderophore

that enable the holo-SBPs to non-reductively extract ferric iron directly from host metalloproteins with so-called “ferrichelatase”
activity. The resulting SBP-bound ferric siderophore complex is ready for import through an associated membrane permease and
enzymatic turnover is achieved through cofactor replacement from the readily available pool of extracellular siderophores. This new
“iron shuttle” model closes a major knowledge gap in microbial iron acquisition and defines new roles of the siderophore and SBP as
cofactor and enzyme, respectively, in addition to the classically accepted roles as a transport substrate and receptor pair. We propose
the formal name “siderophore-dependent ferrichelatases” for this new class of catalytic SBPs.

B INTRODUCTION

Iron is an essential nutrient that must be scavenged by
microbes, both commensals and pathogens, during coloniza-
tion of mammalian hosts."”” Bacteria have evolved several
pathways to assimilate iron from common host sources
including heme, ferritin, and transferrin.® Common to all
iron scavenging pathways is a need to import iron derived from
extracellular iron sources across the bacterial cell envelope. A
versatile means for accomplishing this is provided by the
biosynthesis of siderophores, low-molecular-weight ferric iron
chelators, and the co-expression of associated regulatory, efflux,
receptor, and transport proteins.4 In Gram-negative bacteria
this includes a TonB-dependent outer membrane receptor
(OMR), a periplasmic siderophore- blndlng protein (SBP), and
an ABC-type ATP-dependent permease.” In Gram-positive
bacteria, lack of an outer membrane precludes the need for an
OMR, leaving only an extracellular membrane-anchored SBP
and associated ABC permease to facilitate recognition and
import, respectively.” Continuous export of metal-free sidero-
phores ensures a high-affinity reservoir for capturing extra-
cellular ferric iron that can be distinguished by OMRs and
SBPs in the form of a chiral ferric siderophore complex.”
The functional roles of OMRs, SBPs, and ABC permeases in
a variety of pathogen-specific siderophore systems have been
firmly established through genetic and biochemical studies.”
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In bacteria, siderophore-dependent iron uptake systems are
under transcriptional control by the ferric uptake regulator
(Fur).”® In Gram-negative bacteria, OMRs reversibly bind ferric
siderophore complexes with nanomolar affinity first to an
external “cork” domain and then to an internal “plug” domain.”
This two-site binding model is supported by X-ray crystal
structures of OMRs with ferric siderophores bound to either
the “cork” or “plug” domain separately, suggesting there is an
orchestrated series of binding events and conformational
changes leading up to translocation across the outer
membrane. With assistance of the membrane-spanning TonB
complex of proteins and energy from the proton gradient
provided by ExbBD,'” the ferric siderophore is imported to the
periplasmic space,'’ presumably with a hand-off of the ferric
siderophore from the OMR “plug” domain to the periplasmic
SBP."” Interaction of the ferric SBP—siderophore complex with
the ABC permease promotes import across the inner
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membrane to the cytoplasm driven by ATP hydrolysis."” In
some instances, ferric iron is released in the periplasm via
reduction where ferrous iron can be directly imported via the
FeoABC complex.'*"” Alternatively, siderophore hydrolases
can fragment the scaffolds of some siderophores, such as
enterobactin, releasing lower affinity ferric chelation com-
plexes.'® In Gram-positive bacteria, surface-displayed SBP
lipoproteins bind ferric siderophores reversibly with nanomolar
affinity and facilitate import to the cytoplasm via associated
ATP-dependent membrane-embedded permeases.’ Ferrous
iron can be released from some ferric siderophores, such as
ferrichrome, in the cytoplasm via enzymatic reduction of the
metal to provide unmodified metal-free siderophore, which can
be recycled via efflux in certain bacteria.'”"®

Despite decades of research on siderophore-mediated iron
acquisition in bacteria, there is still much to learn about the
underlying molecular mechanisms governing import of ferric
siderophore complexes. High-resolution X-ray crystal struc-
tures of siderophores bound to OMRs and SBPs have provided
insight into siderophore scaffold recognition within the binding
calyx, but the functional relevance of the observed states has
not been fully investigated.'””” In the canonical transport
model represented by the vitamin B, transport pathway
(BtuBCDF), a one-site binding model is proposed for the
OMR, BtuB,*' and periplasmic binding protein, BtuF;** thus,
the molecule of vitamin B, initially bound by the OMR
(Gram-negative bacteria only) or periplasmic binding protein
(all bacteria) is the molecule ultimately imported to the
cytoplasm by the ABC permease, BtuCD.">”>** For most
transporters, this is a one-way trip, but for siderophores the
terric siderophore complex is imported and the metal-free
siderophore is exported and recycled.'” This introduces the
need to balance between import/export of two structurally
related substrates, which mounting evidence suggests is
achieved bgf a more complex membrane transport para-
digm. 12252

Raymond and co-workers performed stable isotope feeding
studies with Ga(IlI) and Cr(IIl) siderophore complexes in
model Gram-negative (Escherichia coli and Aeromonas hydro-
phila) and Gram-positive (Bacillus cereus) organisms that
proved inconsistent with the canonical one-site binding and
transport model for vitamin Bj,.'”*> A follow-up study in
Gram-positive bacteria demonstrated that recombinant
variants of a soluble truncated SBP from B. cereus (YxeB)
can directly promote the non-reductive exchange of ferric iron
between hydroxamate siderophores.”® Two working models for
siderophore-mediated iron transport were proposed by
Raymond and co-workers based on findings from these
seminal studies (Figure 1). In the first model, referred to as
the Raymond siderophore displacement model (Figure 1a),”® a
metal-free siderophore initially bound to an OMR or SBP is
“displaced” by a ferric siderophore that gains cell entry. This
model fails to account for the likely scenario that metal-free
siderophore concentration will be much higher than ferric
siderophore concentration; thus, the SBP binding equilibrium
will be dominated by metal-free siderophore under normal
circumstances. In the second model, referred to as the
Raymond iron shuttle model (Figure 1b),*° ferric iron is
“shuttled” from a ferric siderophore complex to a metal-free
siderophore that ultimately gains cell entry. This model
accounts for the higher concentration of metal-free sidero-
phore dominating the SBP binding equilibrium but presents a
new problem in that low ferric siderophore concentrations will
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Figure 1. Schematic representation of the (a) Raymond siderophore
displacement, (b) Raymond iron shuttle, and (c) revised Raymond
iron shuttle (this work) models for siderophore-mediated iron import
in Gram-positive bacteria. Siderophore displacement (a) is presum-
ably only favored when the concentration of ferric siderophore is
greater than metal-free siderophore, which is predicted to be a rare
scenario. The original Raymond iron shuttle presumably requires a
higher concentration of metal-free siderophore than ferric sidero-
phore, which is common, but requires a rare chance encounter
between both metal-free and ferric siderophores at the SBP. In this
work, we present a revised model for the Raymond iron shuttle where
SBPs catalyze the exchange of ferric iron from human transferrin, a
more commonly encountered host iron source, to a bound
siderophore cofactor. LM, lipid membrane; CP, cytoplasm; SBP,
siderophore-binding protein.

lead to a highly improbable encounter of both metal-free and
ferric siderophores at the site of SBPs. The deficiencies of these
two models presents a knowledge gap leading to the following
question: What is the biological source of host iron? To fill this
knowledge gap we considered the possibility that ferric
transferrin, a common host iron source present during
infections, could serve as the iron source where the SBP
catalyzes iron exchange to the bound siderophore (Figure 1c).

At first, the benefit of employing an “iron shuttle” is not
entirely clear until considering the biological source of iron; in
this case, human transferrin. The direct exchange of iron
between biological sources, such as transferrin (log Kg, ~ 22;
25 °C),”” and high-affinity siderophores (log Kg, ~ 32; 25
°C)’ is predicted to be thermodynamically favorable (Koq ~
10'), but exceedingly slow at neutral pH (t,, ~ weeks).”* On
the contrary, under acidic conditions (pH < 6.7), such as those
at sites of advanced infection and inflammation, transferrin will
readily lose iron that can be directly sequestered by
siderophore present at the infection site.”>*” Hence, there is
a need for additional factors to provide a meaningful kinetic
advantage for siderophore-mediated iron acquisition at the
earliest stages of infection at neutral pH when nutrients are
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Figure 2. Siderophore-binding proteins (SBPs) catalyze the exchange of ferric iron from human transferrin to a siderophore cofactor. (a) General
reaction scheme for the use of desferrioxamine-2-(4-nitro-2,1,3-benzoxadiazol-7-yl) conjugate (DFO-NBD) as a “turn off” fluorescent iron sensing
probe that quenches upon chelation of iron(III). (b) Graph depicting relative fluorescence emission quenching of 2 yM DFO-NBD (Aciation = 475
nm; Agpigsion = 565 nm) in the time domain using no SBP, 100 nM FhuD2, or 100 nM YxeB and 4 M ferric human transferrin as the iron source.
(c) Graph depicting the percentage change in the relative fluorescence emission of DFO-NBD (Aexcitation = 475 N Aepission = 565 nm) after 15 min
of incubation with 100 nM SBP (FhuD2 or YxeB) and 4 uM ferric iron source (FOB, FOE, or transferrin) relative to a control reaction with no
added SBP. (d) Michaelis—Menten plot with apparent steady-state kinetic parameters for the exchange of ferric iron from variable transferrin to
constant DFO-NBD (2 yM) catalyzed by 100 nM SBP (FhuD2 or YxeB). Error bars in all panels represent standard deviations for at least two

independent trials.

scarce; this is a role filled by catalytic SBPs. Here, we
demonstrate that metal-free siderophores serve as cofactors for
SBPs, referred to from this point forward as holo-SBPs, to
impart “ferrichelatase” activity to the otherwise non-catalytic
SBPs. Siderophore-loaded holo-SBPs can rapidly extract ferric
iron from biological sources at neutral pH, including human
holo-transferrin, resulting in a non-reductive ferric iron
exchange to the bound siderophore that presumably gains
cell entry via the associated membrane permease. The
concentration of extracellular metal-free siderophores far
exceeds that of ferric siderophores shifting the binding
equilibrium of SBPs toward the metal-free siderophore to
seemingly prevent direct import of extracellular ferric sidero-
phores. Our revised model accounts for this apparent
contradiction in the membrane transport paradigm where the
terric siderophore complex is formed directly by the holo-SBP
acting as a single-turnover catalyst that is regenerated by
cofactor replacement from the extracellular pool of metal-free
siderophores following import of the ferric siderophore.

In this work, we describe a fluorescence quenching assay for
measuring steady-state iron exchange kinetics catalyzed by
SBPs using a fluorescent siderophore probe. We probe the
mechanistic basis of SBP-catalyzed iron exchange using a
variety of linear and macrocyclic siderophore substrates and
site-directed mutagenesis of amino acid residues in the SBP
binding calyx. We establish that human ferric holo-transferrin
interacts directly with bacterial SBPs and serves as an eflicient
iron-donating substrate for the non-reductive siderophore-
dependent “iron shuttle” under neutral conditions. We have
thus reimagined the Raymond iron shuttle model (Figure 1b,c)
and further validated the occurrence of the Raymond
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siderophore displacement (Figure la) membrane transport
paradigms in vitro by establishing the surprising multifaceted
roles of the SBP and siderophore as catalyst/receptor and
cofactor/transport substrate, respectively. We propose a new
name for this class of catalytic SBPs—“siderophore-dependent
ferrichelatases”.

B RESULTS AND DISCUSSION

Model SBP Systems from Gram-Positive Pathogens.
In Gram-positive bacteria, SBPs are exported across the
cytoplasmic membrane and anchored to the extracellular face
of the lipid membrane where they are free to associate with an
ABC-type membrane permease.” The original “iron shuttle”
and “siderophore displacement” models proposed by Raymond
were based on studies involving a truncated SBP from B. cereus,
YxeB, lacking the peptide signal sequence.””*® YxeB is part of
the ferric hydroxamate siderophore uptake (Fhu) system
including the permease that enables B. cereus and related
species to scavenge hydroxamate xenosiderophores from local
environments.”” A homologous Fhu system exists in many
Gram-positive bacteria, including human pathogenic Staph-
ylococcus aureus.”>> We sought to validate these siderophore
transport models using YxeB as in the Raymond studies and
extend the findings to a homologous SBP, FhuD2, in the
human pathogen S. aureus.

Pathogenic strains of S. aureus typically produce the
endogenous siderophores staph(?rloferrin A/B and the general
metallophore staphylopine.”” >° The biosynthetic genes and
associated transport genes for the staphyloferrins and staphylo-
pine have been invest{gated biochemically and implicated in
pathogen virulence.”’ =" Curiously, genes associated with the
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Table 1. Apparent Binding Affinities and Kinetic Parameters” for YxeB, FhuD2, and Variants

app Ky (nM)

SBP app K,, (nM) app ke (s7) app ke/Ky, (x10° M7! s71) transferrin DFOB FOB FOE
YxeB 40 £ 10 0.5 + 0.02 10+£3 100 + 40 30 +£ 20 50 + 30 30+£9
FhuD2 S50 + 10 0.4 + 0.02 8 +02 70 £ 30 90 + 10 30£6 S0£6
Y256F 150 + 30 0.4 + 0.01 2+0.S5 70 + 9 80 + 30 60 + 10 40 + 20
Y106F 80 + 10 0.3 + 0.01 4+0.5 100 + 10 80 + 20 40 + 8 80 £+ 10
R175A 220 + S0 0.3 + 0.02 1+03 110 + 30 40 £ 9 30+£9 S50 + 20
W2SSA 350 £ 110 0.3 + 0.02 0.6 + 0.2 110 + 80 60 + 20 60 + SO 30+9
Y254F 40 £ 10 0.2 + 0.01 6 + 0.8 90 + 20 50 + 10 10+ 2 20+ 3
Y167F 50 + 20 02 + 0.01 3+1 80 + 20 60 + 9 40 + 6 30+3
Y169F S50 + 20 0.1 £ 0.01 2+1 110 + 20 70 = 10 40 +9 20£2
WI173A S0 £ 10 0.03 + 0.002 09 + 0.1 140 + 30 100 + 50 60 + 8 90 + 30

“All error values represent standard deviations for at least two independent trials.

Fhu xenosiderophore transport system (FhuABCDI1D2) are
also required for full pathogen virulence despite lacking
associated biosynthetic genes to ensure the hydroxamate
substrates will be present during infection.”"*>** This led us to
hypothesize that there might be additional roles for the Fhu
gene products in pathogen virulence. This hypothesis is
supported by the observation that antibodies targeting the SBP
FhuD2 are protective against S. aureus infections; a finding that
led Novartis to develop vaccine candidates for MRSA based on
FhuD2-targeting antibodies.”’ Interestingly, there are two
SBPs in the Fhu operon—FhuD1 and FhuD2. Knockout
studies proved that FhuD2, but not FhuD], is required for
pathogen virulence in vivo suggesting that FhuD?2 is the only
functional SBP.**~* Furthermore, the appearance of sponta-
neous resistance to salmycin, a natural ferrioxamine antibiotic
conjugate from Streptomyces violaceus, arises from mutations in
the fhud2 gene resulting in truncation or transcriptional
disruption of FhuD2, leaving FhuD1 unchanged.***” Collec-
tively, these findings suggest that FhuD1 is not a functional
substitute for FhuD2.* Hence, we focused on elucidating the
role of FhuD2 in the “iron shuttle” and “siderophore
displacement” paradigms.

Development of a Fluorescent Probe for Measuring
Fe Exchange. In order to study the siderophore “iron shuttle”
model, we developed a kinetic assay for measuring the rates of
iron exchange between two ligands. Classically, this type of
assay has been achieved via competitive chelation experiments
using optical absorbance or fluorescence-based approaches
when the two chelators have unique spectral properties.”***’
Here, an analytical method was needed to distinguish between
two ferrioxamine siderophore chelators, which have no
inherent fluorescence and identical optical absorbance spectral
properties (Figure S1). Thus, we leveraged a previously
described fluorescent ferrioxamine siderophore derivative, 7-
nitrobenz-2-oxa-1,3-diazole-desferrioxamine B (DFO-NBD),
originally developed to monitor iron distribution in plants.
The fluorescence of DFO-NBD was reported to rapidly
quench upon chelation of ferric iron.”” We envisioned using
this fluorescence quenching property of DFO-NBD as a “turn-
off” fluorescent probe against a variety of iron donor molecules
(ferric siderophore and transferrin complexes) in the presence
or absence of SBPs (FhuD2 and YxeB), the putative
“ferrichelatases” catalyzing iron exchange (Figure 2a).

The DFO-NBD conjugate was easily prepared via
nucleophilic aromatic substitution of 4-chloro-7-nitrobenz-2-
oxa-1,3-diazole (NBD-Cl) by the free desferrioxamine B
(DFOB) primary amine under mildly basic conditions (Figure

496

$2).>° As expected, DFO-NBD formed a 1:1 complex with
ferric iron (FO-NBD; apparent log Kz, = 30.8 + 0.3) with
similar apparent stability as the ferric complex (FOB; apparent
log Kz, = 303 + 0.4) derived from the parent DFOB
siderophore (Figure S3). The fluorescence emission spectrum
of DFO-NBD produced a distinct band spanning ~540—580
nm (Aemission = 560 nm), corresponding to excitation at 475 nm
(Aexcitation) (Figure S4). As previously reported,”® the
fluorescence emission was quenched by addition of FeCl;
and analysis of the titration curve was consistent with the
formation of a 1:1 siderophore:iron(IlI) complex. We next
introduced a variety of iron donors and monitored this
fluorescence quenching in the time domain for kinetic
measurements.

Development of a Kinetic Fe Exchange Assay. With a
functional chemical probe for measuring iron exchange in
hand, we investigated the ability of SBPs to enhance the
relative rate for iron exchange from a ferric iron donor
substrate to the DFO-NBD fluorescent probe. We expressed
and purified truncated variants of the ferric hydroxamate SBPs
YxeB and FhuD2 from B. subtilis and S. aureus, respectively,
that replace the N-terminal signal peptide sequence with an N-
terminal hexahistidine motif (Figure S5; Tables SI and
$2).>"* We used an intrinsic Trp fluorescence quenching
binding assay to confirm that both DFO-NBD and FO-NBD
bind to FhuD2 and YxeB with nanomolar affinity (Table 1,
Figure S6). The fluorescence emission response of DFO-NBD
was linear in the concentration ranges used in iron exchange
assays (Figure S7a). The fluorescence emission of DFO-NBD
was somewhat enhanced in the presence of SBPs (Figure S7b).
We chose the linear trihydroxamate siderophore ferrioxamine
B (FOB), the macrocyclic trihydroxamate siderophore ferri-
oxamine E (FOE), and human holo-transferrin (holo-Tf) as
ferric iron donor substrates (Figure S1). We confirmed by
intrinsic Trp fluorescence quenching that all ferric sidero-
phores, metal-free siderophores, and holo-Tf were bound by
FhuD2 and YxeB with nanomolar affinity (Table 1, Figure S6).

The basic idea for measuring iron exchange kinetics was to
bias the equilibrium by starting with 100% of the ferric iron
complexed with the donor substrate in the presence or absence
of SBP (Figure 2a). The reaction was then initiated by addition
of the probe DFO-NBD with continuous monitoring of
fluorescence emission (Aeitation = 475 NM; Aenission = 560 nm),
which decays over time with exchange of ferric iron from the
donor substrate to DFO-NBD forming metal-free substrate
and FO-NBD (Figure 2b). Fluorescence quenching data at a
given time point was interpreted as the percentage change in

https://dx.doi.org/10.1021/acscentsci.9b01257
ACS Cent. Sci. 2020, 6, 493—506


http://pubs.acs.org/doi/suppl/10.1021/acscentsci.9b01257/suppl_file/oc9b01257_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acscentsci.9b01257/suppl_file/oc9b01257_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acscentsci.9b01257/suppl_file/oc9b01257_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acscentsci.9b01257/suppl_file/oc9b01257_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acscentsci.9b01257/suppl_file/oc9b01257_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acscentsci.9b01257/suppl_file/oc9b01257_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acscentsci.9b01257/suppl_file/oc9b01257_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acscentsci.9b01257/suppl_file/oc9b01257_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acscentsci.9b01257/suppl_file/oc9b01257_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acscentsci.9b01257/suppl_file/oc9b01257_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acscentsci.9b01257/suppl_file/oc9b01257_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acscentsci.9b01257/suppl_file/oc9b01257_si_001.pdf
http://pubs.acs.org/journal/acscii?ref=pdf
https://dx.doi.org/10.1021/acscentsci.9b01257?ref=pdf

ACS Central Science

http://pubs.acs.org/journal/acscii

Research Article

fluorescence relative to a control sample lacking a ferric iron
donor substrate and containing DFO-NBD and SBP at the
concentrations specified for a given experiment (Figure 2c). As
the reaction progresses, back exchange of ferric iron from FO-
NBD to metal-free substrate and homo exchange to DFO-
NBD gave the appearance of feedback inhibition. Since the
initial equilibrium was biased with 100% ferric donor substrate,
we assumed that initial rates represented steady-state kinetics
for iron exchange to DFO-NBD (Figure 2d). We optimized
the assay for the concentrations of SBP (100 nM) and
substrates (low M) to reflect biologically relevant concen-
trations without oversaturation (Figures S7 and S8). We used
this kinetic assay to determine if SBPs are true catalysts that
shuttle ferric iron from a donor substrate to a bound metal-free
siderophore.

SBPs Are Siderophore-Dependent Ferrichelatases.
According to the nomenclature proposed by Berntsson et
al,> SBPs belong to the type IIA subgroup of substrate-
binding protein superfamily. This class of SBPs are exclusively
associated with ABC permeases with a cradle-like structure
formed between the N- and C-terminal globular domains
joined by a rigid a-helix. The region between the two globular
domains forms a distinct hydrophobic binding calyx with
conserved residues that form hydrogen-bonding contacts with
the oxophilic hydroxamate, catecholate, and a-hydroxycarbox-
ylate ligands found in most siderophore scaffolds.”* SBPs bind
siderophores and associate with membrane permeases to
facilitate siderophore translocation.'”**** Catalytic roles for
SBPs have largely been overlooked although the emergence of
catalysis has been well documented for related substrate-
binding proteins including chalcone isomerase® and cyclo-
hexene dehydratase,”® which both catalyze first-order isomer-
ization reactions using a single binding site for stabilizing the
reaction transition state. We hypothesized that the SBPs
FhuD2 and YxeB might have similarly emerged as iron transfer
catalysts via a single-binding site model where siderophore
binding pre-organizes hydroxamate ligands to receive ferric
iron from a donor substrate; this is analogous to the classic
“ferrochelatase” activity where ferrous iron is non-reductively
transferred to a bound heme cofactor.”’ ™" Here, the terms
“ferrochelatase” and “ferrichelatase” refer to enzymes that
insert ferrous or ferric iron, respectively, into a ligand by
catalyzing ligand exchange without oxidation or reduction of
the metal center.

By the principle of microscopic reversibility, SBPs with
ferrichelatase activity should catalyze the forward and reverse
reactions of iron exchange to establish equilibrium between
two siderophores where the equilibrium constant is deter-
mined by the apparent iron affinity constants of each
siderophore. We probed the ability of FhuD2 and YxeB to
catalyze this type of iron exchange using linear (FOB) and
macrocyclic (FOE) siderophore donors of ferric iron. Use of
linear FOB as ferric iron donor provided up to 10% relative
fluorescence quenching of DFO-NBD in the presence of SBPs,
while macrocyclic FOE had the opposite effect of increasing
relative fluorescence up to 10% compared to the no SBP
control (Figures 2c, S9, and S10). We attributed this to the
ability of linear FOB to serve as a donor of ferric iron, while
macrocyclic FOE was unable to serve as an iron donor. We
found this to be a general trend also observed for the related
linear and macrocyclic ferric siderophore complexes danox-
amine (DanFe) and danoxamine macrolactone (DanMFe)
(Figures S11—S13). For linear siderophore iron donors, the
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relative rate of iron exchange was dependent on time and the
concentration of both substrates and SBP, consistent with a
steady-state model for ferrichelatase activity (Figure S8).

Linear, but Not Macrocyclic, Siderophores Are Iron
Donors. The SBP-catalyzed exchange of iron between
siderophores was independent of the apparent binding affinity
for ferric iron (log Kp,). FO-NBD is a linear siderophore with
an apparent log Kg, (30.8 + 0.3) similar to FOB (30.3 + 0.4)
and greater than DanFe (27.8 =+ 0.3);"' both are linear
siderophores that serve as iron donor substrates for FhuD2 and
YxeB (Figures 2c, S11—S13). This observation supports a
kinetic role for the SBP in speeding up the rate of iron
exchange, which is exceedingly slow in the absence of SBP.
Similarly, the failure of macrocyclic siderophores, FOE (log K,
=32.4 + 0.1) and DanMFe (log K¢, = 25.4 + 0.1),>" to serve
as iron donors was independent of apparent iron affinity. Given
that metal-free siderophores are predicted to be at a much
higher concentration than ferric siderophores, which inhibits
SBP ferrichelatase activity, we considered the possibility that
direct iron exchange between siderophores might not be a
biologically relevant iron shuttle. Therefore, we turned our
attention to more biologically relevant iron donor substrates
such as human holo-Tf, which is overproduced at the site of
infection.”*

Human Holo-Transferrin Is an Efficient Iron Donor.
When using holo-Tf as the ferric iron donor substrate for the
DFO-NBD/SBP iron exchange assay we observed a more
pronounced fluorescence quenching effect compared to
sideropohore iron donors with up to 35% fluorescence
quenching relative to a control lacking SBPs (Figures 2d and
S14). The iron exchange was dependent on the concentrations
of holo-Tf, SBPs, and DFO-NBD consistent with fluorescence
quenching by formation of FO-NBD resulting from ferri-
chelatase activity of SBPs (Figures S8 and S14). We also
prepared an untagged version of FhuD2 to demonstrate that
the N-terminal-His tag was not responsible for promoting the
iron exchange. Cleavage of the tag with thrombin provided the
untagged FhuD2 in high purity (Figure S15a). Evaluation of
the untagged and Hisg-tagged FhuD2 variants using 4 yM holo-
Tf and 2 yuM DFO-NBD gave nearly identical fluorescence
decay plots (Figure S15b). Under the same conditions, we also
measured the fluorescence decay promoted by 100 nM N-His,-
tagged FhuD2 in the presence of S0 nM NiCl, to presumably
form the 2:1 Hiss-Ni(II) complex of FhuD2 and observed very
similar plots as experiments lacking Ni. Given that carbonate is
the accepted biological ligand for the ferric center of
transferrin,”® we showed that 25 mM NaHCO; had no
apparent effect on the FhuD2-catalyzed exchange of iron from
holo-Tf to DFO-NBD (Figure S15c). We next determined
Michaelis—Menten steady-state kinetic parameters for FhuD2
and YxeB under saturating DFO-NBD and variable holo-Tf.
Both FhuD2 and YxeB produced similar apparent K, values
for holo-Tf of 53 + 13 and 38 + 8 nM, respectively, and
apparent k., values (~0.4 s™') resulting in similar overall
catalytic efficiencies (Figure 2d). The apparent K,, values were
consistent with the apparent Ky values measured via intrinsic
tryptophan fluorescence quenching, 70 + 30 and 100 + 40
nM, respectively (Table 1, Figure S6). Both methods suggest
that FhuD2 and YxeB interact with holo-Tf at nanomolar
concentrations. The nature of this binding interaction remains
unclear, but seems to be transient in nature since pull-down
experiments have failed to reveal stable SBP—Tf complexes. In
the related maltose binding protein system, ligand binding and
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Figure 3. Ferrioxamine siderophores (FOB, FOE, and FONBD) bind reversibly and competitively to resin-immobilized FhuD2 and YxeB
Siderophore binding proteins from S. aureus and B. subtilis, respectively. N-Hise-FhuD2 (a) or N-Hise-YxeB (b) was immobilized on Ni-NTA resin
and loaded with a mixture of siderophores [Fe(Sid1)] (FOB, FOE, and FONBD), washed with phosphate buffer, and eluted with [Fe(Sid2)]
(SFOB). Column elutions were analyzed by LC-MS for each siderophore component in the load [Fe(Sid1)] (m/z = 614, 654, and 777 for FOB,
FOE, and FONBD [M+H]" ions, respectively). Extracted ion chromatograms (EIC) are shown for FOB, FOE, and FONBD. EICs are

representative for at least two independent trials.

protein molecular crowders were both shown to favor the
closed conformation, which might also play a role here in Tf-
binding.”” We further probed the nature of the SBP—Tf
interaction by dissecting the role of siderophores as required
cofactors for SBP ferrichelatase activity.

Siderophores Are Cofactors and Transport Sub-
strates. In our model of the siderophore iron shuttle, the
siderophores serve a dual purpose as cofactor for a SBP
ferrichelatase and transport substrate for an associated ABC
permease (Figure 1c). Reversible siderophore binding is key
for achieving this dual role. We validated that FhuD2 and YxeB
bind reversibly to the linear (FO-NBD and FOB) and
macrocyclic ferric siderophores (FOE) using affinity chroma-
tography.”” The N-Hisg-tagged SBPs were immobilized on Ni-
NTA resin and loaded with an equimolar mixture of FO-NBD,
FOB, and FOE (Figure 3). Treatment of the SBP resin with a
fourth ferric siderophore, succinylferrioxamine B (SFOB),
resulted in the release of all three bound siderophores as
detected by LC-MS. According to this reversible binding
model, there will be a competition for SBP binding in the
extracellular space between metal-free and ferric siderophores.
Since the concentration of metal-free siderophore is antici-
pated to be much greater than ferric siderophores, the binding
equilibrium will favor the metal-free siderophore. It is unclear if
metal-free siderophores are readily transported into cells, but
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there is clear evidence that metal-free siderophores can
compete with ferric siderophores for cell entry via SBP-
associated pathways.”"*” Presumably, there will be a gating
mechanism at play by the ABC permease that enables selective
import of ferric siderophores over metal-free sidero-
phores.'”**** Thus, we propose that metal-free siderophores
will stay bound to SBPs displayed on the cell surface, acting as
cofactors for the now holo-SBPs to impart ferrichelatase activity
that enables the stripping of iron from biological sources of
ferric iron including holo-Tft.

To further support this model, we performed iron exchange
assays with FhuD2 between holo-Tf and DFO-NBD in the
presence of increasing concentrations of a competing metal-
free siderophore DFOB (Figures 4a and S16). Increasing
concentrations of DFOB were inhibitory toward the time- and
FhuD2-dependent quenching of DFO-NBD fluorescence.
Competing DFOB can displace DFO-NBD from FhuD2 and
serve as the siderophore cofactor and acceptor of ferric iron
from holo-Tf; thus, blocking the formation of FO-NBD and
associated quenching of DFO-NBD fluorescence. We con-
firmed that DFOB can serve as the iron acceptor using LC-MS.
Analysis of the iron exchange assay between DFOB and holo-
Tf catalyzed by FhuD2 by LC-MS revealed an order of
magnitude increase in ion counts for FOB relative to a control
reaction lacking FhuD2 (Figures 4b and S16). This LC-MS
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Figure 4. Macrocyclic siderophores can accept, but not donate, ferric iron during SBP-catalyzed exchanges. (a) Graph depicts the relative
fluorescence emission quenching of 2 yM DFO-NBD (Aexcitation = 475 DM Aemigsion = 565 nm) after 60 min of incubation with 100 nM FhuD2, 2
UM ferric transferrin, and variable concentrations of competing DFOB (0—4 uM). (b) Graph depicts the log of extracted ion counts (EICs) for
[Fe(Sid)] complexes, FOB or FOE, after treatment of S0 uM DFOB or FOE, respectively, with SO uM ferric transferrin without or with 10 uM
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method confirms that our fluorescence-based assay for iron
exchange using DFO-NBD is a valid method to quantify SBP
terrichelatase activity.

Macrocyclic Siderophores Are Iron Acceptors. Results
from the LC-MS studies inspired us to reconsider the role of
macrocyclic siderophores in the bacterial iron shuttle. Given
that macrocyclic siderophores cannot serve as iron donors, we
hypothesized that macrocyclic siderophores can only serve as
the iron acceptor. An exclusive role as iron acceptor fits our
model for SBPs as siderophore-dependent ferrichelatases and
makes sense given that metalloproteins such as holo-Tf are
more prevalent than ferric siderophores during early stages of
infection.” Indeed, macrocyclic DFOE was able to serve as a
ferric iron recipient from donor holo-Tf in the FhuD2-
catalyzed iron exchange reaction at neutral pH. Similar to
the outcomes of reactions with linear DFOB as the iron
acceptor, LC-MS analysis of the reaction mixture indicated an
order of magnitude greater ion counts for macrocyclic FOE
compared to reactions lacking the FhuD2 ferrichelatase
(Figures 4b and S17). Enhanced ligand pre-organization and
rigidity give macrocyclic siderophores higher relative log K,
values than linear counterparts providing more thermodynamic
driving force for the SBP-catalyzed iron exchange from holo-Tf.
This gives credence to the large number of macrocyclic
siderophores and other siderophore scaffolds that efficiently
pre-organize sets of the multidentate ligands to chelate ferric
iron.
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The ability of SBPs such as FhuD2 and YxeB to utilize a
wide range of xenosiderophores as cofactors and transport
substrates seems like a positive evolutionary trait since
microbes can never be sure of xenosiderophore availability in
a given environment,**"%! Hydroxamates are common
chelating groups in siderophores; thus, it is beneficial to
express xenosiderophore utilization pathways for this ubiq-
uitous class of metabolites.” Indeed, hydroxamate siderophore
production occurs within the human microbiome providing
the SBP cofactor to both commensals and pathogens.” The
hydrophobic binding calyx and high degree of inherent
conformational flexibility enables SBPs to bind structurally
diverse siderophores.’”>"***>% SBPs adopt “closed” and
“open” conformational states associated with docking to the
permease and release of substrate during import, respec-
tively.">*'~>* The dynamic conformational flexibility of SBPs
might influence the kinetic and thermodynamic stability of a
bound ferric siderophore complex.”®** Flexible linear sidero-
phore ferric iron complexes are predicted to be more strongly
influenced by SBP conformational dynamics than more rigid
macrocyclic siderophores. This hypothesis is consistent with
our observation that linear siderophores can serve as iron
donors and acceptors while macrocyclic siderophores can only
serve as acceptors.

To test the thermodynamic aspect of our hypothesis, we
measured the apparent thermodynamic ferric iron stability
constant (log Kg,) of linear FOB and macrocyclic FOE while
in a 1:1 stoichiometric complex with FhuD2. The FOB:FhuD2
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Figure S. Mutational scanning of FhuD2 reveals active site residues involved in substrate binding and catalysis. (a) Active site residues in FhuD2
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(100 nM) reveals saturation kinetics for ferric transferrin and apparent changes in v, for the exchange of ferric iron to 2 M DFO-NBD. (c)
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least two independent trials. (d) Stacked-state model of the transition from “open” (dark, opaque residues) to “closed” (transparent residues) for
FhuD2 highlighting residue dynamics. Panels (e) and (f) show surface models for FhuD2 in the (e) “closed” and (f) “open” states revealing a cleft
from the movement of Y167, Y169, and W173. Images in panels (a) and (d)—(f) were generated using PyMOL v2.2 (Schrddinger, Inc.). The
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from PDB entries 4fil and 4fna, respectively. Error bars in panel (b) represent standard deviations for at least two independent trials.

complex produced an apparent log K, value (28.5 + 0.1) that YxeB is mostly lined with hydrophobic aromatic residues (Trp,
was 2 orders of magnitude lower than the parent FOB without Tyr, Phe). Crystal structures of FhuD2 bound to FOB show
FhuD2 present (30.3 + 0.4) (Figure 4c). We observed the that conserved residues including Trp173 and Argl75 make

same trend for the linear siderophore DanFe (Figure S18). hydrogen-bonding interactions with two of the three
Notably, the FOE:FhuD2 complex gave the same apparent hydroxamate ligands in the octahedral coordination sphere of
log K, value (31.6 + 0.7) as the parent FOE without FhuD2 the ferric iron center.”> No direct interaction between FhuD2

present (32.4 = 0.1) within the margin of error (Figure 4d).
These observations suggest that ferric iron complexes derived distinguishes FhuD2 and related SBPs from known ferric iron
from flexible linear ferrioxamine siderophores are destabilized binding proteins (FBPs) 5465 However. a related SBP. CeuE
within the binding calyx of SBPs, while rigid macrocyclic ' ’
siderophores are unaffected. This is consistent with the
hypothesis that conformational flexibility of SBPs can be
transferred to flexible ligands, which has been demonstrated
discretely for a variety of enzymes that employ substrate
conformational control to stabilize reaction transition states

residues and the ferric metal center have been observed, which

from Campylobacter jejuni, has been shown to partially fill the
octahedral ferric iron coordination sphere of some bis- and
mono-catecholate ferric iron siderophore complexes using Tyr
and His donating ligands.”° We could measure apparent FeCl,
binding affinities of 56 + 8 nM and 115 + 55 nM for FhuD2

(Figure $19).°>% Notably, the apparent log K, of both linear and YxeB, respectively, but the formation of a stable or
and macrocyclic siderophores when bound to FhuD2 remain transient SBP-iron(III) needs further validation (Figure S6).
higher than that of holo-Tf ensuring favorable thermodynamics This led us to pursue site-directed mutagenesis of FhuD2 in
for the iron shuttle. order to identify calyx residues that are potentially involved in

Calyx Residues Are Required for Cofactor Binding siderophore binding, metal binding, and the chemical steps of

and Catalysis. The siderophore binding calyx in FhuD2 and iron exchange during catalysis.
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W2SS5 into the binding calyx releasing FOB into the permease transmembrane helix cavity. (f) Hydrolysis of ATP to ADP and P; by the ATPase
domain drives FOB import to the cytoplasm. The ferric transferrin chelation model is based on the X-ray crystal structure of the N-terminal lobe of
human serum transferrin with a bound carbonate ligand (PDB 1a8e). Calyx residue placement and numbering is based on the X-ray crystal
structures of FhuD2 bound to FOB in the “closed” conformation (PDB 4fil) and apo-FhuD2 (PDB 4fna).

Previous whole cell studies of FhuD2 mutations in S. aureus
growth assays revealed some calyx residues that might be
involved in siderophore utilization.” We analyzed these
residues in reference to the published X-ray structure of the
“closed” FhuD2 conformation bound to FOB (Figure Se) and
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the published NMR structure of apo-FhuD2 in the “open”
conformation (Figure Sf) to identify residues in the binding
calyx close to FOB and residues that undergo large
conformational changes in the transition between “open” and
“closed” states.”> We hypothesized that such residues might be

https://dx.doi.org/10.1021/acscentsci.9b01257
ACS Cent. Sci. 2020, 6, 493-506


https://pubs.acs.org/doi/10.1021/acscentsci.9b01257?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acscentsci.9b01257?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acscentsci.9b01257?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acscentsci.9b01257?fig=fig6&ref=pdf
http://pubs.acs.org/journal/acscii?ref=pdf
https://dx.doi.org/10.1021/acscentsci.9b01257?ref=pdf

ACS Central Science

http://pubs.acs.org/journal/acscii

Research Article

involved in siderophore binding, Tf binding, and transition-
state stabilization for the iron exchange reaction. In total we
pursued 8 point mutations for FhuD2 (Y2S56F, Y106F, R175A,
W25SA, Y254F, Y167F, Y169F, W173A) where Tyr residues
were mutated to Phe and Arg/Trp residues were mutated to
Ala (Figures Sa,d and S20; Tables S1 and S2). We evaluated
the FhuD2 mutants for siderophore binding affinity (apparent
Ky Table 1 and Figure S21), iron exchange with holo-Tf
(Figures Sb and Figure S22), and siderophore displacement
from immobilized FhuD2 (Figure Sc).

Intrinsic Trp fluorescence quenching suggested that all of
the FhuD2 mutants were able to bind holo-Tf, DFOB, FOB,
and FOE with nanomolar affinity resulting in apparent Kj
values within the margin of error for wild-type FhuD2 (Table 1
and Figure S21). This was a surprising result, but further
evaluation of the FhuD2 mutants in iron exchange and
siderophore placement assays revealed some key differences in
the functional relevance of this binding. Evaluation of these
mutants in the siderophore displacement assay using
immobilized FhuD2 mutants revealed that mutation of Tyr
to Phe did not affect the efficiency of siderophore binding,
while the more dramatic mutations of Arg and Trp to Ala
reduced siderophore retention on the FhuD2 column. This
type of binding assay more accurately reflects the concen-
tration flux of a dynamic system and shows that W173, R175,
and W2S5 play an important role in stabilizing the complex
between FhuD2 and a siderophore ligand. Residues W173 and
R175 are largely conserved among SBPs (Figure $23) and are
known to form stabilizing hydrogen bonds with the
hydroxamate groups of bound ferric siderophores (Figure
5a).*»% The loss of siderophore retention in the immobilized
SBP binding study is consistent with disruption of these known
stabilizing interactions. The Tyr residues form the hydro-
phobic cavity of the binding calyx; this property is maintained
by mutation to hydrophobic Phe residues. The similar
siderophore binding properties of the Tyr-to-Phe FhuD2
mutants compared to wild-type FhuD2 is consistent with a
proposed role in maintaining a hydrophobic binding calyx
environment. Evaluation of the FhuD2 mutants in the kinetic
iron exchange assay using variable holo-Tf and saturating DFO-
NBD provided valuable insight into residues involved in Tf-
binding and iron shuttling steps, as reflected by apparent K
and k., values, respectively (Table 1 and Figure Sb). The
Y256F, Y106F, R175A, and W255A mutations had little effect
on apparent k,, but did have a general trend of increasing the
apparent K, value implying that these residues might be
involved in binding holo-Tf. A clear trend emerged for three
Tyr mutations (Y254F, Y167F, and Y169F) where the
apparent K, did not change relative to parent FhuD2, but
the apparent k,, was reduced, up to 4-fold, implying that these
residues might be involved in the iron exchange step. It is
noteworthy that the Y254F, Y167F, and Y169F were all
capable of binding the siderophore cofactor similarly to wild-
type FhuD2 suggesting that the Tyr hydroxyls might be
directly involved in the shuttling of ferric iron possibly via
transient metal coordination (Figure Sc).

The most profound effect on the apparent catalytic efficiency
of FhuD2 was observed for the W173A mutant. While W173A
proved critical for binding the siderophore cofactor, it appears
to have no effect on the binding of holo-Tf. However, the
W173A mutation significantly reduced the apparent k., by an
order of magnitude (0.03 + 0.002) relative to wild-type FhuD2
(0.4 + 0.02). Therefore, the effects of the W173A mutation on
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apparent k., are most likely associated with binding the
siderophore cofactor, which was proven to be compromised in
the siderophore displacement studies using immobilized
FhuD2 (Figure Sc). Y254, Y167, Y169, and WI173 are
among the most dynamic residues in terms of conformational
transition between the “open” and “closed” states (Figure
5d).”> We hypothesized that this conformational flexibility
could play a role in the metal stripping process, either by
facilitating direct displacement of Tf ligands in the ferric iron
coordination sphere by the siderophore hydroxamate ligands
or through ligand displacement and direct metal chelation by
the Tyr phenolates.

A General Ligand Exchange Mechanism Facilitates
Metal Shuttling. Results from the study of FhuD2 mutants in
both iron shuttling and siderophore displacement assays
guided our proposal of a general working mechanism for the
dual role of SBPs as ferrichelatase catalysts and permease-
associated binding proteins in Gram-positive bacteria (Figure
6). The stoichiometry of SBP:siderophore:Tf is not entirely
clear so we will assume 1:1 stoichiometry for all components
according to the model proposed for vitamin B, transport via
BtuCDEF."**'>* However, we do note there is precedent for
the association of more than one SBP with a given ABC
permease.” A structure of the SBP CeuE bound as a 2:2
iron:siderophore dimer has been reported.”® There is some
evidence of dimerization of FhuD2 in the solid-state crystal
packing, which could support involvement of dimers in the
iron shuttle. Furthermore, in P. aeruginosa there are two
interacting periplasmic binding proteins, FpvC and FpvF, that
associate with a single ABC permease, FpvED.” In this case,
FpvC is homologous to metal-binding proteins and FpvF is a
classic SBP which presents a scenario using two substrate-
binding proteins to facilitate possible metal exchange and
membrane translocation.®® Nonetheless, for FhuD2, YxeB, and
related SBPs, we will assume 1:1 stoichiometries for
SBP:siderophore and SBP:permease.

The resting state of surface-displayed lipid-anchored SBP is
bound to a metal-free siderophore, which is present at a much
higher concentration than ferric siderophores and predicted to
dominate the binding equilibrium (Figure 6a). Based on
functional studies of related systems, such as the vitamin B,
receptor/permease BtuCDF, the “open” SBP conformation is
proposed to be dissociated from the ABC permease.'””'~** In
the case of FhuD2 and related SBPs, the N-terminal domain
residue E73 and the C-terminal domain residue E206 are
conserved, required for function, and proposed to facilitate
favorable interactions with the permease when in the “closed”
conformation (Figures Sd and $23).°%” In FhuD2, the C-
terminal domain is more dynamic than the N-terminal domain
and most of the residues implicated in the iron exchange step
(Y254, Y167, Y169, and W173) are located in the C-terminal
domain.”> A nanomolar binding interaction between the SBP
and holo-Tf, presumably in the “open” conformation, orients
the ferric iron center for ligand exchange (Figure 6b). In holo-
Tf, the ferric iron is chelated by two Tyr residues (Y95, Y188),
one His residue (H249), and one Asp residue (D63) with a
single molecule of carbonate filling out the octahedral
coordination sphere.”*”® There are two metal binding sites
in Tf, so presumably the metal stripping takes place
independently at each site. The carbonate ligand is the most
labile from the iron center, so ligand exchange is proposed to
be achieved via displacement of carbonate and one of the
amino acid chelators (Asp displacement shown here) by the
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FhuD2 Tyr-triad (Y254, Y167, Y169) (Figure 6b). Interest-
ingly, FBPs in bacteria contain a ferric iron binding site
analogous to Tf where D63 is replaced by Glu suggesting that
this mechanism could extend to FpvCF in P. aeruginosa and
related organisms.”*%>%

We propose that a flexible, metal-free siderophore cofactor
might bind differently to the “open” and “closed” forms of
FhuD2. Such cases of cofactor plasticity are well documented
in diverse enzyme families, including the “wavin” flavin model
for class A flavin-dependent monooxygenases where the flavin
cofactor can adopt distinct “in” and “out” conformations.”'
Notably, cofactor plasticity has been implicated in the
mechanism of metal exchange catalyzed by ferrochelatases
involved in the metalation of heme cofactors with ferrous
iron.”’ " In the heme ferrochelatases, protein-induced
distortion of the porphoryin helps to preorganize the pyrrole
ligands to lower the transition-state barrier for metal transfer.
We hypothesize that a similar siderophore distortion
mechanism might be at play for the siderophore-dependent
terrichelatases, FhuD2 and YxeB, during insertion of ferric iron.
We showed that W173 plays an important role in siderophore
cofactor binding (Figure Sc), and we propose that this residue
also influences cofactor positioning. W173 is conserved among
SBPs and makes a stabilizing hydrogen bonding interaction
with the terminal N-acetyl hydroxamate of FOB (Figure
$23).°> Crumbliss and co-workers have shown that displace-
ment of the terminal hydroxamate ligand of linear trihydrox-
amate siderophores is the rate-determining step for ligand
exchange on a ferric iron complex, like peeling off a bandage.”
W173 also makes a dramatic conformational change in the
transition between “open” and “closed” forms, where a distinct
“open cleft” forms in the dynamic C-terminal domain. A metal-
free trihydroxamate siderophore could potentially bind in this
“cryptic” site (Figure Se,f).* Upon transition from “open” to
“closed” form the SBP could pre-orient the siderophore
cofactor to perform ligand displacement from a transient SBP-
Tf mixed ferric iron complex, resulting in the formation of a
ferric siderophore octahedral complex and release of apo-Tf
(Figure 6c¢). It is also conceivable that the entire iron exchange
reaction takes place from the SBP “closed” conformation with
direct ligand exchange from the holo-Tf ferric iron complex by
the siderophore hydroxamate ligands. After dissociation of apo-
Tf, the SBP bound to ferric iron siderophore complex is free to
associate with the membrane-embedded ABC permease while
in the “closed” conformation (Figure 6d).

A high degree of conformational flexibility in protein
scaffolds has been linked to the emergence of catalysis in
non-catalytic proteins.*>*® Protein dynamic motions have been
implicated in the transfer of conformational flexibility to the
bound substrate that can template evolutionary mutations in
the substrate-binding pocket leading to transition-state
stabilization for a given transformation resulting in the
emergence of catalysis. This has been demonstrated for
chalcone isomerases and cyclohexene dehydratases, which
evolved from two distinct families of non-catalytic, ancestral
substrate-binding proteins, namely, fatty acid binding proteins
and polar amino acid binding proteins, respectively.”*® We
have provided evidence to support that SBP calyx residues are
involved in substrate binding (Y256, Y106, R17S, and W25S),
siderophore cofactor binding (W173, R17S, and W25S), and
metal transfer (Y254, Y167, Y169, and W173); these residues
are largely conserved among SBPs (Figure S23). Two of these
residues, W255 and Y254, are located on a dynamic “hinge”
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region between the C-terminal and N-terminal globular
domains. Y254 undergoes a 180° conformational change
underneath the siderophore-binding site with the phenol
pointing back toward the C-terminal helix in the “closed”
conformation and in toward the siderophore-binding site in the
“open” conformation where it is well-positioned to assist in the
transfer of iron from holo-Tf to the bound siderophore cofactor
(Figure Sd). Similar Tyr dynamics have been implicated in the
shuttling of heme in Gram-positive bacteria.’>”> W255 forms
part of the hydrophobic surface of the siderophore-binding
pocket in the “closed” conformation and makes a “sweeping”
motion across the siderophore-binding pocket while transition-
ing to the “open” conformation where the indole side chain of
W255 partially occupies the binding calyx region. The
combined movements of Y254 and W255 might act to release
the ferric iron siderophore complex from the SBP pushing it
into the permease import channel to stimulate ATP hydrolysis
and import to the cytoplasm (Figure 6e). While many aspects
of the SBP/permease gating process are not fully appreciated,
there is some structural and functional evidence for the vitamin
B, BtuCDF system gathered from X-ray crystallography and
single molecule fluorescence studies, respectively, that support
an occluded state for the permease that opens the SBP to
release the transport substrate during the translocation
cycle.">*'~** Following siderophore translocation, the “open”
SBP can dissociate from the permease to reform holo-SBP via
cofactor replacement by binding a metal-free siderophore in
the extracellular space (Figure 6f).

B CONCLUSIONS

The underlying molecular mechanisms of metabolite trans-
location across bacterial membranes remain largely unexplored.
Substrate-binding proteins that interface with a membrane-
embedded permease are often assigned a non-catalytic role as
receptor in the import paradigm. Here we show that
siderophore-binding proteins in Gram-positive bacteria also
serve a catalytic role in a bacterial iron shuttle by acting as a
siderophore-dependent ferrichelatase to strip ferric iron from
holo-Tf, which is exceedingly slow at neutral pH in the absence
of a catalyst. Unlike FBPs like Tf and FpvC that directly
chelate ferric iron with His, Asp, Glu, and Tyr amino acid side
chains,”* here the siderophore cofactor provides the required
“teeth” to chelate ferric iron. This might be a general
phenomenon for surface exposed SBPs in Gram-positive
bacteria as there is some evidence in S. aureus that Hts, Sir,
and Sst enable the capture of iron released from human
transferrin by cognate siderophores staphyloferrin A, staph-
yloferrin B, and catecholamine.”” Catalytic SBPs might also
facilitate iron shuttles in Gram-negative bacteria periplasm as
acceptors of ferric iron from the “plug” domains of OMRs or
periplasmic FBPs.'>**” While there are dedicated pathways in
many pathogenic bacteria for the removal of iron from Tf,”*"
catalytic siderophore-dependent SBP ferrichelatases impart
greater versatility for stripping metals from diverse proteins in
the human metalloproteome. This new model supports
growing evidence for tissue-specialized roles of siderophores
and metallophores during infection to rectify the existence of
seemingly redundant pathways in pathogens.”® Insight
provided by this work will help guide the exploration of
SBPs as targets for the development of vaccines and
siderophore-based therapeutic and diagnostic agents.
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