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ABSTRACT: The Fur apoprotein has been purified and reconstituted with Co2+ and Mn2+ ions. These samples
have been analyzed by UV-visible, EPR, and1H NMR spectroscopies, by XAS, and by magnetization
measurements. The apo-Fur protein is able to bind one metal dication (Co2+ or Mn2+) per monomer. A
saturation magnetization study confirms the presence of a high-spin metal dication [Mn(II)S ) 5/2 and
Co(II) S) 3/2]. The two metal ions per Fur dimer are not in magnetic interaction (|J| < 0.1 cm-1 ). The
UV-visible spectrum of the cobalt-substituted form (Co-Fur) presents two main bands at 660 nm and
540(br) nm withε540 nm ) 65 M-1 cm-1. The EPR spectrum gives the followingg values: gx ) 5.0(5),
gy ) 4.0(2), andgz ) 2.3(1), which are in accordance with a nearly axial (E/D < 0.11) site. The value
of 55 cm-1 for the splitting (∆) between the ground and the first excited state has been derived from an
EPR saturation study and is in agreement with magnetization data. The EXAFS data of Co-Fur indicate
a metal environment comprising five nitrogen/oxygen atoms at 2.11 Å, the absence of sulfur, and the
presence of histidines as ligands.1H NMR of Co-Fur in H2O and D2O shows at least two exchangeable
signals coming from histidine NH protons and shows the signature of carboxylate group(s). The combined
spectroscopic data allow us to propose that the main metal site of Fur in Co-Fur contains at least two
histidines, at least one aspartate or glutamate, and no cysteine as ligands and is in an axially distorted
octahedral environment.

Fur1 is a metalloregulatory protein involved in the regula-
tion of almost all bacterial genes related to the iron uptake
in Gram-negative bacteria such asE. coli (1). Iron is essential
to almost all living cells. The pathogenicity of many bacterial
diseases depends strongly on the availability of iron, often
via a siderophore-mediated uptake process (2). As a matter
of fact, a real competition occurs between the bacteria and

their host for iron acquisition (3), and to win this competition
bacteria have developed sophisticated systems (4, 5). Syn-
thesis of siderophores is one of the best known systems.
Siderophores are small molecular weight molecules which
have extremely high affinity for ferric iron (6, 7). The
bacteria synthesize and secrete the siderophore in the outside
medium. After recognition by specific receptors on the
bacterial membranes, the iron-siderophore complexes can
be internalized through multiprotein complexes (8). It is
proposed that the reduction of iron helps its liberation from
the siderophores (9). After reduction, the ferrous iron can
be incorporated in storage proteins and iron-containing
enzymes or proteins. This iron uptake system must, however,
be very carefully regulated since ferrous iron is potentially
toxic and ferric iron is highly insoluble ([Fe(III) soluble]<
10-17 M). The control of the intracellular iron concentration
in bacteria such asE. coli is done at the level of the iron
uptake inside the cell (10), and Fur is the key protein for
this regulation (11). Fur has been proposed to bind iron, in
vivo, as a corepressor and then to act as a negative regulator
via sequence-specific protein-DNA interactions at the
promoter regions of Fur-regulated genes (12). There is a
consensus 19 bp palindromic DNA sequence called the ‘iron
box’ which is specifically recognized by the iron-bound Fur
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(13, 14). When there is enough iron in the cell, Fe(II)-Fur
binds DNA and inhibits the synthesis of siderophores and
proteins involved in iron uptake. Scheme 1 summarizes the
regulation of iron uptake by Fur in Gram-negative bacteria.
In fur mutant strains, bad control of the iron concentration
results in iron overload and the apparition of oxidative stress
and DNA damage (15). In cases of iron starvation, the Fur
protein probably loses its iron and becomes inactive, allowing
the expression of the genes coding for the synthesis of
proteins involved in iron uptake. The metal binding site is
proposed to be in the C-terminal part of the protein and the
DNA binding site in the N-terminal domain (16, 17). When
the metal is bound, a conformational change is proposed to
allow the binding of the N-terminal part of the protein to
the DNA. The C-terminal domain also contains the dimer-
ization site (17). It has recently been shown that the type of
the DNA-Fur protein interaction is unique (18).

Bagg et al. (12) described that all first-row divalent metal
ions could, with varying degrees of efficiency, cause Fur to
bind the operator. In vivo, Mn, Fe, and Co (but not Zn) were
able to activate the protein, and in vitro Fe, Mn, Co, Cd,
Cu, and Zn could activate the protein (12, 13, 19). The
affinity constants of Fur for these dications vary from 10 to
100 µM depending on the literature. Equilibrium dialysis
experiments showed that Fur binds 2 Mn and 2.3 Cd per
monomer on Fur (16).

A few spectroscopic studies of Fur have been performed
using NMR, UV-visible, and EPR spectroscopies (20-24).
Hamed et al. (23, 24) described the electronic absorption
and EPR studies of the protein substituted with Mn, Fe, Co,
and Cu. They concluded to a single metal binding site per
monomer of Fur for Fe or Mn with an octahedral environ-
ment of the iron. They also found from UV-visible studies
a tetrahedral environment for the Co site with coordinating
sulfur atoms and up to six binding sites per monomer. The
EPR study of Cu-Fur showed the existence of two different
environments: a major one (type 2,A ) 156 G), axially
distorted and bound to N and O; and a minor one (type 1,A
) 75 G), tetrahedrally distorted and involving sulfur
coordination (24). Histidines and cysteines are well conserved
in the sequences of the Fur proteins reported in the literature
(17), and those found in the GenBank database. Then, they
are putative ligands of the metal ions. Mutation studies on

several of the 12 histidines present in the sequence give a
partial loss of activity, and mutation of 2 of the 4 cysteines
(cysteines 92 and 95) to serine results in a complete loss of
activity (25). The four cysteines are grouped in two pairs
(C92-X2-C95 and C132-X4-C137) with a spacing remi-
niscent of the one observed in the sequences of zinc finger
containing proteins (26). Fur also has a tight binding zinc
site, since we found that apo-Fur and Co-Fur contain 0.5-
0.8 Zn atom per monomer as measured by ICP analysis (27).
The XAS analysis of this zinc site has showed a tetrahedral
environment for the zinc atom with two sulfur donor ligands
at 2.3 Å (cysteines 92 and 95, unpublished results) and two
N/O donor ligands at 2.1 Å, one of them at least being a
histidine (28).

To better characterize the metal binding site(s) responsible
for the activity and to understand the mechanism of action
of Fur at a molecular level, the preparation of manganese-
and cobalt-substituted Fur has been achieved. Since they
activate the protein, the cobalt and the manganese are likely
to bind at the same site as iron, and these ions can be used
as spectroscopic probes of the metal environment. Several
spectroscopies (UV-visible, EPR,1H NMR, and XAS) have
been used to study the properties of cobalt- and manganese-
substituted Fur. The electronic properties of the cobalt(II)
ion are very dependent on the symmetry of its environment
owing to the intervention of spin-orbit coupling. It has
therefore often been used as a spectroscopic probe in many
reconstituted metalloproteins (29) where it was exchanged
for the native metal, zinc(II) in particular. The d-d transitions
in the electronic absorption spectra can be readily interpreted
in terms of tetrahedral vs octahedral geometries while intense
ligand-to-metal charge transfer bands are associated to
specific ligands such as thiolates. Furthermore, magnetic
spectroscopies such as EPR and NMR also provide informa-
tion on the number and the types of ligands bound to the
cobalt. Our results suggest the presence of one well-defined
metal binding site per monomer of Fur with an axially
distorted octahedral environment comprising at least two
histidines and one aspartate or glutamate but no sulfur-
containing residues (cysteine/methionine) as ligands.

EXPERIMENTAL PROCEDURES

OVerproduction and Purification of Fur.The T7 RNA
polymerase/promoter system was used to overproduce the
Fur protein fromEscherichia colias previously described
(30). Fur was purified as previously described (31) but with
some modifications (27). The first one concerns the addition
of trypsin-chymotrypsin inhibitors (from Sigma) at 10
mg‚L-1 together with EDTA at 20 mM, PMSF at 1.38 mM,
and pepstatin at 5.8µM in the extraction buffer (0.1 M
MOPS buffer at pH 8 containing 10% w/v sucrose and 10%
v/v glycerol) in order to avoid proteolysis. The second
modification is the addition of a second step of purification
following the chelating Zn-iminodiacetate column with gel
filtration on Superdex 75 (Pharmacia) in 0.1 M Tris/HCl at
pH 8 (5 °C) containing 0.1 M KCl. Before this second step
of purification, treatment with 20 mM EDTA for 30 min at
4 °C was performed on the regrouped fractions collected
from the chelating column. Precipitation at 80% ammonium
sulfate saturation was run overnight before solubilization of
the protein in 2 mL of 0.1 M Tris/HCl at pH 8 (5°C)
containing 0.1 M KCl with 10% v/v glycerol and loading

Scheme 1: Schematic Representation of the Regulation by
Fur in Gram-Negative Bacteria Such asE. colia

a In the presence of an excess of iron, this excess is bound by the
Fur protein which becomes activated. The active Fe-Fur binds the DNA,
and then inhibits the expression of the genes involved in the iron uptake.
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on the gel filtration column. The samples collected from the
gel filtration were concentrated, and 10% v/v glycerol was
added. They were then stored in liquid nitrogen and constitute
the apo-Fur samples.

Protein Concentration Measurements.Proteins concentra-
tions were determined spectrophotometrically using an
absorption coefficient at 275 nm of 0.4 mg-1‚mL‚cm-1 (31)
for one monomer of pure apo-Fur.

ESI-MS.The purity of the apoprotein was checked using
mass spectrometry under denaturating conditions. ESI-MS
was performed using a SCIEX API III+ triple quadrupole
mass spectrometer (Perkin-Elmer Sciex) equipped with a
nebulizer-assisted electrospray (ionspray) source and has
been recently described (27).

ActiVity Assay.The capacity of metal-substituted Fur to
bind DNA was checked using a gel retardation assay. These
experiments were performed by incubating a 25 bp32P end-
labeled oligomer containing the iron box consensus sequence
(sequence of one strand: 5′ GGGGATAATGATAATCAT-
TATCGGG 3′) in nanomolar concentration with Fur samples
(µM) in the presence of 100µM MnCl2 (unpublished results).

Metal Incorporation.Cobalt incorporation in apo-Fur was
followed by the appearance of a band at ca. 540 nm (ε540 nm

) 65 M-1 cm-1) in the UV-visible spectrum recorded on a
Lambda 9 Perkin-Elmer spectrophotometer or on a Hewlett-
Packard diode array spectrophotometer by adding small
amounts of Co(SO4)2. Metal (Co, Mn, and Zn) quantifications
were obtained by analysis using inductive coupling plasma-
atomic emission spectroscopy (ICP-AES) on a Fisons
‘maxim type’ analyzer. The incorporation of manganese was
followed by EPR measurements at room temperature on a
Varian E-Line Century Series by adding small amounts of
MnCl2 to a 3.1 mM Fur solution in Tris/HCl buffer at pH
8.0 as described in the literature for manganese incorporation
in ribonucleotide reductase (32). The evaluation of the free
manganese in our protein samples was done by comparison
of the peak to peak height of the signal with those of standard
MnCl2 aqueous solutions.

Low-Temperature EPR Studies.Low-temperature EPR
spectra were recorded on a Varian E109 spectrometer
equipped with an Oxford Instruments ESR-9 continuous-
flow helium cryostat. Co(NO3)2‚6H2O was used as EPR
standard. Quantification was done by double integration for
the study of the cobalt-substituted protein samples. The
saturation behavior of theg ≈ 4.1 signal was followed
measuring the variation of the peak to peak amplitude
normalized as a function of the logarithm of the incident
microwave power. Measurements were performed with an
incident power from 0.002 to 200 mW at several tempera-
tures from 4.2 to 20 K. At 4.2 K, the saturation appears very
quickly with increasing power, while at 20 K the signal
cannot be completely saturated even with 200 mW power.
These facts shortened the range of data analyzable. Experi-
mental points were fitted by the equation:

whereA is a constant here equal to 1 due to the normaliza-
tion, Sis the height of the normalized signal,P is the incident
power, b is the constant characterizing the broadening
mechanism (b is the slope of the asymptote of the curves at

high power), andP1/2 is the power for which the saturation
factor is equal to 0.5 (logP1/2 is given by the intersection of
the asymptotes of the curves at high and low power). The
determination ofP1/2 was done at several temperatures from
4.2 to 20 K to delineate the temperature range in which the
mechanism of spin-lattice relaxation corresponds predomi-
nantly to the Orbach process. To ensure that-∆/k can be
considered as the slope of lnP1/2 ) f(1/T) in the Orbach
domain (which is the linear domain), the following points
were verified: (i) at high power, theb values and (ii) the
shape of the signal were invariant over the studied temper-
ature range; and (iii) at nonsaturating power, the line width
of the signal was independent of the temperature. In such
conditions,P1/2 would vary as 1/T1 (T1 is the spin-lattice
relaxation time) with 1/T1 ) B/[exp(∆/kT) - 1], for an
Orbach process, wherek is the Boltzmann constant andB
depends on a characteristic coefficient of the spin-phonon
coupling of the medium and∆3. (iv) If ∆ . kT, thenP1/2 ∝
(1/T1) ∝ [exp(-∆/kT)] (55 and references cited therein).

Magnetization Measurements.After concentration to 130-
150 µL in a deuterated buffer, the samples were deaerated
under argon and 115µL was transferred into a quartz sample
bucket within a glovebox under argon as previously described
(33). Just coming out from the glovebox the samples (under
argon in a small container) were frozen in liquid nitrogen
and introduced in the magnetometer. The magnetization
measurements were performed with a SHE 900 SQUID
magnetometer operating at six fields between 0.5 and 5 T
in the 5-200 K temperature range. The magnetization of
the protein was obtained by subtraction of the buffer
magnetization measured in the same conditions according
to the general procedure outlined by E. P. Day (34). The
molar susceptibility was calculated by dividing the magne-
tization by the molarity and the magnetic field when allowed
by the theory.

NMR Experiments. The proton NMR spectra of Co-Fur
were acquired on a Varian Unity NMR spectrometer at 400
MHz at 298 K. 1D NMR experiments were performed using
the superWEFT pulse sequence (180°, ta, 90°, tb) (35) or by
presaturating the water resonance in order to suppress the
water signal. A total of 16 K data points were collected over
a 80 kHz spectral width. Different delays (ta from 30 to 60
ms andtb from 50 to 80 ms) were used to optimize the
detection of the fastest relaxing signals. The recycle times
used in this study were from 200 to 300 ms. Linear prediction
and line broadening (50 Hz) were applied to the FIDs prior
to Fourier transformation. An average of 30 000 scans were
recorded for each experiment. The water signal at 4.8 ppm
was used as the chemical shift reference for the isotopically
shifted resonances in all the1H NMR spectra. The Co-Fur
samples were prepared as described above (see Metal
Incorporation). The samples in H2O buffer were concentrated
to 1-3 mM by the use of Centricon-10 (Amicon), and those
in D2O buffer were prepared by exchange on biospin systems
(Biorad) and/or by dilution/concentration cycles on Centri-
con-10.

XAS Experiments at the Cobalt K-Edge. (A) XAS Sample
Preparation.The reference compounds have been selected
for their chemical environment as close as possible from that
found in proteins and with a coordination number varying
from 4 to 6. Table 1 reports the list of compounds and the
experimental conditions for the XAS experiments. Com-

log(S/xP) ) A - (b/2) log(1+ P/P1/2)
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pounds2, 4, 10, and 11 were synthesized according to
published procedures [compound2, (36); compound4, (37);
compound10, (38, 39); compound11, (40)], but their crystal
structures differed from those previously described and have
been solved by X-ray diffraction techniques: compound2:
hexagonal space groupP6/mcc, a ) b ) 13.31630(10) Å,c
) 21.2040(4) Å, V ) 3256.23(7) Å3, all Co-N bond
distances 2.135(3) Å; compound4: monoclinic space group
C2/c, a ) 12.4294(11) Å,b ) 11.0246(9) Å,c ) 14.3292-
(12) Å, â ) 107.6510(10)°, V ) 1871.1(3) Å3, Co-N bond
distances 2.108(2), 2.108(2), 2.179(2), 2.179(2) Å, Co-O
bond distances 2.178(2), 2.178(2) Å; compound10: ortho-
rhombic space groupPccn, a ) 8.9541(2) Å,b ) 9.46620-
(10) Å, c ) 22.4304(4) Å,V ) 1901.23(6) Å3, Co-S bond
distances 2.3119(5), 2.3119(5), 2.3289(5), 2.3290(5) Å;
compound11: monoclinic space groupP2(1)/n, a ) 7.9685-
(3) Å, b ) 11.8701(3) Å,c ) 11.4731(4) Å,â ) 105.4120-
(10)°, V ) 1046.18(6) Å3, Co-N bond distances 2.010(2),
2.013(2) Å, Co-Cl bond distances 2.2503(7), 2.2631(7) Å.
Compounds1 and3 were specially synthesized for this study,
and their structures have been solved by X-ray diffraction
techniques: compound1: triclinic space groupP-1, a )
8.828(2) Å,b ) 9.034(3) Å,c ) 10.669(3) Å,R ) 75.42-
(2)°, â ) 83.13(2)°, γ ) 62.73(2)°, V ) 731.9(3) Å3, Co-N
bond distances 2.163(2), 2.163(2), 2.187(2), 2.187(2), 2.194-
(2), 2.194(2) Å; compound3: tetragonal space groupP4-
(2)/n, a ) b ) 13.5569(4) Å,c ) 9.1426(4) Å, V )
1680.31(10) Å3, Co-Cl bond distances 2.477(2), 2.477(2)
Å, Co-S bond distances 2.5123(13), 2.5124(13), 2.5590-
(13), 2.5590(13) Å. Compounds5-9, 12, and13were kindly
provided by J. A. Larrabee (41).

Two protein samples have been prepared, both containing
a stoichiometric amount of cobalt in 0.1 M phosphate, pH
8, and 10% v/v glycerol buffer for the Co-Fur1 sample and
in 0.1 M Tris/HCl, pH 8, containing 10% v/v glycerol for
the Co-Fur2 sample; 10% v/v glycerol was always added to
the samples in order to avoid the presence of diffraction
signals in the XAS spectra. The samples were brought to
100µL by concentration using Centricon 10 (Amicon). The
final concentration in the protein was 9 and 11 mM for Co-
Fur1 and Co-Fur2 samples, respectively. The sample cell
was designed specifically for fluorescence measurements as
described in ref28.

(B) XAS Measurements.The X-ray absorption spectra of
reference compounds and of protein samples were recorded
at the European Synchrotron Radiation Facility (ESRF,
Grenoble) on the Collaborative Research Group IF BM 32
beamline equipped with a double-crystal monochromator of
Si(111). The harmonics rejection was done with the use of
first a nickel-coated mirror and second a double-platinum-
coated mirror. Energy resolution of the monochromator was
∆E/E ) 2 × 10-4. Energy calibration for reference com-
pounds was accomplished by using a Co foil as an internal
standard and assigning the energy of the derivative maximum
of its absorption spectra at 7709 eV. Energy calibration for
protein samples was accomplished on reference compounds
7 and8. The two protein samples have been studied at the
Co K-edge up to 14 Å-1 k values in the fluorescence mode
at 77 K. TheKR fluorescence was measured with a multi-
element solid-state Canberra detector (5 elements). The
counting time varied from 3 s in thepreedge region to 10 s
at 14 Å-1 for a total integration time of 35 min per scan. An
average of 7 scans were recorded. Reference compounds
have been investigated up to 16 Å-1 in the transmission mode
at 77 K.

Data Analysis.Data analysis was made as previously
described (28) with the SEDEM software package (42). All
E0 values were arbitrarily chosen at 7720 eV, the value of
the maximum of the spectrum derivative of protein samples.
The protein curve fitting was then realized on the Fourier-
filtered first shell between 0.8 and 2.3 Å weighted by the
statistical noise (28, 42). As a measure of the sample
integrity, we compared the absorption spectra measured for
the first and the last scan of each sample. No spectral changes
were observed over the course of the data collection,
indicating that no change is occurring in the metal center.

Extraction of the Structural Parameters.The structural
parameters were obtained as described earlier (28). Ab initio
calculations have been performed with the FEFF 6.01 code
(43) for a single absorber-scatterer pair Co-N at 2.13 Å
distance and a single Co-S interaction at 2.51 Å. The
reduction factorS0

2 and the energy shift∆E0 (shift in E0

from 7720 eV) were calibrated by fitting model compounds
1-3 and8-10, which contain a single type of scatterer with
a weak bond disorder in the first coordination shell (except
compound3) and whose X-ray structures have been solved.

Table 1

no. compound name first shell
normalized area of

prepeak [×10-2 eV] T (K) ref

1 [Co(imidazole)6]Cl2 N6 4.3(1) 77 this work
2 [Co(2,2′-bipyridine)3]Cl2 N6 2.1(1) 77 this work
3 Co(thiourea)4Cl2 S4Cl2 2.5(1) 77 this work
4 [Co(imidazole)4(H2O)2]Cl2 N4O2 4.9(1) 77 this work
5 CoL1NO3

L1 ) [HB(3-tert-butylpyrazole)3]
N3O2 11.9(2) 77 (41)

6 CoEt4dienCl2 N3Cl2 9.1(3) 77 (41)
7 [Co(Me6tren)NCS]NCS N4N′ 14.4(6) 77 (41)
8 Co(2-methylimidazole)4(BF4)2 N4 24.6(6) 77 (41)
9 Co(B(3-isopropylpyrazole)4)2 N4 24.2(2) 77 (41)

10 [Co(thiourea)4](NO3)2 S4 13.7(1) 77 this work
11 Co(imidazole)2Cl2 N2Cl2 21.0(1) 77 this work
12 Co(L2)(Cl)

L2 ) [HB(3-isopropyl-4-bromopyrazole)3]
N3Cl 20.5(2) 77 (41)

13 Co(thiourea)3SO4 S3O 16.8(6) 77 (41)
Co-Fur1 ? 7.1(3) 77 this work
Co-Fur2 ? 7.1(1) 77 this work
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Ni was held fixed, andRi andσi
2 were optimized. The optimal

values obtained wereS0
2 ) 0.70 and∆E0 ) -3.5 eV for

the absorber-scatterer pair Co-N andS0
2 ) 0.85 and∆E0

) -3.0 eV for Co-S.
To check the validity of parameters∆E0 andS0

2 calibrated
from homogeneous references, they were held fixed at their
optimal values to extract the structural parameters for
compounds4-7 and11-13which have mixed environments
of light atoms (N/O) or mixed environments of light atoms
and heavy atoms (N/O and S/Cl) around the cobalt ion. Then,
for protein samples,∆E0 and S0

2 were held fixed at the
calibrated values, and the three parametersNi, Ri, and σi

2

were deduced for each shell. SinceNi andσi
2 are strongly

correlated,Ni was held fixed to chemically reasonable integer
values, and onlyRi andσi

2 were optimized. The goodness
of the fit is given by the fit index FI:

with σi
2 the term related to the noise at each point.

Extraction of the 1sf 3d Transition.The preedge peak
before the edge absorption is due to the 1sf 3d transition.
To compare and to study these transitions, Roe et al. (44)
have proposed to extract them from the absorption spectrum
and to integrate the obtained areas. The 1sf 3d transitions
were isolated by subtracting an appropriate background
which was determined by fitting an arctangent function to
the normalized spectra below and above the 1sf 3d
transition. The normalization has been done with respect to
the height of the absorption jump at the edge energy. The
edge energy has been determined from the maximum in the
first derivative of the edge. Fits were realized over the range
7700-7705 and 7713-7716 eV. The 1sf 3d areas were
calculated by numerical integration over the range 7705-
7713 eV.

RESULTS AND DISCUSSION

(A) Purification and Characterization of the Apoprotein

The Fur protein is purified from an overproducing strain
of E. coli. To avoid proteolysis, several inhibitors were added
to the extracts (see Experimental Procedures). Upon gel
filtration on Superdex 75, we observe a mixture of two
species corresponding to the Fur dimer and monomer (data
not shown). These two forms are not in equilibrium and can
be separated. The molecular masses obtained in denaturing
conditions by mass spectrometry for the two species are
identical which indicates no additional covalent modifications
for both species. From the gene sequence analysis (45), an
average mass of 16 795 daltons was calculated. The molec-
ular masses of 16 663( 4 and 16 793( 4 daltons obtained
upon ESI-MS under acidic denaturing conditions correspond
to the N-terminal methionine-excised form or nonexcised
form of Fur apomonomer, respectively (27). All spectro-
scopic studies were performed on the dimeric form of apo-
Fur. The presence of the methionine residue in part of our
protein samples does not seem to have an effect on the
activity since the gel retardation assays of our samples are
almost identical to that obtained with the protein purified
by the group of Neilands (data not shown).

The cobalt- and manganese-substituted forms were able
to bind the 25 oligomer DNA containing the consensus iron-
box sequence during the gel retardation assay (data not
shown).

As we have shown earlier by ESI-MS, there is no covalent
change in the protein upon metal incorporation, and metalated
forms of Mn-Fur were observed by mass spectrometry in
soft conditions (27). From EDTA treatment of the cobalt-
and manganese-substituted protein samples, the apoform of
the protein is recovered rapidly (minutes range).

(B) Co-Fur

UV-Visible Spectroscopy.Cobalt(II) is often used as a
probe of metal binding sites owing to its magnetic and optical
properties which inform on the geometry of the site (29, 46).
Three transitions can be observed for octahedral or pseu-
dooctahedral species:ν1, 4T1g(F) to 4T2g; ν2, 4T1g(F) to 4A2g;
andν3, 4T1g(F) to 4T1g(P). ν1 is located in the near-infrared
(6500-10 500 cm-1), andν3 is around 15 500-20 000 cm-1.
Theν2 transition often appears as a shoulder on theν3 band
(47). For tetrahedral species, two transitions can be ob-
served: ν1 is located in the near-infrared (5000-11 000
cm-1), corresponding to the4A2 to 4T1(F) transition (two-
electron jump) andν2 is in the visible region (13 500-19 500
cm-1), corresponding to the4A2 to 4T2(P) transition. Empiri-
cal observations for Co2+ complexes with well-defined
coordination spheres suggest that the extinction coefficient
of the more intense ligand field band can be used as an
indicator of the coordination number (48-50): in a four
coordinate site, the extinction coefficient is more than 300
M-1 cm-1, as observed in Co2+-substituted carbonic anhy-
drase (51); in a five-coordinate site, the extinction coefficient
is below 300 M-1 cm-1; and in a six-coordinate site, the
extinction coefficient is close to 50 M-1 cm-1. However, it
should be kept in mind that the type of ligands can influence
the absorption spectra and the absorption coefficients.

Cobalt-containing Fur (Co-Fur) was prepared by adding
Co2+ to the protein solution, and the incorporation of the
metal into the protein was followed by UV-visible spec-
troscopy since Co2+ salt in solution gives only very weak
absorptions [the extinction coefficient of Co(II)-sulfate in
H2O at 510 nm is ca. 5 M-1 cm-1], contrary to protein-bound
cobalt(II) ions.

When Co(SO4)2 salt is added to an apo-Fur solution,
several bands appear at 540 nm (18 500 cm-1), at 480 nm
(20 800 cm-1), and at 660 nm (15 150 cm-1) (see Figure 1).
The maximum absorption is reached at ca. one cobalt per
monomer. Beyond 1 equiv, two new features appear around
350 and 720 nm. Unfortunately, adding more than 1.5 equiv
is precluded by the precipitation of the protein. After three
dilution-concentration cycles on Centricon 10, no change
of absorption is observed compared to the spectrum obtained
after addition of a stoichiometric amount of cobalt. The
extinction coefficient value is deduced from the slope of the
increase of the absorption as a function of the concentration
of the cobalt(II) added (data not shown). The extinction
coefficient obtained for Co-Fur at 540 nm is 65 M-1 cm-1.

The weak features between 450 and 700 nm correspond
to Co(II) d-d transitions and are more characteristic of a
hexacoordinated Co2+. The multiple structure observed
around the 510 nm band can be attributed, in the case of

FI ) ∑
i

[k3ø(ki)exp - k3ø(ki)cal]
2

σi
2 /∑i

ø2(ki)exp

6252 Biochemistry, Vol. 38, No. 19, 1999 Adrait et al.



axially distorted octahedral symmetry, to the splitting of the
4T1g(P) excited state (Oh symmetry) into4A2g(P) and4Eg(P)
states (52, 53). Assuming anOh symmetry in first ap-
proximation, the main bands centered at 510 and 660 nm
observed for Co-Fur can then be assignedν3: [4T1g(F) to
4T1g(P)] andν2: [4T1g(F) to 4A2g], respectively. Assuming
no covalency, the crystal field parameters can be evaluated
from the Tanabe-Sugano diagram for a d7 ion knowing the
energy ratioν3/ν2 of the two transitions. A value of 10 Dq
≈ 7700(200) cm-1 was deduced withB ≈ 900 cm-1. ThisB
value is different from theB0 value of 970 cm-1 for the free
cobalt(II) ion due to covalent effects. The small value of
the crystal field is compatible with an N and/or O environ-
ment of the cobalt (48). The value of 65 M-1 cm-1 obtained
for Co-Fur at 540 nm is in accordance either with a penta-
or with a hexacoordinated site.

Sulfur donor ligands have been shown to enhance the
molar absorptivity of six-coordinate Co(II) d-d transitions
(46, 54). Therefore, the absence of absorption around 350
nm suggests the absence of a S-to-Co(II) ligand-to-metal
charge transfer (LMCT) transition (54) and consequently the
absence of cysteine as ligand. However, the apparition of
such a feature in this region (350 nm) upon addition of more
than 1 equiv of cobalt per monomer may indicate of the
possibility for cobalt to bind Fur at a second, minor site
which contains sulfur ligand(s), possibly the zinc binding
site (28).

On the basis of these criteria, the electronic properties of
Co-Fur are in accordance either with a penta- or with a
hexacoordinated species. The presence of sulfur-containing
ligand seems unlikely but cannot be totally excluded. The
results are clearly in contradiction with the conclusion from
Hamed, who proposes a tetrahedral binding site containing
sulfur ligands for cobalt(II) (23).

EPR Spectra of Co-Fur.The EPR spectra of the high-
spin (S ) 3/2) Co2+ complexes are extremely sensitive to
the coordination environment, but the observedg-values do
not in themselves provide a means of discriminating between
four-, five-, or six-coordination. The magnitude of the
splitting between the ground state and the first excited state
(∆ value) is sensitive to the structure of the high-spin metal
ion and depends on the symmetry and the strength of the
ligand field. ∆ has been empirically correlated to the
coordination number by Makinen et al. (55) and Larrabee et
al. (41).

The low-temperature EPR spectrum of Co-Fur is shown
in Figure 2 and is constituted by a broad signal with two
apparentg-values one atgx,y ≈ 4.1, and one atgz ≈ 2.3. The
simulation of the spectrum assuming an effective spinS′ )
1/2 gives three effectiveg-values: gx ) 5.0(5),gy ) 4.0(2),
andgz ) 2.3(1). The different set ofg-values obtained from
the simulations were compared with the theoretical one
derived from the rhombograms (56). All the sets ofg-values
in accordance both with the simulation of the EPR spectra
and with the rhombograms gave anE/D ratio below 0.11
andgreal ≈ 2.3(1). Using Co(NO3)2‚6H2O as a standard, the
EPR signal was integrated to 1 mol of Co2+ per mole of Fur
monomer, which is in excellent agreement with the atomic
absorption measurements. The saturation behavior of the
apparentg ≈ 4.1 component at 6.8, 7.6, 8.2, 9.6, and 10.1
K is shown in Figure 3a. P1/2 was determined by fitting the
experimental points. The plot of lnP1/2 as a function of 1/T
gives directly the∆ value in the Orbach domain as shown
in Figure 3b. A∆ value of 55 cm-1 has been obtained. In
the condition of our EPR measurements,∆ can only be
underestimated because we were unable to reach power
higher than 200 mW and then at high temperature we could

FIGURE 1: UV-visible spectrum of Co-Fur at 0.53 mM in Tris/
HCl buffer at 0.1 M with 10% glycerol, pH 8, after addition of 1
equiv of cobalt per Fur monomer. The spectrum has been corrected
by subtracting the contribution of the apoprotein. The signal marked
by an asterisk corresponds to an artifact due to the spectrophotom-
eter.

FIGURE 2: EPR spectrum of Co-Fur at 1.8 mM in phosphate buffer
at 50 mM, pH 7.5. EPR conditions: microwave frequency 9.655
GHz; power 0.1 mW; modulation amplitude 10 G; modulation
frequency 100 kHz; temperature 9.2 K. The small signal observed
aroundg ) 2 corresponds to a copper(II) impurity.

FIGURE 3: (a) Saturation curves of the normalizedg ≈ 4.1 signal
as a function of the power at several temperatures. (b) lnP1/2 as a
function of 1/T for the determination of∆ in the Orbach domain.
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only overestimate the slope of the asymptote for theP1/2

determination, consequently underestimating theP1/2 value.
We did not observe any change in the shape of the signal
over these power and temperature ranges of measurements.

The analysis of the EPR spectrum of Co-Fur givesg-values
and anE/D range which are characteristic of an almost axial
cobalt(II) species. Furthermore, the absence of any change
in the shape of the signal over these power and temperature
ranges of measurements suggests the presence of a single
cobalt site.

The splitting between the ground state and the first excited
state (∆ value) has been empirically correlated to the
coordination number by Makinen et al. (55): the range of
∆ values is found to be<13 cm-1 in tetracoordinated sites,
in the range of 20-50 cm-1 in pentacoordinated sites of
trigonal-bipyramidal or square-pyramidal geometry, and
g50 cm-1 in hexacoordinated sites (57). This empirical
correlation between∆ and the coordination number has
recently been largely discussed by Larrabee et al. (41) and
shows an overlap in the∆ values for four- and five-
coordinated Co(II) compounds. The∆ value obtained for
Co-Fur is superior or equal to 55 cm-1. This is just between
the values described for pentacoordinated sites of trigonal-
bipyramidal or square-pyramidal geometry and hexacoor-
dinated sites. Then, in Co-Fur the tetracoordination can be
clearly ruled out.

The EPR data on Co-Fur suggest that the cobalt ion is
high-spin with an axial environment and a penta- or
hexacoordinated geometry, more probably hexa since the∆
value could be only underestimated.

Magnetization of Co-Fur.The magnetization of Co-Fur
may provide information about the spin state of the cobalt
ion, theg and∆ (λ or D) values, the coordination number,
and the geometry of the site. Banci et al. (48) described an
empirical correlation between the effective magnetic moment
values at room temperature and the various coordination
environments observed in cobalt(II) complexes: 2.84-
3.65 cm3‚K‚mol-1 for octahedral coordination, 2.29-3.21
cm3‚K‚mol-1 for square-pyramidal coordination, 2.27-3.16
cm3‚K‚mol-1 for trigonal-bipyramidal coordination, and
1.98-2.90 cm3‚K‚mol-1 for tetrahedral coordination.

At high temperature, the sixøT ) f(T) curves correspond-
ing to the six studied fields are almost superimposed and
tend to the value of 2.8 cm3‚K‚mol-1 (Figure 4). On the other

hand, when the temperature decreases, the six curves
decrease but atT < 30 K they are no longer superimposed;
the high-field curves decrease more rapidly than the low-
field ones. The lack of a real plateau at high temperature
and the value oføT at 200 K, which is much larger than the
spin-only value of 1.875 cm3‚K‚mol-1 (S ) 3/2), are due to
an important orbital contribution to the magnetic moment.
Moreover, a graph representing the magnetization vsâH/kT
for the six fields (data not shown) illustrates the nesting of
the curves which is characteristic of the occurrence of a zero-
field splitting effect. This magnetic behavior is consistent
with a 4T1g octahedral ground-state split by a low symmetry
ligand field and spin-orbit coupling (53).

The important orbital contribution makes the system more
difficult to analyze as mentioned elsewhere (48, 58). The
aim of the following series of simulations was to check the
validity of the energy gap∆ andgreal values deduced from
the EPR study. Attempts to simulate the experimental data
with these two parameters introduced in an equation repre-
senting the4T1g term under the action of spin-orbit coupling
and magnetic field (59) were unsuccessful. Attempts to fit
the data with a Hamiltonian taking into account the additional
perturbation of a tetragonal crystal field component (59) are
in progress.

Nevertheless, the tetragonal distortion component should
be much larger than the zero-field splitting and the electronic
Zeeman effect. Indeed, its effect is seen in the UV-visible
spectrum where the4A2g and 4Eg terms issued from the
4T1g(P) level are separated by ca. 2300 cm-1. Furthermore,
the low symmetry can quench the orbital moment at the
ground state, and the system can be accounted for with the
use of a simple spin Hamiltonian (60):

with S) 3/2. Assuming thatg̃ andD̃ have the same principal
axes, the tensor is axial, andE ) 0, the perturbation method
at first order gives the energy of the four levels forHB parallel
to zandHB perpendicular toz. If g⊥âH , D, these expressions
are simplified and we can derive the equations ofø| [with
the condition (3/2)g|âH , kT] and ø⊥ (with the only
conditiong⊥âH , kT in our case) (60). The experimental
data satisfying all the previous conditions were well simu-
lated by the functionø ) (ø| + 2ø⊥)/3 with the parameters
greal ) 2.45 andD ) 32.5 cm-1 close to those obtained by
EPR (Figure 4). The simulated curve at 300 K gives a value
of øT of 2.8 cm3‚K‚mol-1.

Although the strict use of Banci’s correlation (48) does
not allow the geometry of the cobalt to be determined, the
magnetization data of Co-Fur are compatible with a high-
spinS) 3/2 cobalt(II) ion in a distorted octahedral environ-
ment.

1H NMR of Co-Fur. NMR spectroscopy of proteins
containing a paramagnetic metal center is a powerful
technique for the detection of ligand binding, ligand-induced
conformational changes of the protein, or ionizations near
the metal site (61). The relatively short electronic relaxation
time of the cobalt(II) ion (10-12 s) leads to relatively well-
resolved, isotropically shifted resonances in1H NMR spectra
of cobalt(II) proteins and complexes.

The NMR experiments of Co-Fur samples were done at a
millimolar concentration range. The homogeneity of the

FIGURE 4: Plot of the product of molar magnetic susceptibility by
temperature (øT) versus temperature for the Co-Fur sample at 2.6
mM in deuterated phosphate buffer at 50 mM, pH 7.5. The solid
line is the simulation obtained withgreal ) 2.45,D ) 32.5 cm-1.
A correction of concentration (0.8) and a diamagnetic and ferro-
magnetic contribution (0.0112 cm3‚K‚mol-1) were simulated and
subtracted from the results.

H ) ŜD̃Ŝ+ âHBg̃Ŝ
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samples was followed on SDS-PAGE because an unex-
plained proteolysis occurred after a long time exposition in
the spectrometer. All the spectra presented in this study have
been acquired on nonproteolyzed protein samples. ESI-MS
study of the proteolyzed samples showed that the protein
was cleaved mainly after alanine 10. The incorporation of
the cobalt was followed by UV-visible spectroscopy as
described under Experimental Procedures, and Figure 5
presents the1H NMR full spectrum of Co-Fur acquired at
298 K in H2O-buffered solution. Several signals are observed
between-40 and 80 ppm with large line widths character-
istic of protons at 3-4 Å from the metal center. The CâH2

of cysteine, CεH, CδH, CâH2 ,NδH, or NRH protons of
histidine, and CRH, CâH2 protons of aspartate or CγH2 and
CâH2 of glutamate are good candidates for these signals (62).

Four resonances are present at 30, 44, 65, and 85 ppm,
the latter two being very broad and weak. Equilibration in
D2O causes the disappearance of the 30 and 44 ppm
resonances. The signal at 65 ppm is not present in D2O, and
the signal at 85 ppm appears weakly; nevertheless, owing
to their low intensity in H2O, these signals can have been
broadened beyond detection since spectra recorded in D2O
are less resolved than those in H2O. No signal is observed
above 90 ppm. Nonexchangeable resonances are observed
at -20, -15, 18, 21, and 23 ppm. NOE experiments
employing selective saturation to establish relative proton
proximities have been unsuccessful.

The two solvent-exchangeable proton resonances at 44 and
30 ppm which clearly disappear upon equilibration with D2O
may be assigned to the solvent-exchangeable N-H protons
of at least two histidine residues. The two very broad signals
which have been observed around 65 and 85 ppm may arise
from ortho-like N-H or C-H of bound histidines such as
the ones previously described in several cobalt-reconstituted
enzymes such as ribonucleotide reductase (63), azurin (62),
and stellacyanin (64). Alternatively, the signal at 85 ppm
might be assigned to a CâH2 proton of a bound cysteinate,
like the one described in the Co(II)-isopenicillin N syn-
thase-ACV complex (65). âCH2 protons of cysteine bound
to cobalt generally experience extreme downfield shifts, with
large line width and shortT1 because of the large degree of
covalency of the metal-cysteinate bond (66). For example,
they are found from 200 to 250 ppm in Co-substituted azurin
(62) and stellacyanin (64) or in liver alcohol dehydrogenase
(46). The absence of any signal above 90 ppm (up to 120
ppm) argues against the presence of bound cysteine in Co-
Fur; the signal at 85 ppm should more probably be assigned

to an ortho-like proton of a bound histidine, but the
possibility of cysteine as ligand cannot be completely
excluded from the NMR spectra of Co-Fur. The nonex-
changeable resonances observed at 18, 21, and 23 ppm may
arise from carboxylate-containing amino acids (i.e., aspartate
and glutamate). These signals may probably be associated
with the CâH2 and CRH of aspartate or CγH2 and CâH2 of
glutamate (63, 67). Some other nonexchangeable resonance
are observed at-15 and -20 ppm for which CâH2 of
histidine are reasonable candidates (46, 68).

In summary, NMR data show the presence of at least two
histidines (30 and 44 ppm signals), possibly three (65 ppm
signal), as cobalt ligands. The number of solvent-exchange-
able N-H represents the minimum of coordinated histidines
since some N-H may exchange so fast with water that its
signal may be broadened beyond detection. Furthermore, the
NMR data show also the presence of at least one aspartate
or glutamate as cobalt ligand. The occurrence of a cysteinate
ligand appears unlikely but cannot be completely ruled out
from these NMR experiments.

XAS Results on Co-Fur. (1) 1sf 3d Transition.Normal-
ized preedge spectra of the reference compounds and Co-
Fur samples are shown in Figure 6. All 4- and 5-coordinated
complexes show a noticeable prepeak due to the 1sf 3d
transition, while this peak is generally weaker for the
6-coordinated complexes. This transition is spectroscopically
forbidden in a dipolar mode (Laporte rule) but becomes
mainly allowed by mixing of the 3d and 4p metal atomic
orbitals. Therefore, on a general basis, the 1sf 3d transition
increases when the coordination number decreases, and for
the same coordination number increases with the disymmetry
of the site (44), as is shown in Figure 6. The spectra-
normalized areas of the 1sf 3d transition (see experimental
procedures) for 6-, 5-, and 4-coordinated complexes are (2-
5) × 10-2 eV, (9-14) × 10-2 eV, and (14-25) × 10-2 eV,
respectively (see Table 1). The spectra-normalized area for
the two protein samples Co-Fur1 and Co-Fur2 are identical
and amount to 7.1× 10-2 eV. This value is intermediate
between those found for 5- and 6-coordination.

(2) XANES.The XANES spectra are also sensitive to the
coordination of the metal site. Indeed, the intensity of the
so-called white line which is related to the 1sf 4p transition

FIGURE 5: Proton NMR spectra (400 MHz and 25°C) of Co-Fur
at 1.5 mM in phosphate buffer at 50 mM, pH 7.5, containing 10%
D2O. The signals marked by asterisks are solvent-exchangeable
peaks that disappear in D2O buffer.

FIGURE 6: Normalized preedge spectra of the reference compounds
and of Co-Fur1 and Co-Fur2 samples.

Mn- and Co-Substituted Fur Protein Biochemistry, Vol. 38, No. 19, 19996255



is dependent on the cobalt coordination. The increase in
coordination number from 4 to 5 to 6 can be generally
associated with an increase of the white line intensity (see
Figure 7). This trend is the inverse of that of the prepeak:
the more the 4p metal atomic orbital is mixed with the 3d
orbitals, the higher is the intensity of the prepeak and the
lower is the intensity of the white line. Therefore, the
intensity of the white line generally decreases with a decrease
of the coordination number. It must be kept in mind that the
intensity of the white line might also decrease as the radial
distortion of the cobalt coordination sphere increases.

The normalized XANES spectrum of Co-Fur1 is shown
in Figure 7. It is almost superimposable with the one of
compound4, a hexacoordinated complex. Comparison of the
white line with those of the reference compounds suggests
a hexacoordinated cobalt site in the protein.

(3) EXAFS.The EXAFS spectra of the Co-Fur1 and Co-
Fur2 samples are very similar (Figure 8 a), and Fourier
transforms (FT) are identical (data not shown). This suggests
the same chemical environment around the cobalt ion in the
two protein samples, and consequently no buffer effects
(phosphate or Tris/HCl buffers) on the cobalt site. So we
only report the Fourier transform of the Co-Fur1 sample
(Figure 8b) which shows a first peak centered atReff

(uncorrected from the phase shift)≈ 1.6 Å. This short mean
distance suggests the presence of light atoms (N/O) only
around the cobalt.

The first peak in the FT is followed by three relatively
intense peaks. Comparison of these three peaks with those
of compounds1 and 4 (with respectively six and four
imidazole ligands) reveals a superposition of these signals
(Figure 8b). Consequently, the three peaks of the protein
originate in the scattering from the outer atoms of imidazole
group(s) bound to the metal and contain the well-described
multiple scattering contributions (69). Comparison of the
intensity of these peaks in the protein sample with those of
the imidazole complexes suggests the presence of two or
three imidazole groups (histidines) around the cobalt ion in
Co-Fur.

The absence of a large detectable secondary signal
emerging from the imidazole outer shells in the Fourier
transform of Co-Fur1 between 3 and 5 Å suggests the

absence of interaction between the cobalt contained in a Fur
dimer and another metal in the protein, neither the other Co2+

ion present in the other monomer, nor the Zn2+ present in
Fur.

The structural parameters deduced from analysis of the
first-shell Fourier filter are summarized in Table 2. Coor-
dinations 6, 5, and 4 have been successively tested for the
Co-Fur1 data. In a first step, the data have been fitted with
only N/O atoms in the first coordination sphere. The best fit
realized has been obtained with 5 N/O (Table 2). The
pentacoordination has a slightly lower fit index than the
tetracoordination and a lower fit index than the hexacoor-
dination. It is worth noting that, whatever the coordination
number (4, 5, 6), all fits converge to a mean distance of 2.11
Å between the Co2+ ion and the nitrogen or oxygen first
shell. Theσ2 value obtained is slightly larger than usual,
indicating a broad distance distribution around the cobalt ion.
Investigation in the Cambridge Structural Database of the
Co2+-N/O distances for cobalt(II) compounds with a mixed
N and O environment has been done. It shows distances
between 1.93 and 2.03 Å for tetracoordinated complexes,
between 2.02 and 2.11 Å for pentacoordinated, and between

FIGURE 7: Normalized XANES spectra of 4-, 5-, and 6-coordinated
reference compounds, compounds11, 5, and4, respectively.

FIGURE 8: (a) k3-weighted EXAFS spectra of Co-Fur1 and Co-
Fur2 samples; (b) Fourier transform of Co-Fur1 (9); fit of the
Fourier-filtered first shell (s) and Fourier transforms of imidazole-
containing complexes: [Co(imidazole)6]Cl2 and [Co(imidazole)4-
(H2O)2]Cl2.

Table 2

Co-N/O Co-N/O/C

coor-
dination

no. R (Å)
σ2 × 103

(Å2)

coor-
dination

no. R (Å)
σ2 × 103

(Å2)

fit
indexes,
FI × 102

6 2.11 5.7(6) 8.0
5 2.11 4.2(6) 4.7
4 2.11 2.7(5) 5.7
5 2.10 4.2(6) 1 2.51 1.5(3) 2.3
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2.08 and 2.19 Å for hexacoordinated (see Supporting
Information). The 2.11 Å distance found in Co-Fur is then
compatible with penta- or hexacoordination. Nevertheless,
this distance is statistically more in agreement with hexa-
coordination (see Supporting Information).

The UV-visible and EPR spectroscopic data suggest an
axially distorted environment. Consequently, we have tried
to simulate our filtered EXAFS data introducing a second
shell for a sixth ligand. At first, we tried to include sulfur
atom(s) in the fit, but addition of this type of atom does not
improve the fit and moreover gives fits with really unac-
ceptable physical parameters. On the other hand, the addition
of a light atom N/O/C at 2.51 Å improves the fit, causing a
reduction of the fit index by a factor of 2 (see Table 2).
However, Scarrow et al. (70) described a limitation of
EXAFS for detecting N/O/C atoms in the 2.5-2.7 Å range
using amplitude and phase functions calculated by FEFF
5.05. Indeed, they showed that they can detect a 2.5 Å shell
as well in the lipoxygenase data [the crystal structure had
described such a long bond (71, 72)] as in [Fe(N-MeImid-
azole)6]2+ where no such bond exists. It means that the
detection of a 2.5 Å shell may be artifactual and consequently
would obscure the real presence of an atom at 2.5-2.7 Å.
So, based on the same observations for compounds1 and4
(data not shown), our simulations cannot confirm or deny
the presence of a long Co-N/O/C bond in Co-Fur. In
attempts to understand the origin of this artifactual shell, we
have tried to perform the EXAFS simulations with experi-
mental amplitude and phase functions extracted from com-
pounds1 and2. We obtained the same results for the 2.11
Å first shell in Co-Fur, but attempts to add the 2.5 Å shell
were unsuccessful. Scarrow et al. (70) suggest that the
artifactual shell could arise from the incomplete removing
(by Fourier filtering) of the EXAFS from outer sphere
scatterers in bound imidazole groups, but we can add that
this artifact may also arise from imperfections of ab initio
amplitude and phase functions. Nevertheless, it must be kept
in mind that at ca. 2.5 Å, the bond is expected to be weak
and consequently will have a large vibrational disorder. So,
this type of bond can be very difficult to detect even with
experimental amplitude and phase functions.

Consequently, the best results were obtained by modeling
the first-shell Fourier filter with 5 N/O scatterers at 2.11 Å.
The presence of a sixth long bond with a N/O/C atom cannot
be confirmed or eliminated by our EXAFS simulations.
Splitting the shell at 2.11 Å in two subshells does not
improve the fit, but this is not surprising since, owing to the
shortk range, two shells separated by a distance shorter than
0.15 Å cannot be clearly resolved.

The EXAFS simulations were compatible with a penta-
coordinated environment of light atoms (N/O) for the cobalt
ion. The presence of a far away sixth N/O/C atom cannot
be excluded and would have been consistent with the whole
X-ray absorption data. It would have explained why the
intensity of the preedge is intermediate between penta- and
hexacoordination and, at the same time, why the intensity
of the white line fits that of the hexacoordinated species.
The presence of a sulfur atom can be ruled out, and our data
suggest the presence of two or three imidazoles as ligands.

(C) Mn-Fur

UV-Visible Spectrum of Mn-Fur.The spectrum of Mn-
Fur is almost superimposable with that of the apoprotein (data
not shown), and there is no sign of the presence of Mn(III)
in the spectrum. There is no change in the absorption
coefficient value at 275 nm upon manganese incorporation.

EPR Spectra of Mn-Fur.The incorporation of manganese
was followed by EPR measurement at room temperature. It
has been shown (73) that the amplitude of peaks in the first-
derivative spectrum of manganese(II) in aqueous solution
was proportional to the concentration of Mn2+ and that
coordination of the Mn2+ to a protein resulted in such
extensive broadening of the EPR spectrum that the signal
of the bound Mn2+ was not detectable. This extensive
broadening of the signal is due to the increase in zero-field
splitting and increase in tumbling correlation time relative
to free Mn2+ (74). These EPR experiments have been often
used as a titration method of the Mn2+ site in proteins (32,
75, 76). As shown in Figure 9, the six-line signal of free
Mn2+ appears after addition of ca. 1 equiv of Mn per
monomer of Fur, suggesting a 1:1 (Mn2+:monomer of Fur)
stoichiometry. Precipitation of the sample in the presence
or absence of dithionite excess confirmed the absence of
Mn3+ but showed the appearance of the characteristic six-
line signal withA ) 97 G typical of free aqueous Mn2+. At
low temperature, an EPR spectrum could be observed
corresponding to the manganese bound in the protein, but
the signal is broad and not very informative (data not shown).

Magnetization of Mn-Fur.Saturation magnetization (Bril-
louin) curves (Figure 10) representing the magnetization as
a function ofâH/kT for Mn-Fur were superimposable for
the six field (0.5, 1, 2, 3, 4, and 5 T) experiments. It means
that there is no important zero-field splitting as expected for
a Mn2+ ion. It suggests that the environment of the
manganese in Mn-Fur was not distorted, contrary to the one
around the cobalt. This is not surprising owing to the different
intrinsic electronic properties of the two metal ions. At high
temperature, theøT versusT plot reaches a plateau at 4.0
K‚cm3‚mol-1, which is close to the theoretical value of 4.375
K‚cm3‚mol-1. It shows that the Mn(II) is high-spinS) 5/2.
Furthermore, a good simulation of the experimental data was
possible using the following relation for the molar magne-
tization: Mm ) NgâSBs(y) with Bs(y) ) ((2S+ 1)/2S) coth-
[((2S + 1)/2S)y] - (1/2S)coth[(1/2S)y] (the Brillouin func-

FIGURE 9: Incorporation of manganese in apo-Fur followed using
EPR at room temperature. [Fur]) 3.1 mM in Tris/HCl buffer at
0.1 M, pH 8; frequency 9.49 GHz, power 10 dB, modulation 4 G.
(a) Apoprotein; (b) apoprotein+ 0.75 equiv of MnCl2; (c)
apoprotein+1 equiv of MnCl2; (d) 1 equiv of MnCl2 in buffer
solution.
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tion) andy ) gâSH/kT with g ) 2. A correction factor for
the protein concentration of 1.09 was included in the
simulation. Consequently, there is no coupling between the
two manganese ions in the Fur dimer and| J | < 0.1 cm-1.

GENERAL DISCUSSION

Stoichiometry of Cobalt or Manganese Ions per Monomer
of Fur. The determination of the number of cobalt or
manganese binding sites in apo-Fur was possible using UV-
visible and EPR spectroscopies and confirmed by ICP
analysis. The incorporation of manganese in apo-Fur was
easily followed by EPR spectroscopy as shown in Figure 9,
and clearly suggests the presence of only one manganese
binding site per monomer of Fur as confirmed by ICP
analysis. This result is in accordance with the one obtained
by Hamed et al. (24) from an EPR study but disagrees with
the stoichiometries of 2:1 and 1.5:1 obtained from equilib-
rium dialysis experiments by Coy et al. in 1991 (16) and
1994 (25), respectively. It is noteworthy that the protein and
manganese concentrations are very different for the two
experiments and the EPR study performed on a millimolar
scale is likely to be more precise than equilibrium dialysis
experiments on a micromolar scale. The obtainment of a
stoichiometry close to 1 cobalt per monomer after dilution/
concentration cycles and ICP analysis confirms the 1:1
stoichiometry. Furthermore, our low-temperature EPR studies
suggest the presence of a single type of metal site in Co-
Fur. However, this 1:1 stoichiometry is not in accordance
with that of 6 cobalt ions per Fur monomer determined by
UV-visible spectroscopy by Hamed et al. (23). We believe
that this overestimation may be due to precipitation of the
protein upon cobalt addition since the addition of more than
1 equiv of cobalt per monomer causes the appearance of a
small absorption at 720 nm and a shoulder at 350 nm and
after addition of ca. 1.3 equiv precipitation of the protein
sample occurs. This suggests that an excess of cobalt may
disturb the stability of the protein, possibly by the replace-
ment of the zinc ion by cobalt ion in excess. Indeed, the
720 and 350 nm bands could be assigned, respectively, to a
d-d transition of a cobalt species in a tetrahedral environ-
ment and to a S-Co LMCT. Both features are consistent
with the structure deduced for the zinc site from XAS (28).
The intensities of these two new bands are very small, which
is consistent with a very limited metal exchange in view of
the usual extinction coefficient for tetrahedral cobalt sites
containing sulfur ligands. Attempts at fully replacing zinc
with cobalt were unsuccessful so far. The two different types

of environment described for Fur substituted with copper-
(II) by Hamed et al. (24) may come from the presence of
the copper ion in both the zinc and the iron site of the protein.

In conclusion, Fur binds manganese and cobalt with a
stoichiometry of 1 metal ion per monomer; the question is
then raised of a possible interaction between them within
the dimer.

Is There a Coupling between the Metal Ions Present in
the Fur Dimer?The magnetic susceptibility of Mn-Fur shows
clearly that there is no coupling between the two manganese
ions in the Fur dimer since|J| < 0.1 cm-1. The two
manganese ions are not in close interaction and at least at 4
Å away. This conclusion is supported by the EXAFS data
of Co-Fur since no intense peak corresponding to a second
metal (Co or Zn) in the vicinity of the cobalt was observed
between 3 and 5 Å. Furthermore, the presence of the cobalt
atom in the close environment of the zinc was not observed
on the Fourier transforms from the zinc K-edge studies (28).
However, it must be kept in mind that the peak of the second
metal may be hardly detectable (77) owing to destructive
interferences with outer atoms of imidazole or carboxylate
groups or to vibrational effects in the absence of a single
atom bridge (oxo, hydroxo- or aqua-) which would confer
rigidity to the binuclear unit.

Geometry of the Metal Center and Coordination Number
of the Cobalt Center. Magnetic properties extracted from
saturation magnetization measurements and EPR experiments
gave us information about the geometry of the metallic center
in reconstituted Fur proteins. The manganese environment
in Mn-Fur is not distorted, in contrast with the one around
the cobalt in Co-Fur. This is not surprising owing to the
different intrinsic electronic properties of the two metal ions.
The magnetic behavior of Co-Fur is typical for a high-spin
Co(II) in a distorted environment. Furthermore, the small
E/D < 0.11 value obtained from EPR suggests that the
distortion is nearly axial. It can be either a compression or
an elongation of the bond along an axis. This conclusion is
compatible with the UV-Visible and magnetization mea-
surements.

All the spectroscopic and magnetic data suggest a coor-
dination number between 5 and 6: the small value of the
absorption coefficient at 540 nm is just between the one
described for penta- and hexacoordinated systems. The∆
value obtained from EPR is also between the values
correlated to penta- and hexacoordinated cobalt sites. The
XAS preedge study also gives an intermediate value.
However, the intensity of the white line in the XANES
spectra is more in accordance with a hexacoordinated cobalt
environment. Anyway, all the spectroscopic data allow us
to rule out the hypothesis of a tetracoordinated site proposed
by Hamed et al. (24) on the basis of the shape and intensity
of the UV-visible spectra of their cobalt-substituted Fur
protein. As discussed earlier, we believe this misinterpretation
was due to partial protein precipitation. Furthermore, the best
fit of the EXAFS simulations gives a first shell with five
nitrogen or oxygen atoms at 2.11 Å. The existence of a sixth
long bond with a N/O/C atom can be neither ruled out nor
confirmed.

In conclusion, we propose that the cobalt site in Co-Fur
is in a nearly axially distorted hexacoordinated environment.

Ligands of the Metal Binding Site in Fur.The only
spectroscopic feature indicative of a potential cysteinate
ligand is the nonexchangeable 85 ppm signal observed in

FIGURE 10: Saturation magnetization (Brillouin) curves representing
the magnetic moment as a function ofâH/kT for Mn-Fur at 3.84
mM in Tris/HCl buffer at 0.1 M, pH 8. The experimental data
follow a Brillouin function for S ) 3/2 (s).
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the NMR spectrum similar to the one described at 80 ppm
in the isopenicillin N synthase-ACV complex (65). How-
ever, this was the only report in the literature, to our
knowledge, describing such a shift for a cysteinyl moiety in
the case of the Co(II)-substituted protein, and we prefer to
assign this 85 ppm signal to an ortho-like C-H from bound
histidine. On the other hand, the absence of a S-Co LMCT
band in the spectrum suggests the absence of sulfur atom as
ligand. The UV-visible spectrum of Co-Fur allows us to
obtain a value for the 10 Dq parameter of 7700 cm-1 for a
B value of ca. 900 cm-1, which suggests an N/O-rich
environment according to Banci et al. (48). Finally, the
EXAFS analysis confirms with almost no ambiguity the
absence of a sulfur atom in the coordination sphere of the
cobalt ion.

The occurrence of two, or probably three, histidine ligands
is suggested by the presence of exchangeable NMR signals
at 30, 44, and 65 ppm. Histidines are indeed identified by
the Fourier transform pattern of the EXAFS spectra between
3 and 4.5 Å. Moreover, comparison of the FT intensity of
Co-Fur with that of [Co(imidazole)4(H2O)2]Cl2 and [Co-
(imidazole)6]Cl2 suggests the presence of two or three
histidines as cobalt ligands.

Fur is a protein rich in histidines with 12 histidines in the
sequence. Most of them are conserved in the Fur protein
sequences already published as seen from sequence align-
ments in Furs found in the GenBank database. Both
mutagenesis [histidines mutated in leucines, (25)] and NMR
studies (21) suggest that histidine 32 may be involved in
metal ligation. The mutagenesis study was not conclusive
on the importance of the other histidines. The NMR data
from Saito et al. (21) suggest also the possible implication
of histidines 31 and 131 in the metal binding site. The
His89Tyr mutant obtained by Braun et al. (78) was also fully
inactive, suggesting the importance of this histidine for
protein integrity. The histidines 31, 32, 89, and 131 may all
be involved in the metal binding sites, either the zinc binding
site (28), or the iron binding site substituted here by cobalt.
The other ligands filling the hexacoordinated sphere could
be either solvent molecules or carboxylate(s) from aspartate,
glutamate, or C-terminal carboxylate. The NMR spectrum
shows signals around 20 ppm which are characteristics of
aspartate or glutamate. The presence of at least three signals
(18, 21, and 23 ppm) may suggest the presence of more than
one carboxylate-containing amino acid. Several aspartates
and glutamates are conserved in the known Fur sequences,
and the C-terminal part of the protein is particularly rich in
those amino acids.

It is not surprising that the iron binding site in Fur is rich
in histidines since these ligands are known to favor the
reduced ferrous state, which is active, while the ferric one
is described as inactive (12). The metal (cobalt or manganese)
we have incorporated in the protein stays in the reduced state
upon dilution/concentration cycles and is not sensitive to
oxidation by air. Moreover, the metallic dication is easily
trapped by EDTA to recover the apoprotein. The iron binding
site should not be buried into the protein structure. This easy
loss of the metal fits well with the role of iron concentration
sensor of Fur. Fur must lose its iron when the intracellular
iron concentration drops. This is in line with the moderate
Kd value for metal binding by Fur (12, 23).

CONCLUSION

All results of this study concur to propose an axially
distorted hexacoordinated environment for the metal site in
cobalt-substituted Fur. The metal ligands include two or three
histidines and one or two aspartates or glutamates, but no
cysteine. Since cobalt activates the protein as well as iron,
we propose that the same type of geometry and environment
exist in iron-containing Fur. This type of site is close to the
one found in other mononuclear non-heme iron proteins such
as isopenicillin N synthase (79), lipoxygenase (71, 72),
superoxide dismutase (80), and protocatechuate 3,4-dioxy-
genase (81). Therefore, it would be interesting to investigate
potential catalytic activities of Fur. Furthermore, the homo-
geneity of all spectroscopic data suggests a high homology
of the geometry and environment of the two metal sites in
the Fur dimer. The dimeric structure is therefore probably
highly symmetrical. This symmetry may be essential for the
high-affinity interaction of the metalated Fur dimer with
DNA. The effect of the protein-DNA interaction on the
geometry and the environment of the metal binding site is
currently under study in our laboratory.
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