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ABSTRACT. FhuF is a cytoplasmic 2Fe-2S proteinkscherichia colioosely associated with the cytoplasmic
membraneE. coli fhuF mutants showed reduced growth on plates with ferrioxamine B as the sole iron
source, although siderophore uptake was not defective in transport experiments. Removal of iron from
coprogen, ferrichrome, and ferrioxamine B was significantly lowefhiaF mutants compared to the
corresponding parental strains, which suggested that FhuF is involved in iron removal from these
hydroxamate-type siderophores. A redox potetiiglof —310+ 25 mV relative to the normal hydrogen
electrode was determined for FhuF by EPR redox titration; this redox potential is sufficient to reduce the
siderophores coprogen and ferrichrome.sgtoauer spectra revealed that FhuF in it${Hes*t] state is

also capable of direct reduction of ferrioxamine B-bound ferric iron, thus proving its reductase function.
This is the first report on a bacterial siderophei@n reductase which in vivo seems to be specific for

a certain group of hydroxamates.

[Fe**] siderophores are a major source of iron in bacteria. Transport across the cytoplasmic membrane is exclusively
Siderophores have a much lower affinity for?Fe¢han for dependent on the ABC transporter FhuCDB. However, the
Fe*t, and the kinetics of ligand exchange of high-spid'Fe  periplasmic binding protein FhuD has a very low affinity
are much faster than for high-spin ¥e(1). Therefore, for ferrioxamine B 7). In addition,fhuF mutants exhibit a
reduction of ferric siderophores accompanied by ligand diminished ability to grow on plates with ferrioxamine B as
exchange is an excellent mechanism for intracellular iron the sole iron source, although no defect in siderophore uptake
release. In fact, one main route of bacterial iron acquisition is observed. Moreover, these growth conditions lead to a
includes active transport of ferric siderophores across cell derepression of various Fur-dependent iron transport systems.
membranes, followed by intracellular iron removal from the The function of FhuF is unclear.
siderophore carrier via reductior2{4). The deferrated Transcription offhuF is derepressed by a low iron level
siderophore is rapidly excrete@)( Many flavin reductases  in the cell via the iron regulator Fur and repressed by OxyR,
have the property to reduce [F¢ siderophores in vitro.  an oxidative response regulat@®).(The FhuF protein oE.
However, surprisingly it is not known which enzymes reduce coli contains a [2Fe-2S] cluster exhibiting the unusual cluster
the [Fé*] siderophore in the cell2). binding motif C-C-%,-C-x-x-C (9). Moreover, the amino acid

Escherichia coliK-12 has an efficient hydroxamate sequence of FhuF does not show any similarities to sequences
siderophore uptake system that allows the utilization of of known [2Fe-2S] proteins.
ferrichrome and coprogen which are produced by fungi. Also  The location of the FhuF protein in the cytoplasm, the
ferrioxamine B, mainly produced by streptomyces, may be presence of a [2Fe-2S] cluster in the FhuF, its regulation by
used; however, the amount of iron taken up via ferrioxamine iron, and the diminished ferrioxamine B utilization in fuF
B (FoxB) is less than 5% of the amount observed for mutant has led to the assumption that the protein is involved
coprogen- or ferrichrome-mediated iron transport. Neverthe- in iron mobilization from ferrioxamine B, possibly as a
less, this low uptake eliminates iron-dependent growth siderophore-iron reductase9).
limitation. Ferrioxamine B is mostly taken up across the outer | the present study, evidence for the siderophdnen
membrane by the TonB-dependent receptor Fh6BE ( reductase function of FhuF was found by employing EPR
redox titrations, Mesbauer spectroscopy, artéFe] sidero-
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Table 1: E. coli Strains and Plasmids Used in This Study

strain or
plasmid parent and relevant marker ref
strain
BI21(DE3) T7 polymerase ohDE3 under 9
lac-UV5 control
MC4100 araD131A(argF-lac)205flhD5301 fruA25 9
relAl rpsL150 rbsR22 deoC1
H1443 same as MC4100 batoB 9
H1717 same as H1443 biltuF-7::AplacMu 9
AB2847 aroB malT tsx 35
H1085 same as AB2847 bpepN:MudX 35
H1004 same as H1085 bigs 35
H1608 same as AB2847 bai(pro lac) this work
fhuF::MudX
plasmid
pKF191  fhuF" 9
pFU2 fox A" 15
pEN7 iutA* 7

B was tested on nutrient broth dipyridyl plates (8 g of nutrient
broth 5 g of NaCl, 15 g of Difco agar/L, and 0.2 mM 2;2
dipyridyl), which were seeded with the appropriate strain in
2.5 mL of soft agar in water. Filter paper disks impregnated
with 15 uL of 2 mM ferrioxamine B were applied, and
growth zones were measured after 18 h.

Transport Experiments:or iron uptake experiments, cells
were grown in TY medium at 37C with 50 M ethylene-
diaminedip-hydroxyphenylacetic acid) to derepress iron
transport systems. Cells were harvested at ag;§19 0.5~
0.8 and washed with M9 transport medium (10 mL o&10
M9 salts, 1 mL of 0.1 M MgS@ 0.25 mL of 40% glucose,
and 89 mL of deionized water) at 4C. Cells were
resuspended in M9 transport medium to ans@Bf 1.0 and
kept on ice; the cells were incubated with shaking afG0
for 5 min before the onset of transporf®He**] siderophore
was added to a final concentration of«M. After 16 min,

1 mL of the cell suspension was sedimented in 1.5 mL
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respective potentials, 200 aliquots were transferred under
anoxic conditions into an EPR tube and subsequently frozen
in liquid nitrogen. The redox potentials are relative to the
normal hydrogen electrode.

Mossbauer Spectroscoplfor Mssbauer measurements,
[°"Fe]FhuF was isolated fror&. coli grown in P’Fe]-rich
medium as described in ré& The Mtssbauer spectra of
frozen samples were recorded in the horizontal transmission
geometry using a constant acceleration spectrometer operated
in conjunction with a 512-channel analyzer in the time scale
mode. The source was at room temperature and consisted
of 0.93 GBq p’Co] diffused in Rh foil (Cyclotron Co. Ltd.,
Obninsk, Russia). The spectrometer was calibrated against
a metallica-iron foil at room temperature, yielding a standard
line width of 0.24 mm s'. The M&ssbauer cryostat was a
helium bath cryostat (MD306; Oxford Instruments). A small
field of 20 mT perpendicular to the-beam was applied to
the tail of the bath cryostat using a permanent magnet.
Preliminary spectroscopic parameters have been reported
earlier Q).

RESULTS

Transport and Iron Releas®eductive iron removal from
[Fe**] siderophores is in general a rapid proceks3( 12,
13). If FhuF were involved in siderophore reduction, higher
amounts of PFe**] siderophores should be observed in a
fhuF mutant than in théhuF" parental strain. If the reduction
and the mobilization of iron in the cytoplasm is slowed by
the lack of FhuF, the [F&] siderophore should accumulate
in the mutant strain. To test this hypothesis, after 16 min of
[5°Fe] siderophore uptake, various siderophores were ex-
tracted from whole cells with benzyl alcohol, which has been
used to extract hydrophobic sideropheieon complexes
from fermentation broths and mycelid4). Cytoplasmic
metabolism of the 5PFe**] siderophores ferrioxamine B,

Eppendorf tubes and washed in 0.5 mL of M9 transport ferrichrome, coprogen, aerobactin, and enterobactin was
medium to remove adhering Fe siderophore. The sedimenti€Sted (Table 2).

was resuspended in 30 of 5 M NaCl and extracted with
500uL of benzyl alcohol. {°Fe] in an aliquot of the benzyl

Transport assays with ferrioxamine B showed very little
uptake (data not shown). To enhance ferrioxamine B

alcohol extract and in whole cells was measured with a liquid transport, plasmid pFU2 encoding the ferrioxamine B FoxA
scintillation counter. The percentage of extractable iron was receptor ofYersinia enterocoliticg15) was introduced into

determined.

Isolation of FhuF.FhuF protein carrying a His tag was
isolated as reported earlied)(

EPR Spectroscopeasurements were made at 30 K at

E. coliH1443 and into théhuF mutant H1717. WherPjFe]-
ferrioxamine B was added to cells suspende8d M NacCl,
72% of the retained radioactivity could be extracted from
whole cells. After 16 min transport of¥e]ferrioxamine B,

X-band (9.63 GHz) using a conventional EPR spectrometer merely 4.6% of the Fe] incorporated byE. coli H1443

(Bruker ER200D) equipped with a helium-flow cryostat
(Oxford Instruments ESR)LQ). Data were acquired using a

(pFU2) could be extracted. In contrast, 25.4% of €]
was extracted from théhuF mutant H1717 (pFU2). This

persona| computer and a program deve|0ped in our |ab0ra-indicat8d that iron mobilization in théhuF mutant was

tories.

EPR Redox TitratiorPotentiometric redox titrations were
performed in 50 mM Tris-HCI, pH 7.3, under anaerobic
conditions as described by Duttahlf. The redox mediators
used (450uM) were neutral red £330 mV) and methyl
viologen (—430 mV); the reduction potentials of the media-

considerably slower than in the parent strain.

The extractable®fFe] was also determined in the same
strains after ferrichrome transport. Again, mo?eFg] was
extracted from théhuF mutant than from the parent strain,
which indicated that FhuF is also involved in the mobilization
of iron from ferrichrome. The slower reduction has no

tors at pH 7 are indicated in parentheses. The ambient redoxobservable consequences for growth siine- mutants grew
potentials were adjusted by using a solution of 1 mM sodium as fast as théhuF" parent strains on ferrichrome as the sole
dithionite and were measured with a platinum electrode iron source. With the strain pair H1085 and H1608F,
(M21PT) and a Ag/AgCl reference electrode (REF201), both both derived fromE. coli AB2847, similar higher amounts
purchased from Radiometer Copenhagen. The vessel wa®f [5°Fe] were extracted from théhuF mutant after fer-

continuously flushed with deoxygenated argon. At the

richrome transport. For the uptake of ffpvia enterochelin
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Table 2: Iron Siderophores Extracted from Whole Cells

relevant iron taken up in 15 min control %
strain genes siderophore (pmol/1@ cells) % extracted extractable
H1443 pFU2 fox A" ferrioxamine B 26.4 4.6 1.5 72
H1717 pFU2 foxAt fhuF ferrioxamine B 29.9 33.860.4
H1443 pFU2 ferrichrome 93 780.6 97
H1717 pFU2 fhuF ferrichrome 173 26.x1.7
H1085 ferrichrome 303 3203
H1608 fhuF ferrichrome 165 24.& 2.3
H1004 fes ferrichrome 224 2201
H1443 coprogen 395 2213 94
H1717 fhuF coprogen 366 42915
H1443 pEN7 iutA* aerobactih 293 4.3+ 0.1 66
H1717 pEN7 iutA* thuF aerobactin 278 5.20.2
H1443 (MC) enterochelin 205 2604 88
H1717 (MC) fhuF enterochelin 168 2203

a[5FePt siderophores were transported for 16 min by the strains listed. Cells were extracted with 80Benzyl alcohol. The amount of iron
taken up after 15 min by-1Q° cells is given. The percentage of radioacti¥&§] extractable with benzyl alcohol was determined. In the control
column the percentage ofFe] siderophore extractable from g of a cell suspensiomi5 M NaCl and of labeled siderophore without transport
is given. The relevant genes encode FoxA ferrioxamine outer membrane receptor for efficient ferrioxamine uptake, Fes enterochelin esterase,
necessary for irorenterochelin utilization, and IutA outer membrane aerobactin receptor, allows uptake of aerobdetindtiyK-12. ® Acidic
extraction conditions were used for aerobactin: 5 M NaCl, 0.2 M glycine, and 0.1 M HCI.

(enterobactin), a functional Fes protein, which hydrolyzes
enterochelin, is necessary for iron mobilization. As expected,
no difference in the amount of extractédHe], provided as

a ferrichrome complex, was observed betwedash and a
fesstrain, which indicated that Fes is not involved in iron
mobilization from ferrichrome.

Higher amounts of 3fFe] were extracted fronf. coli
H1443 after coprogen-mediated transport as compared to
after ferrichrome-mediated transport, which suggested a
lower affinity of the reductase for ferrichrome. Nonetheless,
nearly twice as muchjFe] was extracted fror. coliH1717
fhuF, which again indicated a slower mobilization of
siderophore-bound iron in the mutant. Aerobactin, another
siderophore used bl. coli, was extracted more efficiently
after acidification of the cell suspension. Slightly mo®&g] . L . ! . !
was extracted from théhuF mutant. There were no differ- 320 340 360 380
ences in the amount of%e] extracted after enterochelin- B [mT]
mediated iron transport in tHbuF mutant and parental strain. FIGURE 1: (a) X-band EPR spectrum of the sodium dithionite-
In a fes mutant, more than 70% of the transportée-g] reduced protein. Experimental conditions: microwave frequency,
could be extracted; however, the amount®f¢lenterobactin -~ 9.6437 GHz; microwave power, 2QW; attenuation, 40 dB;
taken up by thdesmutant was very low, which precluded temperature, 30.0 K; modulation amplitude, 5 G; modulation
a direct comparison to the parental strain. frequency, 100 kHz. (b) The solid line is a theoretical simulation

Determination of the Midpoint Potential of FhuF Using g;hhge e:><plegg16ental spectrum wigavaluesg, = 1.994,g, = 1.961,
EPR Redox Titrationslf FhuF is part of a siderophote T
reductase system, a redox potential of the [2Fe-2S] proteinthe EPR signal intensities of the fully reduced [2Fe-2S]
enabling reduction of the siderophore-bound ferric iron would protein with the intensities obtained at various potentials in
be expected. An EPR redox titration experiment was usedthe range from—240 to —460 mV relative to the normal
to determine the redox potential of FhuF. The EPR spectrum hydrogen electrode, the redox potential of FhuF was deter-
of the sodium dithionite-reduced protein showed a nearly mined to beE;, = —310 £ 25 mV (see Figure 2). This
axial EPR signal in thg = 2 region, typical of arS = %/, redox potential is well within the range found for this class
system (Figure 1g, = 1.994,g, = 1.961, andyx = 1.886). of proteins (175 to —460 mV) (16). The redox potential
Thegy value is within the range found for [2Fe-2S] clusters, of ferrioxamine B, coprogen, and ferrichrome-i168 +
whereas they, value is atypical of this cluster type. The 15 mV (17, 18), =447+ 7 mV (19), and—400+ 10 mV
values also do not match those of Rieske protains(2.03, (20), respectively. According to the Nernst equation, the
gy = 1.89-1.9, andg, = 1.78). Details of the analysis of effective range for a thermodynamically favorable redox
the EPR and Mssbauer spectroscopy studies will be reaction is+59 mV with respect to the corresponding
published elsewhere. The focus here is on the EPR spectroreduction potential. If, in addition, the uncertainty of the
scopic determination of the midpoint potential of FhuF and experimental data is taken into account, it is apparent that
on the Msbauer spectroscopic observation of the sidero- reduction of coprogen and of ferrichrome can be easily
phore-FhuF redox couple. On the basis of a comparison of achieved, whereas for ferrioxamine B, reduction via FhuF

(@)

dx"/dB

(b)




FhuF, Part of a Siderophord&keductase System Biochemistry, Vol. 43, No. 5, 20041389

0,6 4

relative intensity
of EPR signal

0,2 4

0,0

relative Transmission

-5:)0 -4:)0 -3:]0 -260 -1;30 0
E in [mV](V vs. NHE)

Ficure 2: EPR reductive titration of FhuF under inert gas against

a Ag'/AgCI electrode employing redox mediators (neutral red,
methyl viologen) and an increasing amount of reductant (sodium
dithionite, Ks[Fe(CN)] in Tris-HCI, pH 7.3). When the reaction
mixture was at specific potentials, approximately 200 of the
reaction mixture was transferred under inert gas into an EPR tube.
The tube was immediately frozen to 77 K and kept at this
temperature until measurement. The potential-dependent increase
of the g = 2 signal was used to estimate the redox potential of
FhuF. The increase of signal intensityget 2 is shown in relation . L . L . 1 .
to the reduction potential created in the reaction vessel. -10 -5 0 5 10

is difficult (the highest potential that can be assumed for velocity (mms")

FhuF and the lowest value for ferrioxamine B-i894 mV). E‘GURE 3 Ih/{pss)baugr(gg)?ﬁtr%g.(a)tthe gs-isglatt?ﬁe{l]protein d
- ; . : . 20 . (frozen solution) an e dithionite-reduced sample measure
Theref.ore’ dlre(.:t evidence for ferrioxamine B rgductlon M at 4.2 K in a field of 20 mT perpendicular to thebeam. Spectrum
FhuF is essential to prove the reductase function of FhuF.p consists of three subspectra, represented by solid lines corre-
Mbossbauer Spectroscopic Analysis of the Ferrioxamine sponding to simulations based on a spin Hamiltonian (from top to
B/FhuF Redox CouplévMdssbauer spectroscopy is an excel- bottom): (1) as-isolated (oxidized) protein (#hol); (2) reduced

lent tool for determining the iron redox states of a compound cluster, ferrous ion site; and (3) reduced cluster, ferric ion site. The
f it f ds of intere<t1i. Spect reduced sample contains a portion of the as-isolated protein because
or of a mixture of compounds of intere?]). Spectrum & 0" reduction was not complete (FhuF, Lshol: dithionite,

in Figure 3 shows the Mgsbauer spectrum of isolatédHe]- 1.1umol; volume, 900uL). Complete reduction was avoided to
FhuF in the oxidized state measured at 4.3 K. The corre- prevent an excess of reductant in the solution. These conditions

Sponding Masbauer parameters derived from |east_squareswere required.for the experiment, the re_sults Of which are shown
fits employing Lorentzians are listed in Table 3. The isomer N Figure 5. Masbauer parameters are listed in Table 3.

shift is typical of oxidized [2Fe-2S] proteins. The quadrupole

splitting, however, is unusually low. For activation &fHe]- on a spin Hamiltonian: (i) a portion of the starting material
FhuF, the oxidized as-isolated protein (1.4 mM) was reduced (as-isolatedYFe]FhuF which has not reacted), (ii) the ferric
with sodium dithionite (1.1 mM final concentration in the ion site of the reduced cluster, and (iii) the ferrous iron site
reaction mixture in 10 mM MOPS buffer, pH 7.4). To avoid of the reduced cluster.

excess reductant, the molar ratio of FhuF:dithionite was kept  Figure 4 represents the'dsbauer spectrum of an aqueous
at approximately 0.8; otherwise, reduction of ferrioxamine solution of 100 mM BSA and 12 mM ferric{Fe]ferriox-
B-bound iron via FhuF would have been obscured (Figure amine B. BSA was added as a spin dilutant to eliminate
5). spin—spin relaxation. The spectrum is typical of a high-spin
Spectrum b in Figure 3 displays the partially reducéed]- ferric ion in an octahedral oxygen environment under
FhuF protein. The spectrum is composed of three subspectraonditions of slow spifspin relaxation. The solid line in
represented by solid lines corresponding to simulations based~igure 4 represents a simulation based on a spin Hamiltonian

Table 3: Msbauer Parameters of FhuF and Ferrioxamihe B

relative
o (mms?) AEC(mm sY) IY(mm st area (%)
protein as isolated (Figure 3a) 0.290.02 0.47+ 0.04 0.31+0.02 100
protein reoxidized by ferrioxamine B (Figure 5) 0.280.02 0.47+0.03 0.28+ 0.02 45
Fe(HO)s?* released from ferrioxamine B (Figure 5) 1.300.02 3.04+ 0.05 0.48+ 0.02 55
reduced FhuFFée*" (Figure 3b) 0.65+ 0.02 2.93+ 0.04 0.35+ 0.03 39
reduced FhuFFe** (Figure 3b) 0.35+ 0.02 0.94+ 0.03 0.35+ 0.03 39
residual as-isolated FhuF (Figure 3b) 029.03 0.47+ 0.05 0.32+0.02 22

aThe iron cluster of FhuF was in the oxidized fFé=€**] and reduced [Fe-Fe*] state as determined in spectra measured at 4.3 K in a field
of 20 mT applied perpendicular to thebeam (see Figures 3 and 5). The iron of ferrioxamine B was reduced, typical of high-spin ferrous ion
surrounded by an octahedral oxygen ligand sphere. The ferric site of the reduced cluster exhibited isotropic hyperfine coupling éQigiants:
= Ap/onun = Adgnun = —35.6 £ 1 T. Those of the ferrous site were anisotropfs/gnun = 29.7+ 1 T, Ay/gyun = 15.7+ 1 T, andA/gnun
= —8.04 1 T.PlIsomer shift relative tax-iron at room temperaturé Quadrupole splitting? Line width at half-height.
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FIGURE 4. Mossbauer spectrum of a frozen aqueous solution of foure5: Mossbauer spectrum of FhuF (same sample as in Figure

[>’Fe* Iferrioxamine B (12 mM) employing BSA (100 mM) as & - 3) mixed with F’Fe]ferrioxamine B (1.2mol, final volume 1 mL).
dilutant to minimize spirrspin relaxation. The solid line represents  The experimental conditions were as described in Figure 3. To avoid

aj,lmulatlc_nn based on a spin Haml|lton|an:_||_ne Wietf0.35 mm excess reductant, the molar ratio of FhuF:dithionite was kept
s zero-field splitting D = 1.2 cn™; rhombicity parametei&/D approximately at 0.8. FhuF was, therefore, merely partially reduced,
= 0.33;0 = 0.52 mm s% AEg = —0.84 mm s%; asymmetry  hjle ferrioxamine B was fully oxidized before mixing. The

parametery = 1; and isotropic hyperfine coupling tensak,/ spectrum consists of two subspectra represented by solid lines (from

Onin = AnfOnun = AdQwun = —22.1 T. The simulation does not 155 to pottom): (1) as-isolated (oxidized) protein and (2) [Fe-
completely fit the experimental data. This discrepancy is caused (H,0)g]2* released from ferrioxamine B. The spectrum shows that
by relaxation effects that are not dealt with in the spin Hamiltonian £ryE'is fully oxidized. Iron from ferrioxamine B is fully reduced.
simulation. The experimental conditions were as described in Figure o] measurements were performed in the presence of a magnetic
3. field of 20 mT oriented perpendicular to thg-beam. The
corresponding Mssbauer parameters are listed in Table 3.
(line width, 0.35 mm st; zero-field splittingD = 1.2 cnr?;
rhombicity paramete/D = 0.33;6 = 0.52 mm s%; AEq Table 4: Redox Potentidls

= —0.84mm sl;_ asymmetry parametey,= 1; and isotropic redox effective
hyperfine coupling tensohw/gnun = Ay/Oniun = AzdGnin compound potential (mV)  range (mV}Y ref
= —22.1 T). The simulation does not fit the experimental ¢ 310+ 25 —241t0—369  this work
data completely. This discrepancy is caused by relaxation aerobactin —336 —277t0—395 23
effects that are not dealt with in the spin Hamiltonian ferrichrome —400+ 10 —341t0—459 20
i i ; i coprogen —447+7 —388t0—506 19
simulation. The Mesbauer parameters éfF[e]fe;rnoxamme forioxamine B —AB8.L 15 —409t0-527 17,18
B based on our spin Hamiltonian analysis differed slightly
from values reported earlie2?) (AEo = —0.84 vs 0.77 mm aThe redox potentials of the siderophores have been used to calculate

o1 . 0 . . - the thermodynamically favorable range for an electron transfer. This
s ). Approximately 10% of the[Fe]ferrioxamine B solution effective range is further extended if the uncertainty of experimental

(100 uL, 1.2 umol) was mixed with the partially reduced  gata is taken into accourttin addition, the error margins of both FhuF
FhuF protein shown in Figure 3 under an argon atmosphereand the corresponding siderophore have to be added in order to obtain

(final volume 1 mL). In the Mssbauer spectrum (Figure the full possible range of a favorable redox reaction. In the case of
5) two quadrupole doublets are visible. The ddbauer ferrioxamine B, this would be-409 4+ 15 to —527 4+ 15 mV; in the
parameters resulting from least-squares fits of Lorentzians %€ of FhuF;-241 & 25 t0 369+ 25 mV.

are listed in Table 3.

A comparison with Figure 3a and the parameters derived
from this spectrum revealed th&tfe]FhuF was converted
to its fully oxidized [2Fe-2S] cluster form (45% of the
absorption area). No residual ferric ferrioxamine B is
detectable in the spectrum. Rather, a high-spin ferrous specie
in an octahedral oxygen environment is visible (Table 3,
Figure 5, 55% of the absorption area). The ddbauer
spectrum reveals that (1) FhuF is capable of direct reduction
of ferrioxamine B-bound ferric ion and (2) the reduced
ferrous ion species is not bound to the [2Fe-2S] cluster and
the cluster structure is not affected. Since FhuF itself requires

a reductant for activation, it is not surprising that the reaction f id h fromrelhvd te sid h
of FhuF with ferrioxamine B did not exhibit an equilibrium. 7om Siderophores came frorfife]hydroxamate siderophore
Rather, a complete consumption of reduction equivalents Wasextrggﬂon e.xpenments. These experiments unc_overed a
observed. 5|gn|f|ca_nt difference bet\_NeeﬂnuF mutants and their cor-
responding parental strains (Table 2). The data ffbok
DISCUSSION mutants indicated that iron removal from the hydroxamate
siderophores employed is clearly slower than in the corre-
A prerequisite for siderophore reduction by FhuF is that sponding parental strains. This implies that FhuF is involved
the redox potentials of both partners are within the effective in iron utilization from these hydroxamate siderophores. In
range for a thermodynamically favorable electron transfer fact, the FhuF-ferrioxamine B redox experiment (Table 3,
which is £59 mV with respect to the corresponding redox Figures 3-5) clearly demonstrated the ferric siderophore

potentials (Table 4). These considerations make the reduction
of aerobactin and ferrichrome by FhuF possible, while for
coprogen one has to include the experimental errors to get a
favorable overlap. Ferrioxamine B seems to be out of the
%avorable range with-394 mV, the value just reached also

y FhuF under inclusion of the experimental error. However,
it has been postulated that it is the redox potential of the
reductaseferric—siderophore association rather than the
redox potential of the free ferric siderophore that is important
when considering reduction as a process involved in iron
release Z4).

Substantial indications for a role of FhuF in iron removal
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reductase function of the FhuF protein. The ddbauer However, inRhizobium leguminosaru@nd in Rhizobium
parameters of reoxidized FhuF are, within experimental error, meliloti, a homologue of théhuF gene is found directly
the same as for the as-isolated protein. Therefore, it can bedownstream of ghuAgene encoding a hydroxamate receptor
concluded that the cluster is not decomposed during the onejprotein 31, 32). The level of identity of the predicted proteins
electron transfer process. Since siderophores have a muchvith FhuF is rather low{20%); however, the characteristic
lower affinity for [Fe,?t] than for [Fes*'], we assume that ~CC motif and two additional cysteines are conserved in the
the ferrous iron formed is present mainly as an aquo complex.C-terminus of these proteins. Mibrio parahaemolyticus
The reaction with ferrioxamine B (FoxB) can be, therefore, (33), a protein encoded upstreamiofA, which encodes the

summarized as follows: receptor protein for aerobactin, has been identified; the
protein shares similarities with AlcD, which is located in a
[2Fe-2S]Fhuf" + [Fe]FoxB— Bordetella pertussisperon responsible for the synthesis of

the siderophore alcaligin3d). The function of these two

proteins is not known. However, since they have the same

cysteine pattern as FhuF, also these proteins might have a
It is not yet known which cellular system regenerates the siderophore reductase function and together with FhuF

FhuF reductase after electron transfer. Moreover, it has toconstitute a novel class of enzymes.

be pointed out that the formation of bulk “free” [G&]

ferrous ion in vivo is not to be expected. [Fe] is Fenton =~ ACKNOWLEDGMENT

active and thus deleterious to cells. Therefore, it is likely

that the ferrous iron is bound by a chaperone-like structure

or other novel structural elements to enable sheltered
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