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ABSTRACT: The interactions between two peptide ligands
[ A c 7 6 3 C C A A S T T G D C H 7 7 3 ( P 1 ) a n d
Ac743RRARSRVDIELLATRKSVSSCCAASTTGDCH773 (P2)] de-
rived from the cytoplasmic C-terminal region of Eschericha coli
FeoB protein and Fe(II), Mn(II), and Zn(II) ions were
investigated. The Feo system is regarded as the most important
bacterial Fe(II) acquisition system, being one of the key virulence
factors, especially in anaerobic conditions. Located in the inner
membrane of Gram-negative bacteria, FeoB protein transports
Fe(II) from the periplasm to the cytoplasm. Despite its crucial role
in bacterial pathogenicity, the mechanism in which the metal ion is
trafficked through the membrane is not yet elucidated. In the
gammaproteobacteria class, the cytoplasmic C-terminal part of
FeoB contains conserved cysteine, histidine, and glutamic and aspartic acid residues, which could play a vital role in Fe(II) binding in
the cytoplasm, receiving the metal ion from the transmembrane helices. In this work, we characterized the complexes formed
between the whole cytosolic C-terminal sequence of E. coli FeoB (P2) and its key polycysteine region (P1) with Fe(II), Mn(II), and
Zn(II) ions, exploring the specificity of the C-terminal region of FeoB. With the help of a variety of potentiometric, spectroscopic
(electron paramagnetic resonance and NMR), and spectrometric (electrospray ionization mass spectrometry) techniques and
molecular dynamics, we propose the metal-binding modes of the ligands, compare their affinities toward the metal ions, and discuss
the possible physiological role of the C-terminal region of E. coli FeoB.

■ INTRODUCTION
Iron is an indispensable nutrient possibly for all living organisms,
being involved in a plethora of crucial enzymatic processes. Due
to its presence in heme and iron−sulfur clusters or bound to
proteinogenic and other ligands, iron is a flexible cofactor for
many enzymes involved in various life processes, such as cellular
respiration, DNA synthesis and repair, and free-radical
detoxification, just to name a few.1−4 During bacterial infection,
the host organism limits the number of essential metal ions
available for the pathogens.5 To grow and sustain pathogenicity,
bacteria need to acquire indispensable iron from the host,
making the ability to efficiently uptake iron from the
environment the limiting factor for the survival of pathogenic
bacteria.6,7 For this reason, bacteria have developed a variety of
iron assimilation strategies. In aerobic conditions, iron is mostly
present as Fe(III) ions, which bacteria uptake with the use of
small organic chelators characterized by a very high affinity for
Fe(III) ions, called siderophores.8−10 Most of the pathogenic
bacteria can also acquire iron from the host’s proteins, such as
lactoferrin and transferrin, by binding the proteins to the specific
bacterial receptors and extracting iron from the protein’s

structure.11,12 Heme iron can also be utilized by bacteria, either
by direct heme binding to the receptors and transport to the cell
or with the use of hemophores, which bind heme from the host
environment and transport it back to the bacterial mem-
brane.13,14 However, under anaerobic conditions, Fe(II) is the
most prevalent form of iron. For bacteria occupying such
environments, for example, predominantly anoxic gastro-
intestinal tracts of animals, the effective uptake of Fe(II)
becomes one of the most important virulence factors.15 Despite
the crucial role of Fe(II) in the pathogenicity, the detailed
description of the mechanism of the bacterial uptake of Fe(II) is
still relatively poorly understood, especially at the molecular
level, compared to Fe(III) transport.
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Divalent transition-metal ions are acquired by Gram-negative
bacteria by proteins located in the inner membrane, facilitating
ion transport from the periplasm to the cytoplasm.16 Transport
through the outer membrane to the periplasm is thought to be
most probable based on the free diffusion of metal ions through
nonselective channels called porins; however, the presence of
more selective outer membrane channels, for example, toward
Mn(II) ions, is also proposed.17−19 Most of the Fe(II) inner
membrane transporters are not specific toward a single metal ion
and can transport a variety of them, e.g., Fe(II), Mn(II), Zn(II),
Co(II), and Cu(II). Systems such as ZupT and YfeABCD are
capable of transporting Fe(II), Mn(II), and Zn(II) ions.20,21

Apart from the above, Mn(II) and Fe(II) ions can also be
acquired by the MntH transporter.22 Some bacteria, specifically
members of the Legionella genus, express a Fe(II) transporter of
higher specificity toward iron, called IroT. While shown in
proteoliposome systems to transport a variety of divalent
transition-metal ions, such as Mn(II), Zn(II), and Co(II), IroT
is thought to serve solely as a Fe(II) transporter in vivo.23−25 In
addition to all of the systems mentioned above, Feo appears to
be both the most widespread and dedicated to Fe(II) transport.
The Feo system is regarded as the most important Fe(II)

transporter in bacteria, crucial for iron acquisition under
anaerobic conditions.16,26,27 Mutations or deletions in genes
encoding Feo system proteins result in serious impairment of
Fe(II) ion acquisition and virulence in some bacterial species,
like Streptococcus suis, Campylobacter jejuni, and Helicobacter
pylori.28−30 The Feo system was first described in Escherichia coli
in 1987.31 The E. coli Feo system is tripartite (Figure 1), with

cytoplasmic FeoA and FeoC proteins, and a transmembrane
FeoB protein, encoded in feoABC operon.32 Other operon
organizations can be feoB, feoAB fusion, and feoAB, which is
actually the most prevalent.16,27 Therefore, while FeoA and
FeoC can be a part of the Feo system, transmembrane FeoB is an
indispensable component of the Feo.
FeoA and FeoC are small cytosolic proteins with a mass of

about 8 kDa. It has been suggested that FeoAmight interact with
FeoB, while FeoC could act as a transcription factor; however,
the exact roles of these proteins are yet to be elucidated.26,27

Because FeoB is an indispensable component of the Feo
system and transports the metal ion through the membrane, it
has been extensively studied; however, to date, there is a lack of
consensus about the mechanism of Fe(II) transport by FeoB. It

is a transmembrane protein consisting of 773 amino acids in E.
coli and possibly 8 transmembrane helices. The E. coli FeoB
structure can be divided into a N-terminal NFeoB domain,
found in the cytoplasm, a transmembrane domain, and a
cytoplasmic C-terminal part. The NFeoB domain contains high
sequence homology with GTP-binding proteins; thus, it was
suggested that FeoB transports Fe(II) in an active manner,
utilizing the energy from GTP hydrolysis in the N-terminal
domain.26,27,34 It was also shown that the GTP-binding domain
is essential for Fe(II) uptake.34 As yet, there is no consensus on
whether FeoB could work in an active manner because most of
the obtained FeoB’s GTP-hydrolysis rates are too low to drive
efficient iron transport through the membrane.35,36 Further-
more, there is no consensus on which amino acid residues are
involved in Fe(II) binding and transport. There are a few
proposed putative metal binding sites in the protein sequence,
for example, the Gate 1 and Gate 2 motifs, reminiscent of the
yeast iron permease Ftr1p found in the periplasmic, cytoplasmic,
and transmembrane parts of the protein, the Core CFeoB region
found in the fourth transmembrane helix and the cytoplasmic
insertion between the fourth and fifth helices, and the ExxE
motif located in the cytoplasmic GTP-binding domain (Figure
2).16,26,37,38

All of these putative binding sites contain conserved residues
believed to be able to bind Fe(II) with good affinity. Another
potential Fe(II) binding place recognized in the literature could
be the C-terminal fragment of the protein.16,37 In the
gammaproteobacteria class (e.g., E. coli, Y. pestis, and S.
typhimurium), the cytoplasmic C-terminal fragment of FeoB
protein is rich in strongly conserved cysteine residues, with
histidine and glutamic and aspartic acid residues also present,
which could act as metal binding ligands in the cytoplasm after
the transfer of the metal ion through the membrane (Figure 3).
While Feo is generally considered to be Fe(II)-specific, many
Fe(II) bacterial acquisition systems can also transport Mn(II)
and Zn(II) ions, as shown above.
According to Pearson’s theory of hard and soft acids and

bases, the carboxy-terminal FeoB sequence possesses efficient
complexing ligands for both hard Mn(II) ion (for example,
oxygen atoms of aspartic and glutamic acid residues) and more
borderline Fe(II) and Zn(II) (e.g., sulfur atoms of cysteine
residues).42,43 Additionally, there are proteins in which
manganese can also be coordinated by cysteine’s sulfur, as well
as histidine’s nitrogen atoms, for example, in the case of
calprotectin.44−46 Therefore, we decided to examine the metal-
binding properties of carboxyl-terminal E. coli K12 FeoB
fragments. Drug-resistant E. coli is becoming a global concern
because pathogenic strains of this bacteria were the leading
cause of death linked to antimicrobial resistance in 2019.47 It is
estimated that drug-resistant E. coli will be responsible for 3
million deaths each year by 2050.48 An alternative way of
treating bacterial infections could be inhibition of the Fe(II)
transition, resulting in iron starvation of the bacteria. This could
be especially effective for pathogenic bacteria occupying the
anoxic environments, for which effective Fe(II) transport is one
of the most important virulence factors.15 Furthermore,
mutations or deletions of genes encoding the Feo system can
lead to reduced virulence.28−30 Coordination chemistry studies
of Fe(II) with bacterial transporters are necessary to determine
the metal-binding sites of the transporters and thus elucidate the
mechanism of Fe(II) transport; however, they are significantly
lacking in the literature, most likely because of the difficulties of
working with an oxidation-prone Fe(II) ion and maintaining the

Figure 1. Schematic representation of the E. coli Feo system, which
consists of cytoplasmic FeoA and FeoC proteins and a transmembrane
FeoB protein. The C-terminal part of FeoB is marked with the red
circle. The scheme does not show the true relationships between the
size of the proteins or their factual orientation. The protein structures
were generated using UniProt and AlphaFold (UniProt entries: FeoA-
P0AEL3, FeoB-P33650, and FeoC-P0AEL3).33
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anaerobic conditions throughout the experiments. Aware of
these important issues, we decided to examine the metal-
binding properties of the C-terminal part of E. coli K12 FeoB.
In order to do that, we chose two peptide sequences from E.

coli K12 strain FeoB protein that differ in length: peptide 1
[Ac763CCAASTTGDCH773 (P1)] is the shorter fragment that
we selected to study in detail the importance of the aspartic
D751 (D8 in this work) and glutamic E753 (E10 in this work)
acid residues for metal binding, present in peptide 2
[Ac743RRARSRVDIELLATRKSVSSCCAASTTGDCH773
(P2)]. P2 is the complete cytoplasmic part of C-terminal FeoB.
The N-terminal amino acids were acetylated to resemble the
native protein. In this work, we examined the thermodynamics
of Fe(II), Zn(II), and Mn(II) complexes with the aforemen-
tioned peptides; i.e., we determined the protonation constants of
peptides, the stability constants of complexes, their stoichiom-
etry, and the proposed coordination modes, all with the use of
potentiometry, mass spectrometry, and NMR and electron
paramagnetic resonance (EPR) spectroscopies. Overall, the
scope of this work was to determine the specificity of Fe(II),
Zn(II), and Mn(II) ion binding by the carboxy-terminal
fragment of E. coli FeoB to understand whether it could bind
Mn(II) and Zn(II) in addition to Fe(II).

■ EXPERIMENTAL SECTION
Materials. Both ligands (P1 and P2) were purchased from KareBay

Biochem and were of 98% purity. The identity of the peptides was
evaluated based on mass spectrometry. The purity was checked based
on potentiometric titrations using the Gran method.49 Carbonate-free
0.1 M Titripur sodium hydroxide was purchased from Sigma-Aldrich
and standardized by titrations with potassium hydrogen phthalate
(Sigma-Aldrich). Zn(II) and Mn(II) ion solutions were made from
corresponding perchlorate salts (Sigma-Aldrich) and standardized
using two different methods: inductively coupled plasma optical
emission spectrometry (ICP-OES) and complexometric titrations with
standardized ethylenediaminetetraacetic acid disodium salt
(Na2H2EDTA) and murexide. A Fe(II) ion solution was prepared
right before the experiments from ammonium iron(II) sulfate (Sigma-
Aldrich) and standardized using 1,10-phenanthroline (Sigma-Aldrich)
colorimetric assay under an inert atmosphere. The ionic strength was
adjusted to I = 0.1 M using sodium perchlorate (Sigma-Aldrich).
Ligand samples also included 4 mM perchloric acid (J. T. Baker). All
samples were prepared using double distilled water. Due to the
oxidation sensitivity of Fe(II), all samples for Fe(II) experiments were
prepared in an argon atmosphere inside a glovebox using deoxygenated
solvents. For Fe(II) experiments, we did not observe the presence of
Fe(III). In mass spectrometry spectra, no peaks that could be assigned
to Fe(III) complexes were present. During the potentiometric
titrations, the sample solution was transparent and colorless throughout
the entire pH range. After finished titrations, opening the
potentiometric vessel and exposing the solution to air resulted in the

Figure 2. Predicted topology diagram of E. coli FeoB, with the periplasmic and cytoplasmic parts of putative Fe(II) binding regions marked in colors.
Topology prediction carried out by the DeepTMHMM server, visualized with the use of the Protter tool.39,40

Figure 3. Comparison of the FeoB cytoplasmic C-terminal sequences from various bacteria belonging to the gammaproteobacteria class. The
conserved cysteine and histidine residues are marked by red rectangles. UniProt entry codes are given in brackets. Alignment carried out with Clustal
Omega.41
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rapid formation of a yellow color, a consequence of Fe(II)-to-Fe(III)
oxidation (Figure S1). Samples after the NMR experiments were
treated with thiocyanate anions in an anaerobic atmosphere; however,
no formation of the red Fe(III) complex was observed. All of the Fe(II)
samples prepared for experiments were colorless. Thus, we firmly
believe that our procedure of Fe(II) sample preparation was very
careful, and no iron oxidation took place during the experiments.

Electrospray Ionization Mass Spectrometry (ESI-MS). ESI-MS
studies were conducted using a Shimadzu LCMS-9050-QTOF mass
spectrometer. Positive-ion mode spectra of samples containing a 0.1
mM ligand concentration and a 1:1 or 1:2 (metal/ligand) molar ratio
were recorded. Samples were prepared in a 50:50 (w/w) methanol/
water solvent at pH 7.4. Spectra were recorded in the m/z 200−2000
range. The injection volume was 1 μL. Conditions: nebulizing gas,
nitrogen; nebulizing gas flow, 3.0 L/min; drying gas flow, 10 L/min;
heating gas flow, 10 L/min; interface temperature, 300 °C; desolvation
line temperature, 400 °C; detector voltage,−2.02 kV; interface voltage,
4.0 kV; collision gas, argon; mobile phase, MeCN + 0.1% HCOOH.
The obtained signals had a mass accuracy error in the range of 1 ppm.
All used solvents were of liquid chromatography−mass spectrometry
grade. The obtained data were analyzed with LabSolutions software
(Shimadzu, Kyoto, Japan).

Potentiometric Titrations. A Metrohm Titrando 905 titrator
connected to a Dosino 800 dosing system was used for potentiometric
titrations. The pH of the sample solutions was measured by a pH
electrode, InLab Semi-Micro (Mettler-Toledo). The thermostabilized
cell glass was equipped with a microburet delivery tube, a magnetic
stirrer, and an inlet−outlet tube for argon. The stability constants of the
proton and Fe(II), Zn(II), and Mn(II) complexes with ligands were
calculated using titration curves from pH2 to 11 at a temperature of 298
K, by SUPERQUAD and HYPERQUAD 2008 software.50,51 Sample
solutions contained concentrations of 0.5 mM ligand, 4 mM perchloric
acid, and 0.1 M sodium perchlorate (ionic strength). The exact
concentrations of the ligand solutions were determined by the Gran
method. In metal complex titrations, a molar ratio of 1:1.1 or 1:2
(metal/ligand) was used. All titrations were performed under an argon
atmosphere, using carbonate-free, standardized sodium hydroxide as
the base. The electrode was calibrated every day for the hydrogen ion
concentration by titrating 2 mL of 4 mM perchloric acid with sodium
hydroxide. Standard deviations were calculated byHYPERQUAD 2008
and are referred to as random errors only. The competition and
speciation diagrams were created using HYSS software.52 Fe(II),
Zn(II), and Mn(II) hydrolysis constants were taken into account for
calculations of the stability constants of complexes. The hydrolysis
constants for zero ionic strength were taken from The Hydrolysis of
Metal Cations by Brown and Ekberg and calculated to 0.1 M ionic
strength with the formula proposed by Baes and Mesmer in The
Hydrolysis of Cations.53,54 The metal hydrolysis constants are collected
in Table S1.

NMR Spectroscopy. NMR experiments were performed using a
Bruker Ascend 400MHz spectrometer equipped with 5 mm automated
tuning and a matching broadband probe (BBFO) with z gradients.
Samples used for NMR experiments were in the range 0.4−1.0 mM and
dissolved in 90:10 (v/v) H2O/D2O. All NMR experiments were
performed at 298 K in 5 mm NMR tubes. The 2D 1H−13C
heteronuclear correlation (HSQC) spectra were acquired using a
phase-sensitive sequence employing Echo-Antiecho-TPPI gradient
selection with a heteronuclear coupling constant JXH = 145 Hz and
shaped pulses for all 180° pulses on the f2 channel with decoupling
during acquisition. Sensitivity improvement and gradients in back-inept
were also used. Relaxation delays of 2 s and 90° pulses of about 10 μs
were applied for all experiments. Solvent suppression was achieved by
using excitation sculpting with gradients. The spin-lock mixing time of
the 1H−1H total correlation spectroscopy (TOCSY) experiment was
obtained with MLEV17. 1H−1H TOCSY experiments were performed
using a mixing time of 60 ms. 1H−1H rotating frame Overhause effect
spectroscopy (ROESY) spectra were acquired with spin-lock pulse
durations in the range of 200−250 ms. The assignments of 1H and 13C
were made by a combination of mono- and bidimensional and
multinuclear NMR techniques: 1H−1H TOCSY, 1H−13C HSQC, and

1H−1H ROESY, at different pH values. To avoid severe broadening of
the signals, because of the paramagnetic character ofMn(II) and Fe(II),
the NMR experiments were performed with the subsequent addition of
a substoichiometric amount of metal ion to the ligand solution. All
NMR data were processed using TopSpin (Bruker Instruments)
software and analyzed using the Sparky 3.11 and MestReNova 6.0.2
(Mestrelab Research S.L.) programs.

EPR Spectroscopy. EPR spectra were recorded using a Bruker
ELEXSYS E500 CW-EPR spectrometer equipped with an NMR
teslameter (ER 036TM) and a frequency counter (E 41 FC) at X-band
frequency and 77 K and room temperature. The peptide concentration
was 1 mM, and the metal/ligand molar ratio was 1:1.1. The solution for
EPR experiments was prepared by using ethylene glycol (5%) as a
cryoprotectant. EPR parameters were obtained by using the Bruker
WinEPR SimFonia program and Doublet new (EPR OF; S = 1/2)
program by A. Ozarowski (National High Field Magnetic Laboratory,
University of Florida, Gainesville, FL).

UV−Vis Spectroscopy. The absorption spectra were recorded
under an inert atmosphere using Jasco V-730 UV−vis spectropho-
tometer in the 350−650 nm range, using a quartz cuvette with a 0.1 cm
optical path, a scanning speed of 400 nm/m, a data pitch of 0.5 nm, and
a number of accumulations of 1. The colorimetric Fe(II) concentration
determination utilized the formation of a 1:3 metal/ligand complex of
Fe(II) with 1,10-phenanthroline, with λmax = 510 nm. First, the
calibration curve was prepared for Fe(II) ion concentrations in the
range of 0.1−1.1 mM, and a linear function correlating the absorption
of the solution with a Fe(II) concentration was obtained. Then, the
calibration curve was used to determine the concentration of the freshly
prepared Fe(II) stock solution, by measuring the absorption at 510 nm
of the three samples made from the stock solution and taking the
average of the concentration calculated for each sample. The ratio of
Fe(II) to 1,10-phenanthroline was 1:5 to ensure complete complex-
ation of the metal ion.

Molecular Dynamics Measurements. Extended peptide con-
formers were generated in Avogadro.55 Energy minimization was
achieved using a restricted Hartree−Fock self-consistent field, and
calculation was performed using Pulay DIIS + Geometric Direct
Minimization with basis set 3-21G(*) using Gaussian 16. Subsequent
calculations were carried out usingNAMD56 andVMD 1.9.3 software.57

Structures were parametrized in CHARMM-GUI58 using the
CHARMM36m force field. A rectangular waterbox was used to
simulate the solvent behavior, sized as the protein size plus 5 Åmore on
each side of the waterbox, and completed with 0.05 M KCl to balance
the charge of the deprotonated amino acids. Additional ions were
placed by using the Monte Carlo method. The simulations were carried
out at a temperature of 298 K. Each simulation was executed for 1 μs
(following an initial minimization), with structures calculated every 10
ps and written to a trajectory file. For the 1 μs simulation, 50000 time
steps were recorded (2 fs = step size). Following the calculations, root-
mean-square deviation (RMSD) data plots generated relative to the
extended, minimized initial structure were generated from the
trajectory. The structures shown in the RMSD trajectories were
extracted using VMD 1.9.3 and visualized with ChimeraX 1.3.59

■ RESULTS AND DISCUSSION
Fe(II), Zn(II), andMn(II) complexes withP1 andP2 have been
investigated by a combination of potentiometric, spectroscopic
(NMR and EPR), and spectrometric (ESI-MS) techniques.
Potentiometric titrations allowed us to calculate the protonation
constants of ligands and the stability constants of complexes as
well as to draw the speciation and competition diagrams in the
pH range of 2−11. ESI-MS measurements indicated the
stoichiometry of the formed complexes, while spectroscopic
experiments confirmed the metal-binding residues and provided
insight into the geometry of the metal complexes.

P1 and P2 ligands contain the following residues able to
deprotonate in the pH range of 2−11: aspartic and glutamic acid
side-chain carboxyl groups, an imidazole ring nitrogen of
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histidine, the thiol group of cysteine, and a carboxy-terminal
group. P1 consists of 11 amino acids, while P2 consists of 31
amino acids, containing the whole cytosolic carboxy-terminal
fragment of EcFeoB.
Under the studied pH conditions,P1 behaves like anH6L acid

(Figure S2a). The first two dissociation constants are ascribed to
the deprotonation of carboxylic groups: first from the C-
terminal group (pKa = 3.37) and second from the aspartic acid
residue (D29, pKa = 4.19). The next constant comes from the
histidine’s (H31) imidazole nitrogen deprotonation (pKa =
6.96), and the last three arise from the cysteine residues’ (C21,
C22, and C30) deprotonation (pKa values in the range from 8.15
to 9.81).

P2, being 20 amino acids longer than P1, has only two more
groups able to deprotonate in the tested pH range. These are the
carboxylic groups of another aspartic acid (D8) and a glutamic
acid residue (E10). Thus, P2 behaves like an H8L acid, with
corresponding pKa values similar to those of P1 (Figure S2b).
The deprotonation starts from the C-terminal group (pKa =
2.15), with two aspartic acids (D8 and D29; pKa values of 3.12
and 3.74; however, it is not possible to assign these to specific
aspartic acids by potentiometry), glutamic acid (E8; pKa = 4.38),
and histidine (H31; pKa = 6.73) deprotonating next. The pKa
values of the three cysteine residues (C21, C22, and C30) in P2 are
in the range of 8.15−10.11. It is important to highlight that P2
contains a lysine (K16) residue, which usually exhibits pKa values
between 10 and 10.50. However, we could not determine the
pKa value for the lysine residue in P2. We believe this is a
consequence of the high pKa value of the third cysteine residue
(which is 10.11), which shifts the lysine deprotonation well
above pH 11, which is the upper limit of the experimental pH
range. Such behavior has already been observed by us in other
systems.60 The ligand protonation constants are listed in Table
1. Speciations for P1 and P2 are presented in Figure S2.

Metal Complex Stoichiometry. The stoichiometry of
complexes formed by Fe(II), Zn(II), and Mn(II) with P1 and
P2 was first determined by ESI-MS experiments, which revealed
only the formation of mononuclear 1:1 (M/L) complexes. The
mass spectrum for the Fe(II)/P1 system is shown in Figure 4 as

a representative example. The correct peak assignment was
confirmed by comparing the peak’s simulated and experimental
isotopic distributions. A comparison of the experimental and
simulated m/z values of the signals of ionized metal complexes
and ligands present in the spectra of each metal/peptide system
is presented in Table S2.

Iron Complexes. For the Fe(II)/P1 system, the first form
seen in the potentiometry is [FeH4L]+, which is present in the
solution from the start of the titration (Figure 5a). This form
probably contains a C-terminal carboxyl group and aspartic acid
(D29) in the deprotonated state. Most probably at least one
COO− is involved in the metal binding, with D29 involvement
proven by the NMR spectra at pH 6.3. The next form, [FeH3L],
is possibly related to the histidine residue (H31) deprotonation
and dominates in the solution throughout a wide pH range, from
about 4.7 to 7.5.
This form contains over 90% Fe(II) in the solution at pH 6.5.

The pKa value of 4.68 is significantly decreased compared to the
pKa value of 6.96 for this residue in the free ligand, suggesting the
participation of a histidine side chain in the coordination. The
{COO−, Nim} binding mode is confirmed by the NMR spectra
recorded at pH 6.3, in which the perturbation of H31 and D29 can
be seen, indicating the involvement of these residues in metal
coordination (Figure 6). The involvement of terminal COO− of
H31, as depicted in the proposed structural model in Figure S3,
cannot be excluded.
Most probably, the deprotonation of two cysteine residues

leads to the formation of [FeHL]2−. The [FeH2L]− form could
not be detected by potentiometry, probably being just a
transient form whose concentration in the solution is low. The
last cysteine residue deprotonation corresponds to [FeL]3−

formation. The lowered pKa value of this cysteine in the
complex (pKa = 8.16) compared to the ligand (pKa = 9.81)
suggests its involvement in metal binding. This is consistent with
the NMR spectra recorded at pH 8.16. At this pH, there is a
mixture of complex forms in the solution, with [FeL]3− being the
dominating one. In the NMR spectra, the disappearance of
signals related to C21, C22, D29, C30, and H31 can be observed,
confirming all of the cysteine residues taking part in the Fe(II)
binding in the {COO−, Nim, 3 S−} mode (Figures 7 and S4a).
The last three forms, starting from [FeLH−1]4−, most probably
result from the deprotonation of water molecules or amide
groups of the peptide. The NMR spectra recorded at pH 9.45, at
which all three forms, [FeLH−1]4−, [FeLH−2]5−, and
[FeLH−3]6−, are present in the solution, show less perturbation
on D29 and H31. This could indicate a decreasing involvement of
these residues in metal binding and could mean that other atoms
enter the coordination sphere (Figure S4b). It could be the
nitrogen atoms from the three amide groups of the peptide
bonds starting to coordinate with the Fe(II) ion together with
the three cysteine residues, resulting in a hexacoordinated Fe(II)
complex, with nitrogen and sulfur atoms being the only ligands
in the {3 S−, 3 N−} mode. The possibility of Fe(II) binding by
amides has already been documented in the literature, not only
for peptides but also for macrocycles and other ligands.61−67

Moreover, taking into consideration the borderline acid
character of Fe(II), the displacement of oxygen ligands by
nitrogen donors would most probably result in more stable
complexes. With scarce literature regarding the peptide
complexes of Fe(II), there are almost no data on the pKa values
of amide nitrogen in such systems; however, values obtained by
us are consistent with those proposed in recent work on Fe(II)/
peptide systems,67 suggesting that indeed amides likely enter the

Table 1. Protonation Constants (log β) and pKa Values of
Peptides P1 and P2a

peptide species log βb pKa
c deprotonating residue

P1 [H6L]+ 41.40(4) 3.37 Cterminal
[H5L] 38.03(4) 4.19 Asp
[H4L]− 33.84(3) 6.96 His
[H3L]2− 26.88(3) 8.15 Cys
[H2L]3− 18.73(2) 8.92 Cys
[HL]4− 9.81(2) 9.81 Cys

P2 [H8L]7+ 47.41(2) 2.15 Cterminal
[H7L]6+ 45.26(2) 3.12 Asp
[H6L]5+ 42.14(2) 3.74 Asp
[H5L]4+ 38.40(2) 4.38 Glu
[H4L]3+ 34.02(2) 6.73 His
[H3L]2+ 27.29(1) 8.15 Cys
[H2L]+ 19.14(1) 9.03 Cys
[HL] 10.11(1) 10.11 Cys

aT = 298 K; I = 0.1 M NaClO4; standard deviations on the last digit
given in parentheses. bOverall stability constants (β) expressed by the
equation β(HnL) = [HnL]/[L][H+]n. cAcid dissociation constants
(pKa) expressed as pKa = log β(HnL) − log β(Hn−1L).
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Fe(II) coordination sphere under alkaline pH conditions. Still,
one cannot exclude an alternative interpretation of these three
pKa values, corresponding to the dissociation of water molecules
bound to the Fe(II) ion. A proposed structure of [FeLH−2]5−

species with two amide groups and one water molecule
coordinated to the metal atom is shown in Figure S5. The
stability constants of the complexes in the Fe(II)/P1 system, as
well as Fe(II)/P2, are collected in Table 2.
In the Fe(II)/P2 system, we observe a variety of forms

throughout the studied pH range (Figure 5b). The first form
calculated in potentiometric models is [FeH5L]6+, in whichmost
probably the carboxyl C-terminal group and two aspartic acid
residues are deprotonated. From potentiometric results, it is not
possible to determine whether these groups take part in iron
binding; however, the NMR spectra recorded at pH 6.2 and 8.47

prove that indeed D29 is involved in metal binding. This form is
present in the solution from the start of the titration. The
deprotonation of the glutamic acid (E10) residue possibly leads
to the [FeH4L]5+ formation (the pKa value of 4.13 is almost the
same as that in the free ligand), suggesting that this residue does
not participate in metal binding. From a pH of about 4.90, the
[FeH3L]4+ form dominates in the solution, all the way up to a pH
of about 7.5, resembling the [FeH3L] form observed for P1.
Both of them are probably the first forms in the solution to
contain the deprotonated histidine (H31), with its pKa value of
4.90 significantly lower than that in the free ligand, suggesting
the imidazole nitrogen involvement in metal binding. This is
indeed confirmed by theNMR spectra acquired at a pH of 6.2, in
which perturbation of the signals related to H31 can clearly be
seen (Figures 8a and S6).

Figure 4. ESI-MS spectrum of the Fe(II)/P1 system at pH 7.4 andM:L = 1:1. The experimental and simulated isotopic distribution spectra of the peak
at m/z 582.66 are shown in the upper right corner.

Figure 5. Distribution diagrams of complexes formed between Fe(II) and ligands: (a) ligand P1; (b) ligand P2. Species distribution calculated for
NMR experimental conditions: [Fe(II)]tot = 0.26 mM; Fe(II):L = 1:3.
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No involvement in metal binding from D8 and E10 can be
observed from the NMR data. The next form is [FeHL]2+, most
probably the result of two cysteine residue deprotonations. As
for P1, transient [FeH2L]3+ could not be detected by
potentiometry. Deprotonation of the last cysteine residue likely
leads to [FeL]+ formation, with the pKa value being significantly
reduced compared to the free ligand (pKa = 8.75 and 10.11,
respectively), suggesting the presence of this cysteine residue in
the metal coordination sphere. The participation of all cysteine
residues in Fe(II) binding is confirmed by the NMR spectra
recorded at pH 8.47, at which [FeHL]2+ is dominating in the

solution; however, the [FeL]+ is also present with over 30% of
the Fe(II) bound (Figures 5b and 8b). The NMR data show the
strongest perturbation on the signals related to C21, C22, C30, D29,
and H31. The binding mode for [FeL]+ is most probably the
same as that for the [FeL]3− form for P1: {COO−, Nim, 3 S−}
(Figure 7). The pKa values of the last three forms ([FeLH−1],
[FeLH−2]−, and [FeLH−3]2−) are in the range of 8.80−9.83 and
most likely correspond to the deprotonation of three amide
groups or three water molecules. For P2, similar to that for P1,
we observed weaker perturbation on the D29 and H31 signals in
the NMR spectra at alkaline pH 9.64, suggesting the

Figure 6. (a) Comparison of 1H spectra and (b) selection of 1H−1H TOCSY spectra for the free peptide P1 (red) and Fe(II)/P1 system (blue) at 1:3
molar ratio and pH 6.3.
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displacement of these resides in the coordination sphere and the
potential involvement of amides in Fe(II) binding. Because the
coordination modes are the same for P1 and P2 for the complex
forms [FeL]3− and [FeL]+, respectively, metal coordination
under a higher pH is most likely also the same for these two
peptides. That means that the amide groups of P2 are likely
involved in Fe(II) binding, displacing the D29 and H31 residues
and resulting in a {3 S−, 3 N−} bindingmode for the [FeLH−3]2−

form. We cannot exclude that the pKa value of 9.83 corresponds
to the noncoordinating lysine residue deprotonation; however,
the value seems to be too low for this residue and is likely
attributed to amide group or water molecule deprotonation.
Zinc Complexes. The first Zn(II) complex with P1 detected

by potentiometry is [ZnH2L]−, which started to form at a pH of
about 4 (Figure 9a). In this species, C-terminal aspartic acid
(D29) and two cysteine residues are most probably deproto-
nated. The complexation of Zn(II) ions can result in a different
order of deprotonation of amino acid residues compared to the
free ligand titration: cysteine residues can deprotonate before
histidine, which is a behavior that we have already observed for
different cysteine-containing peptides.68 Zinc binding to P1
causes a number of NMR resonances to exhibit fast exchange
broadening upon Zn2+ addition. The NMR spectra recorded at

pH 5.4 show the disappearance of C20 and C21 signals,
confirming their participation in metal binding, in the {2 S−}
mode (Figures S7 and S8). The signal of H31 is perturbed in the
spectra, which could mean that it is also starting to take part in
Zn(II) binding, in the form of [ZnHL]2−, which is already
present in the solution at this pH. The NMR spectra recorded at
pH 6.1, where [ZnHL]2− is the main form in the solution,
confirm that indeed this form results from H31 deprotonation
and that the imidazole nitrogen atom of H31 is involved in the
coordination of metal ion, which is consistent with the lowered
pKa value of the histidine residue in the Zn(II) complex (pKa =
5.91) compared to the ligand (pKa = 6.96) (Figure S8). The last
cysteine residue (C30) deprotonation leads to the [ZnL]3−

complex form, including over 90% Zn(II) ions in the solution
at a maximum concentration of the form at a pH of about 8.7 for
P1. The disappearance of C30 signals can be observed in the
NMR spectra recorded at pH 8.5; thus, C30 completes the
tetrahedral, four-coordination binding mode of Zn(II): {3 S−,
Nim} (Figures 10 and S9). Perturbation of the D29 signal seen at
this pH is most probably a consequence of its proximity to the
metal-binding residues. The last deprotonation leading to the
complex form [ZnLH−1]4− probably corresponds to deproto-
nation of the water molecule bound to the central Zn(II) ion.
In the case of P2, additional acidic groups (D8 and E10) do not

result in the formation of additional complex forms at an acidic
pH detected by potentiometry (Figure 9b). Similarly, as withP1,
the first complex form is [ZnH2L]3+, starting to form at a pH of
about 4, with a C-terminal group and two aspartic acid, a
glutamic acid, and two cysteine residues probably deprotonated.
The NMR spectra recorded at a pH of 5.5 show perturbation of
the C20, C21, and H31 residues. At this pH, two forms exist in
equilibrium in the solution: [ZnH2L]3+ and [ZnHL]2+. That is
probably why the H31 signal can be seen perturbed in the
spectra: its deprotonation leads to [ZnHL]2+ formation and
Zn(II) binding in the {2 S−, Nim} mode, which is consistent with
the results for P1 (Figure S10). The deprotonation of C30 results
in the [ZnL]+ form and completion of the metal-binding site, {3
S−, Nim}, as confirmed by the NMR spectra at pH 9.3 (Figure
S11). The last two forms, [ZnLH−1] and [ZnLH−2]−, are
probably species with deprotonated water molecules. The last
pKa value (10.57) could also be attributed to deprotonation of
the noncoordinating lysine residue. The stability constants of
Zn(II)/peptide systems are collected in Table 3.

Manganese Complexes. For P1, the first Mn(II) complex
identified in solution by potentiometric titrations is [MnH4L]+,
in which the C-terminal carboxyl group and aspartic acid (D29)
side-chain carboxyl group are most probably already deproto-

Figure 7. Structural model of the [FeL]3− species in a {COO−, Nim, 3 S−, H2O} coordination mode.

Table 2. Stability Constants (log β) and pKa Values of the
Fe(II)/Peptide Systemsa

peptide species log βb pKa
c deprotonating residue

P1 [FeH4L]+ 38.76(2)
[FeH3L] 34.08(4) 4.68 His
[FeHL]2− 19.10(5) Cys, Cys
[FeL]3− 10.94(5) 8.16 Cys
[FeLH−1]4− 2.21(6) 8.73 Namide/Owater

[FeLH−2]5− −7.08(5) 9.29 Namide/Owater

[FeLH−3]6− −17.52(5) 10.44 Namide/Owater

P2 [FeH5L]6+ 42.75(2)
[FeH4L]5+ 38.65(4) 4.13 Glu
[FeH3L]4+ 33.75(5) 4.90 His
[FeHL]2+ 18.76(5) Cys, Cys
[FeL]+ 10.01(7) 8.75 Cys
[FeLH−1] 1.21(6) 8.80 Namide/Owater

[FeLH−2]− −8.48(7) 9.69 Namide/Owater

[FeLH−3]2− −18.31(6) 9.83 Namide/Owater/Lys
aT = 298 K; I = 0.1 M NaClO4; standard deviations given in
parentheses. bOverall stability constants (β) expressed by the
equation β([FeHnL](n+2)+) = [[FeHnL](n+2)+]/[Fe(II)][[L]n+][H+]n.
cAcid dissociation constants (pKa) expressed as pKa = log
β([FeHnL](n+2)+) − log β([FeHn−1L](n+1)+).
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nated (Figure 11a). It is present in the solution already at the
start of the titration and dominates from a pH of about 3.9 all the
way up to 6.46. The NMR spectra recorded at pH 5.0 show the
disappearance of the signals related to D29 and all of the H31
protons (Figure S12). Histidine is the C-terminal amino acid, so
deprotonation can take place at the C-terminal carboxyl group
and imidazole ring nitrogen. We believe that the disappearance
of all of the H31 signals means two things: first, at pH 5.0, in the
[MnH4L]+ form, the deprotonated C-terminal group binds the

Mn(II) ion along with D29; second, imidazole nitrogen
deprotonation and metal binding can already be observed at
this pH because the next form, [MnH3L], in which histidine’s
imidazole nitrogen is deprotonated, starts to form at a pH of
about 4. Therefore, the metal-binding mode in the latter
complex is most likely {2 COO−, Nim} (Figure S13).
The most probable deprotonation of subsequent cysteine

residues results in the formation of [MnH2L]− and [MnHL]2−

complexes. The next two dissociations leading to the

Figure 8.Comparison of a selection of 1H−1H TOCSY spectra for the free peptide P2 (red) and Fe(II)/P2 system (blue) at a 1:3 molar ratio and pH
6.2 (a) and 8.47 (b).

Figure 9. Distribution diagrams of complexes formed between Zn(II) and ligands: (a) ligand: P1; (b) ligand P2. Species distribution calculated for
NMR experimental conditions: [Zn(II)]tot = 1 mM and Zn(II):L = 1:1.
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[MnLH−1]4− species correspond to deprotonation of the third
cysteine residue and probably a water molecule. The [MnL]3−

complex form could not be detected by potentiometry because it
is probably just a transient form with a very low concentration in
the solution. Whether the cysteine residues are involved in metal
binding is not entirely clear. The pKa values of the cysteine
residues in complexes with Mn(II) are 8.19 and 8.77 (the third
pKa value could not be calculated from potentiometric
titrations), whereas in the free ligand, the values are 8.15 and
8.92, respectively. No, or very slight, lowering of the pKa value in
the complex most probably means that cysteine residues are not
involved in metal binding. However, the NMR spectra recorded
at pH 7.0, at which [MnH3L] predominates in the solution and
[MnH2L]− starts to form, show a decrease in the intensity of the

overlapped cysteine signals (Figure 12). The decrease is
significant and probably corresponds to more than one cysteine
residue being affected by the metal’s presence. This could mean
that either the signal of C30 disappears because of its proximity to
the D29 and H31 binding residues and one of C21 or C22 binds to
the metal ion or both of them are involved in Mn(II) binding,
whereas C30 is oriented in the solution in the opposite way with
respect to D29 and H31 and experiences only a scarce
paramagnetic effect. Taking all of that into consideration, the
binding mode of the Mn(II) ion from a pH of 7 and above could
be {2 COO−, Nim}, {2 COO−, Nim, S−}, or {2 COO−, Nim, 2 S−}.
In P2 complexes, additional aspartic (D8) and glutamic (E10)

acid residues compared to P1 resulted in the detection of one
more complex form under acidic pH: [MnH5L]6+, in which a C-
terminal carboxyl group and two aspartic acid residues (D8 and
D29)most probably exist in the deprotonated form (Figure 11b).
It is present in the solution from the start of the titration and
dominates in a narrow range of pH from about 3 to 3.64.
Deprotonation of the possibly glutamic acid (E10) residue results
in the [MnH4L]5+ form, with a maximum concentration at a pH
of about 4.50. In the next species, [MnH3L]4+, most likely the
histidine’s (H31) imidazole nitrogen, is deprotonated. This form
binds over 80% Mn(II) ions in the solution at a maximum
concentration at a pH of about 6.3. The NMR spectra recorded
at a pH of 5.5, in which [MnH3L]4+ predominates, indicate
metal binding by E10, D29, and H31. The binding mode is most
probably {2 COO−, Nim} or {3 COO−, Nim} depending on
whether the C-terminal carboxylic group of histidine (H31) is
involved in the metal binding. The next three forms,
[MnH2L]3+, [MnHL]2+, and [MnL]+, arise most possibly from
deprotonation of the three cysteine residues (C21, C22, and C30).
At a pH of 7.4, the NMR spectra show the disappearance of all
cysteine signals (Figure 13). At this point, in the solution,

Figure 10.Comparison of a selection of 1H−13CHSQC spectra for the free peptide P1 (red) and Zn(II)/P1 system (blue) at a 1:1 molar ratio and pH
8.5.

Table 3. Stability Constants (log β) and pKa Values of the
Zn(II)/Peptide Systemsa

peptide species log βb pKa
c deprotonating residue

P1 [ZnH2L]− 26.97(2)
[ZnHL]2− 21.06(2) 5.91 His
[ZnL]3− 13.79(4) 7.27 Cys
[ZnLH−1]4− 3.58(4) 10.21 Owater

P2 [ZnH2L]3+ 26.65(4)
[ZnHL]2+ 20.91(2) 5.74 His
[ZnL]+ 13.16(6) 7.75 Cys
[ZnLH−1] 3.51(6) 9.65 Owater

[ZnLH−2]− −7.16(6) 10.57 Owater/Lys
aT = 298 K; I = 0.1 M NaClO4; standard deviations are given in
parentheses. bOverall stability constants (β) expressed by the
equation β([ZnHnL](n+2)+) = [[ZnHnL](n+2)+]/[Zn(II)][[L]n+][H+]n.
cAcid dissociation constants (pKa) expressed as pKa = log
β([ZnHnL](n+2)+) − log β([ZnHn−1L](n+1)+).
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[MnH3L]4+ coexists with [MnH2L]3+ with one cysteine residue
deprotonated; however, [MnHL]2+ containing two deproto-
nated cysteine residues starts to form. Due to the paramagnetic
effect of Mn(II) on the NMR spectra and the overlapping of
cysteine signals, it is difficult to discern between the signals of the
individual cysteines. We believe that at least one of the cysteine
residues is involved in metal binding, either by directly
interacting with the Mn(II) ion or by solely stabilizing the
complex. This interaction is probably reflected also in the
potentiometric titrations, where for P2 the complex pKa value of
the first cysteine is lowered by 0.82 in relation to the free ligand,
whereas forP1 the pKa value in the complex is higher than that in
the free ligand. The binding modes at a pH above 7.33 could be
either {2 COO−, Nim, S−}, {2 COO−, Nim, 2 S−}, {2 COO−, Nim,
3 S−}, {3 COO−, Nim, S−}, or {3 COO−, Nim, 2 S−}, depending
on the involvement of the C-terminal group and the number of
the cysteines involved in the metal binding. The last detected
form is [MnLH−2]−, in which the water molecules are
deprotonated (average pKa = 10.20). Alternatively, one of
these deprotonations could correspond to the noncoordinating
lysine residue. The stability constants of the Mn(II)/P1 and
Mn(II)/P2 systems are collected in Table 4.
EPR spectra recorded for Mn(II) complexes for both ligands

over a wide pH range suggest hexacoordinated metal ions in
complexes of octahedral geometry. The six-line pattern is
characteristic for manganese (IMn = 5/2), and the recorded
spectra look similar to that of a Mn(II) hexaaqua ion, meaning
that the geometry of the complexes is most likely octahedral,
with water molecules completing the metal coordination sphere.
EPR spectra for P1 with Mn(II) are shown in Figure S14. EPR
spectra forMn(II)/P2 are shown in Figure S15. The value of the
hyperfine coupling constant (A) for both Mn(II)/P1 and
Mn(II)/P2 under all measured pH conditions is about 95 G,
consistent with the octahedral geometry of the Mn(II)
complexes.69,70

Comparison of the Thermodynamic Stabilities of
Metal Complexes. Although the stability constants are a
direct measure of the binding power, they cannot be used to
compare compounds with various binding groups due to
differences in the ligand protonation constants, which may
affect the log β/logK values. Therefore, to compare the metal

chelation efficacy of the two studied peptides between each
other and with various proteins, we have used a variety of tools.
Comparing the competition plots (a hypothetical situation in

which equimolar amounts of the reagents are mixed) between
the ligands and metal ion (Figure 14), a specificity can be seen
for the three studied metal ions. Fe(II) and Zn(II) form stronger
complexes with P1 throughout almost the whole studied pH
range, while Mn(II) forms significantly more stable complexes
with P2, containing the whole cytoplasmic C-terminal part of E.
coli FeoB. This behavior probably reflects the difference in the
metal ion affinity for various donor groups: while Fe(II) and
Zn(II) are usually considered to be borderline Lewis acids with
an affinity for borderline and soft bases, such as imidazoles and
thiols, Mn(II) in proteins is relatively rarely bound by cysteines
and tends to interact more with harder bases, such as oxygen-
based ligands (e.g., aspartates and glutamates).44,45,71 Our
results are consistent with this behavior because P2, compared
to P1, contains two more carboxyl-group-containing residues,
D8 aspartate and E10 glutamate, which were shown by NMR
spectroscopy to interact with the Mn(II) ion and stabilize the
complex formation. The involvement of the cysteine residues in
Mn(II) binding is not very clear; however, their role in complex
formation does not seem to be as fundamental as the role of
oxygen-based ligands, i.e., aspartic and glutamic acids, which is
reflected by the clear domination of Mn(II)/P2 over the
Mn(II)/P1 system already from pH 2.
For Fe(II) and Zn(II) systems, the behavior is contrary to that

of Mn(II) because their P1 complexes are more stable than
those of P2. This probably reflects the stronger affinity of Fe(II)
and Zn(II) for the cysteine’s sulfur atoms because elongation of
the amino acid chain in P2 did not result in the formation of
stronger complexes, which means that the primary metal-
binding site is most probably already present in P1 and, as we
propose, consists of three cysteine residues and histidine. While
for Zn(II) we did not observe more complex forms for P2 than
P1, we did see one more complex form for Fe(II), similar to that
for Mn(II); however, the influence of additional aspartate and
glutamate is less prominent on Fe(II) complex formation and
not as important as that for Mn(II). On the other hand, the
weakening of the binding may be due to changes of the structure
and the charge of the binding site and may be important for the
physiological role of this part of the protein.

Figure 11. Distribution diagrams of complexes formed between Mn(II) and ligands: (a) ligand P1; (b) ligand P2. Species distribution calculated for
NMR experimental conditions: [Mn(II)]tot = 1 mM; Mn(II):L = 1:50.
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Because competition plots are drawn for hypothetical
situations in which equimolar amounts of reagents are mixed,
which is hardly ever possible in cells, we decided to utilize amore
biologically relevant factor, pM, to compare the affinity of the
ligands for the metal ions. The pM is defined as a negative
logarithm of the free metal concentration: pM = −log
[M]free.

72,73 The higher the value of pM, the lower the
concentration of free metal; thus, the ligand is binding the
metal ion more effectively. We have calculated pM values for
each system in a pH range of 2−11 and compared abilities of P1

and P2 to bind Fe(II), Zn(II), andMn(II) (Figure 15). We have
chosen conditions in which the concentration of metal ions is
[M]total = 1 μM, resembling the iron concentration in the cells
and a 10-fold excess of the peptide.74

For Fe(II) and Zn(II), both ligands seem to be pretty equal in
terms of metal binding, withP1 being slightlymore effective. For
both ligands, Fe(II) is bound more strongly than Zn(II) in the
acidic pH range, up to a pH of about 6.25 (pFe at this point is
7.38). P1 binds Fe(II) more effectively than Zn(II) again above
pH 10.4, most probably as a consequence of the involvement of

Figure 12. (a) Comparison of the 1H spectra of P1with increasing addition of Mn2+ at pH 7. (b) Comparison of a selection of 1H−13C HSQC spectra
for the free peptide P1 (red) and Mn(II)/P1 system (blue) at 0.02:1 molar ratio and pH 7.
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amide groups in iron binding under strongly alkaline conditions.
For P2, that behavior is not observed, with pZn values being
slightly higher than pFe, even at pH 11. At pH 7.4, pFe and pZn
values forP1 are 8.22 and 10.12, respectively, while forP2, pFe =
7.51 and pZn = 9.39, consistent with P1 being a better ligand for
both of these metals than P2, a behavior that we have already
seen in competition plots in Figure 14.
Figure 15 shows that, for Mn(II), P2 is clearly a more efficient

ligand, with pMn values being very close to those of pFe up to a
pH of about 7.5, albeit never higher. For P1, pMn values are
more or less at the level of 6 throughout the pH range, slightly
rising in basic pH, although with no chance to challenge Fe(II)
and Zn(II) for P1 binding. Under acidic conditions, pMn values
in the P2 system almost match the pFe values. For example, at
pH 5.5, pMn and pFe values are 6.32 and 6.44, respectively. This
could mean that the whole cytosolic C-terminal fragment of E.
coli FeoB could potentially also bind to Mn(II). At a pH of 7.4,
the pMn values are 6.11 and 7.35 for P1 and P2, respectively. P2
being a definitely better ligand for Mn(II) than P1 further
highlights the divalent manganese preference for oxygen ligands
(D8 and E10) present in P2, a behavior contrary to that observed

Figure 13. (a) Comparison of the 1H spectra of P2 with increasing addition of Mn2+ at pH 7.4. (b) Comparison of a selection of 1H−1H TOCSY
spectra for the free peptide P2 (red) and Mn(II)/P2 system (blue) at 0.02:1 molar ratio and pH 7.4.

Table 4. Stability Constants (log β) and pKa Values of the
Mn(II)/Peptide Systemsa

peptide species log βb pKa
c deprotonating residue

P1 [MnH4L]+ 37.88(6)
[MnH3L] 31.42(5) 6.46 His
[MnH2L]− 23.23(7) 8.19 Cys
[MnHL]2− 14.46(7) 8.77 Cys
[MnLH−1]4− −6.07(4) Cys, Owater

P2 [MnH5L]6+ 42.29(4)
[MnH4L]5+ 38.65(2) 3.64 Glu
[MnH3L]4+ 33.45(3) 5.20 His
[MnH2L]3+ 26.12(4) 7.33 Cys
[MnHL]2+ 17.53(4) 8.59 Cys
[MnL]+ 8.20(4) 9.33 Cys
[MnLH−2]2− −12.21(4) Owater, Owater/Owater, Lys

aT = 298 K; I = 0.1 M NaClO4; standard deviations (3σ values) are
given in parentheses. bOverall stability constants (β) expressed by the
equation β([MnHnL](n+2)+) = [[MnHnL](n+2)+]/[Mn(II)][[L]n+]-
[H+]n). cAcid dissociation constants (pKa) expressed as pKa = log
β([MnHnL](n+2)+) − log β([MnHn−1L](n+1)+).
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for Fe(II) and Zn(II), which prefer more borderline sulfur (C21,

C22, and C30) and nitrogen (Nim and possibly amide groups for

iron) donors. Such a comparison is important input to elucidate

the peptide ligand preferences and coordination chemistry of the

studied metals, especially for Fe(II), for which similar literature
is still lacking.
For both ligands, the stability of the metal complexes at the

cytoplasm’s physiological pH 7.0 follow the Irving−Williams
series, with Zn(II) complexes dominating over those of Fe(II)

Figure 14. Competition plots between the ligands P1 and P2 and the metal ion. The plot describes complex formation in a hypothetical situation, in
which equimolar amounts of all reagents are mixed. Plot a presents Fe(II) systems. Plot b presents Zn(II) systems. Plot c presents Mn(II) systems.
Conditions: T = 298 K; I = 0.1 M NaClO4; M:L = 1:1; the concentration of all reagents is 0.2 mM.

Figure 15. Plots of Fe(II), Zn(II), andMn(II) pM values with the ligands: (A) P1; (B) P2. pM =−log [M]free calculated for [M]total = 1× 10−6 M and
[L]total= 1 × 10−5 M.
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and Mn(II) complexes being the least stable (Figure 15).75

However, taking into consideration the 105-fold higher
concentration of Fe(II) in the cytoplasm compared to Zn(II),
the C-terminal part of FeoB would most probably bind iron
more efficiently than zinc in the cell.76

The shorter ligand, P1, helped us to understand the
coordination chemistry characteristics of the C-terminal FeoB
part. However, for a comparison of the stability of complexes
obtained in this study with metal chelators operating under in
vivo conditions, we use only the more biologically relevant P2
(the whole cytosolic fragment of the C-terminal FeoB). In order
to do that, we calculated the dissociation constant Kd, which
refers to the concentration of the free metal ion (expressed in
molarity) when half of the ligand exists in a complex form and
the other half is not complexed.77 Kd does not depend on the
ligand concentration, although it depends on the pH. BecauseKd
refers to the general equilibriumML=M+L, the lower the value
of the constant, the greater the stability of the complex. Under
physiological conditions, plenty of endogenous Fe(II) ligands
are present in the cell. Most probably, glutathione (GSH) is the
dominant divalent iron ligand in cytosol (GSH concentration in
cytosol: 2−10 mM), additionally providing the reducing
conditions necessary to maintain iron at (+II) oxidation
state.74 Another important ligand is citrate, present in the cell
at 100 μM concentration and binding about 20% of cytosol
Fe(II).76 Apart from the small organic ligands, there are plenty
of Fe(II)-binding proteins with different functions in the cell. In
the case of this study, the most relevant are (i) efficient bacterial
divalent metal ion transporters, such as Fe(II)-transporting
MtsA and YfeA, Zn(II)-transporting ZnuA and TroA, and
Mn(II)-transporting YfeA and TroA, and (ii) metal-sensing
proteins, e.g., Fur (Ferric Uptake Regulator) or MntR,
regulating Mn(II) homeostasis. Kd values for these systems are
collected in Table 5. It must be noted that these values have been

determined at slightly different pH values, although all of them
lie within the cell’s physiological pH (pH 7.0−7.5) and enable us
to compare the order of magnitude of Kd.
Kd values determined for the C-terminal part of E. coli FeoB lie

within the range of the other bacterial Fe(II), Zn(II), and
Mn(II) transporters Table 5. For Fe(II), the affinity for P2
exceeds more than 2-fold the affinity for the iron-sensing protein
Fur and almost 9-fold the affinity for MtsA Fe(II) transporter. A
few other reported Kd values for Fe(II) and metalloproteins are

usually in the 10−5−10−6 range,85 being higher than the Kd value
determined for P2 (4.75 × 10−7). Thus, we can clearly state that
the C-terminal part of FeoB binds Fe(II) efficiently and possibly
can act as either (i) a region binding ferrous iron in the
cytoplasm after transport through the bacterial membrane and
passing the metal ion on to a higher-affinity cytoplasmic ligand
and/or (ii) an iron sensor region, with an affinity toward Fe(II)
relatively similar to that toward a Fur protein, which could bind
intracellular ferrous iron and possibly regulate the FeoB activity.
However, with scarce literature regarding Kd values for Fe(II)
and endogenous ligands and the various methodology used for
their determination, their comparison should be treated with
caution. Additionally, the C-terminal FeoB affinity for Fe(II) is
only about 1.5-fold higher than the affinity for Mn(II), which
could mean that Mn(II) can also be effectively bound by the
cytoplasmic region of the protein. The Mn(II) affinity for P2 is
lower than the affinity for TroA transporter but higher than the
affinity for MntH transporter and manganese sensor protein
MntR. The Zn(II) affinity for the C-terminal FeoB is about 2-
fold lower than the affinity toward TroA and about 9-fold lower
than the affinity toward ZnuA transporter. Although the C-
terminal FeoB is an efficient ligand also for Zn(II), its binding is
probably less biologically relevant than Fe(II) and Mn(II)
binding, possessing the highest affinity to studied ligands due to
the Irving−Williams series. Moreover, one has to remember that
the overall structure of the protein will influence the geometry of
the binding and stability of the complexes. The distortions from
the ideal and preferred geometries [octahedral for Fe(II) and
Mn(II) and tetrahedral for Zn(II)], created by adopting a
specific conformation, may be utilized by proteins to ensure the
binding of the preferred metal ion and proper metalation.71

■ CONCLUSIONS
Efficient Fe(II) transport is crucial for bacterial virulence. In this
work, we have characterized the metal-binding properties of the
C-terminal part of E. coli FeoB. We have shown that this region
of the protein is an efficient ligand for Fe(II), Mn(II), and
Zn(II) and could play a part either in metal binding in the
cytoplasm and facilitating the transport through the membrane
or as a metal sensor in the cytoplasm. With a variety of
spectroscopic, spectrometric, and potentiometric techniques,
we have shown the different preferences of Fe(II) and Zn(II),
which prefer binding to sulfur and nitrogen atoms of cysteine
and histidine residues, and Mn(II), with a preference for oxygen
atoms of aspartate and glutamate. The affinity of the studied
metal ions toward the C-terminal part of E. coli FeoB lies within
the range of other bacterial divalent metal-ion transporters. This
is valuable input into the coordination chemistry of the studied
metal ions, especially Fe(II), because this work is one of the first
solution studies to present and discuss the thermodynamics and
coordination aspects of the Fe(II)/peptide complexes studied
by a variety of methods, such as potentiometry, NMR
spectroscopy, mass spectrometry and molecular dynamics.
Concluding the results of this work, the C-terminal part of E.
coli FeoB is a potent Fe(II) binding region, which can possibly
be involved in bacterial ferrous iron transport. Similar work is
carried out in our laboratories with other FeoB domains, in order
to thoroughly characterize the metal-binding properties of the
whole FeoB protein. Still, to fully elucidate the function of this
protein in vivo, high-resolution and biological studies are
necessary and eagerly awaited.

Table 5. Comparison of Kd Values for Studied and Biological
Ligands for Fe(II), Zn(II), and Mn(II)a

ligand Fe(II) Mn(II) Zn(II) ref

P2 4.75 × 10−7 7.02 × 10−7 6.31 × 10−8 this
work

E. coli Fur 1.2 × 10−6 2.4 × 10−5 1.4 × 10−10 78
S. pyogenes
MtsA

4.3 × 10−6 79

B. subtilis
MntR

(0.2−2) × 10−6 80

Y. pestis YfeA 1.78 × 10−8 6.6 × 10−9 81
T. pallidum
TroA

7.1 × 10−9 2.25 × 10−8 82

D. radiodurans
MntH

1.9 × 10−4 83

Synechocystis
ZnuA

7.3 × 10−9 84

aKd values calculated for our systems as = [ ][ ]
[ ]Kd
M L
ML

at pH 7.0.
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Potapenko, A.; Bridgland, A.; Meyer, C.; Kohl, S. A. A.; Ballard, A. J.;
Cowie, A.; Romera-Paredes, B.; Nikolov, S.; Jain, R.; Adler, J.; Back, T.;
Petersen, S.; Reiman, D.; Clancy, E.; Zielinski, M.; Steinegger, M.;
Pacholska, M.; Berghammer, T.; Bodenstein, S.; Silver, D.; Vinyals, O.;
Senior, A. W.; Kavukcuoglu, K.; Kohli, P.; Hassabis, D. Highly Accurate
Protein Structure Prediction with AlphaFold.Nature 2021, 596 (7873),
583−589.
(34)Marlovits, T. C.; Haase, W.; Herrmann, C.; Aller, S. G.; Unger, V.
M. TheMembrane Protein FeoBContains an Intramolecular G Protein
Essential for Fe(II) Uptake in Bacteria. Proc. Natl. Acad. Sci. U. S. A.
2002, 99 (25), 16243−16248.
(35) Hattori, M.; Jin, Y.; Nishimasu, H.; Tanaka, Y.; Mochizuki, M.;
Uchiumi, T.; Ishitani, R.; Ito, K.; Nureki, O. Structural Basis of Novel
Interactions between the Small-GTPase and GDI-like Domains in
Prokaryotic FeoB Iron Transporter. Struct. London Engl. 1993 2009, 17
(10), 1345−1355.
(36) Ash, M.-R.; Guilfoyle, A.; Clarke, R. J.; Guss, J. M.; Maher, M. J.;
Jormakka, M. Potassium-Activated GTPase Reaction in the G Protein-
Coupled Ferrous Iron Transporter B. J. Biol. Chem. 2010, 285 (19),
14594−14602.
(37) Lau, C. K. Y.; Ishida, H.; Liu, Z.; Vogel, H. J. Solution Structure of
Escherichia Coli FeoA and Its Potential Role in Bacterial Ferrous Iron
Transport. J. Bacteriol. 2013, 195 (1), 46−55.
(38) Severance, S.; Chakraborty, S.; Kosman, D. J. The Ftr1p Iron
Permease in the Yeast Plasma Membrane: Orientation, Topology and
Structure-Function Relationships. Biochem. J. 2004, 380 (2), 487−496.
(39) Hallgren, J.; Tsirigos, K. D.; Pedersen,M. D.; Armenteros, J. J. A.;
Marcatili, P.; Nielsen, H.; Krogh, A.; Winther, O. DeepTMHMM
Predicts Alpha and Beta Transmembrane Proteins Using Deep Neural
Networks. bioRxiv 2022; p 2022.04.08.487609. DOI: 10.1101/
2022.04.08.487609.
(40) Omasits, U.; Ahrens, C. H.; Müller, S.; Wollscheid, B. Protter:
Interactive Protein Feature Visualization and Integration with
Experimental Proteomic Data. Bioinformatics 2014, 30 (6), 884−886.
(41) Sievers, F.; Wilm, A.; Dineen, D.; Gibson, T. J.; Karplus, K.; Li,
W.; Lopez, R.; McWilliam, H.; Remmert, M.; Söding, J.; Thompson, J.
D.; Higgins, D. G. Fast, Scalable Generation of High-Quality Protein
Multiple Sequence Alignments Using Clustal Omega. Mol. Syst. Biol.
2011, 7 (1), 539.
(42) Pearson, R. G. Hard and Soft Acids and Bases. J. Am. Chem. Soc.

1963, 85 (22), 3533−3539.
(43) Liang, J.; Canary, J. W. Discrimination betweenHardMetals with
Soft Ligand Donor Atoms: An On-Fluorescence Probe for Manganese-
(II). Angew. Chem., Int. Ed. Engl. 2010, 49 (42), 7710−7713.

(44) Andreini, C.; Cavallaro, G.; Lorenzini, S.; Rosato, A. MetalPDB:
A Database of Metal Sites in Biological Macromolecular Structures.
Nucleic Acids Res. 2012, 41, D312−D319.
(45) Putignano, V.; Rosato, A.; Banci, L.; Andreini, C. MetalPDB in
2018: A Database of Metal Sites in Biological Macromolecular
Structures. Nucleic Acids Res. 2018, 46 (D1), D459−D464.
(46) Damo, S. M.; Kehl-Fie, T. E.; Sugitani, N.; Holt, M. E.; Rathi, S.;
Murphy, W. J.; Zhang, Y.; Betz, C.; Hench, L.; Fritz, G.; Skaar, E. P.;
Chazin, W. J. Molecular Basis for Manganese Sequestration by
Calprotectin and Roles in the Innate Immune Response to Invading
Bacterial Pathogens. Proc. Natl. Acad. Sci. U. S. A. 2013, 110 (10),
3841−3846.
(47) Antimicrobial Resistance Collaborators. Global Burden of
Bacterial Antimicrobial Resistance in 2019: A Systematic Analysis.
Lancet 2022, 399 (10325), 629−655.
(48) O’Neill, J. Review on Antimicrobial Resistance: Tackling Drug-
Resistant Infections Globally: Final Report and Recommendations;
Wellcome Trust: London, 2016.
(49) Gran, G.; Dahlenborg, H.; Laurell, S.; Rottenberg, M.
Determination of the Equivalent Point in Potentiometric Titrations.
Acta Chem. Scand. 1950, 4, 559−577.
(50) Gans, P.; Sabatini, A.; Vacca, A. Superquad - a New Computer
Program for Determination of Stability Constants of Complexes by
Potentiometric Titration. Inorg. Chim. Acta 1983, 79, 219−220.
(51) Gans, P.; Sabatini, A.; Vacca, A. Investigation of Equilibria in
Solution. Determination of Equilibrium Constants with the HYPER-
QUAD Suite of Programs. Talanta 1996, 43 (10), 1739−1753.
(52) Alderighi, L.; Gans, P.; Ienco, A.; Peters, D.; Sabatini, A.; Vacca,
A. Hyperquad Simulation and Speciation (HySS): A Utility Program
for the Investigation of Equilibria Involving Soluble and Partially
Soluble Species. Coord. Chem. Rev. 1999, 184 (1), 311−318.
(53) Baes, C. F.;Mesmer, R. S.TheHydrolysis of Cations; JohnWiley&
Sons: New York, 1976. (489 Seiten, Preis: £ 18.60. Ber. Bunsenges. Phys.
Chem. 1977, 81 (2), 245−246. URL: https://doi.org/10.1002/
bbpc.19770810252).
(54) Brown, P. L.; Ekberg, C. Hydrolysis of Metal Ions; John Wiley &
Sons, 2016.
(55) Hanwell, M. D.; Curtis, D. E.; Lonie, D. C.; Vandermeersch, T.;
Zurek, E.; Hutchison, G. R. Avogadro: An Advanced Semantic
Chemical Editor, Visualization, and Analysis Platform. J. Cheminfor-
matics 2012, 4 (1), 17.
(56) Phillips, J. C.; Hardy, D. J.; Maia, J. D. C.; Stone, J. E.; Ribeiro, J.
V.; Bernardi, R. C.; Buch, R.; Fiorin, G.; Hénin, J.; Jiang,W.; McGreevy,
R.; Melo, M. C. R.; Radak, B. K.; Skeel, R. D.; Singharoy, A.; Wang, Y.;
Roux, B.; Aksimentiev, A.; Luthey-Schulten, Z.; Kalé, L. V.; Schulten,
K.; Chipot, C.; Tajkhorshid, E. Scalable Molecular Dynamics on CPU
and GPU Architectures with NAMD. J. Chem. Phys. 2020, 153 (4),
044130.
(57) Humphrey, W.; Dalke, A.; Schulten, K. VMD: Visual Molecular
Dynamics. J. Mol. Graph. 1996, 14 (1), 33−38.
(58) Jo, S.; Kim, T.; Iyer, V. G.; Im, W. CHARMM-GUI: A Web-
Based Graphical User Interface for CHARMM. J. Comput. Chem. 2008,
29 (11), 1859−1865.
(59) Pettersen, E. F.; Goddard, T. D.; Huang, C. C.; Meng, E. C.;
Couch, G. S.; Croll, T. I.; Morris, J. H.; Ferrin, T. E. UCSF ChimeraX:
Structure Visualization for Researchers, Educators, and Developers.
Protein Sci. Publ. Protein Soc. 2021, 30 (1), 70−82.
(60) Krzywoszyn ́ska, K.; Swia ̧tek-Kozłowska, J.; Potocki, S.;
Ostrowska, M.; Kozłowski, H. Triplet of Cysteines - Coordinational
Riddle? J. Inorg. Biochem. 2020, 204, 110957.
(61) Gutkina, E. A.; Rubtsova, T. B.; Shteinman, A. Synthesis and
Catalytic Activity of the Fe(II) and Fe(III) Complexes with a New
Polydentate Ligand Containing an Amide Donor. Kinet. Catal. 2003,
44, 106−111.
(62) Singh, A. K.; Mukherjee, R. Bivalent and Trivalent Iron
Complexes of Acyclic Hexadentate Ligands Providing Pyridyl/
Pyrazine-Amide-Thioether Coordination. Inorg. Chem. 2005, 44 (16),
5813−5819.

Inorganic Chemistry pubs.acs.org/IC Article

https://doi.org/10.1021/acs.inorgchem.3c02910
Inorg. Chem. 2023, 62, 18607−18624

18623

https://doi.org/10.1007/s10534-006-0003-2
https://doi.org/10.1039/C8MT00097B
https://doi.org/10.1039/C8MT00097B
https://doi.org/10.1128/IAI.00052-06
https://doi.org/10.1128/IAI.00052-06
https://doi.org/10.1046/j.1365-2958.2000.01987.x
https://doi.org/10.1046/j.1365-2958.2000.01987.x
https://doi.org/10.1046/j.1365-2958.2000.01987.x
https://doi.org/10.1111/j.1574-6968.1987.tb02241.x
https://doi.org/10.1111/j.1574-6968.1987.tb02241.x
https://doi.org/10.1016/S0966-842X(03)00100-8
https://doi.org/10.1016/S0966-842X(03)00100-8
https://doi.org/10.1038/s41586-021-03819-2
https://doi.org/10.1038/s41586-021-03819-2
https://doi.org/10.1073/pnas.242338299
https://doi.org/10.1073/pnas.242338299
https://doi.org/10.1016/j.str.2009.08.007
https://doi.org/10.1016/j.str.2009.08.007
https://doi.org/10.1016/j.str.2009.08.007
https://doi.org/10.1074/jbc.M110.111914
https://doi.org/10.1074/jbc.M110.111914
https://doi.org/10.1128/JB.01121-12
https://doi.org/10.1128/JB.01121-12
https://doi.org/10.1128/JB.01121-12
https://doi.org/10.1042/bj20031921
https://doi.org/10.1042/bj20031921
https://doi.org/10.1042/bj20031921
https://doi.org/10.1101/2022.04.08.487609
https://doi.org/10.1101/2022.04.08.487609
https://doi.org/10.1101/2022.04.08.487609
https://doi.org/10.1101/2022.04.08.487609?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1101/2022.04.08.487609?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1093/bioinformatics/btt607
https://doi.org/10.1093/bioinformatics/btt607
https://doi.org/10.1093/bioinformatics/btt607
https://doi.org/10.1038/msb.2011.75
https://doi.org/10.1038/msb.2011.75
https://doi.org/10.1021/ja00905a001?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/anie.201002853
https://doi.org/10.1002/anie.201002853
https://doi.org/10.1002/anie.201002853
https://doi.org/10.1093/nar/gks1063
https://doi.org/10.1093/nar/gks1063
https://doi.org/10.1093/nar/gkx989
https://doi.org/10.1093/nar/gkx989
https://doi.org/10.1093/nar/gkx989
https://doi.org/10.1073/pnas.1220341110
https://doi.org/10.1073/pnas.1220341110
https://doi.org/10.1073/pnas.1220341110
https://doi.org/10.1016/S0140-6736(21)02724-0
https://doi.org/10.1016/S0140-6736(21)02724-0
https://doi.org/10.3891/acta.chem.scand.04-0559
https://doi.org/10.1016/S0020-1693(00)95255-1
https://doi.org/10.1016/S0020-1693(00)95255-1
https://doi.org/10.1016/S0020-1693(00)95255-1
https://doi.org/10.1016/0039-9140(96)01958-3
https://doi.org/10.1016/0039-9140(96)01958-3
https://doi.org/10.1016/0039-9140(96)01958-3
https://doi.org/10.1016/S0010-8545(98)00260-4
https://doi.org/10.1016/S0010-8545(98)00260-4
https://doi.org/10.1016/S0010-8545(98)00260-4
https://doi.org/10.1186/1758-2946-4-17
https://doi.org/10.1186/1758-2946-4-17
https://doi.org/10.1063/5.0014475
https://doi.org/10.1063/5.0014475
https://doi.org/10.1016/0263-7855(96)00018-5
https://doi.org/10.1016/0263-7855(96)00018-5
https://doi.org/10.1002/jcc.20945
https://doi.org/10.1002/jcc.20945
https://doi.org/10.1002/pro.3943
https://doi.org/10.1002/pro.3943
https://doi.org/10.1016/j.jinorgbio.2019.110957
https://doi.org/10.1016/j.jinorgbio.2019.110957
https://doi.org/10.1023/A:1022580903767
https://doi.org/10.1023/A:1022580903767
https://doi.org/10.1023/A:1022580903767
https://doi.org/10.1021/ic050057s?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ic050057s?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ic050057s?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
pubs.acs.org/IC?ref=pdf
https://doi.org/10.1021/acs.inorgchem.3c02910?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


(63) Korendovych, I. V.; Kryatova, O. P.; Reiff, W. M.; Rybak-
Akimova, E. V. Iron(II) Complexes with Amide-Containing Macro-
cycles as Non-Heme Porphyrin Analogues. Inorg. Chem. 2007, 46 (10),
4197−4211.
(64) Guajardo, R. J.; Chavez, F.; Farinas, E. T.; Mascharak, P. K.
Structural Features That Control Oxygen Activation at the Non-Heme
Iron Site in Fe(II)-Bleomycin: An Analog Study. J. Am. Chem. Soc.
1995, 117 (13), 3883−3884.
(65) Nemirovskiy, O. V.; Gross, M. L. Complexes of Iron(II) with
Cysteine-Containing Peptides in the Gas Phase. J. Am. Soc. Mass
Spectrom. 1996, 7 (9), 977−980.
(66) Nemirovskiy, O. V.; Gross, M. L. Gas Phase Studies of the
Interactions of Fe2+ with Cysteine-Containing Peptides. J. Am. Soc.
Mass Spectrom. 1998, 9 (12), 1285−1292.
(67) Dzyhovskyi, V.; Stokowa-Sołtys, K. Divalent Metal Ion Binding
to Staphylococcus Aureus FeoB Transporter Regions. J. Inorg. Biochem.
2023, 244, 112203.
(68) Rola, A.; Potok, P.; Mos,M.; Gumienna-Kontecka, E.; Potocki, S.
Zn(II) and Cd(II) Complexes of AMT1/MAC1 Homologous Cys/
His-Rich Domains: So Similar yet So Different. Inorg. Chem. 2022, 61
(36), 14333−14343.
(69) Rapheal, P. F.; Manoj, E.; Kurup, M. R. Syntheses and EPR
Spectral Studies of Manganese(II) Complexes Derived from Pyridine-
2-Carbaldehyde Based N(4)-Substituted Thiosemicarbazones: Crystal
Structure of One Complex. Polyhedron 2007, 26, 5088−5094.
(70) Das, K.; Beyene, B. B.; Datta, A.; Garribba, E.; Roma-Rodrigues,
C.; Silva, A.; Fernandes, A. R.; Hung, C.-H. EPR and Electrochemical
Interpretation of Bispyrazolylacetate Anchored Ni(II) and Mn(II)
Complexes: Cytotoxicity and Anti-Proliferative Activity towards
Human Cancer Cell Lines. New J. Chem. 2018, 42 (11), 9126−9139.
(71) Ray, S.; Gaudet, R. Structures and Coordination Chemistry of
Transporters Involved in Manganese and Iron Homeostasis. Biochem.
Soc. Trans. 2023, 51 (3), 897−923.
(72) Harris, W. R.; Carrano, C. J.; Cooper, S. R.; Sofen, S. R.; Avdeef,
A. E.; McArdle, J. V.; Raymond, K. N. Coordination Chemistry of
Microbial Iron Transport Compounds. 19. Stability Constants and
Electrochemical Behavior of Ferric Enterobactin and Model Com-
plexes. J. Am. Chem. Soc. 1979, 101 (20), 6097−6104.
(73) Raymond, K. N.; Allred, B. E.; Sia, A. K. Coordination Chemistry
of Microbial Iron Transport. Acc. Chem. Res. 2015, 48 (9), 2496−2505.
(74) Hider, R. C.; Kong, X. L. Glutathione: A Key Component of the
Cytoplasmic Labile Iron Pool. Biometals Int. J. Role Met. Ions Biol.
Biochem. Med. 2011, 24 (6), 1179−1187.
(75) Irving, H.; Williams, R. J. P. 637. The Stability of Transition-
Metal Complexes. J. Chem. Soc. Resumed 1953, No. 0, 3192−3210.
(76) Hider, R. C.; Kong, X. Iron Speciation in the Cytosol: An
Overview. Dalton Trans. Camb. Engl. 2003 2013, 42 (9), 3220−3229.
(77) Kozlowski, H.; Łuczkowski, M.; Remelli, M. Prion Proteins and
Copper Ions. Biological and Chemical Controversies. Dalton Trans.
2010, 39 (28), 6371−6385.
(78) Mills, S. A.; Marletta, M. A. Metal Binding Characteristics and
Role of Iron Oxidation in the Ferric Uptake Regulator from Escherichia
Coli. Biochemistry 2005, 44 (41), 13553−13559.
(79) Sun, X.; Baker, H. M.; Ge, R.; Sun, H.; He, Q.-Y.; Baker, E. N.
Crystal Structure and Metal Binding Properties of the Lipoprotein
MtsA, Responsible for Iron Transport in Streptococcus pyogenes.
Biochemistry 2009, 48, 6184.
(80) Kliegman, J. I.; Griner, S. L.; Helmann, J. D.; Brennan, R. G.;
Glasfeld, A. Structural Basis for the Metal-Selective Activation of the
Manganese Transport Regulator of Bacillus subtilis. Biochemistry 2006,
45, 3493.
(81) Desrosiers, D. C.; Bearden, S. W.; Mier, I.; Abney, J.; Paulley, J.
T.; Fetherston, J. D.; Salazar, J. C.; Radolf, J. D.; Perry, R. D. Znu Is the
Predominant Zinc Importer in Yersinia Pestis during In Vitro Growth
but Is Not Essential for Virulence. Infect. Immun. 2010, 78 (12), 5163−
5177.
(82) Desrosiers, D. C.; Sun, Y. C.; Zaidi, A. A.; Eggers, C. H.; Cox, D.
L.; Radolf, J. D. The General Transition Metal (Tro) and Zn2+ (Znu)

Transporters in Treponema Pallidum: Analysis of Metal Specificities
and Expression Profiles. Mol. Microbiol. 2007, 65 (1), 137−152.
(83) Ray, S.; Berry, S. P.; Wilson, E. A.; Zhang, C. H.; Shekhar, M.;
Singharoy, A.; Gaudet, R. High-Resolution Structures with Bound
Mn2+ and Cd2+ Map the Metal Import Pathway in an Nramp
Transporter. eLife 2023, 12, No. e84006.
(84) Wei, B.; Randich, A. M.; Bhattacharyya-Pakrasi, M.; Pakrasi, H.
B.; Smith, T. J. Possible Regulatory Role for the Histidine-Rich Loop in
the Zinc Transport Protein, ZnuA,. Biochemistry 2007, 46 (30), 8734−
8743.
(85) Cotruvo, J. A., Jr.; Stubbe, J. Metallation and Mismetallation of
Iron and Manganese Proteinsin Vitro and in Vivo: The Class I
Ribonucleotide Reductases as a Case Study.Metallomics 2012, 4 (10),
1020−1036.

Inorganic Chemistry pubs.acs.org/IC Article

https://doi.org/10.1021/acs.inorgchem.3c02910
Inorg. Chem. 2023, 62, 18607−18624

18624

https://doi.org/10.1021/ic0701209?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ic0701209?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja00118a031?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja00118a031?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/1044-0305(96)00054-2
https://doi.org/10.1016/1044-0305(96)00054-2
https://doi.org/10.1016/S1044-0305(98)00111-1
https://doi.org/10.1016/S1044-0305(98)00111-1
https://doi.org/10.1016/j.jinorgbio.2023.112203
https://doi.org/10.1016/j.jinorgbio.2023.112203
https://doi.org/10.1021/acs.inorgchem.2c02080?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.inorgchem.2c02080?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.poly.2007.07.028
https://doi.org/10.1016/j.poly.2007.07.028
https://doi.org/10.1016/j.poly.2007.07.028
https://doi.org/10.1016/j.poly.2007.07.028
https://doi.org/10.1039/C8NJ01033A
https://doi.org/10.1039/C8NJ01033A
https://doi.org/10.1039/C8NJ01033A
https://doi.org/10.1039/C8NJ01033A
https://doi.org/10.1042/BST20210699
https://doi.org/10.1042/BST20210699
https://doi.org/10.1021/ja00514a037?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja00514a037?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja00514a037?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja00514a037?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.accounts.5b00301?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.accounts.5b00301?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1007/s10534-011-9476-8
https://doi.org/10.1007/s10534-011-9476-8
https://doi.org/10.1039/jr9530003192
https://doi.org/10.1039/jr9530003192
https://doi.org/10.1039/C2DT32149A
https://doi.org/10.1039/C2DT32149A
https://doi.org/10.1039/c001267j
https://doi.org/10.1039/c001267j
https://doi.org/10.1021/bi0507579?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/bi0507579?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/bi0507579?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/bi900552c?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/bi900552c?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/bi0524215?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/bi0524215?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1128/IAI.00732-10
https://doi.org/10.1128/IAI.00732-10
https://doi.org/10.1128/IAI.00732-10
https://doi.org/10.1111/j.1365-2958.2007.05771.x
https://doi.org/10.1111/j.1365-2958.2007.05771.x
https://doi.org/10.1111/j.1365-2958.2007.05771.x
https://doi.org/10.7554/eLife.84006
https://doi.org/10.7554/eLife.84006
https://doi.org/10.7554/eLife.84006
https://doi.org/10.1021/bi700763w?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/bi700763w?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/c2mt20142a
https://doi.org/10.1039/c2mt20142a
https://doi.org/10.1039/c2mt20142a
pubs.acs.org/IC?ref=pdf
https://doi.org/10.1021/acs.inorgchem.3c02910?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

