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Abstract 

Iron is a vital element for life. However, after the Great Oxidation 

Event, the bioavailability of this element became limited. To overcome iron 

shortage and to scavenge this essential nutrient, microorganisms use 

siderophores, secondary metabolites that have some of the highest affinities 

for ferric iron. The crucial step of iron release from these compounds to be 

subsequently integrated into cellular components is mediated by Siderophore-

Interacting Proteins (SIPs) or Ferric-siderophore reductases (FSRs).  

In this work, we report the structure of an FSR for the first time. FhuF 

from laboratory strain Escherichia coli K-12 is the archetypical FSR, known for 

its atypical 2Fe-2S cluster with the binding motif C-C-X10-C-X2-C. The 1.9 Å 

resolution crystallographic structure of FhuF shows it to be the only 2Fe-2S 

protein known to date with two consecutive cysteines binding different Fe 

atoms. This novel coordination provides a rationale for the unusual 

spectroscopic properties of FhuF. Furthermore, FhuF shows an impressive 

ability to reduce hydroxamate-type siderophores at very high rates when 

compared to flavin-based SIPs, but like SIPs it appears to use the redox-Bohr 

effect to achieve catalytic efficiency.  

Overall, this work closes the knowledge gap regarding the structural 

properties of ferric-siderophore reductases and simultaneously opens the door 

for further understanding of the diverse mechanistic abilities of these proteins 

in the siderophore recycling pathway.  
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Introduction 

The high abundance of reduced sulfur and ferrous iron in the Archean 

ocean enabled the assembly of these two elements into clusters by the 

emergent Life and their use as redox centers [1,2]. Today, more oxidizing 

conditions following the Great Oxygenation Event (GOE) have led to the 

precipitation of iron as ferric minerals, dramatically lowering its bioavailability 

[3]. Regardless, proteins containing these clusters are found ubiquitously 

throughout all domains of life, playing roles in essential metabolic processes 

such as photosynthesis and respiration. Iron-sulfur proteins comprise a family 

of proteins with remarkable diversity in both cofactor configuration and 

reduction potential extending over a 1 V range [2]. Even among proteins 

containing the same cluster type, reduction potentials can be modulated by 

the cluster environment. Furthermore, the reduction potentials of individual Fe 

atoms in a 2Fe-2S cluster can be differentiated to yield localized valence in odd 

electron states [4]. The remarkably wide range of reduction potentials and 

diverse structural motifs allow iron-sulfur proteins to act as electron carriers in 

a variety of biological processes. Ironically, this includes their function in iron 

acquisition pathways as the catalytic center of Ferric-Siderophore Reductases 

(FSRs) [5–8]. Siderophores are secondary metabolites specialized in iron 

scavenging [9]. However, once inside the cell, iron release from these 

compounds does not occur spontaneously. Instead, this process is mediated by 

several enzymes [10,11]. These enzymes contain either flavins as redox 

cofactors and are named Siderophore-Interacting Proteins (SIPs), or 2Fe-2S 

clusters and are designated Ferric Siderophore Reductases (FSRs) [11–13]. 

Generally, these enzymes promote iron release from Ferric-siderophores 

through the reduction of ferric iron, Fe(III), to its ferrous form, Fe(II), catalyzing 

the dissociation of the Fe(III)-siderophore complex. Specifically, the FSR family 
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is characterized by the atypical cysteine binding motif C-C-X10-C-X2-C that 

coordinates a 2Fe-2S cluster, as found in FhuF from Escherichia coli K-12, the 

archetypical FSR [5]. This protein displays several unusual spectroscopic 

properties: i) an EPR spectrum in the reduced state with a gz value of 1.994, 

which is smaller than that typically found in other proteins containing 2Fe-2S 

clusters; ii) Mössbauer spectra with a quadrupole splitting for the oxidized 

protein of ΔEq = 0.474 mm/s which is lower than that typically found in 2Fe-2S 

clusters, whereas for the reduced cluster the Mössbauer parameters for the 

ferric iron change considerably, with the quadrupole splitting increasing to 3.3 

mm/s; iii) NMR spectra with unusual chemical shifts, especially in the reduced 

state where paramagnetic signals are found significantly downfield shifted 

compared to those previously reported for other proteins containing 2Fe-2S 

clusters [5,7,8]. To understand how the unusual structural features of FhuF 

that are revealed by its unprecedented spectroscopic properties govern its 

physiological function, here we report, the three-dimensional structure of this 

protein. This first structure of a member of the Ferric-Siderophore Reductase 

family of proteins.  

The structure of FhuF reveals a different cluster coordination mode 

provided by the atypical cysteine-binding motif. Furthermore we provide fine 

details about the 2Fe-2S cluster obtained by Resonance Raman spectroscopy 

and additional evidence that FhuF is a ferric-siderophore reductase of 

hydroxamate-type siderophores. 
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Methods 

Protein Expression and Purification 

FhuF WT was expressed and purified as previously reported [5,7]. The 

mutated FhuF (FhuF-C143S) was expressed and purified as previously reported 

with minor modifications [5,7]. Briefly, the plasmid pKF143S that codes for His-

tagged FhuF (FhuF-C143S) mutant protein was transformed into BL21 DE3 

competent cells for expression. Transformed cells were grown in Luria Bertani 

medium supplemented with 100 mg/L ampicillin at 37 °C, 160 rpm until they 

reached an OD of 0.7; the temperature was then decreased to 30 °C, and cells 

were harvested by centrifugation after 18 hours and stored at -80 °C. The cells 

were later defrosted and resuspended in 20 mM Potassium Phosphate buffer 

pH 7.6, 300 mM NaCl with a protease-inhibitor cocktail (Roche) and DNase I 

(Sigma) prior to a three-pass cell disruption at 6.9 MPa using a French press. 

The lysate was ultracentrifuged at 204709 g for 90 min at 4 °C to remove cell 

membranes and debris. FhuF was then purified from the supernatant using a 

His-trap affinity column (GE Healthcare) where the fraction containing FhuF 

was eluted at 20 mM Potassium Phosphate pH 7.6, 300 mM NaCl with 250 mM 

imidazole. Eluted fractions were analyzed by SDS-PAGE with Blue-Safe staining 

(NZYTech) and UV-visible spectroscopy to select fractions containing pure 

FhuF. The imidazole was removed and FhuF was concentrated at 36 °C using an 

Amicon® Ultra Centrifugal Filter (Millipore) with a cut-off of 30 kDa. Several 

aliquots were flash frozen in liquid nitrogen and stored at -80 °C while others 

were kept at 30 °C for a week, to promote autolysis, before a second His-trap 

purification step was performed. The final purified FhuF (His-tag free) was 
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concentrated from the flow-through of the second passage through the His-

trap column using an Amicon® Ultra Centrifugal Filter (Millipore) with a 30 kDa 

cut-off. Sample aliquots were sent for N-terminus sequencing to confirm the 

identity and the first amino-acid residues of the purified protein samples. 

Aliquots were flash-frozen in liquid nitrogen for storage, or kept under 

anaerobic conditions for further use. 

 

Structure determination  

N-terminally truncated and mutated FhuF (FhuF−C143S) at a 

concentration of 50 mg/ml was crystallized in 0.2 M Magnesium chloride 

hexahydrate, 0.1 M Tris-HCl pH 8.2 and 30% PEG w/v 4000 using the hanging 

drop vapor diffusion technique (2 μl protein:2 μl reservoir) [5,7]. Crystals were 

harvested and soaked in a 2 μl drop of cryo-protectant solution (0.2 M 

magnesium chloride hexahydrate, 0.1 M Tris-HCl pH 8.2, 30 % PEG w/v 4000 

supplemented with 5 % glycerol) prior to flash-freezing in liquid nitrogen. 

Diffraction data were collected at 100 K to 1.9 Å resolution at ALBA 

Synchrotron Beamline XALOC (Barcelona, Spain). The images were processed 

with autoPROC, which makes use of XDS and the CCP4 suite for integration and 

conversion of integrated intensities to structure factors, and an anisotropic 

resolution cut-off was applied with STARANISO [14–18]. The data collection 

and processing statistics are listed in Table 1. The structure was solved by 

molecular replacement (MR) using PHASER in the CCP4 suite [16]. The phasing 

model was obtained with AlphaFold2 (through Google Colab) using the 

sequence of the mature FhuF protein from which the first 16 residues (Met-1 

until Thr-16) were deleted [19]. The structure was rebuilt with BUCCANEER, 

corrected, and completed with COOT and an initial refinement was undertaken 

using REFMAC5 in the CCP4 suite [20–22]. Structure refinement was performed 

using PHENIX [23]. Throughout the refinement, the model was periodically 
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checked and corrected with COOT against σA-weighted 2|Fo|-|Fc| and |Fo|-

|Fc| electron-density maps. Solvent molecules were added manually by 

inspection of electron-density maps in COOT. Hydrogen atoms were included 

in calculated positions with the PHENIX READYSET tool and isotropic 

displacement parameters (ADPs) were refined for all non-hydrogen atoms. In 

the final refinement cycles, the relative X-ray/stereochemistry and X-ray/ADP 

weights were optimized to reduce the gap between R-cryst and R-free. The 

final values of R-cryst and R-free were 21.1 % and 24.5 % respectively, with a 

maximum likelihood estimate of the overall coordinate error of 0.26 Å [23]. 

The refinement statistics are presented in Table 2. The model stereochemical 

quality was analyzed with MOLPROBITY and there are no outliers in the 

Ramachandran  ϕ,φ plot [24]. The coordinates and experimental structure 

factors have been submitted to the Protein Data Bank with accession code 

7QP5. Images were produced using PyMOL [25,26]. 
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Table 1 Data collection and processing statistics. 

Data Collection FhuF 

Beamline ALBA XALOC 

Detector PILATUS 

Wavelength (Ǻ) 0.97934 Å 

Space Group C 2 

Unit cell parameters:  

a, b, c (Ǻ) 116.91, 73.57, 71.88 

β (°) 113.4 

Data Processing AutoPROC / STARANISO 

Resolution limits of ellipsoid 
fitted to resolution cut-off 

surface (Å) 
1.99, 1.90, 2.90 

Resolution, spherical limits (Å) 65.9 – 1.92 (2.11 – 1.92) 
Nr. Observations 74725 (2314) 

Unique reflections 22524 (1127) 

Multiplicity 3.3 (2.1) 

Completeness, spherical (%) 52.7 (10.7) 

Completeness, ellipsoidal (%) 81.6 (51.8) 

R-merge (%) b 7.8 (56.7) 

R-p.i.m. (%) c 5.0 (49.2) 

<I/σ (I)> 9.3 (1.4) 

CC 1/2 0.997 (0.560) 

ISa d 15.2 

Wilson B (Å2) 37.2 

Z e 2 

Estimated VM 
f 2.54 

Estimated Solvent Content (%) f 51.5 

Raw data DOI 
DOI: 

10.5281/zenodo.7515154- 

a

 Values in parentheses refer to the highest resolution shell; b R-merge = merging R-
factor, (Σhkl Σi |Ii(hkl) - <I(hkl)>|) / (Σhkl Σi I(hkl)) × 100 %; c R-p.i.m. = precision-
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independent R-factor, Σhkl [1/(N-1)]1/2 Σi |Ii(hkl) - <I(hkl) >| / (Σhkl Σi Ii(hkl)) × 100 % [27]. 
For each unique Bragg reflection with indices (hkl), Ii is the i-th observation of its 
intensity and N its multiplicity; d according to [28]; e Nr. molecules in the asymmetric 
unit; f According to [29]. 

 

Resonance Raman experiments 

For resonance Raman (RR) spectroscopic experiments, 2 μL of the 

sample (350 µM FhuF WT in 20 mM Potassium Phosphate buffer pH 8 with 300 

mM NaCl) were introduced, under strictly anaerobic conditions, into a liquid-

nitrogen-cooled cryostat (Linkam), mounted on a microscope stage and cooled 

down to 77 K. Spectra from the frozen sample were collected in backscattering 

geometry using a confocal microscope coupled to a Raman spectrometer 

(Jobin-Yvon LabRam 800 HR, HORIBA) equipped with a 1200 mm -1 grating and 

a liquid-nitrogen-cooled CCD detector. The 458 nm line from an Argon ion laser 

(Coherent Innova) was used as the excitation source. Typically, eight spectra 

accumulated for 60 s each using a laser power of 5.3 mW at the sample, were 

co-added to improve the signal-to-noise ratio (S/N). The background scattering 

was removed by subtraction of a polynomial function and the spectra were 

deconvoluted using LabSpec 5.4 software (Horiba). 

 

Stopped-flow experiments 

The kinetic experiments were performed with HI-TECH Scientific 

Stopped-flow equipment (SF-61DX2) installed inside an anaerobic glove box 

(Mbraun MB150-GI). The temperature of the drive syringes and mixing 

chamber was maintained at 20 °C using a water bath. Sample solutions were 

prepared with 20 mM Potassium Phosphate buffer pH 8 with 300 mM NaCl and 

in the presence of an O2 scavenging system (30 mM glucose, 375 nM glucose 

oxidase, and 750 nM catalase). The time course of the reactions was 
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monitored using a photodiode array. Solutions were prepared inside the 

anaerobic chamber with degassed water and all experiments were performed 

in duplicate. Data were analyzed using Kinetics Studio version 2.32 (TgK 

Scientific). 

Ferric-siderophore reduction experiments were performed at 20 °C in 

the stopped-flow apparatus, using 15 μM FhuFred against either 50 μM of 

bisucaberin or 15 μM of ferrichrome (concentrations after mixing). FhuFred was 

prepared using sodium dithionite and then its excess was removed through 

buffer exchange in a HiTrap® Desalting Column (GE Healthcare). The different 

concentrations were used to avoid and deal with the spectra overlap between 

FhuF and the Fe(III)-siderophores. The reduction rate constants were obtained 

by fitting the kinetic traces at 452 nm with a single exponential function.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

.CC-BY-NC-ND 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted July 4, 2023. ; https://doi.org/10.1101/2023.07.04.547673doi: bioRxiv preprint 

https://doi.org/10.1101/2023.07.04.547673
http://creativecommons.org/licenses/by-nc-nd/4.0/


11 

 

 

 

Results and Discussion 

FhuF, an entirely novel structure 

 

 

Figure 1 A) Cartoon diagram of the FhuF X-ray structure colored from blue 

to red in the N-terminal to the C-terminal direction. The atoms in the 2Fe-2S centre 

are represented as spheres. B) Highlight of the “ferredoxin domain” and schematic 

representation of the 2Fe-2S coordination mode in FhuF in comparison with other 

2Fe-2S proteins where n equals 2 or more amino acid residues between cysteines. 

FhuF was first isolated in 1998. However, only dilute samples were 

stable for a few days at 4 °C, and thus the instability of FhuF and its homologs 

has prevented the structure determination of representatives of the FSR 

protein family [5,13].  The instability of FhuF was mainly translated into two 

main observables: first, non-reversible protein aggregation upon concentration 

higher than 10 mg/ml and second, protein autolysis losing the first 17 amino-
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acid residues in the N-terminus together with the histidine tag. Therefore, the 

43 residues from the initial starting expression sequence (Supplementary Table 

S1) are gradually lost during the process of protein sample preparation. To 

increase sample concentration and sample homogeneity for crystallization 

experiments while simultaneously preventing protein denaturation, FhuF was 

kept at high concentrations at 30 °C for a week to promote faster autolysis, 

followed by a second His-trap purification step leaving the untagged protein in 

the flow-through. These two steps in sample preparation increased the sample 

homogeneity, and together with the use of the FhuF-C143S mutant instead of 

WT FhuF, decreased protein aggregation by preventing intermolecular disulfide 

bond formation, thus improving crystal quality and diffraction limits. The 

crystal structure of FhuF was determined to 1.9 Å resolution and deposited in 

the Protein Data Bank with accession number 7QP5 (Figure 1 and Table 2).  

The amino acid numbering used in this manuscript and in the 

deposited PDB coordinates is based on the amino acid sequence encoded by 

the expressed gene and thus includes 24 additional residues relative to the 

gene-derived protein sequence. 

  The structure (Figure 1 A) of FhuF reveals two domains, a 2Fe-2S 

cluster binding domain or “ferredoxin domain”, and a “siderophore-synthetase 

domain” highly similar with the “palm domain” in siderophore synthetases. 

This structure shows a number of remarkable features. One is the “siderophore 

synthetase” domain, which is unprecedented since the other family of ferric-

siderophore reductases, SIPs, from the Siderophore-Interacting Proteins family, 

resemble oxidoreductases instead [30]. However, this agrees with the 

previously obtained Rosetta-derived structural model [7]. This domain is 

composed of a three-stranded antiparallel β-sheet that is sandwiched between 

a four and two α-helix bundles.  
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Table 2 Final refinement statistics of FhuF. 

Dataset FhuF 

Resolution limits (Å)a 65.9 – 1.92 (2.00 – 1.92) 

% Rwork 
b 20.9 (30.2) 

% Rfree 
c 25.2 (37.9) 

ML coordinate error estimate (Å) d 0.26 

Model composition and 
completeness 

 

Regions omitted e 17A-18A, 17B-18B 
Non-hydrogen protein atoms f 3879 

2Fe-2S clusters 2 
Solvent molecules 157 

Mean B values (Å
2
) 

g  
Protein 33.8 

2Fe-2S clusters 27.6 
Solvent 34.6 

Model r.m.s. deviations from ideality  

Bond lengths (Å) 0.003 
Bond angles (°) 0.559 

Chiral centers (Å3) 0.039 
Planar groups (Å) 0.005 
Model validation 

h  
% Ramachandran outliers 0 
% Ramachandran favored 97.5 

% Rotamer outliers 0.0 
% Cβ outliers 0 
Clash score 2.1 

PDB Accession code 7QP5 

a Values in parentheses refer to the highest resolution shell; b Rwork = (Σhkl ||Fobs(hkl)| - 
|Fcalc(hkl)||) / (Σhkl |Fobs(hkl)|) × 100 %; c Rfree is calculated as above from a random 
sample containing 5% of the total number of independent reflections measured; 
d Maximum-likelihood estimate by PHENIX; e Chains A and B correspond to the two 
independent molecules in the asymmetric unit; f Including atoms in the alternate 
conformations of disordered groups of residues; g

 Calculated from isotropic or 
equivalent isotropic B-values; h Calculated with MolProbity. 

 

Second, the “ferredoxin” domain reveals a novel fold, where all the 

coordinating cysteines are within the same loop. This fold differs from those 
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reported in all other previously characterized 2Fe-2S cluster containing 

proteins. The most remarkable finding is that the consensus sequence of FhuF 

gives rise to a novel cysteine coordination mode. Indeed, the typical 

coordination mode for proteins containing 2Fe-2S clusters displays two 

consecutive cysteines (Cys-X2-Cys or Cys-X-Cys) that bind the same Fe atom. 

Instead, in FhuF, two consecutive cysteines, that atypically also happen to be 

sequential neighbors, C268 and C269, bind different Fe atoms (Figure 1 B) 

pairing in an unprecedented way. Thus, C269 and C280 pair together and bind 

Fe1 (Figure 1 B) and C268 and C283 pair together to bind Fe2. Hydrogen bonds 

to the cluster coordinating cysteines (Figure 2 A) were also found between Cys-

269 (backbone O) and Ser-117 (Sidechain Hγ) and Asn-210 (Sidechain Hδ1), Cys-

269 (Sidechain Sγ) with Arg-271 (backbone N-H), and Cys-268 (backbone O and 

N-H) with a water molecule, and then between Cys-280 (backbone O) with Cys-

283 (backbone N-H). This allows us to speculate that the hydrogen bond 

between the backbone N-H of Arg-271 and Sγ of Cys-269 is likely responsible 

for the extra paramagnetically-shifted resonance found with Curie-type 

temperature dependence in NMR experiments [7]. The Curie temperature 

dependence of this signal indicates that it is associated with the ferric iron. The 

chemical shift of this signal is consistent with this assignment based on the 

distances measured in the crystal structure, using the value calculated by the 

hybrid density function developed for the case of single iron(III) rubredoxin 

[31]. This proposal provides a rationale for the steep slope observed for the 

temperature dependence of this signal that reflects the gradual disruption of 

the bond at higher temperatures. 

 

.CC-BY-NC-ND 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted July 4, 2023. ; https://doi.org/10.1101/2023.07.04.547673doi: bioRxiv preprint 

https://doi.org/10.1101/2023.07.04.547673
http://creativecommons.org/licenses/by-nc-nd/4.0/


15 

 

The geometry of the 2Fe-2S cluster positions FhuF into the 

ferrochelatase class 

 

Figure 2 A) Diagram showing the hydrogen bonds of the cluster-coordinating 

cysteine residues. B) Distance and geometry of Fe-coordinating cysteines. Atom colors 

are dark orange (iron), yellow (sulfur). The protein residues are represented as sticks 

and the 2Fe-2S cluster atoms are drawn as spheres. 

 

The concept of rack-induced bonding of metal clusters in proteins to 

tune their reactivity was proposed by Lumry and Eyring nearly 70 years ago 

and used by Bo Malmström in the mid-nineteen-sixties to interpret the 

properties of blue copper proteins [32]. It was found that the distorted 

coordination imposed by the rigid organization of the protein ligands was at 

the origin of the unusual spectroscopic properties of the metal center. The 

different coordination mode of the 2Fe-2S cluster in FhuF, which lowers its 

symmetry vs. that of typical 2Fe-2S clusters, may be the basis for the unusual 

spectroscopic properties displayed by this protein [8]. This is in line with 

Resonance Raman (RR) spectrum of FhuF (Figure 3).  
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Figure 3 Resonance Raman spectrum of FhuF measured with 458 nm 

excitation, 60 s accumulation time and 5.3 mW laser power, at 77K. 

RR spectra of Fe–S cluster containing proteins obtained with a laser 

that is in resonance with the energy of the S → Fe CT transition selectively 

enhance modes involving the metal–ligand stretching coordinates. RR spectra 

are thus sensitive to cluster type, and the modes involving predominantly 

bridging (Fe–S)
b
 and terminal (Fe–S)

t
 vibrations (involving inorganic sulfur and 

cysteinyl sulfur ligands, respectively) can be distinguished in the spectra.  

The presence of  ≤ 300 cm
-1

 (B3u

t
) mode, which in the RR spectra of 

oxidized FhuF is found at 286 cm
-1

 is an unambiguous indicator of a [2Fe-2S]
2+

 

cluster with complete cysteinyl coordination. However, the number of 

identified RR bands in the spectra (Figure 3) suggests a lower symmetry and a 

more distorted geometry than observed in previously characterized clusters 

[33,34]. 
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Figure 4 Dihedral angles Fei-Fej-S-Cβ for FhuF and representative members 

of each class of 2Fe-2S proteins according to their geometry. Class C is represented 

by human ferrochelatase (HFc, PDB 1HKR), class B is represented by aldehyde 

oxidoreductase (MOP, PDB 1VLB) and class A is represented by maize leaf ferredoxin 

(Fd, PDB 1GAQ). Measurements were made with PyMOL. Black circles represent 

angles measured with respect to Fej=Fe1 and gray circles represent angles measured 

with respect to FeJ=Fe2. 

 

Additionally, the electronic structure of 2Fe-2S clusters was found to 

be correlated with the orientation of the ligands, which is characterized by the 

dihedral angle Fe-Fe-S-Cβ of the coordinating cysteines [35]. Based on the 

value of this dihedral angle, proteins containing 2Fe-2S clusters for which the 

structure is known, fall into three classes: class A congregating bona fide 

ferredoxins, including the thioredoxin-like ferredoxin; class B represented by 

xanthine oxidases; and a third class (C) for which the sole known structure to 

date is that of ferrochelatase [36]. Measurement of the dihedral angles Fe-Fe-

S-Cβ in FhuF places it together with human ferrochelatase (PDB 1HRK) (Figure 

4), considering that from an electronic point of view the sign for the dihedral 

angle can be exchanged [36]. This structural similarity between FhuF and 

ferrochelatase is also in agreement with their similar values for quadrupole 

splitting of the ferric iron in the Mössbauer spectra and highlights the good 

correlation between coordination geometry and the Mössbauer properties [8]. 
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Reduced FhuF localizes the additional electron in iron 2  

The structure of FhuF reported here allows us to make the connection 

between the valence trapping observed spectroscopically and the actual 

location of the additional electron in the 2Fe-2S cluster upon reduction. The 

EPR spectrum of reduced FhuF is distinctly rhombic even though the value of gz 

is lower than 2, a situation unprecedented for 2Fe-2S clusters. However, 

coupling between a ferric and a ferrous iron can bring the value of gz well 

below 2, in agreement with the observation of an electronic exchange coupling 

of 300 cm-1 [7,35]. This value was determined from the temperature 

dependence of the paramagnetically shifted NMR signals of the cysteines 

coordinating the cluster and is larger than the values previously reported for 

plant and algal 2Fe-2S ferredoxins, approaching that of Rieske proteins [37,38]. 

The NMR spectra of 2Fe-2S ferredoxins fall into two broad categories: 

one includes those obtained from plants and photosynthetic bacteria such as 

Anabaena, whereas the other includes those obtained from vertebrates and 

bacteria such as E. coli. The differences were assigned to differences in the g-

tensor anisotropy of the two categories, which is rhombic for the 

photosynthetic ferredoxins and axial for the others [39]. As seen in the 

previous section, FhuF is assigned to a geometric class that is different from 

ferredoxins and for which there are no reported NMR spectra.  The NMR 

spectra of FhuF do not support the classification together with ferredoxins. 

Indded, although the oxidized spectrum shows downshifted signals similarly to 

vertebrate ferredoxins, the reduced spectrum is unique and displays signals 

paramagnetically shifted downfield up to 200 ppm [7]. This indicates that a 

strong hyperfine coupling exists between the unpaired electron in the cluster 

and the β-CH2 protons of one of the coordinating cysteines.   
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Observation of the iron to β-CH2 distances for coordinating cysteines in 

2Fe-2S clusters of the diverse classes of proteins shows that FhuF is the one 

with the greatest bond length asymmetry, with distances of 3.6 and 3.1 Å for 

cysteines 269 and 280, respectively. This suggests that the iron atom bound by 

these cysteines is the one that remains oxidized upon reduction, and that the 

extra electron most likely localizes in the Fe2 that is coordinated by Cys-268 

and Cys-283 (Figure 2 B). In agreement with this proposal, the hydrogen bond 

between the backbone N-H of Arg-271 and the Sγ of Cys-269 (Figure 2 A) that is 

likely responsible for the extra paramagnetically-shifted resonance found with 

Curie-type temperature dependence, shows that Fe1 coordinated by Cys-269 is 

the ferric iron in the reduced FhuF [7]. The Fe2 coordinated by the cysteine 

pair Cys-268 and Cys-283 is also the Fe atom that is more solvent-exposed 

(Figure 6 C), further supporting the hypothesis that this is where electron 

localization takes place, assuming that no significant conformational changes 

occur upon partner interaction [4,40]. 

 

Aspartate 259 is responsible for the redox-Bohr effect in FhuF 

It was previously shown that FhuF displays redox-Bohr effect leading to 

a pH dependence of the reduction potential in the physiological range [7]. 

Unlike the Flavin co-factors of SIPs, the 2Fe-2S cluster does not perform 

proton-coupled electron transfer that would give rise to this pH dependence of 

the reduction potentials. The cysteines of the primary coordination sphere of 

the cluster are also not capable of undergoing acid-base transitions. The 

secondary coordination sphere of the cluster is known to be capable of 

modulating its redox potential, and the structure shows only one likely 

candidate for this role, the Asp 259 residue. The side chain of this amino-acid 

residue is found at 5.2 Å from the edge of the cluster. At this close distance, 

the electrostatic interaction energy between this protonatable side chain and 

.CC-BY-NC-ND 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted July 4, 2023. ; https://doi.org/10.1101/2023.07.04.547673doi: bioRxiv preprint 

https://doi.org/10.1101/2023.07.04.547673
http://creativecommons.org/licenses/by-nc-nd/4.0/


20 

 

the cluster is approximately 180 meV. This gives rise to a redox linked pKa shift 

of approximately 3 pH units, compatible with the experimentally observed pH 

dependence [7]. 

 

 

 

FhuF reduces Fe(III)-hydroxamate siderophores 

 

 

Figure 5 Reduction of Fe(III)-siderophores by FhuFred. A) Representative UV-

visible spectral changes upon mixing reduced FhuF with Fe(III)-bisucaberin. B) Kinetic 

trace of FhuF oxidation (452 nm) upon Fe(III)-siderophore addition (BIS-bisucaberin). 

Data were collected at 20 °C. 

 

It was previously hypothesized that FhuF is involved in the siderophore 

pathway, possibly playing a role as a ferric-siderophore reductase. This was 

based on the observed reduced growth of E.coli FhuF deletion mutants on 

plates with ferrioxamine B as sole iron source and also from observing 

significantly lower removal of iron from coprogen, ferrichrome and 

ferrioxamine B [5].  EPR experiments using reduced FhuF also showed a direct 

reduction of ferrioxamine E. Additionally, it was later observed that FhuF can 

bind both apo- and Fe(III)-rich ferrichrome [7]. Here we show that FhuF also 
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reduces other hydroxamate siderophores, including ferrichrome and 

bisucaberin (Figure 5 and Figure S1).  

All experiments were performed anaerobically in the presence of an 

oxygen-scavenging system since FhuF is very sensitive to oxygen even at 

vestigial concentrations. Despite our efforts, the reduction of FhuF was only 

observed with sodium dithionite (Figure S1 A) and sodium borohydride. No 

reduction was observed with NADH, NADPH or ferredoxin (spinach, 2Fe-2S) 

(data not shown), common electron donors of SIPs, the other family of ferric-

siderophore reductases. 

Upon mixing reduced FhuF (FhuFred) with Fe(III)-siderophores 

(bisucaberin or ferrichrome), immediate spectral changes characterized by an 

increase in absorption at 452 nm were observed (Figure 5 A and Figure S1 B). 

These are consistent with the oxidation of FhuF and reduction of Fe(III)-

siderophore. Experiments were performed at 20 °C to decrease the reaction 

rate so that it could be measurable with the available equipment. The rate 

constants of Fe(III)-siderophore reduction were determined (2.74±0.08 s-1 for 

bisucaberin and 110±7.3 s-1 for ferrichrome) using the kinetic trace at 452 nm, 

which is the wavelength of maximum absorbance for a protein containing a 

2Fe-2S cluster. Even though the concentrations used in this work are slightly 

different from those used in the work on SIP from S. frigidimarina, we 

demonstrate that FhuF reduces Fe(III)-siderophores faster, given the observed 

magnitude of difference in rate constants. This is likely because the reduction 

potential of FhuF is significantly lower than SfSIP (FhuF -420 mV, SfSIP -320 mV 

at pH≈8) thus providing a more favorable driving force for the reaction [7,30]. 
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The electrostatics of FhuF reveals common pockets among ferric-

siderophore reductases 

 

Figure 6 Electrostatics of FhuF and putative binding pockets. A) Electrostatic 

surface potential (−5 to +5 kT/e) of FhuF calculated with the APBS plugin of PyMol 

reveals putative binding pockets, where the star indicates the location of the 2Fe-2S 

cluster. B) Electrostatic surface potential (−5 to +5 kT/e) of other proteins that 

interact with siderophores. C) Close-up between pocket 1 and 2 showing that the 

2Fe-2S cluster of FhuF sits on a ridge between these two positively charged pockets, 

exposing one of the Fe atoms (Fe2) to the solvent. 

 

A visualization of the electrostatic surface potential of FhuF revealed 

three main charged regions. These include two positively charged regions that 

surround the 2Fe-2S cluster located in a neutral region between the two 

(pocket 1 and 2, Figure 6). Pocket 2 matches one of the regions of lower 

density probability found in the SAXS-derived low-resolution structure. and 

SwissDock predicts ferrichrome binding in this region. Furthermore, a 

comparison of the electrostatic surface potential of FhuF with the 
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representatives of the SIP family (Figure 6B) [7,41,42], reveals the presence of 

a positively charged pocket near the catalytic center in both cases. In the SIP 

family, siderophores are predicted to bind in a region comprising a lysine triad. 

However, despite the electrostatic similarities of the pocket, this lysine triad is 

not found in FhuF [12,30]. It is likely that these positively charged cavities 

create a favorable environment for transiently accommodating Fe(III)-

siderophores and drive their reduction. It has been previously observed that 

the redox-Bohr effect is a common feature of these enzymes [7,30]. Positively 

charged pockets provide an environment compatible with redox-Bohr effect. 

Upon electron transfer from the protein to the siderophore, the positively 

charged pocket favors the coupled release of a proton to maintain charge 

neutrality. The proton-coupled electron transfer has the mechanistic 

advantage of increasing the very low reduction potential of siderophores, 

easing their reduction, and also enhancing ferrous iron solubility. 

Interestingly, when we compare the electrostatic surface potential of 

FhuF with other proteins which interact with siderophores, pocket 2 of FhuF 

resembles the pocket found in siderophore synthetases (AcsD in Figure 6 B). 

Given this similarity, we used NMR spectroscopy to test the ability of FhuF to 

bind ATP, but no binding was observed (Data not shown) [43]. Additionally, the 

electrostatics of FhuF differ dramatically from those of proteins that transport 

siderophores, such as FhuD (Figure 6 B), which instead contain very negatively 

charged pockets. For proteins whose task is to carry siderophores but not 

reduce them, the negatively charged pocket guarantees that the reduction 

potential of the bound Fe(III)-siderophores is kept very low, making sure that 

the iron is not adventitiously reduced and released and that it is, instead, 

delivered to the appropriate destination.  
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Conclusions 

The first structure of an FSR reported in this work, the enzyme FhuF 

from E. coli K-12, opens new perspectives in the study of this class of proteins. 

The electrostatics of FhuF revealed a common feature for Fe(III)-siderophore 

reductases. A positively charged (proton-rich) pocket that surrounds the 

catalytic center guarantees the propitious environment for redox-Bohr effect, 

which is a common functional feature for both SIP and FSR families of enzymes. 

The coupled release of a proton upon electron transfer causes a drop in the 

local pH enhancing ferrous iron solubility upon reduction. Additionally, the 

2Fe-2S cluster in FhuF sits on a ridge between two positively charged areas, 

suggesting that different binding sites exist for the different interacting 

partners, in a way that minimizes the release of “free” ferrous iron, which is 

highly reactive and leads to the generation of deleterious radicals [44]. 

The structure of FhuF shows that this is a novel 2Fe-2S protein, given 

its unprecedented fold and coordination of the 2Fe-2S cluster. This explains the 

atypical spectroscopic features of this protein, in particular with respect to the 

paramagnetic NMR spectra. Despite having a novel coordination mode, the 

cluster of FhuF shares some geometrical features with ferrochelatases, which 

are interestingly also involved in the handling of iron in the anabolic 

metabolism. However, there are no reports of paramagnetic NMR studies of 

ferrochelatases which would allow us to look deeper into similarities between 

the two, despite the abundant literature regarding this enzyme owing to its 

role in debilitating human diseases [45]. Surprisingly, in human ferrochelatase, 

the role of the 2Fe-2S cluster remains unclear. Although it is essential for the 

activity and stability of the protein, it is not directly involved in catalysis, i.e., 

the insertion of ferrous iron into protoporphyrin to form heme [46].  

Additionally, the structural similarity of FhuF with siderophore 

synthetases also draws attention to a previously reported ferrichrome 
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modification upon cellular uptake [47]. We could speculate that FhuF can also 

perform this reaction, which would reveal an additional layer to the role of 

FhuF in microbe-microbe interactions and how these proteins have shaped the 

evolution of iron uptake pathways. It is also interesting to note that FhuF 

showed very high rates of reduction of hydroxamate siderophores, which are 

not produced by E. coli strains. This catalytic activity of FhuF therefore reflects 

an opportunistic lifestyle of E. coli that enhances its ecological fitness, and 

which has been retained even in this laboratory strain. Additionally, E. coli 

strains express flavin-based ferric-siderophore reductases (SIP family) including 

YqjH, which is apparently specific for the reduction of ferric triscatecholates 

including hydrolyzed ferric-enterobactin complex [12]. Altogether, the 

specificity of these enzymes reflects the cost/benefit interplay of having a 

protein that on the one hand requires iron for its maturation but on the other 

hand can facilitate iron release very efficiently into the cellular metabolism.  

The metabolic positioning of FhuF remains open for discussion.  It was 

previously observed from pull-down assays that FhuF interacts with OppD 

which is annotated as an Oligopeptide transport ATP-binding protein and with 

YdbK annotated as a probable pyruvate-flavodoxin oxidoreductase [48]. OppD 

may function as a siderophore transporter of unknown substrate preference 

whereas YbdK is a putative electron donor for FhuF. Given the low reduction 

potential of FhuF, it is likely that its electron donor is a very low reduction 

potential donor. The pyruvate oxidation activity of YbdK was tested in vitro 

using Methyl Viologen as electron acceptor, which has a reduction potential in 

the appropriate range to make the reaction thermodynamically feasible.  

Furthermore, both FhuF and YdbK are upregulated under oxidative stress 

signaling. These conditions exacerbate the need for iron, and the reduction of 

FhuF by YdbK allows it to reduce ferric-siderophores, making iron available for 

anabolic metabolism. In this respect, it is interesting to note that the 
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expression of FhuF is also linked to the abundance of downstream intracellular 

iron sinks as can be deduced by the observed up-regulation of FhuF in E. coli 

overexpressing ferritin [49]. 

This work provides for the first time a detailed structural knowledge 

for the comparative studies of representatives of both families of cytoplasmic 

ferric-siderophore reductases. This will enable further understanding of the 

role and mechanistic properties of these enzymes, information of crucial 

relevance when considering therapeutic intervention via targeting of iron 

uptake, which is essential for nearly all known organisms [50,51]. Indeed, 

within the siderophore pathway, SIPs and FSRs provide a narrow choke point 

between a wide diversity of cell surface siderophore receptors and intracellular 

iron-containing or storage proteins [52]. Inhibitors for this crucial step on the 

siderophore pathway can potentially reduce access to iron for anabolic 

metabolism and stop the recycling of apo-siderophores for subsequent rounds 

of iron uptake.  
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I. Supplementary Information 
 

The structure of a novel ferredoxin – FhuF, a ferric-siderophore 

reductase from Escherichia coli K-12 with a novel 2Fe-2S cluster 

coordination 

Table S1 List of amino-acid sequences of FhuF obtained and reported in the 
manuscript. 
Sequence name Sequence 

FhuF WT (from 

gene) 

MAYRSAPLYEDVIWRTHLQPQDPTLAQAVRATIAKHREHLLEFIRLDE
PAPLNAMTLAQWSSPNVLSSLLAVYSDHIYRNQPMMIRENKPLISLW
AQWYIGLMVPPLMLALLTQEKALDVSPEHFHAEFHETGRVACFWVD
VCEDKNATPHSPQHRMETLISQALVPVVQALEATGEINGKLIWSNTG
YLINWYLTEMKQLLGEATVESLRHALFFEKTLTNGEDNPLWRTVVLRD
GLLVRRTCCQRYRLPDVQQCGDCTLK 

FhuF WT 

expressed 

MGHHHHHHHHHHSSGHIDDDDKHMMAYRSAPLYEDVIWRTHLQP
QDPTLAQAVRATIAKHREHLLEFIRLDEPAPLNAMTLAQWSSPNVLSS
LLAVYSDHIYRNQPMMIRENKPLISLWAQWYIGLMVPPLMLALLTQE
KALDVSPEHFHAEFHETGRVACFWVDVCEDKNATPHSPQHRMETLIS
QALVPVVQALEATGEINGKLIWSNTGYLINWYLTEMKQLLGEATVESL
RHALFFEKTLTNGEDNPLWRTVVLRDGLLVRRTCCQRYRLPDVQQCG
DCTLK 

FhuF WT cleaved LQPQDPTLAQAVRATIAKHREHLLEFIRLDEPAPLNAMTLAQWSSPN
VLSSLLAVYSDHIYRNQPMMIRENKPLISLWAQWYIGLMVPPLMLALL
TQEKALDVSPEHFHAEFHETGRVACFWVDVCEDKNATPHSPQHRME
TLISQALVPVVQALEATGEINGKLIWSNTGYLINWYLTEMKQLLGEAT
VESLRHALFFEKTLTNGEDNPLWRTVVLRDGLLVRRTCCQRYRLPDVQ
QCGDCTLK 

FhuF- C143S 

expressed 

MGHHHHHHHHHHSSGHIDDDDKHMMAYRSAPLYEDVIWRTHLQP
QDPTLAQAVRATIAKHREHLLEFIRLDEPAPLNAMTLAQWSSPNVLSS
LLAVYSDHIYRNQPMMIRENKPLISLWAQWYIGLMVPPLMLALLTQE
KALDVSPEHFHAEFHETGRVACFWVDVSEDKNATPHSPQHRMETLIS
QALVPVVQALEATGEINGKLIWSNTGYLINWYLTEMKQLLGEATVESL
RHALFFEKTLTNGEDNPLWRTVVLRDGLLVRRTCCQRYRLPDVQQCG
DCTLK 

FhuF- C143S 

cleaved 

LQPQDPTLAQAVRATIAKHREHLLEFIRLDEPAPLNAMTLAQWSSPN
VLSSLLAVYSDHIYRNQPMMIRENKPLISLWAQWYIGLMVPPLMLALL
TQEKALDVSPEHFHAEFHETGRVACFWVDVSEDKNATPHSPQHRME
TLISQALVPVVQALEATGEINGKLIWSNTGYLINWYLTEMKQLLGEAT
VESLRHALFFEKTLTNGEDNPLWRTVVLRDGLLVRRTCCQRYRLPDVQ
QCGDCTLK 
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FhuF- C143S as in 

structure 

PQDPTLAQAVRATIAKHREHLLEFIRLDEPAPLNAMTLAQWSSPNVLS

SLLAVYSDHIYRNQPMMIRENKPLISLWAQWYIGLMVPPLMLALLTQ

EKALDVSPEHFHAEFHETGRVACFWVDVSEDKNATPHSPQHRMETLI

SQALVPVVQALEATGEINGKLIWSNTGYLINWYLTEMKQLLGEATVES

LRHALFFEKTLTNGEDNPLWRTVVLRDGLLVRRTCCQRYRLPDVQQC

GDCTLK 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure S1 A) Representative UV-visible spectral changes upon mixing 

sodium dithionite with FhuF.  B) Representative UV-visible spectral changes upon 

mixing FhuFred with Fe(III)-Ferrichrome. 

.CC-BY-NC-ND 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted July 4, 2023. ; https://doi.org/10.1101/2023.07.04.547673doi: bioRxiv preprint 

https://doi.org/10.1101/2023.07.04.547673
http://creativecommons.org/licenses/by-nc-nd/4.0/

