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ABSTRACT: Siderophore-interacting proteins (SIPs), such as YqjH from
Escherichia coli, are widespread among bacteria and commonly associated with
iron-dependent induction and siderophore utilization. In this study, we show by
detailed biochemical and genetic analyses the reaction mechanism by which the
YqjH protein is able to catalyze the release of iron from a variety of iron chelators,
including ferric triscatecholates and ferric dicitrate, displaying the highest efficiency
for the hydrolyzed ferric enterobactin complex ferric (2,3-dihydroxybenzoylser-
ine);. Site-directed mutagenesis revealed that residues KSS and R130 of YqjH are
crucial for both substrate binding and reductase activity. The NADPH-dependent
iron reduction was found to proceed via single-electron transfer in a double-
displacement-type reaction through formation of a transient flavosemiquinone. The
capacity to reduce substrates with extremely negative redox potentials, though at
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low catalytic rates, was studied by displacing the native FAD cofactor with S-deaza-S-carba-FAD, which is restricted to a two-
electron transfer. In the presence of the reconstituted noncatalytic protein, the ferric enterobactin midpoint potential increased
remarkably and partially overlapped with the effective E; redox range. Concurrently, the observed molar ratios of generated
Fe(II) versus NADPH were found to be ~1.5-fold higher for hydrolyzed ferric triscatecholates and ferric dicitrate than for ferric
enterobactin. Further, combination of a chromosomal ygjH deletion with entC single- and entC fes double-deletion backgrounds
showed the impact of ygjH on growth during supplementation with ferric siderophore substrates. Thus, YqjH enhances
siderophore utilization in different iron acquisition pathways, including assimilation of low-potential ferric substrates that are not

reduced by common cellular cofactors.

he efficient utilization of siderophores for iron assimilation

under iron-limiting conditions is crucial for both patho-
genic and nonpathogenic bacteria in various habitats. In particular,
bacteria that colonize mammalian hosts are generally faced with
strong iron deprivation because of the tight systemic iron homeo-
stasis, and hence, their siderophores represent key factors for
opportunistic growth or, in the case of pathogens, the develop-
ment of virulence.”

Iron that is taken up by siderophores is released for further
intracellular channeling either by partial hydrolysis of the
siderophore scaffold or by reduction of the coordinated ferric
iron species.” Ferric siderophore reduction has an advantage
of reutilizing intact siderophores and, thus, saving substrate
and energy cost for their de novo biosynthesis. However, the
efficiency of reduction is largely dependent on the ferric
siderophore redox potentials, which drastically vary over the
range of different structural siderophore classes in combination
with local proton activity and binding equilibria of oxidized and
reduced species.®

One outstanding class of siderophores consists of the
triscatecholates, because they provide the highest formation
constants for ferric iron with log K values near 50 and, at the
same tlme, E° redox potentials for the free complexes as low as
—750 mV.*’ Different variants of triscatecholates, including
enterobactin, salmochelins, vibriobactin, and bacillibactin, are
commonly produced by both predominantly nonpathogenic
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strains such as commensal variants of Escherichia coli® and
various pathogens like Salmonella enterica,” Vibrio cholerae,™
and Bacillus anthracis or Bacillus cereus,"""> respectively.

As a distinct structural feature, enterobactin, bacillibactin, and
salmochelins possess trilactone backbones, making them readily
available substrates for ester hydrolysis upon being imported
into the cytosol. The intracellular trilactone hydrolases Fes,"?
IroD,"*"* and BesA'®'” are known to act specifically on the
iron-charged complexes of these siderophores, and genetic
analysis revealed the essentiality of these esterases during iron
homeostasis.">'® However, the subsequent steps of release of
iron from hydrolyzed ferric triscatecholate scaffolds is not fully
understood. In the case of ferric enterobactin, the formation
constants of its hydrolysis product as well as structurally similar
ferric catecholate compounds are in a range that still favors
complex formation rather than iron dissociation.'®'? Further-
more, the midpoint potential (approximately —350 mV) of the
free ferric (2,3-dihydroxybenzoylserine); complex’ is in a range
comparable to that of intact ferric hydroxamate siderophores,
which are known to require ferric reductase activities for effi-
cient iron assimilation.”*® Reductive release is even more essential
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in cases of triscatecholates whose ferric complexes cannot be
entropically affected by ester hydrolysis, such as vibriobactin and
structural analogues, including fluvibactin, vulnibactin, agro-
bactin, parabactin, and protochelin.*’ These siderophores are
produced by bacterial species that usually possess “siderophore-
interacting proteins” (SIPs). One of the first SIPs was described
as the ViuB protein in V. cholerae, which was found to be
essential for ferric vibriobactin utilization and furthermore to
complement the E. coli Fes esterase, although no hydrolytic
activity was proposed for this component.”” Crystallographic
studies of ViuB homologues from Shewanella putrefaciens
[Protein Data Bank (PDB) entry 2GPJ]** and from E. coli**
showed that these proteins are similar to members of the
NAD(P)H:flavin oxidoreductase family, possessing a tightly
bound FAD cofactor in the proximity of a potential substrate
binding site. The ViuB homologue YqjH from E. coli was shown
to be a Fur-regulated protein.”*® YqjH was further initially
characterized with regard to its reductase activity, showing that
ferric complexes could be reduced in the presence of NADPH
as the preferred electron donor substrate.”® Additionally, a nickel-
dependent regulation of YqjH by the YqjI repressor was demon-
strated, suggesting an association between YqjH-dependent iron
utilization and the assembly of Fe- and Ni-containing proteins.*®

In this study, we show by a detailed mechanistic analysis of the
kinetic reaction type together with the elucidation of the efficient
enzyme—substrate redox ranges that YqjH is in fact capable of
catalyzing reductive iron release in a step that directly follows the
trilactone backbone hydrolysis of ferric enterobactin. Further, we
demonstrate that YqjH can also contribute to the reduction of
ferric iron in complex with intact triscatecholates, and that it
acts in further iron acquisition pathways such as that for ferric
dicitrate. Our in vitro and in vivo results indicate that YqjH
represents a redox factor that enhances the efficiency of ferric
iron assimilation during siderophore-dependent iron homeo-
stasis.

B MATERIALS AND METHODS

Cloning and Expression. The ygjH gene from E. coli K12
was amplified from genomic DNA using primers 5’
ATATCTAGACACGAAGGCGATAACAATGAATAAC-3'
and 5"ATAAGCGCTCTTTGCGTGCCAGTAAGCCGC-3', con-
taining Xbal and an Eco47111 restriction sites (both underlined),
respectively. The polymerase chain reaction (PCR) product
was cloned into vector pMM30,”” resulting in the pMM30-3
expression vector providing a tef”’° site and a C-terminal Strep-
tag II translational fusion. DNA isolations, in vitro manipu-
lations due to clonin§, and transformations were conducted as
previously described®® E. coli BL21 cells transformed with the
expression vector were grown in LB medium at 37 °C until the
ODygy, reached 0.6 and then induced with 0.2 mg/L anhydrote-
tracycline for 4 h at 37 °C. For purification of Strep-tagged YqjH,
cells were harvested, resuspended in 150 mM NaCl and 100 mM
Tris-HCl (pH 8.0), and disrupted by using a French press (Thermo
Scientific), and the filtered lysate was subjected to Strep-Tactin
chromatography using an FPLC purifier system (Pharmacia) and a
column with 2 mL of Strep-Tactin Superflow material (IBA). The
recombinant protein was eluted with 2.5 mM p-desthiobiotin (IBA),
following dialysis against the desired experimental buffer. Pure
protein fractions determined by SDS—PAGE were concen-
trated using centrifugal filter devices with a 10000 molecular
weight cutoff. Protein concentrations were determined by the
Bradford method* using a BSA calibration curve. Protein was
shock-frozen in liquid nitrogen and stored at —80 °C.

Site-Directed Mutagenesis. For introduction of single-
amino acid exchanges into YqjH, the expression vector construct
PMM30-3 was used as a template for site-directed mutagenesis.
Overlapping primers with mutations that introduce alanine codons
at desired sites were used for template amplification with Phusion
HF DNA polymerase (New England Biolabs). To exchange codon
5SS (K to A exchange), we used primers S“-GACGATGATCA-
CAGCGCACTCTTCTTTCCTCAACCTGACGCTCAC-3'
and 5-GTTGAGGAAAGAAGAGTGCGCTGTGATCGTCA-
AAGCCACGCG-3'. To change codon 130 (R to A exchange),
we used primers 5-CTTACGGTGGCAGGTCCGGCCGG-
TTCGCTGGTGGTGCCG-3' and 5-CGGCACCACCAGCG-
AACCGGCCGGACCTGCCACCGTAAG-3'. To change codon
246 (R to A exchange), we used primers S~“-TATGACCCAC-
AGCGGGTAGCTGCAGCGGCTTACTGGCAC-3' and 5-
GTGCCAGTAAGCCGCTGCAGCTACCCGCTGTGGGTC-
ATA-3’ (changed codons underlined). Remaining methylated
template DNA from the dam” parent strain was digested with
Dpnl (New England Biolabs), and the plasmid DNA from
these reactions was subsequently transformed into E. coli
TOP 10. Isolated plasmids were sequenced to confirm the
presence of site-directed mutations. The alanine-substituted
protein variants were then produced in E. coli BL21 as described
above.

Synthesis of Aryl-Capped Oligopeptides by Solid
Phase Peptide Synthesis. The unprotected compound 2,3-
dihydroxybenzoic acid (DHB) was purchased from Sigma-Aldrich,
and protected amino acids Fmoc-Gly-OH, Fmoc-Thr(tBu)-OH
and Fmoc-Ser(tBu)-OH were purchased from Novabiochem.
Oligopeptides DHB-Gly-Thr and DHB-Ser were synthesized
following a standard Fmoc-based solid phase peptide synthesis
protocol by using an Apex 396 peptide synthesizer (AAPPTec).
Briefly, 0.1 g of 2-chlorotrityl chloride resin was washed with
S mL of DCM; 0.2 mmol of Fmoc-protected amino acids (0.5 M
DMEF solution) and 0.8 mmol of DIPEA (2 M DCM solution)
were added to the resin. The reaction mixture was incubated at
room temperature (400 rpm for 2 h) and washed three times
with DMF. After the sample had bound to the resin, the Fmoc
protecting group of the primary amino function was removed by
incubation in S mL of a 20% DMF solution of piperidine at
room temperature (400 rpm for 20 min). The peptidyl-resin was
washed three times with DMF. To couple the next building
block, 0.3 mmol of Fmoc-protected amino acid or DHB (0.5 M
DMEF solution), 0.3 mmol of HBTU (0.5 M DMF solution),
0.3 mmol of HOBT-H,O (1 M DMEF solution), and 1 mmol of
DIPEA (2 M DCM solution) were added to the peptidyl-resin.
After incubation at room temperature (400 rpm for 1 h), the
peptidyl-resin was washed three times with DMF. The peptides
were cleaved from the resin by incubation in 3 mL of DCM con-
taining 10% acetic acid and 20% trifluoroethanol at room tem-
perature (400 rpm for 1 h); 150 mL of n-hexane was added to the
supernatant. Removal of solvent under vacuum followed by two
additional washes with n-hexane yielded a white solid. Subsequent
treatment with trifluoroacetic acid (TFA), triisopropylsilane
(TIPS), and water in a ratio of 95:2.5:2.5 (v/v) yielded the
deprotected linear peptide acids. The peptides were precipitated
in ice-cold diethyl ether, dissolved in DMSO, and purified by
semipreparative HPLC (Agilent 1100 system) with a reversed
phase 250/21 Nucleodur 100-5 Cl18ec column (Macherey and
Nagel). The purity of the eluted oligopeptides was analyzed by
ESI-Q-TOF-MS.

Preparation of Ferric Ligands. The different side-
rophores were obtained by chemical synthesis as in the case
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of the aryl-capped peptides (described above), enterobactin®
and MECAM.>' ™ Vibriobactin and hydroxamate siderophores
were obtained from EMC Microcollections (Tiibingen,
Germany), and citrate was purchased from Sigma-Aldrich.
The apo siderophores were charged with ferric iron by using a
freshly prepared FeCl; stock solution in a 1:1 iron:ligand molar
ratio in the case of intact triscatecholate and hydroxamate
scaffolds, a 1:2 molar ratio in the case of citrate, and a 1:3 molar
ratio in the case of the aryl peptides. All ferric ligands were
prepared in Tris-buffered solution at pH 8.0 or, in some cases,
pH 8.5.

UV—Vis Spectroscopy. For measurments of spectra of the
oxidized enzyme, purified protein was diluted to the desired
concentration in 100 mM Tris-HCl (pH 8.0) and 150 mM
NaCl, and the solution was placed in a quartz cuvette (n = 1
cm). Spectra of the reduced protein were recorded under
anaerobic conditions (95% N,/5% H,). The anaerobic solution
of enzyme and substrates was placed into a tightly sealed
cuvette, and spectra were recorded using an Ultrospec 3000
spectrophotometer. Data sets were analyzed with SWIFT Scan
version 2.06. For the determination of the extinction coefficient
of bound FAD according to common protocols,34 the
flavoprotein solution was treated (after recording the UV—vis
spectrum) with 2 M urea (final concentration) to initiate
unfolding of the protein, and then with 5% (w/v) TCA (final
concentration) for complete protein precipitation. After
a short incubation at 4 °C for S min, the white precipitate
was removed by centrifugation, and the yellow supernatant
was titrated back to pH 8.0 with a 2 M Tris solution. The free
FAD was then quantified by using the extinction coefficient of
11300 M~ cm™ for 450 nm. For the determination of further
extinction coefficients, including those of reduced FAD species,
the FAD quantitation factor of the initially used oxidized form
was used as a base.

UV-Vis Redox Titration. An anaerobic solution of holo-
YqjH (final concentration of 36 gM) in S0 mM Tris-HCI
(pH 8.0) was titrated with dithionite or NADPH in the
presence of 10 yM methyl viologen, benzyl viologen, and
anthraquinone 2-sulfonate as redox mediators by using a
Pt(Ag/AgCl) electrode with a digital multimeter (Conrad
Electronic) while the sample was mixed constantly. After
redox equilibration at each titration step, aliquots were
taken, and the protein fraction was separated anaerobically
by fast gel filtration using Econo-Pac 10DG columns (Bio-
Rad) and then analyzed by UV—vis spectroscopy. After
normalization, including volume correction, logarithmic
ratios of oxidized and reduced species were plotted against
observed redox potentials E [vs the normal hydrogen
electrode (NHE)], and midpoint potentials of the corre-
sponding redox pairs were determined by standard regression
analysis.

Fluorescence Titration. A purified recombinant protein
solution in 150 mM NaCl and 100 mM Tris-HCI (pH 8.0) was
adjusted to the desired concentration, and 2 mL was added to a
1 cm X 1 cm quartz cuvette. The cuvette was placed into an FP-
6500 spectrofluorimeter (Jasco) and thermostated at 20 °C.
Concentrated ferric siderophore stock solutions were freshly
prepared and added stepwise to the protein solution. Tyrosine/
tryptophan fluorescence emission at 340 nm (slit width S nm)
was measured upon excitation at 280 nm (slit width S nm).
Fluorescence data were normalized to a 100% starting inten-
sity and fitted by nonlinear regression analysis (KaleidaGraph
version 3.52) using the following equation according to the law

of mass action:

T - e - k)t

% + (fp +fL _pr)

y J([p]t + [L], + Kp)®
4

F= ([P]t - [L]t - KD)

+ ([P]; + [L] + Kp)

- [P]t [L]t

where [P], and [L]; represent the total protein and ligand
concentrations, respectively, at each titration step, fp, f;, and
fp are the relative molar fluorescence coefficients of the free
protein, the free ligand, and the protein—ligand complex, respe-
ctively, and Kj, is the dissociation constant.

Enzyme Kinetics. All kinetic studies were performed under
an anaerobic atmosphere (5% H, in N,) in anaerobic solutions
of 50 mM Tris-HCI (pH 8.0) and 100 mM NaCl at 25 °C. At
first, time-dependent kinetics were assessed to determine the
linear range of substrate conversion. Then, ferric substrate-
dependent kinetics were assessed in the presence of excess
NADPH (final concentration of 2 mM) with 2 yM holo-YqjH
(native enzyme or mutagenized derivatives) in 200 uL assay
volumes. Reaction mixtures were analyzed by addition of 0.15%
(w/v) Ferene to detect the formation of Fe(II) by the readily
formed Fe(II)—Ferene complex at an absorbance of 590 nm.
Absolute quantification of generated Fe(II) was conducted by
using a defined Fe(II)—Ferene calibration curve recorded at the
same wavelength. Substrate concentrations were plotted against
the observed rates of conversion expressed as specific activities,
and kinetic parameters were calculated upon fitting according
to the Michaelis—Menten model. Quantification of Fe(II)
generated per NADPH equivalent was conducted in reaction
mixtures containing 2 yuM YqjH, S0 M ferric siderophore, and
varied concentrations of NADPH. Each point was taken at
equilibrium after incubation for 30 min. To analyze the reaction
mechanism, varied concentrations of ferric (2,3-dihydroxyben-
zoylserine); (5—100 uM) were set together with fixed con-
centrations of NADPH (10, 20, 50, and 200 M) under the
aforementioned conditions. Steady state reaction rates were
determined accordingly, and double-reciprocal plots were used
to dissect the possible reaction types from the obtained curve
slopes.

Analytical Gel Filtration. Under anaerobic conditions
(95% N, and 5% H,) at 25 °C, a Zorbax GF-250 column
was equilibrated with anaerobically equilibrated buffer contain-
ing 150 mM NaCl and 100 mM Tris-HCI (pH 8.0) using an
Agilent HPLC system (1200 series). The column was calibrated
using a mixture of ferritin (440 kDa), aldolase (158 kDa),
conalbumin (75 kDa), ovalbumin (44 kDa), carbonic anhydrase
(29 kDa), and aprotinin (6.5 kDa) at a flow rate of 0.5 mL/
min. Then, 100 ug of purified YqjH was applied at the same
flow rate and temperature. UV spectra at 280 nm were recored
and analyzed with Agilent ChemStation version B.03. Further,
10 pg (0.5 M in solution) of YqjH was incubated either without
or with 10 mM dithionite or 1 mM NADPH for 10 min prior
to application to the column to determine possible reduction-
dependent oligomerization or any detrimental effects of the
high reductant concentrations on the global folding status.

Cofactor Reconstitution. To replace the native FAD
cofactor by a redox-inert analogue, protein denaturing and
refolding using S-deaza-5-decarba-FAD (kindly provided from a
stock of S. Ghisla, University of Konstanz, Konstanz, Germany)
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was performed. Briefly, purified YqjH was diluted to 5 uM in
6 M guanidinium chloride, 150 mM Tris-HCI (pH 9.0), 1 mM
EDTA, 10 mM f-mercaptoethanol, and 10 mM dithiothreitol.
Aliqouts of 0.5 mL of this solution were passed through DG10
desalting columns (Bio-Rad) equilibrated with SO mM Tris-
HCI (pH 7.5) and 1 mM dithiothreitol for removal of the FAD
cofactor and to initiate protein refolding. The eluted colorless
apoprotein was concentrated using centrifugal filter units with a
10000 molecular weight cutoff (Millipore). The apoprotein was
then diluted to 20 M in SO mM Tris-HCI (pH 7.5) containing
95 uM S-deaza-S-carba-FAD. After incubation for 12 h at
15 °C, the solution was diluted 20-fold with 50 mM Tris-HCl
(pH 7.5) and concentrated again. After three washing and con-
centration steps, reconstituted protein (75 gM) was obtained
for experimental analysis.

EPR Analysis. Purified YqjH (100 pM) was reduced
anaerobically with dithionite for S min. The EPR spectrum of
the FAD semiquinone radical was measured at 80 K with a
9.4679 GHz microwave frequency, a 0.02 mW microwave
power, a 100 kHz modulation frequency, and a 1.05 mT modula-
tion amplitude using a Bruker EPR spectrometer. Further, EPR
spectra of 30 uM Fe-Ent in 50 mM Tris-HCl (pH 7.5) in the
absence or presence of 75 uM YqH-WT or 75 uM YqjH
reconstituted with S-deaza-FAD were recorded at 77 K with a
9.433 GHz microwave frequency, a 20 mW microwave power, a
100 kHz modulation frequency, and a 1.25 mT modulation
amplitude.

EPR Redox Titration. Fe-Ent (30 #M) together with 2.5-
fold molar excess of S-deaza-FAD-reconstituted YqjH in 50 mM
Tris-HCI (pH 8.5) was anaerobically incubated and mixed with
redox mediators methyl viologen, benzyl viologen, neutral red,
safranine T, phenosafranine, and anthraquinone 2-sulfonate
(10 uM each). Actual redox potentials were determined con-
tinuously by using a platinum electrode and a Ag/AgCl
reference electrode while the protein/indicator solution was
constantly mixed. Increasing amounts of dithionite were added
stepwise until the lower redox plateau obtained under these
conditions was reached at approximately —565 mV/NHE.
Immediately frozen samples were measured at 77 K with a
9.425 GHz microwave frequency, a 20 mW microwave power, a
100 kHz modulation frequency, and a 1.25 mT modulation
amplitude. For spin quantifications, a 1 mM Cu(II)-EDTA
standard was used under identical conditions. Spectra were
analyzed with WIN-EPR version 2.11 (Bruker Analytik
GmbH), and the amplitude changes of the g = 6.60 feature
were taken as a measure for the proportions of YqjH-bound
terric versus ferrous iron—ligand species. Logarithmic ratios of
oxidized and reduced species were plotted against E (vs NHE)
to determine the midpoint redox potential of the YqjH—ferric
enterobactin complex.

Analytical HPLC—MS Analysis. For a complete desalting
of proteins by HPLC using an Agilent 1100 system, samples
were applied to a monolithic 50/1 ProSwift RP-4H column
(Dionex). Desalted proteins were eluted by the following
gradient of A (water/0.05% formic acid) and B (acetonitrile/
0.045% formic acid) at a column temperature of 40 °C and flow
rate of 0.2 mL/min: isocratic elution with 5% A for 2 min
followed by a linear gradient to 95% B within 8 min and
holding 95% B for an additional 4 min. For cofactor detection,
the holoprotein was denatured by addition of 95% methanol
(final concentration). Precipitated protein was removed by
centrifugation, the supernatant dried under vacuum, and the
remaining pellet dissolved in water. Negative ions within the

mass range of m/z 500—2000 in this sample were then detected
by HPLC-coupled FTICR-MS using a Finnigan LTQ-FT
instrument.

CD Measurements. CD measurements of native YqjH as
well as exchange derivatives KSSA and R130A were conducted
at 20 °C using a J-810 spectropolarimeter (JASCO). For
spectral analysis in the far-UV region (190—250 nm), 4 uM
protein in 1 mM Tris-HCI (pH 8.5) was measured in a 0.1 cm
path length cuvette. In the near-UV—vis region (300—550 nm),
45 uM protein in S mM Tris-HCI (pH 8.5) was measured in a
0.5 cm path length cuvette. Spectra were recorded with a
bandwidth of 1 nm, a data pitch of 0.5 nm, a response of 1 s,
and standard sensitivity. The scanning speed was 100 nm/min,
and data were accumulated from five scans each. All curves
were corrected for the corresponding buffer signal.

Mutant Construction and Growth Analysis. E. coli
single-deletion mutants of genes entC, ygjH, and fes in strain
background BW25113 were obtained from the Keio Collection
(Keio University, Tokyo, Japan).*® For combination of deleted
loci, ~300 bp upstream and downstream of the ygjH and fes
genes were amplified and fused with appropriate resistance
cassettes by PCR.> The hybrid constructs were used for
transformation into the kanamycin resistant E. coli AentC strain
carrying A Red expression plasmid pKD46.>” Chromosomal
DNA of selected mutant strains was isolated, and deletions
were confirmed by PCR. For growth analysis, strains were
grown in LB medium until an ODgy, of 1.0 was reached and
then diluted to an ODgy, of 0.001 in M63 minimal medium>®
(pH 7.0) containing 0.5% (w/v) glucose as carbon source,
which was further supplemented with different iron-charged
siderophore ligands or FeCl; to a final concentration of 20 uM
each. Cells were incubated at 37 °C and 200 rpm for 16 h,
before optical densities of stationary cultures were determined
spectrophotometrically. Average growth values from three
independent replicates were plotted together with their
corresponding standard deviations.

B RESULTS

YqjH Belongs to a ViuB Homologue Subgroup with
Varied Structural Features. On the basis of the ViuB
founding sequence of the SIP family, homologues of this
protein are found to be widely distributed in bacteria, most
frequently among Proteobacteria, but also in other phyla such
as Planctomycetes or Actinobacteria. However, comparative
sequence analysis reveals that a homologue subgroup exists
within the different classes of Proteobacteria that displays
distinct variations in global protein architecture (Figure 1A).
Indeed, two different subfamilies of SIPs can be distinguished
on the basis of N-terminal and C-terminal sequence alterations.
The first and more widespread group (“group I”) contains a
prominent C-terminal a-helical element. The secondary
structure composition and conservation of residues are further
varied within this group, leading to further differentiation from
the ViuB template as observed among several members of the
Actinobacteria. In contrast to group I, the C-terminal a-helix is
missing in SIP homologues from a more closely related group,
which includes members from the Enterobacteriales or
Pseudomonadales (“group II”). The homologues from the
second group possess, on the other hand, sequence extensions
and insertions in the N-terminus that, however, are predicted to
exhibit primarily random-coil conformation without significant
proportions of a-helical or f-sheet motifs.*”* Inspection of the
crystal structure of the ViuB homologue from S. putrefaciens,
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Figure 1. (A) Multiple-protein sequence alignment of ViuB-type homologues from Gram-negative representatives that reveals two different ViuB
subgroups with differences in the N- and C-terminal regions. Secondary structural elements according to the ViuB homologue structure from S.
putrefaciens are denoted by blue arrows (f-sheet elements) as well as yellow and red columns (shorter and longer a-helical elements, respectively).
Conserved basic residues associated with the potential substrate binding regions of group I or group II ViuB homologues are highlighted in green.
Abbreviations: Spu, S. putrefaciens; Ptu, Pseudoalteromonas tunicata; Rba, Rhodopirellula baltica; Msp, Marinomonas sp. MWYLI1; Hph, Hoeflea
phototrophica; Vpa, Vibrio parahemolyticus; Pfl, Pseudomonas fluorescens; Eco, E. coli K12; Sdy, Shigella dysenteriae; Sen, Sa. enterica; Cyo, Citrobacter
youngae; Esp, Enterobacter sp. 638. (B) Structural model of E. coli YqjH (colored salmon red) generated by ESyPred3D based on the structural
template of the ViuB homologue from S. putrefaciens (colored green together with the FAD cofactor colored yellow, PDB entry 2GPJ). Conserved
basic residues spatially close to the potential substrate binding pocket are colored red in the E. coli YqjH model and blue in the S. putrefaciens ViuB
homologue structure. According to the primary sequence alignment, the C-terminal a-helical element is missing in YqjH.

which belongs to the first group, showed that the C-terminal
a-helix is part of a motif that in the tertiary structure forms a
potential substrate binding pocket in the proximity of the
potentially electron-conferring isoalloxazine ring of the bound
FAD cofactor (Figure 1B). The sequence alignment shows that

the three basic residues K45, K236, and K239, which cluster
around this pocket, are conserved within the group I members,
and that two of these residues are part of the C-terminal a-
helix. Because crystallographic data reported for E. coli YqjH,**
which according to the primary sequence analysis belongs to
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the second SIP group, are still preliminary and do not provide
sufficient information about the C-terminal region, a structural
model was generated by in silico folding using the ESyPred3D
server platform,*' and the S. putrefaciens ViuB homologue as a
structural template providing ~30% identity and ~50%
similarity. The superimposition of the resulting YqjH structural
model with the S. putrefaciens ViuB structure shows a similar
arrangement of most predicted secondary structure elements
(Figure 1B). The sequence extensions and insertions in the N-
terminal region of YqjH (residues 1—14 and 65—83) were not
included in the folding model because of a lack of template
information for these additional sequences. Because of the
missing large a-helix in the C-terminus of YqjH, the potential
binding pocket appears more open and not as distinct as in the
original template. A further processing of the original YqjH
folding model was conducted by minimizing the rmsd values
between the aligned residues of YqjH and ViuB. This resulted
in a high degree of structural similarity between both folding
units, except for the distinct architectures of the C-terminal
regions (Figure S1A of the Supporting Information). However,
also three basic residues can be found in YqjH that are distri-
buted around this putative binding region. In contrast to those
residues from members of group I, two of them are associated
with the parallel and antiparallel f-sheets flanking the FAD
isoalloxazine ring plane on both sides, while the third residue is
located in a predicted flexible loop region. Interestingly, these
three residues, KSS, R130, and R246 (based on the numbering
of the YqjH primary sequence), are also conserved within the
primary sequences of group II, especially within those from the
Enterobacteriales. Basic triad amino acid motifs have been
described in many ferric siderophore binding proteins from
microbial as well as mammalian sources, being directly involved
in the interaction with the ferric ligands.42_ * Hence, a closer
inspection of the putative substrate binding region in YqjH was
attempted.

The Redox States of YqjH Suggest the Catalysis of
Stepwise Single-Electron Transfer. Prior to analysis of
ferric substrate binding, the redox features of the YqjH
flavoprotein were investigated. First, UV—vis spectroscopy of
the aerobically purified protein confirmed the presence of an
oxidized FAD cofactor (FAD,,) in a holoprotein fraction of
~90%, for which an extinction coefficient (g,s,) of 10440 M~}
cm™! was determined (Figure 2A), which is in agreement with
recently published data.***® The cofactor was released from the
protein and did not precipitate upon treatment of YqjH with
urea and TCA during FAD quantification, indicating its
noncovalent attachment to the protein. Further, the cofactor
could also be released by methanol treatment of YqjH and was
detected in the supernatant fraction by LC/FTICR-MS (Figure
S1B of the Supporting Information).

To examine possible oligomerization states of YqjH in its
oxidized and reduced forms, we incubated the protein
anaerobically without or with sodium dithionite or NADPH
prior to analytical gel filtration. In comparison with an analytical
standard, the main fraction (94% of the integrated UV signal)
of the oxidized form eluted at a calculated size of ~28 kDa,
indicating primarily monomeric status under these conditions
(Figure S2 of the Supporting Information). Further gel
filtrations together with the reduced forms did not yield
significant differences in the retention profiles, which suggests
that YqjH persists as a monomer during its different stages of
oxidation and in presence of its donor substrate, NADPH.
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Figure 2. (A) Representative spectra from stepwise reduction of YqjH
during anaerobic UV—vis redox titration with dithionite. Shown are
the oxidized species at —150 mV/NHE (—), intermediate develop-
ment and decrease of the semiquinone species (dashed lines), and the
fully reduced hydroquinone species obtained below —500 mV/NHE
(). The inset shows SDS—PAGE results for the purified YqjH
protein. (B) Plots of the redox pair ratios observed upon one-electron
reduction [with dithionite; (O) FAD,,/FAD,, and (<) FAD/
FAD,, ] or two-electron reduction [with NADPH (Ill)]. Logarithmic
ratios vs observed redox potentials were plotted to determine electron
transfer rates and midpoint potentials from linear curve slopes and x =
0 intercepts, respectively. Curve slopes were determined with 58.7 mV/
(FAD,,/FAD,;) and $9.3 mV (FAD,,/FAD,,) according to one-
electron transfer steps and 31.1 mV (FAD,,/ FADhq) according to two-
electron transfer steps. (C) EPR spectrum of the YqjH-bound FAD
semiquinone radical measured at 80 K with a 9.4679 GHz microwave
frequency, a 0.02 mW microwave power, a 100 kHz modulation
frequency, and a 1.05 mT modulation amplitude. The inset shows the
integration spectrum with an isotropic g factor of 2.0067.

Because a putative transfer of electrons from NADPH via the
intrinsic FAD cofactor onto ferric chelate substrates suggests a
switch from double- to single-electron transfer events,
anaerobic redox titrations were conducted with dithionite and
NADPH to examine the reduced FAD species (Figure 2). After
equilibration and removal of the reductant by rapid size
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exclusion chromatography, the UV—vis spectra of the protein
fractions showed in the case of titration with dithionite the
transient development of a flavosemiquinone (FADSq; E452 =
5056 M™' cm™, and ey, = 43889 M™' cm™!) that finally
resulted in the development of a fully reduced flavohydroqui-
none (FADyg; &5, = 2361 M™' cm™') (Figure 2A). Semi-
quinone development was characterized by high absorbance
between 360 and 380 nm, while absorbance between 500 and
700 nm was rather low, which points to the presence of an
anionic radical species. The isosbestic points of the spectra were
at 385 and 501 nm, as well as at 343 nm, but only for the
reduced species. Because the semiquinone turned out to be
stable in the protein when anaerobically titrated, the redox
potentials of the two redox couples, FAD,,/FAD, (E,) and
FAD,,/FADy, (E,), were determined by using a platinum
electrode, which showed fast equilibration with this protein and
the redox mediators used. The plots of the logarithmic ratios of
observed FAD,,,/FAD,, species during reduction with the first
electron equivalent versus their corresponding redox potentials
(E) as well as those of the FAD,/FAD,, ratios during the
second electron reduction yielded linear curves with slopes of
59 + 1 mV (Figure 2B). The resulting midpoint potentials (at
pH 8.0) were as follows: E; = —431 + 16 mV, and E, = =202 +
9 mV. During a further redox titration with NADPH, the curve
slope of the log(ox/red) ratios versus redox potentials was
found to be 29.5 + 2 mV, indicating the estimated two-step-
only electron transfer, and gave a midpoint potential (E,,) for
the FAD,,/FADy, couple of —312 + 7 mV (Figure 2B).

The stabilized FAD radical was further detected by EPR
(Figure 2C). An intense signal of the semiquinone radical was
observed at 80 K with an isotropic g factor of 2.0067, which is
within the range of those g values reported for protein-
associated flavosemiquinone species.* Thus, the redox features
of FAD-binding YqjH point to the catalysis of transfer of single
electrons from the hydroquinone, generated by the transfer of
two electrons from NADPH, onto single-electron-accepting
substrates. The formation of a stable semiquinone during this
process suggested that single-electron transfers may not
proceed in rapid succession onto a single substrate molecule
bound but could rather require intermediate product release
and binding of further substrate molecules until completion of
the reaction cycle.

Basic Triad Residues of the YgjH Binding Pocket
Permit High-Affinity Binding of Triscatecholate Sub-
strates and Are Essential for Catalysis. To examine the
effect of the basic residues located around the potential
substrate binding pocket, we conducted site-directed muta-
genesis to generate alanine-substituted derivatives. The
produced protein variants were analyzed by CD spectroscopy
to verify their folding properties (Figure S3 of the Supporting
Information). Variants KSSA and R130A exhibited similar
spectra of secondary structure elements and of the bound FAD
in the far- and near-UV regions compared with native YqjH,
respectively, and hence were considered to be properly folded.
In contrast, variant R246A was found to be rather unstable,
showing precipitate formation and cofactor release during
protein concentration, and thus was not used for further
comparative studies.

Together with native YqjH and the two stable alanine-
substituted variants, binding studies were then performed with
different ferric siderophore ligands by using fluorescence
titration analysis (Figure 3). The oxidized, noncatalytic YqjH
species exhibited significantly different binding affinities toward

the assayed ferric siderophore ligands. Native YqjH displayed
the highest binding affinities for the ferric enterobactin ligand
and its close synthetic homologue, ferric MECAM, showing
dissociation constants for both in the submicromolar range.
The two alanine derivatives showed comparatively weak
affinities for these ligands, with estimated dissociation constants
that were not in the submicromolar range. Similar differences
were observed with further ferric triscatecholate ligands,
including ferric vibriobactin and ferric bacillibactin as well as
the hydrolyzed ferric Fe(IIl)—(DHB-serine); and Fe(III)—
(DHB-glycine threonine); complexes (see also Figure S4 of the
Supporting Information), which were obtained upon solid
phase peptide synthesis of the aryl-capped short peptides and,
after deprotection and HPLC purification, by iron charging in a
1:3 molar stoichiometry. Native YqjH bound these ligands with
dissociation constants in the low micromolar range, while no
affinity in this range was observed with the binding site variants.
Ferric dicitrate was also bound by wild-type YqjH, but with an
affinity at least 10-fold lower than the affinities of most of the
catecholate-containing ligands. Interestingly, no significant
affinity of YqjH was observed for the hydroxamate siderophores
ferric aerobactin and ferrichrome, indicating either very weak or
no binding of representatives from this siderophore class.
Several of the tested ligands were subsequently used as
potential substrates for YqjH-catalyzed reduction in kinetic
studies that were performed anaerobically. While the time-
dependent reduction of ferric substrates with prominent
charge-transfer absorption bands like ferric enterobactin could
be followed directly by the decrease in absorption (Figure 4A),
substrate-dependent kinetics in the lower concentration range
were preferably performed by using sensitive detection of a
Fe(II)—ferene complex at 590 nm, a wavelength that further
did not interfere with cofactor absorbance. The kinetic data
were fitted because of their Michaelis—Menten-like behavior for
both native and substituted YqjH variants. According to the
ligand binding studies, the substituted basic residues were
found to be crucial for catalysis, because the alanine variants
exhibited much lower overall catalytic efficiencies than the
native enzyme (Figure 4B, Figure SS of the Supporting
Information, and Table 1). In all cases, the loss of efficiency was
associated with a strong increase in K, suggesting the impaired
ferric substrate binding due to the derivatized active site.
YqjH Shows the Highest Catalytic Efficiency for
Hydrolyzed Ferric Triscatecholates and Reduces Ferric
Substrates in a Double-Displacement Reaction Mecha-
nism. In a comparison of the catalytic efficiencies obtained for
native YqjH (Table 1), they were found to be highest in cases
of the hydrolyzed triscatecholate substrates Fe(IIl)—(DHB-
serine); and Fe(III)—(DHB-glycine-threonine);. Surprisingly,
though the k_, is much lower, the catalytic efficiency of ferric
enterobactin reduction is in the range of that of the hydrolyzed
ferric bacillibactin Fe(III)—(DHB-glycine threonine); complex
that, however, is still more than 2 times less efficiently
converted than the Fe(III)—(DHB-serine); complex. The
remarkable efficiency of intact ferric enterobactin can primarily
be explained by its very low Ky of 0.4 uM, which is in good
agreement with the observed dissociation constant that relates
the velocity constants of substrate dissociation (k_;) and
association (k;). In contrast to enterobactin, ferric vibriobactin
conversion was less efficient, although its acceptance as a
substrate indicates that YqjH releases iron not only from
triscatecholate—trilactone scaffolds but also from nonhydrolyz-
able triscatecholates, however with lower efficiency. Also the
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Figure 3. Determination of ligand binding affinities by fluorescence titration with native YqjH and variants YqjH_KSSA and YqjH_R130A generated
by site-directed mutagenesis. (A—D) Protein variants YqjH (O), YqjH_KSSA ([0), and YqjH_R130A (), each at 1.0 M, were titrated with ferric
enterobactin (Fe-Ent), ferric MECAM (Fe-MECAM), ferric vibriobactin (Fe-Vib), and the ferric (2,3-dihydroxybenzoylserine) ; complex (Fe-[DHB-
Ser]y), respectively. (E) Proteins YqjH (O), YgjH_KSSA ([), and YgjH R130A (), each at 2.5 uM, were titrated with ferric dicitrate
(Fe-[citrate],). (F) YqjH at 2.5 yuM was titrated with ferric hydroxamate siderophores ferrichrome (Q) and ferric aerobactin ([]). In cases of
observed fluorescence quenching, a law of mass fit (see Materials and Methods for the equation) was used (1:1 binding stoichiometries of the
protein and the indicated iron—ligand complexes gave the best fitting results according to the molar fluorescence coefficients of the protein—ligand

complexes, fp; ). The determined dissociation constants (Kp) are given.

efficiency of ferric dicitrate reduction was found to be lower,
because the relatively high turnover rate seems not to
compensate for the high Ky of this substrate. No significant
conversion was found for ferric aerobactin, indicating that this
siderophore is not within the substrate range of this reductase
according to the observed lack of binding affinity. Altogether,
YqjH proves to be a ferric siderophore reductase that primarily
converts hydrolyzed ferric triscatecholate complexes but further
allows utilization of intact ferric triscatecholates as well as ferric
dicitrate, which are associated with different iron uptake routes.">

To determine the ratio of catalyzed electron transfers per
NADPH reduction equivalent, NADPH-dependent kinetics
were assessed in an excess of ferric substrate, and the formation
of Fe(Il) was measured as a result of single-electron transfer
(Figure 4C). The numbers of equivalents of Fe(II) generated

per NADPH were found to be 1.32 + 0.11 for ferric enterobactin,
1.91 + 0.12 for the Fe(Ill)—(DHB-serine); complex, 1.88 +
0.07 for the Fe(III)—(DHB-glycine threonine); complex, and
1.98 + 0.04 for the Fe—dicitrate complex. The low molar ratio
of reduced product relative to reduced substrate in the case of
ferric enterobactin indicates that one of the two single-electron
transfer steps through the reduced FAD cofactor is extremely
inefficient, which in turn may explain the low turnover rates of
the intact ferric triscatecholate scaffold, despite its high affinity
for the catalytic pocket.

The reaction-type mechanism of YqjH was determined by
using the catalytically most efficient substrate, the Fe(III)—(DHB-
serine); complex. Ferric substrate-dependent steady state kinetics
were performed with four different NADPH concentrations and
analyzed by double-reciprocal plots of substrate concentrations
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observed initially at 492 nm) with 75 M Fe-Ent, 2 mM NADPH, and 20 4uM YqjH in anaerobic 100 mM Tris (pH 8.0). The reaction was followed
over 2.5 h with samples taken after time intervals of 0, 10, 20, 40, 60, 80, 100, 120, and 150 min. (B) Ferric substrate-dependent kinetics with 2 mM
NADPH, 2 uM YqjH, and varied concentrations of ferric enterobactin (), ferric vibriobactin (@), ferric aerobactin (), ferric (DHB-serine)
(W), ferric (DHB-Gly-Thr); (@), and ferric dicitrate (+). (C) Equivalents of Fe(II) generated per NADPH equivalent in reaction mixtures
containing 2 uM YqjH, 50 uM ferric siderophore, and varied concentrations of NADPH. Each point was taken at equilibrium after incubation for 30
min. Generated equivalents of Fe(II) per NADPH were 1.32 for ferric enterobactin (4, solid regression line), 1.91 for ferric (DHB-serine); (I,
long dash regression line), 1.88 for ferric (DHB-Gly-Thr); (A, medium dash regression line), and 1.98 for ferric dicitrate (@, short dash regression
line). (D) Double-reciprocal plot of steady state reaction rates with varied concentrations of ferric (DHB-serine); (5—100 yM) and fixed
concentrations of NADPH [10 (@), 20 (A), 50 (H), and 200 uM (4p)]. The inset shows the double-reciprocal plot of the Vinax(app) Y-intercept
points vs NADPH concentration. The x- and y-intercepts yield apparent Ky and V.., values for NADPH of 62.4 yM and 96.2 milliunits/mg,
respectively. (E) Proposed double-displacement (ping-pong) mechanism for the YgjH-catalyzed reaction (for substrates within the efficient redox
ranges of both E, and E,).

versus observed specific activities (Figure 4D). The apparent Ky strongly indicate a double-displacement reaction mechanism, which
and V_,,, values for NADPH were further determined by double- is indicated in a reaction cycle model that is exemplary for ferric
reciprocal plots of the Vi, intercept points versus the substrates in the efficient redox range of E, and E, (Figure 4E).
corresponding NADPH concentrations, resulting in values of The suggested reaction cycle is initiated by the binding of

624 yuM and 96.2 milliunits/mg, respectively (Figure 4D). The NADPH, and a two-electron transfer occurs toward the oxidized
obtained parallel curve slopes of the double-reciprocal plots flavin cofactor (FAD,,). Upon dissociation of NADP", the
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Table 1. Kinetic Parameters of Native YqjH and Alanine-Substituted Variants

Fe(III)—enterobactin

Vinax (milliunits/mg)

WT 6.2 3.6

KSSA 0.5 nd?

R130A 0.9 nd”
Ky (uM)

WT 0.4 14

KSSA 7.8 nd?

R130A 5.9 nd?
keat/ K (s M)

WT 8211 1268

KSSA 32 nd”?

RI30A 76 nd?

“Not determined.

Fe(III)—vibriobactin ~ Fe(III)—aerobactin

1.9
nd”?

nd”

48.0
nd”

nd”

20
nd”

nd?

Fe(IlI)—(DHB-Ser);  Fe(IlI)—(DHB-Gly-Thr);  Fe(III)—dicitrate

84.5 77.0 145.4
7.2 nd” 27.8
9.6 nd” 16.9
1.8 4.2 13.4
40.0 nd® 51.0
36.0 nd” 66.0
23354 9193 5427
91 nd“ 271
132 nd“ 129

formed hydroquinone species (FADy,) transfers a single
electron to a binding ferric siderophore substrate, which is con-
verted into the ferrous form and dissociates, while an intrinsic
flavine semiquinone (FADy,) is formed, which transfers a second
electron to another ferric siderophore substrate, which dissociates
during regeneration of the oxidized enzyme.

High-Affinity Binding of Ferric Enterobactin Leads to
a Partial Overlap with the Effective E; Redox Range of
YqgjH. In contrast to the hydrolyzed ferric triscatecholate and
ferric dicitrate complexes, which display moderately low redox
potentials, the capability to reduce intact triscatecholates like
ferric enterobactin is still mechanistically unclear, because these
ligands possess extremely negative redox potentials of
approximately —750 mV.° Although their cytosolic potentials
may partially increase because of the actual disequilibria of
oxidized and reduced species, it is unknown if there is yet
another mechanism that might lead to feasible reduction within
the effective redox range of the enzyme. We hence attempted to
determine the ferric enterobactin redox potential in the ferric
substrate—YqjH complex, because it has been suggested that
the redox potential of the siderophore—reductase interaction is
more decisive than the potential of the free ferric siderophore
when considering its actual redox capacities.*® For this purpose,
the native FAD cofactor of YqjH was replaced upon protein
refolding and reconstitution with 5-deaza-5-carba-FAD, a struc-
tural analogue that is restricted to two-electron transfer steps
only. Thus, by using this cofactor analogue, the native protein
environment can be provided for high-affinity interaction with
the ferric substrate, however, without catalytic turnover under
reductive conditions. The reconstitution with S-deaza-S-carba-
FAD resulted in a protein—cofactor complex with novel UV—vis
absorption features, showing several pronounced fine structures in
the spectrum compared to free S-deaza-S-carba-FAD (Figure SA).
These well-resolved vibration sidebands indicate the tight and well-
defined noncovalent binding of the non-native chromophore to the
ordered protein structure.

EPR spectra recorded with both native and reconstituted
YqjH in presence of ferric enterobactin showed in addition to
the typical high spin doublet signal (g = 4.30) a broad axial S =
5/2 signal (g = 6.60), which apparently represents a specific
teature of protein-ligand interaction when compared to the free
ferric enterobactin and free YqjH spectra (Figure SB). Ferric
enterobactin in the presence or absence of reconstituted YqjH
was then titrated anaerobically with dithionite, and the redox
potentials were measured after the equilibration of each
titration step. Free ferric enterobactin did not show a significant

10960

change in the g = 4.30 signal amplitude even after addition of
25 mM dithionite to reach the lowest titration potential of
approximately —565 mV/NHE (Figure S6A of the Supporting
Information). In contrast, a total signal reduction of ~30%
for the complex-specific g = 6.60 signal was observed in the
presence of noncatalytic YqjH (Figure S6B of the Supporting
Information). The determined log(ox/red) ratios were plotted
versus the corresponding equilibrium redox potentials, and a
midpoint potential of the ferric enterobactin—YqjH complex
could be extrapolated (E,, = —585 + 21 mV) (Figure SC). This
large increase in the enzyme-bound substrate redox potential
leads, within experimental error, to a partial overlap with the
effective E; redox range of catalytically active YqjH. The redox
potential of the ferric substrate—enzyme complex was still too
low for an efficient overlap with the E, range that, however,
may explain both the low turnover rates and the low ratio of
generated Fe(II) to NADPH equivalents in the case of intact
ferric enterobactin.

The Absence of YqjH Slows Growth upon Supple-
mentation with Ferric Triscatecholates and Ferric
Dicitrate. Recently, it has been reported that the combination
of an yqjH deletion with a deletion of the fes esterase gene leads
to an increase in the level of the severe growth pheno?rpe,
which is basically implemented by the Afes background.”® To
investigate the effect of a ygjH deletion on growth supple-
mentation with different siderophores, but without intrinsic
accumulation of the native siderophore enterobactin, we com-
bined the ygjH and fes deletions in this study with an entC
deletion background, which aborts production of both the
intact triscatecholate as well as precursors such as 2,3-
dihydroxybenzoylserine or 2,3-dihydroxybenzoate.*’

The AentC single mutant, the AentC AygjH and AentC Afes
double mutants, and the AentC Afes AygjH triple mutant were
grown in iron-limited minimal medium with different ferric
siderophores and with ferric chloride added to the main cultures
(Figure 6). Supplementation of AentC with ferric substrates
increased the rate of growth throughout, while it was impaired for
the AentC Afes double deletion in the case of ferric enterobactin
supplementation. In contrast, growth of the strains with the ygqjH
deletion background was more severely affected in the four
cases of ferric triscatecholate and ferric dicitrate addition.
Remarkably, the utilization of the nonhydrolyzable enterobactin
analogue MECAM appeared to be directly dependent on the
activity of YqjH. On the other hand, addition of ferric aerobactin
supported all strains similarly in growth, indicating that ferric
hydroxamate utilization is dependent on neither fes nor ygjH,
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Figure 5. (A) UV—vis spectra of free S-deaza-S-carba-FAD (———) and
YqjH reconstituted with S-deaza-S-carba-FAD (—). Spectra were recorded
with each compound at 20 uM and pH 7.5. (B) EPR spectra of 30 uM
ferric enterobactin in the presence of 75 uM WT YqjH (a), 30 uM ferric
enterobactin in the presence of 75 uM YqjH-S-deaza-FAD (b), 30 uM
ferric enterobactin in free form (c), and 75 uM YqjH-S-deaza-FAD (d).
Spectra were recorded at pH 8.5 and 77 K with a 9433 GHz microwave
frequency, a 20 mW microwave power, a 100 kHz modulation frequency,
and a 1.25 mT modulation amplitude. g values of 6.60 in spectra a and b
and 4.30 in spectra a—c were observed. (C) Anaerobic single-electron redox
titration of 30 4M ferric enterobactin in the presence of 75 s#M noncatalytic
YqjH (reconstituted with S-deaza-S-carba-FAD) at pH 8.5. Plotted are the
logarithmic ratios of protein-complexed ferric/ferrous iron—siderophore
species (according to the amplitude of the binding-specific g = 6.60 signal)
vs the corresponding equilibrium redox potentials. The observed curve
slope was 62.3 mV according to single-electron transfer.

which is further consistent with the ligand affinity and enzyme
kinetic studies for YqjH as shown above.

B DISCUSSION

The presence of SIPs in many different bacterial species has
raised the question of whether these proteins are directly
involved in siderophore binding associated with a possible
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Figure 6. Mutant growth analysis with hydrolyzed or intact ferric
siderophores in a chromosomal background (AentC) deficient for
catecholate synthesis. E. coli BW25113 strains AentC (white bars),
AentC Afes (light gray bars), AentC AygjH (medium gray bars), and
AentC Afes AyqiH (dark gray bars) were precultured in LB medium
and then 1000-fold diluted into M63 minimal medium without an iron
source in the controls (A). Further cultures were supplemented with
20 uM (final concentration) ferric enterobactin (B), ferric (2,3-
dihydroxybenzoylserine); (C), ferric dicitrate (D), ferric aerobactin
(E), ferric MECAM (F), or ferric chloride (G). Final optical densities
were determined after growth for 16 h, and data of three independent
growth replicates were averaged and are plotted with their standard
deviations.

reduction of iron. A mechanism of reductive iron assimilation
upon ferric siderophore uptake is generally regarded to be
crucial for the following assembly of iron—sulfur clusters and
heme cofactors, for the delivery of iron into storage proteins
like Dps, or for interaction with intracellular sensors such as Fur
and further iron-dependent regulators.** " Only recently has
evidence been provided that such a reductase activity is associated
with the SIP homolog YqjH from E. coli been provided, which was
suggested to provide a link between iron and nickel homeo-
stasis.”® From the structural perspective, YqjH shares the
domain structure of the ferredoxin reductase-like family.
Ferredoxin reductase (FNR) is an FAD and NAD(P) binding
protein that catalyzes the transfer of an electron from reduced
ferredoxin (or sometimes flavodoxin) preferably to NADP*,
thereby forming FADH, via a semiquinone intermediate, which
then transfers the hydride to convert NADP* to NADPH. The
single-electron transfer potentials for FNR were determined to be
~331 mV (FAD,,/FAD,) and —314 mV (FAD, /FAD,,), and a
potential of —323 mV was measured for the two-electron reduction
process.> In this study, the potential for the two-electron reduction
of YqjH by NADPH was found to be similar to the FNR potential,
being in the redox range of the NADPH/NADP' couple. In
contrast, the redox potential gradient of the intrinsic FAD,,/FAD,
and FAD,,/FAD, pairs is conversely arranged in YqjH, pointing to
a strong preference of the flow of electrons from NADPH to ferric
substrates as single-electron acceptors. While the flat redox gradient
in FNR allows the reaction to be readily switched in both directions,
the rather steep redox gradient for single-electron transfer in
YqjH seems to restrict an uphill transfer of electrons in the
direction of NADP". Thus, the general redox properties of
YqjH differ from those of its structural analogue, FNR, in rather
favoring the flow of electrons toward the ferric siderophore
substrates, which is according to the suggestion that iron
assimilation might be the primary aim of this reaction rather
than NADPH generation. Mechanistically, the determined
ordered ping-pong reaction type indicates that the formed
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NADP" dissociates completely before the ferric substrates are
bound and reduced successively. However, sequential mecha-
nisms may also produce ping-pong-like behavior, which is
dependent on the rates of formation of a ternary complex and
dissociation relative to those of electron transfer, as discussed
especially for the backward reaction of FNR and further
NAD(P)H:flavin oxidoreductases.’>>> Generally, ternary spe-
cies with short half-lives are hardly accessible to steady state or
rapid reaction measurements. Therefore, the interpretation of
the initial velocity data as a nonsequential reaction type does
not necessarily exclude transitory ternary complex formation,
especially in a multisite mechanistic model.>* Interestingly,
while ternary complex formation in a sequential mechanism is
observed for the forward reaction of FNR leading to NADP*
reduction, double-displacement reaction types seem to be more
common for the reverse flow of electrons of NADPH-
dependent reduction within this enzyme superfamily.>**>
The YgjH reductase appears to be a further member of
NADPH:flavin oxidoreductases that show double-displace-
ment-type kinetics, without excluding a possible formation of
very short-living higher-order complexes.

Protein—siderophore complex formation is accomplished in
several proteins through basic amino acid residues such as
lysine and arginine. These residues participate in the interaction
with ferric ligands, either by mixed electrostatic/cation-z
binding of the aromatic core motif in ferric triscatecholates**
or by primarily electrostatic binding of the iron-coordinating
oxo-donor motif.**** The replacement of two basic residues
that were predicted to constitute a part of the substrate binding
site of YqjH had a strong impact on both ferric substrate
interaction and conversion. High-affinity binding was abolished
in the single-alanine substitution variants KSSA and R130A,
which led to a drastic decrease in catalytic efficiency especially
in the cases of intact and hydrolyzed ferric triscatecholate
substrates. In the case of ferric enterobactin, the high-affinity
binding mode seems to represent a key for overlapping the
substrate redox potential with the enzyme redox range. The
ferric ligand displayed an increase in its midpoint potential in
the enzyme—substrate complex, which could be due to partial
distortion of the geometry of the iron—oxo center during the
tight interaction with the basic amino acid triad. Because a
further affinity increase might become counterefficient because
of slow dissociation of the enzyme—product complex (the
similar Ky, and Ky, values indicate that k, becomes much lower
than k_,), a partial overlap with the efficient E, redox range
could be sufficient for reducing nonhydrolyzed ferric
triscatecholate complexes, though at low catalytic rates. The
observed low k., might be increased if ferrous iron sinks are
supplied in the cytosol, as it was shown exemplarily in vitro for
a ferric siderophore reductase in the presence of a metal-
scavenging protein scaffold.”” A further cause for the observed
low turnover rates in vitro might be the slow disproportiona-
tion of the formed flavosemiquinone species in the E;-
dependent half-reaction. When free in solution, flavosemiqui-
none radicals rapidly disproportionate to their oxidized and
reduced forms, but they are much less prone to dismutation
when shielded by the protein environment.** In vivo, however,
the E,-dependent electron transfer step leading to regeneration
of the oxidized form could be more readily completed by
utilization of alternative ferric substrates with higher midpoint
potentials, such as hydrolyzed ferric triscatecholate species or
ferric dicitrate. These substrates were all found to provide

nearly 2-fold molar ratios of generated Fe(II) to applied
NADPH equivalents.

The capacity of YqjH to catalyze ferric enterobactin
reduction by partial oxidation of its flavin cofactor leads to a
rationale for the observed growth support of E. coli cultures in
the presence of nonhydrolyzable ferric triscatecholates, which
was reported in previous studies.”’ > In this study, the
supporting growth effect observed in the presence of ferric
MECAM was indeed found to depend on the presence of
YqjH. Effects of ygjH deletion were studied in combination
with deletion backgrounds of both catecholate siderophore
biosynthesis (AentC) and triscatecholate trilactone hydrolysis
(Afes). When iron-charged catecholate and citrate siderophore
substrates were supplied to the cultures with a ygjH deficiency,
growth reduction of at least 20% was observed during the
stationary phase, indicating that YqjH acts in iron acquisition
pathways that utilize these siderophores as primary iron
sources. In the case of ferric enterobactin, which is the
highest-affinity siderophore of E. coli, the deletion of the fes
esterase was decisive for the strongly impaired growth
phenotype, which was further diminished when combined
with the mutation of yqjH. This suggests that YqjH does not act
in parallel, but downstream of the Fes reaction, which in a
previous step produces hydrolyzed ferric triscatecholate species
with much more favorable redox potentials for YgjH. The
possibility of YqjH reducing ferric enterobactin in its intact
form could, on the other hand, become important during
intermediate stages of cytosolic overaccumulation of this
siderophore, in which YqjH might act as a supporting factor
for its turnover, or in situations that require strong reductive
iron assimilation in combination with a high concentration of
unoccupied Fe(II) binding sites. Alternatively, the genetic
results may further indicate that YqjH might be involved in a
parallel but less important pathway for catecholate siderophore
utilization, thereby producing a synthetic phenotype when it is
deleted in combination with Fes. However, it seems most
consistent that YqjH may be used to reduce ferric iron
associated with enterobactin cleavage products or enterobactin
precursors that are secreted on their own. In the absence of Fes,
the reductase could also use the overaccumulated intact ferric
enterobactin as a substrate.

In contrast to YqjH, the ViuB protein from V. cholerae that
belongs to group I of SIPs containing the C-terminal a-helical
element as a part of the substrate binding pocket could
complement a fes mutation in E. coli*> This points to the
manifestation of dissimilar reductive capacities between the
different structural subgroups of this enzyme family. Because
V. cholerae produces nonhydrolyzable vibriobactin, it may
require a reductase that primarily reduces iron in the intact
scaffold of the triscatecholate siderophore. In contrast,
Enterobacteria that commonly produce hydrolyzable enter-
obactin possess the Fes esterase frequently together with the
YqjH type (group II) of the SIP family. Because YgjH is
efficient for reduction of the hydrolyzed rather than the intact
ferric triscatecholate complexes, the two dissected homologue
SIP groups may illustrate different evolutionary results of reduc-
tive iron assimilation based on the preprocessing capacity for
ferric triscatecholate scaffolds. Further analysis of SIP
representatives, especially from group I, is needed to understand
the role of this enzyme family in cytosolic iron assimilation, as
well as its integration in the interwined regulation of cellular
metal homeostasis.
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