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ABSTRACT 

Siderophores make iron accessible under 
iron-limited conditions and play a crucial role in 
the survival of microorganisms. Because of their 
remarkable metal-scavenging properties and ease 
in crossing cellular envelopes, siderophores hold 
great potential in biotechnological applications, 
raising the need for a deeper knowledge of the 
molecular mechanisms underpinning the 
siderophore pathway. Here, we report the 
structural and functional characterization of a 
siderophore-interacting protein from the marine 
bacterium Shewanella frigidimarina NCIBM400 
(SfSIP). SfSIP is a flavin-containing ferric-
siderophore reductase with an FAD- and 
NAD(P)H-binding domain that has high 
homology with other characterized SIPs. 
However, we found here that it mechanistically 
departs from what has been described for this 
family of proteins. Unlike other FAD-containing 
SIPs, SfSIP did not discriminate between NADH 
and NADPH. Furthermore, SfSIP required the 
presence of the Fe2+-scavenger ferrozine to use 
NAD(P)H to drive the reduction of Shewanella-
produced hydroxamate ferric-siderophores. 
Additionally, this is the first SIP reported that 
also uses a ferredoxin as electron donor, and in 
contrast to NAD(P)H, its utilization did not 
require the mediation of ferrozine, and electron 

transfer occurred at fast rates. Finally, FAD 
oxidation was thermodynamically coupled to 
deprotonation at physiological pH values, 
enhancing the solubility of ferrous iron. On the 
basis of these results and the location of the SfSIP 
gene downstream of a sequence for putative 
binding of aerobic respiration control protein A 
(ArcA), we propose that SfSIP contributes an 
additional layer of regulation that maintains 
cellular iron homeostasis according to 
environmental cues of oxygen availability and 
cellular iron demand. 

The metabolic versatility of the 
Shewanella genus enables these bacteria to thrive 
in a wide variety of iron limited environments 
ranging from the ocean floor all the way to the 
infection of human hosts (1, 2). Shewanella are 
well-known spoilers of food products, notorious 
fish pathogens, and Shewanella oneidensis has 
been extensively studied for its remarkable ability
of performing extracellular electron transfer (1, 
2). Overall, this environmental versatility of 
Shewanella is highly dependent on the ability of 
these organisms to produce an abundance of iron-
rich proteins, mainly multiheme c-type 
cytochromes (3). Shewanella frigidimarina, is a 
psychrophilic bacterial species isolated from 
Antarctic costal marine environments, in 
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particular, from biofilms (4, 5). The multiheme c-
type cytochromes of S.frigidimarina have been 
extensively characterized. However, being a 
marine microorganism, access to iron poses an 
permanent challenge (6–8).  

Iron demand together with scarcity in the 
ocean limits microbial life, and all the respective 
biogeochemical processes essential for ocean 
productivity (9, 10). This high need for iron 
requires robust strategies for iron uptake while 
avoiding an uncontrolled oversupply that would 
be dangerous to organisms that live in oxic-
anoxic transition zones (11). However, very 
limited knowledge exists regarding the iron 
uptake strategies used by Shewanella in general, 
and by Shewanella frigidimarina in particular. 
Over a decade ago, various Shewanella strains 
were identified as capable producers of soluble or 
surface-associated metal chelating compounds 
designated as siderophores (from the Greek ‘iron 
carrier’). This is a strategy of iron uptake which 
is widespread across the tree of life, but poorly 
explored in the Shewanella genus  (12, 13). 

Siderophores are low molecular weight 
compounds with high affinity for ferric-iron (13). 
These compounds play an essential role in the 
growth and virulence of many microorganisms. 
Since their discovery, over 500 distinct 
siderophores have been identified (14). This 
diversity reflects a veritable ‘arms-race’ to 
efficiently capture iron from the environment. 
Indeed, the combination of siderophores 
produced by an organism is crucial for bacterial 
competition as well as for the outcome of 
pathogenesis (15). The siderophore pathway 
involves the production and export of apo-
siderophores (no iron), and their reuptake as 
ferric-siderophores (iron-loaded) so that iron is 
released for utilization in the cell metabolism 
(13). Within the siderophore pathway, the 
molecular mechanisms for iron release from the 
ferric-siderophore complexes remain poorly 
characterized, but ferric-siderophore reduction 
appears to be the more widespread mechanism.  

In bacteria, ferric-siderophore reduction 
can occur in the cytosol and involves the 
superfamily of siderophore-interacting proteins 
composed of two distinct families: the Ferric 

Siderophore Reductase (FSRs) family, and the 
Siderophore-Interacting Protein (SIPs) family 
(16, 17). SIPs can be distinguished in two broad 
groups: One that generates cytosolic reduced free 
flavins that subsequently reduce the ferric-
siderophores, and a second group of SIPs that 
contain stably attached flavins and use NADH 
and/or NADPH as reducing agents. The latter 
includes the first reported SIP, the ViuB from 
Vibrio cholerae, and also other examples such as 
E. coli YqjH and FscN from the Gram-positive 
bacterium Thermobifida fusca (16–20). 
Additionally, this group of SIPs, can be further 
divided into two subgroups: subgroup I which 
utilize NADH as electron donor and subgroup II 
which utilize NADPH (16). This division is based 
upon the differences found in the C-terminal and 
N-terminal sequences: subgroup I proteins (e.g. 
ViuB, FscN) contain  prominent C-terminal �-
helix elements whereas subgroup II contain N-
terminal sequence extensions and insertions (e.g. 
YqhJ)  (16, 17).  

The SIP superfamily, which includes 
both SIPs and FSRs is widespread across several 
bacterial genera, however very few of these 
proteins have been thoroughly characterized 
(YqhJ from E.coli, FscN from T.fusca and Iruo 
from Staphylococcus aureus) and thus, the 
specific intracellular fate of the iron-loaded 
siderophores is among the least understood steps 
of the siderophore pathway at the molecular level 
(16, 17, 21).  Across the different genomes in the 
Shewanella genus, some species contain genes 
that code for SIPs only (e.g. S. frigidimarina, 

S.morhuae) others code for FSRs only (e.g. S. 

oneidensis, S. algae) while a few species contain 
genes that code for both SIPs and FSRs (e.g. 
S.putrefaciens, S.baltica). However, no 
knowledge exists on how these proteins are 
utilized, their importance and role for iron uptake 
and regulation.  Based on sequence similarity 
with ViuB from V. cholerae, and with the 
structurally characterized Shewanella 

putrefaciens homologue (SpSIP PBD id 2GPJ), a 
SIP was identified in Shewanella frigidimarina

NCIM400 (SfSIP) (22, 23). This work reports its 
characterization. 
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RESULTS 

SfSIP belongs to the ViuB subgroup: the 

proposed NADH-utilizing proteins  

The SFRI_RS12295 gene from S. 

frigidimarina NCIM400 was inserted into the 
pETBlue-1 vector (Novagen) and SfSIP was 
overexpressed and purified by ion-exchange 
chromatography, as described elsewhere (23). 
The SDS-PAGE analysis revealed that the 
purified yellow protein migrated as a single band 
at 30 kDa, as expected from theoretical 
calculations based on aminoacid and co-factor 
composition. N-terminal sequence analysis of the 
purified protein confirmed the identity of SfSIP 
and the UV-Visible spectrum presented the 
typical features of an oxidized flavoprotein with 
absorption peaks at 387 and 470 nm (23). 

The two subgroups of SIPs can be 
distinguished based on the length of their C-
terminus (16, 17). Subgroup I SIPs includes ViuB 
and FscN from T. fusca, and Subgroup II SIPs 
includes YqjH from E. coli. Comparative 
sequence analysis of SfSIP with its homologues 
(Fig. S1), revealed that the SfSIP contains a 
‘long’ C-terminus with prominent �-helix 
elements. For this reason, it is possible to assign 
SfSIP to Subgroup I SIPs, which utilize NADH 
as electron donor to reduce ferric-siderophores 
(16, 17). These results were further investigated 
by analyzing the three-dimensional structure of 
SfSIP.  

Structural characterization of SfSIP  

The crystal structure of SfSIP was 
determined to 1.15 Å resolution and deposited in 
PDB with access number 6GEH. The structure 
reveals two domains, the FAD and NAD(P)H 
binding domains (Fig. 1A), as observed for 
previously determined structures of SIPs from S. 

putrefaciens (PDBID: 2GPJ) and T. fusca

(PDBID: 4YHB), which share 32% and 28% 
sequence identity with SfSIP, respectively (17). 
The electron density is well defined from residues 
Ser9 to Leu264, except for residues Pro120 to 

Met123, which are facing the solvent and are in 
the loop that connects the FAD and NAD(P)H 
binding domains, between strands �6 and �7 (Fig. 
1A).  The FAD binding domain is composed of 
five antiparallel �-strands (�7 – �11) with two 
short �-helices (�2 and η3) connecting the long 
loops. The FAD shows a planar conformation, 
and thus is oxidized as expected from the color 
and the spectrum of the sample used for 
crystallization. The FAD cofactor is well 
conserved in comparison with both structures of 
YqhJ and FscN and this is stabilized through 
aromatic stacking interactions of the 
isoalloxazine ring by Y47, Y75 and Y245 and 
hydrogen bonds with residues D90 (backbone O), 
V92 (backbone N) and T76 (Backbone N). The 
negatively charged phosphate groups from FAD 
are also stabilized through hydrogen bonds with 
R73 (NH2 and NE), H96 (side chain NE2), A100 
(backbone N), T101 (backbone N) and A252 (N 
backbone). In addition, the ribose ring forms 
hydrogen bonds with the backbone of the protein, 
namely with T250 (N and O backbone), N247 (N 
backbone) and K247 (O backbone), and with two 
water molecules (Fig S2) (24). The NAD(P)H 
binding domain consists of six antiparallel �-
strands (� 1 – � 6) and two short �-helices (�1 and 
η1). This has a �1-�1-�2 architecture consistent 
with the Rossmann fold. The C-terminal of SfSIP 
contains an �-helix as predicted, confirming that 
SfSIP belongs to the subgroup I of SIPs. 
Furthermore, it has been proposed that a triad of 
basic amino-acid residues (K45, K236 and K239 
based in the primary sequence of S. putrefaciens) 
forms a ferric-siderophore binding pocket. In 
SfSIP, both comparative sequence analysis (Fig. 
S1) and structural determination of SfSIP 
revealed that it possesses a Lysine residue in 
position 49, and two Lysine residues in position 
257 and 259 (Fig. 1C). These could serve a 
similar role as predicted for the potential ferric-
siderophore binding pocket formed by this triad 
of basic amino-acid residues (16). However, 
K257 is placed in a different position in 
comparison to the corresponding Lysine in SpSIP 
(K236), further away from the FAD ring. This 
further opening of the pocket together with the 
absence of other surface locations that provide 
access to the FAD cofactor suggest that this 
pocket is also the location of NAD(P)H binding. 
So far no crystal structure has been reported for 
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SIPs in complex with ferric-siderophores or 
NAD(P)H. In this work the same situation 
occurred, even though the crystallization was 
performed in the presence of both these 
molecules. Therefore, the binding site of these 
substrates in SfSIP remains open to speculation. 

SfSIP performs proton-coupled electron 

transfer  

Proteins with a FAD as redox center can 
couple one- and two- electron transfer reactions 
with proton transfer. In SfSIP, this ability was 
investigated using protein film voltammetry 
(PFV), resulting in well-defined voltammetric 
responses (Fig. S3 A). The width at half height 
and mid-point potentials of the voltammetric 
signals are reported in Table 1 (25). 

The data reveal that SfSIP presents redox-Bohr 
effect (Fig. S3 B and Table 1). The simulation of 
pH dependence of the reduction potentials (Fig. 
S3 B) shows that the pKa values must be lower 
than 4.5 for pKaox and higher than 10 for pKared, 
outside of the pH range that could be tested (26). 
These results mean that in the physiological range 
of S. frigidimarina the release of electrons by 
SfSIP is accompanied by the release of protons. 
Since both the electrons and the protons originate 
from the isoalloxazine ring, this coupling 
provides a localized pH drop that enhances iron 
solubility. The reduction potential of SfSIP 
changes by 57±2 mV for every pH unit and the 
half-height width of the anodic and cathodic 
signals was close to the theoretical value of 90 
mV (Table 1) predicted for a Nernstian 
equilibrium for a proton coupled-one electron 
transfer (3.53RT/nF). Trumpet plots were fitted 
(Fig. S4) using the Butler-Volmer model for one 
electron transfer, and proton transfer is not the 
limiting process at any pH value tested  (27, 28). 
Furthermore, at pH 7 the reduction of SfSIP by 
NADH and NADPH (-320 mV vs SHE) should 
be feasible, however both of these nucleotides 
perform a 2-electron step reduction, and this was 
not observed in PFV measurements.   

SfSIP – A ferric siderophore reductase 

To test SfSIP as a ferric siderophore 
reductase, siderophores, the putative substrates of 
SfSIP were produced and characterized (29). 
Three siderophores produced by Shewanella

were obtained: a 4.3 mg pure sample of of 
bisucaberin, a 5.2 mg sample of of avaroferrin 
containing small traces of bisucaberin, and a 
sample of putrebactin containing small traces of 
the previous two siderophores. The addition of 
iron to the apo-siderophores resulted in an 
immediate transition from colorless to an end-
point that ranged from dark red to bright orange 
depending on the pH. These ferric-siderophores 
(BIS, ferric-bisucaberin, PUT, ferric-putrebactin, 
AVA, ferric-avaroferrin) native to Shewanella

and commercially acquired ferric-ferrioxamine E 
(FER) presented a similar UV-Visible spectrum 
with maximum absorption at approximately 430 
nm, in agreement with the literature (30). 

Cyclic voltammograms of the three 
ferric-siderophores from Shewanella (Fig. S5) are 
complex and dominated by a pair of reduction 
and of oxidation peaks. These peaks portray the 
speciation found in tetradentate siderophores, 
where two species are more prevalent in solution 
for each ferric-siderophore at neutral pH, one 
with lower reduction potential, and another with 
a higher reduction potential (Table 2) (31, 32). Of 
the measured reduction potentials, the species 
with positive potential can be spontaneously 
reduced by SfSIP whereas the reduction of the 
species with negative potential is 
thermodynamically an uphill process. 

SfSIP reduces hydroxamate siderophores 

produced by Shewanella 

 Having shown that SfSIP has adequate 
thermodynamic properties to reduce ferric-
siderophores, its capability to perform the 
reaction was tested by stopped-flow kinetic 
assays. SfSIP in the semiquinone state (SfSIPsemi) 
was prepared using sodium dithionite (Fig. S6). 
Upon mixing of SfSIPsemi with ferric-
siderophores (AVA, BIS, PUT) absorption 
spectra changes showed an increase at 470 nm 
and a decrease at 600 nm. (Fig. 2A). This is 
consistent with the transfer of one electron from 
the semiquinone flavin to the ferric-siderophore 
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yielding fully oxidized SfSIP and Fe2+. Ferric-
siderophore reduction was observed for all ferric-
siderophores except for FER (Fig. 2B). The rate 
constant of ferric siderophore reduction was 
determined (Table 3) from the kinetic trace at 600 
nm to avoid signal interference from the ferric-
siderophores. All kinetic traces were monophasic 
except for PUT, which was best fit by a biphasic 
exponential. This might be a consequence of the 
presence of small amounts of the other two 
siderophores (AVA & BIS) in this sample, adding 
extra minor features to the kinetic trace. All 
siderophores presented rate constants of similar 
magnitude in agreement with their reduction 
potentials (Table 3 and Table 2).  

Exploring the electron donors of SfSIP 

Once the function of SfSIP was confirmed as 
a ferric-siderophore reductase, the interaction of 
SfSIP with the putative electron donors was 
tested. 

The interaction of SfSIP with NAD(P)H was 
explored via 31P NMR spectroscopy. In solution, 
the two pyrophosphate phosphorus atoms of 
NADH and NADPH have identical chemical 
environments giving rise to only one resonance at 
-11.25 ppm in the 31P NMR spectra. Upon 
addition of increasing amounts of SfSIP to a 
solution of either NADH or NADPH, a pattern 
change was observed in the 31P NMR spectrum 
where the chemical shifts of the two 
pyrophosphate phosphorus atoms split from a 
singlet (-11.25 ppm) to two doublets centered at -
11.33 and -11.65 ppm indicating that the local 
environment of the two phosphate groups 
becomes different upon interaction with the 
protein (Fig. 3). Furthermore, given that signals 
for the free and bound states coexist in the 
spectra, binding occurs in the slow-exchange 
regime. Using the relative peak intensities, the 
concentrations of free and bound species were 
calculated, allowing the determination of the 
dissociation constant. NADH and NADPH 
presented a KD of 20±5 µM and 21±6 µM, 
respectively. KD values in the micromolar range 
imply a relatively weak binding, characteristic of 
electron transfer reactions (33).

NADPH presented an extra resonance at 
3.47 ppm which corresponds to the 2’ 
phosphorous atom. This signal is unperturbed by 
binding, indicating that the chemical environment 
of the 2’ phosphorous atom in the bound form 
remains similar to what is found in the free form. 
This result strongly suggests that binding of 
NADPH to SfSIP occurs through the 
nicotinamide side of the molecule. 

Despite the clear evidence for the 
interaction of NAD(P)H with SfSIP, no direct 
reduction of the enzyme by these compounds was 
observed, nor consumption of NAD(P)H (Fig. 
S7). This excludes the possibility of a ping-pong 
mechanism in SfSIP, in contrast to what was 
proposed for the YqjH protein in E. coli and the 
FscN protein from T. fusca (16, 17).  In this 
context, other biologically relevant electron 
donors for SfSIP were considered. It is reported 
in the literature that ferric-reductases of the FSR 
family such as FchR from B.halodurans can 
utilize other electron donors such as ferredoxin 
(34). The genome of S. frigidimarina codes for 
several small ferredoxins. A ferredoxin from 
C.tetanomorphum which presents a high 
sequence identity (39%) with a 4Fe-4S ferredoxin 
encoded in the genome of S.frigidimarina

(Sequence ID:WP_059746450.1) was used to 
explore the hypothesis of ferredoxin serving as 
electron donor for SfSIP. 

The reduction of SfSIP by ferredoxin 
revealed a two-step process characterized by an 
initial fast decrease in absorbance at 470 nm 
followed by a slower decrease (Fig. 4). 
Concomitantly, spectral changes at 600 nm 
revealed a fast increase in absorbance followed 
by a slow decrease. Altogether, these changes 
represent the formation of the semiquinone state 
followed by the transition to the fully reduced 
state of the flavin (FADH2). The fact that SfSIP 
can be fully reduced by ferredoxin shows that it 
is not restricted to be reduced to a FAD-
semiquinone intermediate as proposed for the 
reduction of IruO from Staphylococus aureus by 
NADPH (21). 
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Measuring SfSIP-mediated ferrous iron 

production 

To assess the production of ferrous-iron 
by SfSIP using different electron donors and 
different ferric-siderophores, ferric reductase 
assays were performed in the presence of the 
ferrous-iron chelator ferrozine. Absorption 
spectra changes show a gradual increase in 
absorbance at 562 nm indicating the production 
of ferrous-ferrozine (Fig. 5). In the absence of 
SfSIP, no production of ferrous iron was 
observed (Fig. 5A). Ferredoxin and dithionite 
were able to drive the reduction of ferric-
siderophores via SfSIP with ferredoxin 
presenting the fastest rates for the formation of 
ferrous-iron. Surprisingly, the presence of 
ferrozine enabled NADH and NADPH to also 
drive the ferric reductase activity of SfSIP. 
Furthermore, NADH and NADPH show similar 
rates of ferrous iron production in agreement with 
their similar binding constants. The ferrous iron 
production activity of SfSIP using ferric-
avaroferrin was compared for the different 
electron donors. Using ferredoxin as electron 
donor the value obtained (55 nmol of Fe2+ min -1

mg -1) compares well with the reduction of 
fuscachelin by FscN of T. fusca using NADH (40 
nmol of Fe2+ min -1 mg -1). By contrast, the values 
of the ferrous iron production activity of SfSIP 
using sodium dithionite, NADH and NADPH 
(18, 15 and 14 nmol of Fe2+ min -1 mg -1, 
respectively) are more similar to the values 
reported the ferrous iron production activity of 
YqhJ using NADPH (22 nmol of Fe2+ min -1 mg -

1). 

Additionally, in the presence of 
ferrozine, SfSIP could reduce all ferric-
siderophores tested, including ferrioxamine E 
which has a more negative reduction potential 
(Fig. 5B). The formation of ferrous-iron was 
biphasic for all ferric-siderophores except 
ferrioxamine E, which is monophasic. These data 
tie with the voltammetric results, suggesting the 
existence of two iron-coordinated species in 
solution (Table 2), and reveal that the presence of 
a Fe2+-scavenger enables SfSIP to reduce iron 
forms that would otherwise be inaccessible. 

Discussion 

The characterization of SfSIP revealed 
several novelties relative to what was previously 
reported in the literature regarding this class of 
enzymes. Firstly, it revealed that the length of the 
C-terminus per se is not a good proxy for 
deducing the electron donor of a SIP. Indeed, 
although sequence comparison and structural 
analysis placed SfSIP in the SIP family subgroup 
I that uses NADH, this is the first reported case of 
a FAD-containing SIP where discrimination 
between these two electron donors does not 
occur. The structure of this enzyme suggests that 
the unprecedented placement of K257 away from 
the entrance of the NAD(P)H binding pocket may 
be responsible for this behavior. No other site in 
the structure of SfSIP provides access to the FAD 
cofactor and the placement of K257 makes the 
triad basic amino-acid residue pocket larger in 
comparison to the other SIPs from the same 
subgroup. Secondly, the observation that SfSIP 
can use ferredoxin as electron donor is also a first 
for the SIP family of enzymes. These 
observations provided two new insights on the 
reactivity of SIPs. On one hand, the electron 
donor repertoire of SfSIP is larger than 
previously reported for other flavin containing 
SIPs. On the other hand, ferredoxin can directly 
reduce SfSIP in marked contrast with NAD(P)H, 
which require the presence of an Fe2+-scavenger. 
Ferredoxins have two major differences with 
respect to NAD(P)H, both of which could 
contribute to the different reactivity. Ferredoxins 
have more negative reduction potentials, and thus 
a stronger driving force (35). Furthermore, 
NAD(P)H operate as obligatory two-electron 
donors, unlike ferredoxins where the 4Fe-4S 
clusters operate as single electron donors.  

Interestingly, the presence of ferrozine in 
the reaction mixture is sufficient to enable 
NAD(P)H to function as electron donors. This 
observation is reminiscent of the redox facilitated 
ligand exchange mechanism proposed for the 
reductive release of Fe2+ from low potential 
siderophores in the presence of a seemingly 
overwhelming unfavorable driving force (14). 
Ferrozine is known to have a ‘pulling’ effect on 
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reactions involving the formation of Fe2+ and 
caveats for the interpretation of results have been 
widely disseminated in the literature (36). 
Nonetheless, in the context of the data reported 
here, the presence of ferrozine may have provided 
a glimpse on the role and regulation of SfSIP in 
the context of iron uptake by Shewanella. 
Although ferrozine is not a physiologically 
relevant ligand, it provides an in vitro mimetic of 
naturally occurring ferrous iron ligands such as 
porphyrins or apo-proteins that promote 
concurrent ferric-siderophore reduction and 
ferrous iron uptake (36, 37). Shewanella are 
notorious for maintaining a high level of 
intracellular iron content but the process is by no 
means unregulated. This situation would be 
extraordinarily dangerous for these organisms 
that are found in environmental niches in oxic-
anoxic transition zones, due to the participation 
of Fe2+ in the production of reactive species 
through the Haber-Weiss cycle (14). Proteins of 
the siderophore pathway such as the archetypal 
SIP, ViuB, are typically under the control of the 
Fur regulon (22). However, in S. frigidimarina, 
the Arc (aerobic respiration control) signal 
transduction system appears to be the best 
candidate for this role, given the fact that the 
SfSIP gene is found downstream of a putative 
ArcA binding sequence (38, 39). This genetic 
context together with the functional 
characterization of SfSIP allow us to formulate a 
hypothesis for the overall regulation of its activity 
in vivo.  Expression of SfSIP is likely controlled 
by the Arc transcriptional regulator, based on 
environmental cues indicating changes of oxygen 
availability. When oxygen levels are extremely 
low, cellular iron demand is increased and 
expression of SfSIP is up-regulated contributing 
to iron uptake without competing for its use since 
it is a flavoprotein. Furthermore, when cells find 
themselves in a reducing environment where 
synthesis of numerous iron containing proteins is 
stimulated in Shewanella, the pool of reduced 
ferredoxins is increased owing to the favorable 
redox environment (39, 40). Reduced ferredoxins 
donate electrons to SfSIP, boosting the 
availability of intracellular iron given that they do 
not require the presence of Fe2+-acceptors and 
enable SfSIP to reduce ferric siderophore species 
of lower reduction potential. In contrast, when 
oxygen levels increase, the redox conditions are 

less favorable to the maintenance of a pool of 
reduced ferredoxins and the risk of producing 
reactive species is higher. Therefore, NAD(P)H 
can drive the reduction of ferric-siderophores 
only when a downstream acceptor is ready to 
receive the ferrous iron. This ensures that 
metabolic reducing power is only diverted to this 
activity when it is required without 
compromising cell integrity. 

In conclusion, the novel aspects of 
SfSIP’s reactivity revealed in this work, offer 
opportunities to interfere with the iron 
metabolism of Shewanella at the level of SfSIP 
and its homologues. However, further knowledge 
is necessary to understand if the function and 
regulation of SIPs is conserved among the 
different species of Shewanella. Shewanella are 
notorious for having multiple redundant 
metabolic pathways which may hinder the 
identification of a clear-cut phenotype for SfSIP 
and its homologues (41, 42). However, studies 
using animal models have shown that knock-out 
of SIP genes greatly diminishes the virulence of 
pathogenic bacteria, revealing the importance of 
these proteins for survival fitness (43). This 
makes ferric reductases such as SfSIP, bona fide

targets to disturb iron homeostasis in a wide 
diversity of microbial pathogens, contributing in 
this way, to avert losses derived from food 
spoilage and infections caused by Shewanella 

(44).  

Experimental procedures 

Expression & purification of SfSIP 

SFRI_RS12295 gene from S. 

frigidimarina NCIM400 was inserted into 
pETBlue-1 expression vector (Novagen). 
Transformed E. coli Tuner (DE3) pLacI cells 
were grown for the overexpression of SIP in 
Luria-Bertani (LB) medium, supplemented with 
autoinduction solutions and selective antibiotics 
as previously described (23). Cells were grown at 
30º C for 32h before collection, and the 
supernatant was purified by ion exchange 
chromatography as previously reported (23). The 
purity of SfSIP was assessed using SDS-PAGE 
analysis and UV-Visible Spectroscopy, and the 
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SfSIP’s sequence was confirmed via N-terminal 
sequencing.  

Structure determination of SfSIP 

SfSIP was crystallized using 22 % PEG 3350 and 
0.22 M magnesium formate dihydrate as 
precipitant by the hanging drop vapor diffusion 
method, where 1 µL precipitant was mixed with 
1 µL of a 30 mg/mL protein solution and 
equilibrated against a 500 µL reservoir. Crystals 
were harvested and flash-cooled in liquid 
nitrogen directly from the crystallization drop, 
and diffraction data was collected at 100 K to a 
resolution of 1.35 Å on Diamond Light Source 
(DLS) beamline I04 (Didcot, UK) (23). The 
images were processed with xia2 (45), which 
makes use of XDS (46) and the CCP4 suite (47) 
for integration and conversion of integrated 
intensities to structure factors. The structure was 
solved by molecular replacement (MR) using 
PHASER in the CCP4 suite (47) and a previously 
determined SIP crystal structure (PDB 4YHB) 
(17) as phasing model to a resolution of 1.4 Å. 
The model was corrected and completed with 
COOT (48) after an initial refinement using 
REFMAC5 in the CCP4 suite (49). However, the 
subsequent refinement led to unsatisfactory 
values of R and R-free of 22.3 and 22.9% 
respectively, and it was decided to use data 
collected from another crystal for structure 
determination and refinement. 
The second crystal was obtained under the same 
crystallization conditions as the first, with the 
difference that 1 mM ferric-siderophore 
(bisucaberin), dissolved in DMSO, were added to 
the protein solution prior to setting up the 
crystallization experiment, and it was soaked for 
1 min in a mother liquor solution to which 200 
µM NADPH (dissolved in 20mM Tris-HCl pH 
7.6 150mM NaCl) were added prior to flash 
cooling in liquid nitrogen. Diffraction data at 100 
K were collected to 1.15 Å resolution on DLS 
beamline I04 and the images were likewise 
processed with xia2. The data collection and 
processing statistics are listed in Table 4. The 
structure was solved using MR and the previously 
determined structure of SfSIP as a template. 
Structure refinement was performed using 
PHENIX (50).Throughout the refinement, the 
model was periodically checked and corrected 

with COOT against 2|Fo|-|Fc| and |Fo|-|Fc| 
electron-density maps. Solvent molecules were 
added automatically by PHENIX and validated 
by inspection of electron-density maps in 
COOT(48). In the final refinement cycles, 
hydrogen atoms were included in calculated 
positions with the PHENIX READYSET tool and 
anisotropic displacement parameters (ADPs) 
were refined for non-hydrogen protein atoms. 
The final values of R and R-free (51) were 14.5 
and 17.4% respectively and the maximum 
likelihood estimate of the overall coordinate error 
was 0.1Å. The model stereochemical quality was 
analyzed with MOLPROBITY (52) and there are 
no outliers in the Ramachandran (54) j,f plot. The 
final refinement statistics are included in Table 4. 
The coordinates and structure factors have been 
submitted to the Protein Data Bank in Europe 
(53) with accession codes 6GEH and r6GEHsf. 
Pictures were produced using Pymol 
(http://www.pymol.org). 

Protein film voltammetry experiments (PFV) 

Experiments were performed on a 
pyrolytic graphite edge (PGE) electrode 
purchased from IJ Cambria Scientific at 25 ºC 
using a three-electrode electrochemical cell 
configuration with the PGE (working electrode), 
a platinum wire (counter electrode) and an 
Ag/AgCl (3 M KCl) (reference electrode) inside 
a Coy anaerobic chamber using an 
electrochemical analyzer from CHI Instruments 
controlled by the manufactures’ software 
(version 10.12). Oxygen levels were kept stable 
at approximately 8 ppm.  The electrode was 
cleaned (3 M nitric acid and distilled water) and 
freshly polished before every experiment. SfSIP 
was immobilized in the freshly polished PGE 
electrode by pipetting 3 µl of SIP in 20 mM 
potassium phosphate buffer 100 mM KCl pH 7.6. 
To guarantee protein immobilization, the 
electrode was left to dry for approximately 15 
min. Excess and/or unattached protein was 
removed by rinsing the electrode with distilled 
water. The electrode was then immersed in 2 mL 
of a mixed buffer solution containing 5 mM 
HEPES, 5 mM CHES, and 5 mM MES at the 
following pH values: 5.5; 6; 7.8 and 8.5.  For each 
pH, voltammograms were acquired at the 
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following scan rates (mV.s-1): 10, 13, 17, 21, 28, 
36, 41, 48, 60, 78, 100, 130, 170, 210, 280, 360, 
410, 480, 600, 780, 1000, 1300, 1700, 2100, 
2800, 3600, 4100, 4800, 6000, 7800, 9100,10 000 
to ensure uniform data point coverage in a 
logarithmic scale plot. After each experiment, the 
solution was removed, and the pH was measured. 
These experiments were performed in duplicate 
by cleaning the electrode and repeating the 
procedure. Using the program Qsoas, the 
background current was subtracted for every 
voltammogram and all data were analyzed with 
Excel. The trumpet-plots were fitted using the 
Butler-Volmer model using Jellyfit with the 
following parameters: n = 1, potential step 1x10-

6, and temperature 25ºC; for every data potential 
a standard deviation (SD) of 0.005 was assumed 
(25, 27). Potentials were reported in mV versus 
the standard hydrogen electrode (SHE) by 
addition of 210 mV to those measured (54) 

Production of Ferric-siderophores 

 A deep-sea sediment metagenomic library 
was constructed and the mbs gene cluster (mbsA-

D) was cloned as previously reported (29). As it 
tested positive for siderophore activity with the 
chrome azurol S (CAS) assay, the metagenome 
derived mbs cluster clone was cultured for 3 days 
at 37ºC in LB medium supplemented with IPTG 
(100 µM) and chloramphenicol (30 µg/mL). 
Centrifuge clarified supernatant was extracted 
using a C18 resin, then eluted with a stepwise 
aqueous-MeOH gradient system. Fractions 
containing siderophores were further purified by 
Sephadex LH-20 gel filtration. CAS active 
fractions were combined and further purified by 
two steps of C18 HPLC using aqueous-MeOH 
(containing 0.2% acetic acid) gradient system to 
afford purified bisucaberin, putrebactin and 
avaroferrin (29). The purity and nature of 
siderophore-containing samples was assessed by 
LC-MS analysis and NMR spectroscopy. 

Characterization of ferric siderophores 

avaroferrin, bisucaberin, putrebactin and 

ferrioxamine E 

Ferrioxamine E (FER) (1,12,23-
Trihydroxy-1,6,12,17,17,23,28-
hexaazacyclotritriacontane-2,5, 13,16,24,27-
hexone iron(III) complex) was purchased from 
Sigma-Aldrich. A 2 mM stock solution was 
prepared in 20 mM potassium phosphate 100 mM 
KCl buffer pH 7.6.  

The apo-siderophores (AVA, BIS and 
PUT) were dissolved in DMSO and iron-
containing siderophores were prepared for every 
experiment in working stocks of 500 µM in 20 
mM phosphate buffer 100 mM KCl pH 7.6. Each 
500 µM ferric-siderophore solution was prepared 
from the starting stock plus equivalent amounts 
of FeCl3, resulting in an iron-siderophore molar 
ratio of 1:1.  

Cyclic voltammetry experiments were 
performed at 25 ºC using a three-electrode 
electrochemical cell configuration with the PGE 
(working electrode), a platinum wire (counter 
electrode) and an Ag/AgCl (3 M KCl) (reference 
electrode) inside a Coy anaerobic chamber using 
an electrochemical analyzer from CHI 
Instruments controlled by the manufactures’ 
software (version 10.12). Oxygen levels were 
kept stable at approximately 8 ppm. In each 
experiment, the freshly polished PGE electrode 
was first immersed in buffer to draw a baseline of 
the capacitive current and then immersed in the 
500 µM ferric-siderophore-containing solution. 
Scans were acquired at 100 mV.s-1 in triplicate. 
All data were analyzed using Excel and QSoas 
(25). Potentials were determined using the 
average of the oxidation and reduction peaks and 
reported in mV and with respect to the SHE by 
addition of 210 mV to those measured (54). 

NMR interaction studies 

NAD(P)H and SfSIP were prepared in 20 mM 
Tris-HCl 100 mM KCl pH 8 containing 10% of 
D2O (99.9 atom %). Samples of 100 µM of 
NAD(P)H were titrated against increasing 
concentrations of SfSIP. To determine the 
concentration of free and bound species triplicate 
experiments using a molar ratio of 0.58 
(NAD(P)H:SIP) were performed. Using the 
standard Bruker pulse program “zgdc”, one-



SfSIP- a versatile ferric-siderophore reductase 

�

���

�

dimensional proton-decoupled 31P spectra were 
acquired with 1024 scans, d1 of 1.3 s at 25 ºC on 
a Bruker Avance II 500 MHz equipped with a 
SEX probe for 31P detection. 

Collected spectra were visualized and analyzed 
using TopSpin 3.5 (Bruker). The concentration of 
free and bound species was determined from the 
relative intensity of each peak and the 
dissociation constant (KD) was calculated using 
the equation below. 

Kinetic studies 

The kinetic experiments were performed 
in a HI-TECH Scientific Stopped-Flow 
equipment (SF-61DX2) installed inside an 
anaerobic glove box (Mbraun MB150-GI). The 
temperature of the drive syringes and mixing 
chamber was maintained at 25 ºC using a water 
bath, and the pH controlled with 20 mM 
potassium phosphate buffer 100 mM KCl pH 7.6. 
The time course of the reactions was monitored 
using a photodiode array. Solutions were 
prepared inside the anaerobic chamber with 
degassed water and all experiments were 
performed in triplicate. Data were analyzed using 
Excel and fits were performed and analyzed using 
Kinetics Studio version 2.32 (TgK Scientific). 

Reduction of SfSIP with NAD(P)H, sodium 

dithionite and ferredoxin 

Experiments were performed at multiple 
time-scales and at different concentrations for 
each reducing agent. The reduction of SfSIP with 
NAD(P)H was attempted using 0.5 mM 
NAD(P)H and also using a large excess of 
NAD(P)H with 10 µM SIP with spectra 
acquisition for a total 4000 s (67 min).  

Reduction of SfSIP with sodium 
dithionite was performed using 50 µM sodium 
dithionite with 10 µM SIP.  Reduction rates were 

obtained from experiments at the 6000 s time-
scale with a total of 200 spectra acquired.  

The purity of the ferredoxin from 
Clostridium tetanomorphum was confirmed by 
SDS-PAGE (15%). To avoid direct reduction of 
SIP with sodium dithionite the reduction of 
ferredoxin was carried out in a 1:1 molar ratio and 
the mixture was left to react for 10 minutes before 
initializing the experiments of reduced ferredoxin 
against SIP. The stock solutions of sodium 
dithionite were quantified by measuring the 
absorbance at 315 nm using the molar extinction 
coefficient of 8043 M-1 cm-1 (55). Reduction of 
10 µM SfSIP was performed using 10 µM of 
reduced ferredoxin. 

Reduction of ferric siderophores 

Reduction of ferric siderophores (AVA, 
BIS, PUT and FER) by reduced SfSIP was 
performed after reducing SfSIP with sodium 
dithionite in a 1:1 molar ratio. The reduction of 
ferric siderophores was performed using 10 µM 
SfSIP with 50 µM of ferric-siderophores in the 
stopped-flow apparatus. The reduction rate 
constants were obtained from fitting the kinetic 
traces at 600 nm in a 150 s time-scale (Table S1). 

The ferrozine assay 

The ferrozine assay monitored the 
formation of ferrous iron using an iron chelator 
with high affinity for Fe2+, ferrozine, purchased 
from Fluka. The assay was performed with the 
following components: the Fe2+ chelator (0.25 
mM ferrozine), the putative siderophore 
reductase (5 µM SIP), a reducing agent (0.25 mM 
NAD(P)H, 25 µM sodium dithionite or 5 µM 
reduced ferredoxin) and 50 µM for each ferric 
siderophore (AVA, BIS, PUT, FER). The 
formation of Fe2+-ferrozine complexes was 
analyzed by measuring the absorbance at 562 
nm(56, 57). Each experiment was performed in 
triplicate and controls were performed containing 
all the previous described components except for 
SIP.  
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FOOTNOTES 

The abbreviations used are: SfSIP, Siderophore-interacting protein from Shewanella frigidimarina, SIP, 
Siderophore-interacting protein, FAD, flavin adenine dinucleotide, NAD(P)H,� Nicotinamide adenine 
dinucleotide (phosphate), ArcA,�Aerobic respiration control protein A, FSRs, ferric siderophore reductase 
family, SIPs, siderophore-interacting protein family, ViuB, vibriobactin utilization protein, YqjH, 
siderophore-interacting protein from Escherichia coli, FscN, siderophore-interacting protein from the 
fuscachelin siderophore gene cluster, SDS-PAGE, Sodium dodecyl sulfate polyacrylamide gel 
electrophoresis�PDB, protein data bank, BIS, ferric-bisucaberin, AVA, ferric-avaroferrin, PUT, ferric-
putrebactin, FER, ferric-ferrioxamine E, LB, Luria-Bertani medium, DMSO�Dimethyl sulfoxide, SHE, 
Standard hydrogen electrode, FchR, ferric citrate and hydroxamate reductase.�
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TABLES 

Table 1. Redox properties of SfSIP at various pH values. 

Table 2. Midpoint reduction potentials of ferric siderophores used in this study. 

Table 3.�Rate constants of ferric-siderophore reduction by SfSIP in the semiquinone state. 
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Table 4. Data collection and refinement statistics.

a R-merge = merging R-factor, (Σhkl Σi |Ii(hkl) - <I(hkl)>|) / (Σhkl Σi I(hkl)) × 100%. 
b R-meas = redundancy independent R-factor, �h [Nhkl/(Nhkl-1)]1/2 �i |Ii(hkl) - <I(hkl) >| / �hkl �i

Ii(hkl) × 100%, where I is the observed intensity, <I> is the average intensity of multiple 
observations from symmetry-related reflections, and Nhkl is their multiplicity (58). 
c R-factor = Σhkl ||Fo|-|Fc|| / Σhkl |Fo|, where |Fo| and |Fc| are the observed and calculated structure factor 
amplitudes, respectively; d Free R-factor is the cross-validation R-factor computed from a randomly 
chosen subset of 5% of the total number of reflections, which were not used during the refinement.; e

Calculated from the equivalent isotropic B values. 
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FIGURES 

Figure 1. Structural characterization of SIP: A) Overall structure of SIP; B) Close-up of the FAD pocket 
and stacking residues (Y47, Y75 and Y245); C) Putative NAD(P)H binding pocket: comparison of the C-
terminal helix of SIPs from S. frigidimarina (SfSIP) and S. putrefaciens (SpSIP). K236 from SpSIP seems 
to make a bridge across the pocket, whereas K257 in SfSIP is more distant from the isoalloxazine ring and 
pointing outwards from the pocket making more space available for substrate binding (ferric-siderophore 
and/or electron donors). 

Figure 2. SfSIP-mediated reduction of ferric-siderophores. A) Absorption spectra changes during 150 s 
after mixing SfSIPsemi with ferric-siderophore avaroferrin. The Up arrow indicates the increase in 
absorbance at 470 nm and the down arrow indicates a decrease in the absorbance at 600 nm. B) Time-
resolved traces of SfSIP-mediated reduction of ferric siderophores (600 nm): �	 
���������	 ��	 �- 
avaroferrin; �- putrebactin and x- bisucaberin �-control (apo-avaroferrin) and respective fittings (solid 
lines). 
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Figure 3. Proton-decoupled 31P NMR spectra: top spectrum corresponds to 100 µM of NADH 
and bottom spectrum corresponds to a NADH/SfSIP ratio of 0.58.  

Figure 4. Reduction of SfSIP using a ferredoxin. A) Absorption spectral changes after mixing 
ferredoxin with SfSIP. Numbers in the figure indicate significant spectral features: 1) initial spectrum 
showing the typical features of oxidized SfSIP; 2) spectrum after 2 s, showing the typical features of the 
formation of the semi-quinone state i SfSIP; 3) final spectrum at 75 s, representing fully reduced SfSIP. B) 
Time-resolved kinetic trace of SfSIP reduction followed at 600 nm. 
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Figure 5. Time-resolved formation of the Fe(II)-ferrozine complex by SfSIP. A) Experiments 
performed using ferric-avaroferrin as iron-source and different electron donors. B) Experiments performed 
using NADPH as electron donor with different ferric siderophore
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