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Abstract

Many pathogenic bacteria including Staphylococcus aureus use iron-chelating siderophores to
acquire iron. IruO, an FAD-containing NADPH-dependent reductase from S. aureus, functions
as a reductase for IsdG and Isdl, two paralogous heme degrading enzymes. Also, the gene
encoding for IruO was shown to be required for growth of S. auwreus on hydroxamate
siderophores as a sole iron source. Here, we show that IruO binds the hydroxamate-type
siderophores desferrioxamine B and ferrichrome A with low micromolar affinity and in the
presence of NADPH, Fe(II) was released. Steady-state kinetics of Fe(Il) release provides k.q/Kn
values in the range of 600 to 7000 M's™" for these siderophores supporting a role for IruO as a
siderophore reductase in iron utilization. Crystal structures of I[ruO were solved in two distinct
conformational states mediated by the formation of an intramolecular disulfide bond. A putative
siderophore binding site was identified adjacent to the FAD cofactor. This site is partly occluded
in the oxidized IruO structure consistent with this form being less active than reduced IruO. This
reduction in activity could have a physiological role to limit iron release under oxidative stress
conditions. Visible spectroscopy of anaerobically reduced IruO showed that the reaction
proceeds by a single electron transfer mechanism through an FAD semiquinone intermediate.
From the data a model for single electron siderophore reduction by IruO using NADPH is

described.
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Iron is required for growth and the ability to sustain a successful infection by the human
pathogen Staphylococcus aureus. In S. aureus, iron assimilation is critical for many cellular
processes, including the tricarboxylic acid cycle.'”” Obtaining iron presents a challenge as most
iron is actively sequestered in humans as part of nutritional immunity.>* For example,
hemoglobin is sequestered by haptoglobin, heme by hemopexin and ferric iron (Fe(Ill)) by
transferrin. S. aureus uses several iron uptake strategies to obtain iron from the host to satisfy
their iron requirements.

S. aureus can scavenge Fe(Ill) bound to host proteins using two endogenously
synthesized siderophores, staphyloferrin A and staphyloferrin B.> S. aureus can also use
membrane anchored transporters to obtain iron-bound siderophores produced by other bacteria or
fungi. The SstABCD uptake system can internalize catecholate-type siderophores such as
enterobactin and petrobactin.’ The FiuBGC,-D2/D1 uptake system can internalize hydroxamate-
type siderophores like desferrioxamine B (DFB) and ferrichrome A (FCA).”® Additionally, S.
aureus uses the iron-regulated surface determinant (Isd) system to extract heme from
hemoglobin, transport it into the cell, and cleave it to release iron.”'?

Once internalized, the Fe(Ill)-siderophore complex must be decoupled to permit iron
assimilation into cellular metabolism. One prominent iron release mechanism is a single electron
reduction of a chelated Fe(IIT) complex.”” Reduction of Fe(IIl) to ferrous iron (Fe(Il)) greatly
decreases the affinity siderophores have for iron ions."> Oxidoreductases have been characterized
to reduce Fe(Ill) complexes, such as the NAD(P)H:flavin oxidoreductase Fre from Escherichia
coli that can reduce and release flavin adenine dinucleotide (FAD) or flavin mononucleotide

14,15

(FMN) as free reducing agents. However, most iron-siderophore complexes are reduced by

specific siderophore reductases, four of which have been characterized thus far. Both E. coli
FhuF and Bacillus halodurans FchR reduce Fe(IIT) bound to hydroxamate-type siderophores,'®'”’
E. coli YqjH reduces Fe(IIl) bound to catecholate-type siderophores,'® and Thermobifida fusca
FscN reduces Fe(IIl) bound to fuscachelin."

Recently, two reductases associated with iron assimilation have been described in S.
aureus. First, [ruO (iron uptake oxidoreductase) is a FAD-binding, NADPH-dependent reductase
capable of donating electrons to either IsdG and Isdl to degrade heme to the staphylobilins and

Fe(II).”” Subsequently, bacterial gene deletion studies in S. aureus revealed that both IruO and a
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predicted nitroreductase (NtrA) are required for heme utilization in S. aureus and that IruO and
NtrA participate in the utilization of DFB and staphyloferrin A, respectively.*’

In this study we examined how IruO participates in Fe(Ill)-siderophore reduction and
proposed a mechanism for electron transfer. We demonstrated that IruO specifically reduced the
Fe(Ill)-hydroxamate-type siderophores Fe(III)-DFB and Fe(IIl)-FCA to release Fe(Il) using
NADPH as the electron donor. We also solved the X-ray crystal structure of IruO in two distinct
conformational states that differ by the formation of an intramolecular disulfide bond. Finally,
we showed that under anaerobic conditions, IruO formed a stable FAD semiquinone intermediate

to mediate a single electron transfer from the FAD to the Fe(IlI)-bound siderophore.
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Results

IruO binds and reduces hydroxamate-type siderophores

Recombinant IruO was prepared from E. coli under reducing conditions as described
previously® and dialyzed against 50 mM Tris (pH 8.0), 300 mM KCI, and 2 mM TCEP. IruO
prepared under reducing conditions is referred to as rdlruO. To assess the activity of rdlruO
against hydroxamate-type siderophores, 1 uM rdlruO was incubated with 100 uM Fe(III)-DFB
and 1 mM ferrozine. Upon the addition of 100 uM NADPH, an increase in absorption at 562 nm
(Fe(II)-ferrozine complex) was observed over 10 minutes, indicating the generation and release
of Fe(Il) (Figure 1A). Omission of either rdlruO or NADPH prevented the production of Fe(II)
(Figures S1A and S1B). A similar result was observed with 100 uM Fe(III)-FCA, a structurally
distinct hydroxamate siderophore (Figures 1B, S1C, and S1D). Unlike Fe(III)-DFB and Fe(III)-
FCA, iron-bound ethylenediamine-N,N'-bis(2-hydroxyphenylacetic acid) (Fe(Ill)-EDDHA), a
synthetic iron chelator that cannot be used as an iron source by S. aureus, could not be reduced
by rdIruO (Figures 1C, S1E and S1F).

To determine the binding affinity of Fe(Ill)-DFB and Fe(III)-FCA to rdIruO, tryptophan
fluorescence quenching assays were performed. Fluorescence quenching was recorded at various
Fe(IIT)-DFB and Fe(Ill)-FCA concentrations (0.5 — 20 uM) with 1 uM rdIruO. The measured
apparent dissociation constant (K,) of [ruO with either siderophore was in the low uM range (<
3.5 uM) (Figure S2), but was not accurately determined because the rdlruO concentration
required to observe fluorescence change was not at least 5-fold lower than the calculated K.
Nonetheless, the results indicate that IruO can bind two structurally distinct hydroxamate-type

siderophores.

Structure of IruO

The crystal structure rdIruO was solved to 1.82 A resolution with a single molecule in the
asymmetric unit. The structure contained the full 344 amino acid sequence with 0.6% of the
residues (Val339 and Asn340) categorized as Ramachandran outliers. The rdIruO structure is
composed of two distinct domains separated by a hinge region composed of a short, two-
stranded antiparallel B-sheet (Figure 2A). Based on a Pfam search using the amino acid

sequence,”” IruO is classified as a pyridine nucleotide-disulphide oxidoreductase (PNDO),
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containing a smaller Rossmann-fold domain that is presumed to bind NAD(P)H (residues 121 -
244) and a second, larger PNDO domain that binds FAD. In the structure, the latter domain is
assembled from the N-terminal and C-terminal ends of the polypeptide chain (residues 1 - 120,
and 245 — 316). The PNDO domain also contained a dimerization interface formed when a
rdlruO dimer is constructed by applying crystallographic symmetry (Figure 2B). The buried
surface at this interface is ~2600 A” as quantified by PISA.* Part of the interface is composed of
a 28-residue C-terminal a-helix projecting from the PNDO domain (Figures 2A and 2B). To
show that dimerization occurred in solution the mass of rdlruO was measured by size exclusion
chromatography with multi-angle light scattering (SEC-MALS) to be 77 kDa (Figure S3A),
similar to the predicted dimeric mass of 76.4 kDa.

Buried within the PNDO domain is a single FAD cofactor modeled at full occupancy
(Figure 2C). The FAD is oriented such that the re-face of the isoalloxazine ring is exposed to the
solvent and the adenosine and ribitol moieties formed multiple hydrogen bonds with water
molecules and residues of the PNDO domain (Figure 2C). The isoalloxazine ring is stabilized
within the PNDO domain by Tyr43 through m-w stacking at the si-face and Val324 through an
intermolecular hydrophobic interaction at the re-face (Figure 2C). Val324 is part of the
C-terminal o-helix and interacted with the FAD isoalloxazine ring in the adjacent subunit
(Figure 2C). A shallow pocket located next to the re-face of the isoalloxazine ring is constructed
from residues located in the PNDO domain, NADPH domain, hinge region and the C-terminal
helix from the adjacent subunit (Figures 2D and S4A). The pocket is primarily composed of
polar and positively charged residues such as Lys39, Thr159, Arg247, His294, Tyr323 and
His327 (Figure S4A). In the rdIruO structure a glycerol molecule, used as a cryoprotectant, is
observed bound in the pocket adjacent to the FAD cofactor. The proximity of the pocket to the
cofactor and the polar nature of the residues lining the pocket suggested this is a putative

siderophore binding site.

IruO mediates electron transfer from NADPH to Fe(lll)-siderophores complexes via an FAD
neutral semiquinone intermediate

An anaerobic environment was used to investigate the rdlruO -electron transfer
mechanism. UV-visible spectroscopy revealed that the FAD cofactor of rdlruO was in the

oxidized state (FAD,x) as characterized by the peaks at 376 and 464 nm (Figure 3A). Upon the
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addition of equimolar NADPH, spectra corresponded to the neutral semiquinone state (FADsq) as
evidenced by a decrease in the peaks at 376 and 464 nm and a subsequent increase in a broad
peak between 550-650 nm (Figure 3B).** To examine if additional NADPH resulted in full
reduction of FAD to the hydroquinone state (FADyq) in rdIruO 5-fold excess of NADPH was
added to rdIruO and spectra were recorded after 5 min. The FAD was only reduced to the neutral
FAD;, state and not the FADy, state (Figure S5A). Unlike rdIruO, thioredoxin reductase
(NWMN_0732), the closest homolog to IruO in S. aureus, did not form the FAD,, state; instead,
formed the fully reduced FADy, state in the presence of 150 uM NADPH (Figure S5B). The
FADyg state in rdIruO was attained by the addition of 100 uM sodium dithionite (Figure 3C).
Oxidation of NADPH to NADP' is a two-electron process, yet the FAD cofactor in
rdIruO only accepted one electron to form FADy,. Therefore, we hypothesized that NADPH
transfers the second electron through the interacting PNDO domains to the second FAD cofactor
in the adjacent subunit. A titration of rdIruO with NADPH resulted in formation of the FADy, at
a molar ratio of 0.5 NADPH to rdIruO (Figure 3D). Further additions of NADPH did not yield
further reduction of FAD,,. Next, we hypothesized that the FADyq from rdIruO is able to reduce
Fe(II)-siderophore complexes. Indeed, addition of Fe(Ill)-DFB to rdlruO FADs, resulted in a
loss of the broad peak between 550-650 nm (Figure 3E). When Ga(Ill)-DFB, a non-reducible
iron analog, was added to rdlruO FADy, no spectral changes were observed (Figure 3F).
Overall, the data indicates that rdIruO mediated the transfer of two electrons from one NADPH

to reduce two Fe(III)-DFB molecules via a FADy, intermediate.

An intramolecular disulfide bond can form in IruO

IruO was subjected to a molar excess of potassium ferricyanide to form oxidized IruO
(oxIruO). Potassium ferricyanide was used because it is a mild oxidizing agent. The oxIruO
crystal structure was solved to 2.3 A resolution. A structural overlay between rdIruO and oxIruO
revealed that the NADPH domain of the oxIruO structure rotated ~90° with respect to the PNDO
domain (Figures 4A and 4B). A disulfide bond was observed between Cys248 and Cys265,
along with disruption of the structure of the hinge region (Figure 4C). In rdIruO, Cys248 is
located within the hinge region and Cys265 is located in a surface loop of the PNDO domain.
The conformation of the PNDO and NADPH domains in the oxIruO structure are largely

unchanged from the domains in the rdIruO structure (RMSD over all Co. < 0.5 A). However, the
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90° twist of the NADPH domain resulted in a significant conformational change in the putative
siderophore binding site. Compared to the rdIruO structure, the putative siderophore binding site
in the oxIruO structure was narrower (Figure 4D). The volume of the putative binding groove
decreased from 1233 A’ to 997 A’ as measured using the program 3V (Figure S6).” Similar to
rdIruO, oxIruO was also dimeric in solution with a mass of 74 kDa as measured by SEC-MALS
(Figure S3B). A DTNB assay detected ~1.7 thiol (SH) groups per rdlruO subunit compared to
~0.2 SH groups per oxIruO subunit suggesting that a disulfide bond was formed in solution as
was observed in the oxIruO structure.

To determine how disulfide bond formation affects the function of IruO, the ferrozine
assay was used to determine steady-state kinetic parameters from reactions of either rdlruO or
oxIruO against varying concentrations of Fe(III)-DFB, Fe(IlI)-FCA and NADPH (Table 1 and
Figures S7 and S8). Both oxidized and reduced IruO displayed Michaelis-Menten kinetics over
the conditions tested. The oxidation of IruO resulted in a reduction of the enzymatic efficiency
(kca/Ky) for both Fe(III)-DFB and Fe(Ill)-FCA by ~5-fold. However, the observed K,, was
negligibly impacted by the disulfide bond formation, except for oxIruO with Fe(IlT)-FCA, which
was 5-fold higher. A consistent, distinguishable difference in the k../K, (~2-fold) was evident
between Fe(Ill)-DFB and Fe(Ill)-FCA with either rdIruO or oxIruO, indicating that structural
differences between the siderophores impact iron reduction. For NADPH, the k../K, was
comparable, suggesting that the oxidation of IruO does not impact NADPH utilization; an
observation supported by the minimal conformational changes observed in the putative NADPH
binding sites between the oxIruO and rdIruO structures. Overall, the oxidation of IruO and
formation of an intramolecular disulfide bond resulted in a defect in [ruO Fe(Ill)-siderophore
reductase activity in vitro. Future studies are required to validate the role cysteine oxidation has

on regulating IruO activity in vivo.

Reduced IruQ is the preferred form of IruO for heme degradation by Isdl

IsdI-heme degradation reactions with rdlruO and NADPH (Figure S9A) were faster than
those with oxIruO and NADPH (Figure S9B) as judged by the decreasing height of the Soret
peak at 412 nm. The second peak at 240 nm corresponds to the presence of NADPH in the assay.
Heme degradation rates observed under these conditions were calculated to be 0.39 + 0.02 min™

and 0.13 + 0.005 min™ for rdIruO and oxIruO, respectively. Similar to activity in the presence of
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hydroxymate siderophores, the introduction of an intramolecular disulfide bond decreased IruO

activity.
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Discussion

The few siderophore reductases characterized in the literature are of two types: iron-
sulfur cluster (FeS) cofactor-containing reductases and FAD cofactor-containing reductases. E.
coli contains both types of reductases, FhuF (FeS type),'” and YqjH (FAD type),'® which were
shown to reduce hydroxamate-type and catecholate-type siderophores, respectively. A FeS-
containing reductase (FchR) in B. halodurans was characterized that reduces both Fe(Ill)-
dicitrate and hydroxamate-type siderophores like Fe(III)-schizokinen.'® T, fusca FscN is an
FAD-containing enzyme of the YqjH family that reduces Fe(Ill)-fuscachelin, a mixed
catecholate/hydroxamate  siderophore.”” Additionally, several IruO homologs have been
identified by sequence analysis in Gram-positive bacteria that include Bacillus subtilis, Bacillus
anthracis, and Listeria monocytogenes.”® The gene of the L. monocytogenes homolog
(LMO1961) appears to be part of a larger gene cluster predicted to encode for hydroxamate-type
siderophore import machinery.*

In addition to IruO, S. aureus contains a gene annotated as a flavin-containing reductase,
NtrA, that is involved in iron utilization from Fe(III)-SA.>' Under iron restriction, S. aureus
alters its metabolism to conserve iron by inducing the “iron sparing” response, which results in
the down-regulation of the tricarboxylic acid cycle and up-regulation of glycolysis." Coupled
with the recent discovery that S. aureus produces staphyloferrin B without the need of the iron-
requiring tricarboxylic acid cycle,”” our data suggests further adaptation to utilize flavoproteins
for iron assimilation as a strategy to conserve iron.

IruO utilizes a single electron transfer mechanism to reduce Fe(III)-bound hydroxamate-
type siderophores. IruO performs a unique, single electron transfer mechanism where electrons
are transferred from NADPH to FAD and then from FAD to its siderophore substrate (Scheme
1). In this proposed mechanism, NADPH could bind to either or both NADPH-binding domains
in the IruO dimer complex, but only one NADPH substrate can donate an electron to each of the
FAD cofactors present in the [ruO dimer complex. The NADPH bound to the other protomer is
proposed to remain in a primed state to donate two electrons once the enzyme has completely
turned over. Furthermore, based on the orientation of the NADPH-binding domain and FAD-
binding domain (Figure S4D), a conformational change is likely to be required to bring the
NADPH and FAD molecules into close proximity to initiate electron transfer. The FAD cofactor

in IruO is reduced to a stable neutral semiquinone state instead of the fully reduced

10
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hydroquinone state. Under the conditions examined, FAD, is the most likely physiologically
relevant intermediate used for Fe(Ill)-DFB and Fe(III)-FCA iron reduction (Scheme 1). Since
NADPH must donate two electrons simultaneously and a single subunit of IruO can only accept
one electron, we propose that the second electron is directly transferred through the PNDO
domain’s dimeric interface to the second FAD cofactor (Scheme 1). This mechanism is in

marked contrast to those proposed for YqjH and FscN.'®"

In the YqjH reaction cycle, two
Fe(IlI)-siderophores are reduced in a NAD(P)H-dependent, sequential manner by performing
two single electron transfer reactions. First, one electron from the fully reduced FADyq
intermediate is transferred to a Fe(Ill)-siderophore followed by a second one electron transfer
from the FADy, intermediate to a second Fe(IlI)-siderophore.'®

Fe(Il)-siderophore reduction is a common mechanism to decrease the affinity
siderophores have for the bound iron atom. Reduction potentials vary widely across the three
major classes of siderophores with catecholate-type siderophores possessing the lowest £y, pH
7.0 values at approximately -750 mV, hydroxamate-type siderophores at approximately -300 mV
and carboxylate-type siderophores at approximately -100 mV." In this study, Fe(II[)-FCA (-400
mV (pH 7.0)), Fe(Il)-DFB (-468 mV (pH 7.0)) and EDDHA (-560 mV (pH 7.4)) were used to
characterize IruO activity.® Under reducing conditions, IruO was more active against Fe(III)-
FCA compared to Fe(Il[)-DFB (Tablel), which correlates to their respective reduction
potentials. The significantly lower potential for Fe(IIl)-EDDHA could be outside the effective
range for an IruO reduction-oxidation reaction and thus could explain why IruO was not active
against Fe(III)-EDDHA.

IruO represents the first solved structure of a validated Fe(Ill)-siderophore reductase. A
search of the Protein Data Bank using the Dali Server revealed that the top three homologs
(RMSD > 5 A) include ferredoxin-NADP" oxidoreductases (FNR) from B. subtilis,”” and
Chlorobaculum tepidum,”® and a thioredoxin reductase-like protein from Thermus thermophiles
(PDBID: 2ZBW), all of which contain an FAD cofactor.’’ A sequence alignment between IruO
and all three homologs revealed a core set of conserved residues within the PNDO domain
responsible for binding the isoalloxazine ring with the exception of one variable residue that
interacted with the re-face of the isoalloxazine ring. A putative NADPH binding site in IruO was
located exclusively along a shallow groove in the NADPH domain based on a structural overlay

with FNR from B. subtilis (PDBID: 3LZW) (Figures S4B and S4C).” The NADPH binding

11
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domains overlay with an RMSD of 0.73 A over 93 Ca atoms; however, the NADPH binding
residues are poorly conserved suggesting that IruO binds NADPH in a different configuration. A
conformational change upon NADP" binding may account for the differences observed in the
NADPH binding pockets. IruO is homologous with thioredoxin reductases, which are
responsible for reducing disulfide bonds in thioredoxins.”* In S. aureus strain Newman, the
closest homolog to IruO is TrxB (NWMN_0732) with a sequence identity of 24%. Superposition
of the structure of TrxB (PDBID: 4GCM) with rdIruO revealed a conserved overall fold with a
RMSD value of ~3.5 A over 231 Ca atoms; however, the residues in the FAD binding site are
poorly conserved (Figure S10). The isoalloxazine ring in rdIruO is partially exposed to the
solvent whereas the isoalloxazine ring in TrxB is blocked at the re-face by a redox active
disulfide bond that is essential for electron transfer to thioredoxin.

IruO bound Fe(Ill)-FCA, Fe(Ill)-DFB and NADPH models were generated using
AutoDock Vina (Figure S11).* Substrate binding models were generated using the rdIruO
crystal structure in its dimeric form. The model showed NADPH bound into its predicted binding
groove located along the surface of the NADPH-domain (Figures S11A and S11B). Based on
the model, the C4 atom within the nicotinamide ring of NADPH was ~16 A away from the FAD
cofactor, which indicates that a conformational change most likely occurs to allow electron
transfer between NADPH and FAD. Additionally, both Fe(IlI)-DFB and Fe(IlI)-FCA bound into
the predicted rdIruO active site and in close proximity to the FAD cofactor (Figures S11C-F).
The Fe(Ill) bound in each siderophore was approximately ~7-8 A away from the FAD cofactor.
Both Fe(III)-FCA and Fe(III)-DFB were observed to interact with residues present in the PNDO
domain and C-terminal a-helix from the adjacent subunit (Figures S11D and S11F). A sharing
of the active site between IruO subunits for siderophore binding further highlights the
importance of the dimeric state in IruO,.

IruO forms an intramolecular disulfide bond, which significantly altered the relative
orientation of the PNDO and NADPH domains and negatively impacted siderophore reduction
activity in vitro. Heme degradation by Isdl was also impaired when using oxIruO as the electron
donor. Previous microarray studies show that oxidative and nitrosative stress results in the
dysregulation of iron-homeostasis in S. aureus leading to the up-regulation of most iron uptake
systems.”*?> An excess of free iron could increase the generation of reactive oxygen species that

are responsible for biomolecule damage. Thus, a redox sensitive, reversible disulfide bond in

12
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IruO may function to regulate the amount of iron being released from siderophores under
oxidative conditions. Interestingly, the siderophore reductase FhuF in E. coli is repressed by the

oxidative response regulator, OxyR.’® OxyR itself is regulated by redox sensitive cysteines that

©CoO~NOUTA,WNPE

form an intramolecular disulfide bond upon H,0, exposure.’’ Disulfide bond formation induces
1 a conformational change that activates OxyR to bind DNA and regulate the transcription of
several genes such as katG (hydrogen peroxidase I), gord (glutathione reductase) and fhuF
14 (siderophore reductase).’® Future studies are required to validate the existence of the
16 intramolecular disulfide bond in IruO in vivo under oxidizing conditions and to determine if IruO

18 activity is altered by oxidative stress effectors.

13
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Methods

Cloning and protein expression of IruO

Recombinant rdlruO and NWMNO0732 were expressed from E. coli and purified as previously
described.”” Selenomethionine (SeMet) labelled rdIruO (SelruO) was produced as described.’®
oxIruO was purified by exposing cell lysates to 2 M potassium ferricyanide for approximately 30
minutes and omitting Tris(2-carboxyethyl)phosphine (TCEP) from all purification steps. All
protein samples were concentrated to 20 mg/mL in 50 mM Tris pH 8.0, 300 mM KCI. TCEP was
only included for rdIruO. Protein quality was assayed by SDS-PAGE gel, which showed >95%
purity.

IruO structure determination

Crystals of [ruO were obtained by sitting drop vapour diffusion at 4 °C. SelruO and rdIruO drops
contained 2 uL of 20 mg/mL protein and 2 uL of 0.2 M magnesium acetate and 8-11% PEG
3350. Crystals were further optimized by seeding drops with 0.4 uL crushed crystals, which was
initially prepared by crushing ~2 small crystals in 10 uL mother liquor from the originating
crystal condition and diluted to 10-107 in the same mother liquor. OxIruO drops contained 2
uL protein solution and 2 uL 2.0-3.0 M sodium formate pH 7.0 and were further optimized by
streak seeding with a cat whisker through a drop with ~2 crushed crystals in 10 uL from the
originating mother liquor. All crystals were soaked for <30 s in mother liquor supplemented with
30 % glycerol and flash frozen in liquid nitrogen.

Single wavelength anomalous diffraction data for SelruO was collected from a single
crystal at a wavelength of 0.979383 A on beamline 7-1 at the Stanford Synchrotron Radiation
Light Source. SelruO crystals grew in the space group C2 with one IruO molecule in the
asymmetric unit. Data was integrated and scaled using XDS.” Phase determination and model
building were performed using AutoSol and Autobuild programs from Phenix.*” The initial
figure of merit from AutoSol was 0.46 and AutoBuild built 299 of 344 residues. The structure
was manually edited using Coot,"' and refinement was performed with Phenix.refine.*
Diffraction data from a native rdIruO crystal was collected at a wavelength of 0.976240 A on
beamline 08B1 at the Canadian Light Source. Data was integrated and scaled in space group C2

using Mosflm and SCALA from CCP4.**** The structure was solved by molecular replacement
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using the coordinates of SeMet-labeled IruO as the search model in Phenix.phaser.** A crystal of
native oxIruO was collected at a wavelength of 0.975302 A on beamline 7-1 at the Stanford
Synchrotron Radiation Light Source. Native oxIruO crystals grew in the space group P4,2;2.
The data was integrated and scaled using XDS.” The structure was solved by molecular
replacement similarly to native rdlruO with the exception that the search model was separated
into three fragments (residues 1-120, 126-240 and 249-344). The structures were manually edited
using Coot," and refinement was performed with Phenix.refine* using TLS refinement with 3
TLS groups (residues 1-132, 133-246 and 247-344). Data collection and refinement statistics are
provided in Table S1.

Determination of oligomeric state in solution

Samples of rdlruO and oxIruO were analyzed by SEC-MALS. Protein samples were
concentrated to 2 mg/mL in 50 mM Tris pH 8.0, 300 mM KCI and 100 uL was injected into a
HPLC 1260 Infinity LC (Agilent Technologies) attached to a Superdex 200 5/150 column (GE
Healthcare) with a flow rate of 0.2 mL/min. Data were collected using a miniDAWN TREOS
multi-angle static light scattering device and an Optilab T-rEX refractive index detector (Wyatt

Technologies). Analysis was performed using the ASTRAG6 program (Wyatt Technologies).

Assay of IruO sulfhydryls
Sulfhydryls on rdlruO and oxIruO were quantified using a DTNB method as previously

described.*

Detection of FADy, by anaerobic UV-visible absorption spectroscopy

Room temperature UV-visible absorption spectra (300-800 nm) were measured with a Nanodrop
2000c spectrophotometer (Thermo Scientific) in an anaerobic chamber (Belle Technology). All
reagents were transferred into the chamber and allowed to equilibrate overnight with a maximum
O, level of ~10 ppm. Sodium dithionite (Sigma) was prepared fresh in the anaerobic chamber
and used immediately. Samples of rdlruO (30 uM) in 50 mM sodium phosphate buffer, pH 7.4
were used for all assays. Upon the addition of 20 or 150 uM NADPH (Calbiochem) or 100 uM
sodium dithionite, spectra were recorded every 30 s for 5 minutes. To demonstrate electron

transfer from the IruO FADgq to siderophores, 10 uM of NADPH was added to IruO and
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incubated for 5 minutes. Next, 60 uM of Fe(Ill)-DFB was added to the mixture and the spectra
were recorded as above. Negative controls were NWMN 0732 in place of [ruO and Ga(IIl)-DFB
in place of Fe(Ill)-DFB. Fe(III)-DFB and Ga(IIl)-DFB were prepared in advance by adding
together FeCls, or Ga(NOs); and apo-DFB (Sigma) in a 1:1 molar ratio and incubating at room
temperature for one hour.

To determine the molar ratio of NADPH required to form the FAD semiquinone, 30 uM
of rdlruO was titrated with 5 uM NADPH aliquots from a 5 mM working stock. After each
NADPH addition, the mixture was allowed to incubate for 5 minutes and then spectra were
recorded at 600 nm to detect the formation of the FAD semiquinone. The NADPH titration

experiment was repeated in triplicate.

IruO affinity for siderophores by fluorescence spectroscopy

Quenching of internal tryptophan fluorescence of IruO was measured using a Cary Eclipse
fluorescence spectrophotometer at 25 °C. 1 uM rdIruO, in 50 mM sodium phosphate, pH 7.4,
were titrated with 0.5 - 20 uM of Fe(III)-DFB or Fe(Ill)-FCA. Fe(IlI)-FCA was prepared in an
identical manner to Fe(III)-DFB as described in the section above. The excitation and emission
slits were 10 nm and the detector voltage was 900 V. Samples were excited at 292 nm and
emission spectra (310-380 nm) were measured. Emission at 350 nm was selected for analysis.
Each replicate is the average intensity of three sequential scans and this was performed in
triplicate. Apparent dissociation constants (K;) were determined by fitting data to a one-site

binding model.

IruO enzyme kinetics

A ferrozine-based assay was used to measure the generation of Fe(II) as previously described.*
500 uL reaction mixtures contained 1 uM rdlruO, 1 mM ferrozine, 100 uM NADPH and 100
uM Fe(Il)-siderophore in 50 mM sodium phosphate buffer (pH 7.4) at room temperature.
Absorption spectra of the reaction mixtures from 400 to 800 nm were monitored every 30
seconds for 10 minutes. The ferrozine-Fe(Il) complex was detected at 562 nm using an
extinction co-efficient of 27900 M'em™.* To determine kinetic parameters, 500 ul reactions

were prepared with 50 mM sodium phosphate buffer (pH 7.4), 1 - 60 uM of NADPH, 1 mM
ferrozine, 1 - 250 uM and Fe(II1)-DFB or Fe(IIl)-FCA. 0.3 uM oxIruO was used in reactions for
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both siderophores and 0.1 uM and 0.02 uM rdIruO was used for Fe(III)-DFB and Fe(III)-FCA,
respectively. Data was collected in triplicate on a Varian Cary 60 UV-Vis spectrophotometer at a
temperature of 25 °C. Data were fit by non-linear regression and with a least-squares fit to

Michaelis-Menten kinetics model.

Heme degradation assays

IsdI was reconstituted with heme as previously described.*® Heme degradation was initiated with
I uM oxIruO or rdlruO and 200 uM NADPH in the presence of 500 uM catalase and 4 U/mL
superoxide dismutase. Spectra of the reaction mixtures from 300 to 700 nm were monitored
every minute for twenty minutes or the absorbance at the Soret peak (412 nm) was measured
every 0.1 second for 60 seconds. To calculate reaction rates the absorbance at the Soret peak was
converted to the concentration of Isdl-heme based on the published extinction coefficient (126
mM™" em™).*” Linear regressions were calculated from data taken between 10 and 60 seconds
after initiation of the reaction and the slope of the lines were taken as the reaction rates.
Reactions were done in triplicate and data presented in the text are the means and standard errors
of the mean. Linear regression R*-values were all above 0.97 and all slopes significantly deviated

from a value of zero (p < 0.0001).

Software

All kinetic calculations and statistical analyses were performed using GraphPad Prism 6.00/7.00.
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Table 1. Steady-state kinetic constants for rdlruO and oxIruO.

Kinetic Fe(II)-DFB Fe(I1I)-FCA
Parameter rdIruO oxIruO rdIruO oxIruO
Varying siderophore

Ky (uM) 25+3 28+ 4 22+4 108 + 14
kear (™) 0.082 + 0.003 0.018 +0.007 0.15 +0.006 0.084 + 0.005
kea/ K (M 's™) 3300 660 6700 780
Varying NADPH

K, (uM) 44 + 8 12+1 66 + 25 61+ 10
kear (™) 0.045 + 0.005 0.011 +0.001 0.11 +0.02 0.13+0.01
Kea/ K (M 's™) 1000 950 1700 2100
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Figure Legends

Figure 1. IruO reduces Fe(IlI)-hydroxamate-type siderophores. rdlruO -catalyzed the
reduction and release of Fe(Il) from (A) 100 uM Fe(III)-DFB (desferrioxamine B), (B) 100 uM
Fe(IIT)-FCA (ferrichrome A), but not (C) 100 uM Fe(III)-EDDHA. An increase in absorbance at
562 nm indicated formation of a Fe(Il)-ferrozine complex. The spectra were recorded every 30
seconds for 10 minutes. The red and blue lines indicate the initial and final spectra, respectively.
The buffer was 50 mM sodium phosphate, pH 7.4. The structures of the corresponding
siderophore structures are drawn with the Fe(IlI) coordinating atoms in red.

Figure 2. Structure of IruO. (A) Overall fold of rdIruO with the backbone shown as a cartoon
diagram. rdIruO is composed of two domains (NADPH, PNDO), a hinge region and a C-terminal
a-helix. (B) The rdlruO dimer constructed from crystallographic symmetry. Individual rdlruO
subunits are colored gold and teal. (C) The FAD binding site in the PNDO domain. Selected
residues interacting with the cofactor are shown as sticks and water molecules as small blue
spheres. The oxygen and nitrogen atoms are colored red and blue, respectively. The dashed lines
represent hydrogen bonds. (D) The rdlruO dimer is shown as a surface representation and the
glycerol (GOL) and FAD molecules are shown as sticks with carbon atoms colored magenta and
blue, respectively. Regions of the surface contributed by the NADPH and PNDO domains are
labelled as well as residues of the hinge region and C-terminal a-helix.

Figure 3. IruO reduces Fe(III)-DFB using NADPH via FAD. (A) UV-visible absorption
spectra of 30 uM rdlruO (FAD.x). UV-visible absorption spectra of 30 uM rdlruO after the
addition of (B) 20 uM NADPH and (C) 100 uM sodium dithionite. Initial spectra are in red,
spectra in black were recorded every 30 s for 5 min. and the final spectra are in blue. The green
line in (C) represented the spectra observed immediately after the addition of sodium dithionite.
(D) NADPH titration experiment against 30 uM rdlruO FAD. recorded at 600 nm. The
intersection between the blue and red lines indicates the concentration of NADPH necessary to
fully reduce FADy (0.5:1 molar ratio of NADPH to IruO subunit). (E) UV-visible absorption
spectra of 30 uM rdIruO, pre-incubated with 20 uM NADPH, followed by the addition of (E) 60
uM Fe(II1)-DFB and (F) 60 uM Ga(Ill)-DFB. Spectra were recorded every 30 s for 5 min. Red
and blue lines indicate the initial and final spectra, respectively. The arrows indicate the direction
of spectral changes over time. The buffer was 50 mM sodium phosphate, pH 7.4.

Figure 4. OxIruO contains an intramolecular disulfide bond. (A) An overlay between rdlruO
(gold) and oxIruO (dark grey). Both forms of I[ruO are shown as a cartoon diagram and the FAD
cofactors are shown as sticks. (B) Top-down view of the NADPH domain of oxIruO overlaid
with rdIruO. (C) A close up view of the FAD binding site reveals the conformational changes
adopted by Cys248 and Cys265 upon oxidation. Cysteine residues and FAD molecules are
shown as sticks. The FAD is colored dark blue and light blue for rdlruO and oxIruO,
respectively. The dashed lines indicate the distance between the Co atoms of Cys248 and
Cys265 in rdIruO and oxIruO. (D) The oxIruO dimer around the FAD cofactor is shown as a
surface representation with the subunits colored grey and light blue. The FAD is colored
turquoise and shown as sticks. Oxygen, nitrogen and sulfur atoms are colored red, blue and
yellow, respectively. Regions of the surface contributed by the NADPH and PNDO domains are
labelled as well as residues of the hinge region and C-terminal a-helix.
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Scheme 1. Proposed mechanism for Fe(IlI)-siderophore reduction via IruQ. FADH*
represents FAD in the semiquinone state.
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