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ABSTRACT: Fur is a bacterial regulator using iron as a cofactor to bind to specific DNA sequences. This
protein exists in solution as several oligomeric states, of which the dimer is generally assumed to be the
biologically relevant one. We describe the equilibria that exist between difedieerichia coliFur and

higher oligomers. The dissociation constant for the dintetramer equilibrium is estimated to be in the
millimolar range. Oligomerization is enhanced at low ionic strength and pH. The as-isolated monomeric
form of Fur is not in equilibrium with the dimer and contains two disulfide bridges (€225 and C132

C137). Binding of the monomer to DNA is metal-dependent and sequence specific with an apparent
affinity 5.5 times lower than that of the dimer. Size exclusion chromatography, EDC cross-linking, and
CD spectroscopy show that reconstitution of the dimer from the monomer requires reduction of the disulfide
bridges and coordination of Zh Reduction of the disulfide bridges or Znalone does not promote
dimerization. EDC and DMA cross-links reveal that the N-terminal;Njrbup of one subunit is in an

ionic interaction with acidic residues of the C-terminal tail and close to Lys76 and Lys97 of the other.
Furthermore, the yields of cross-link drastically decrease upon binding of metal in the activation site,
suggesting that the N-terminus is involved in the conformational change. Conversely, oxidizing reagents,
H.0- or diamide, disrupt the dimeric structure leading to monomer formation. These results establish that
coordination of the zinc ion and the redox state of the cysteines are essential for HoldiolgFur in a
dimeric state.

Furt (ferric uptake regulation protein) is a global regulator become sufficiently high, the Fur repressor binds ferrous iron,
ubiquitous in Gram-negative bacteria which controls the its corepressor, which activates its DNA binding activity to

expression of more than 90 genesHacherichia coli(1).

This dimeric protein (2x 17 kDa) was initially described
as a key protein for the control of intracellular iron
concentration Z—4). When cellular iron concentrations

specific DNA sequences called “iron box”, leading to
transcriptional repression of genes involved in iron uptake
(5, 6). The role of Fur is linked not only to the availability
of iron but also to the response to various stresses in which
iron is intimately involved. For instance, Fur is involved in
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(10, 11).

The Fur protein appears mainly as a dimer @run
solution according to HPLC experiment$2f and mass
spectrometry datal@). Complementation experiments with
inactive mutants suggest that the active form of Fur is at
least a dimer in vivoX4). Furthermore, the free protein and
the protein bound to DNA are able to oligomerize in a pH-
dependent way as observed by electron microscbpylE).

The polymerization on DNA may be linked to the tuning of
the regulation response by Fur7.

The first X-ray structure of a Fur protein has been reported
recently, with the Fur protein dPseudomonas aeruginosa
(18). The protein was crystallized, in the presence of an
excess of zinc, as a homodimer. The structure shows that
the protein contains a winged hetixurn—helix DNA
binding motif and a dimerization domain. As expected from
previous extensive studies @&. coli Fur (19—22), two
relevant metal binding sites were identified in the crystal
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structure: a regulatory site responsible for activation of the Amersham Biosciences) were concentrated in 100 mM Tris-
DNA binding activity and a purported high-affinity zinc site. HCI containing 100 mM KCI and 10% (v/v) glycerol at pH

In the regulatory site, the zinc ion is hexacoordinated in an 8. Protein concentrations, consistently expressed in subunit
octahedral geometry, with a water molecule occupying one concentration unless indicated otherwise, were determined
of these positions. Spectroscopic data (EPRsshbauer, and  spectrophotometrically using an absorption coefficient of 0.4
X-ray absorption) obtained with the iron-containing form of mg*mL~*cm at 275 nm for one monomer of pure native
E. coli Fur, the physiologically relevant form, are in Fur (26).

agreement with the crystallographic structure, indicating that  Analysis of Oligomeric Forms by Size Exclusion Chro-
the structure of this site may be very similar when iron is matography The effects of protein concentration, pH, and
bound @2). The high-affinity zinc site irP. aeruginosa-ur KCI concentration on the oligomerization of Fur were
contains a zinc ion in a tetrahedral geometry coordinated by monitored by analytical size exclusion chromatography
two histidines (H32 and H89) and two glutamates (E80 and (Superdex 75 10/30 Amersham Biosciences) using a FPLC
E100). In contrast, foE. coli Fur (ZmFurp), EXAFS studies system at a flow rate of 1 mL/min at 4C. The relative
showed that the zinc ion is coordinated by two cysteines amount of each oligomer was measured by integration of
and one or two aspartates or one histidine and one aspartatéhe area under the curve (absorbance at 280 nm) using
(19). The two cysteines, C92 and C95, have been identified GraphPad Prism and a Gaussian model to resolve overlap-
as ligands of the zinc atom using chemical modification and ping peaks. The data were then analyzed according to a
mass spectrometry28). This confirmed the importance of method derived from Manning et al27) to obtain the
these two cysteines which have been shown to be essentiaéquilibrium constant for tetramer dissociatidf,: (see the

to theE. coli Fur activity by site-directed mutagenesi). Supporting Information). The molecular masses were esti-
These cysteines are conserved in a large number of Furmated using a molecular mass calibration kit (Amersham
proteins, but only one is conserved fh aeruginosaFur. Biosciences). The protein solutions to be analyzed were
This one was shown to be dispensable for the in vivo activity prepared as described below.

of P. aeruginosd-ur by site-directed mutagenesib). These Influence of Protein ConcentratioA solution of the dimer
data provide evidence that the zinc site probably plays a (Zn;Furp) in 0.1 M MOPS (pH 7.5), containing 0.1 M KCI,
structural role but is not strictly conserved among the Fur was concentrated to 3 mM using Ultrafree 0.5 (Millipore)
proteins, although to date no clear explanation of the role of and was diluted to 1.5, 1.0, 0.5, and 0.2 mM with MOPS

this zinc site variability has been found. buffer. The solutions were allowed to equilibrate &h at
In this work, we have focused on the characterization of 25 °C. _
the different oligomeric forms of the. coli Fur protein. The Influence of KCI ConcentrationThree samples were

oligomeric properties of Fur are described, as a function of prepared at various KCI concentrations. A solution of
ionic strength and pH. Furthermore, we observe that forma- concentrated Zifrurp [3 mM in 0.1 M MOPS (pH 7.5) and
tion of two intramolecular disulfide bridges can lock Furin 0.1 M KCI] was diluted twice in 0.1 M MOPS (pH 7.5)

a monomeric state (Fy?S and that dimerization is induced ~ containing 0.1, 1, ah2 M KCI. The three solutions were

by binding of zinc after reduction of the cysteines. Therefore, allowed to equilibrate fio6 h at 25°C.

we propose that the high-affinity zinc ion is a structural zinc ~ Influence of pH Solutions of Fur (ZgFurp) at pH 6.5,

ion essential for dimerization @&. coli Fur and is involved 7.0, 8.0, and 9.0 were prepared from the same stock solution
in the control of the cysteine redox state. Cross-linking Of the dimer. Samples of the stock solution [5@D, 250
experiments have allowed us to identify amino acids of the #M in 0.1 M Tris-HCI (pH 8) containing 0.1 M KCI] were
Fur protein involved in intersubunit contacts and in their loaded on a Sephadex G-25 column (Amersham Biosciences)
proximity. Altogether, these data allow us to progress in the €quilibrated with 0.1 M Bis-Tris propane (pH 6.5, 7, 8, or
understanding of the structural properties of the Fur protein 9) containing 0.1 M KCI. Various protein concentrations
in solution that are potentially linked to the response to (240, 180, 120, 60, and 24M) were obtained by dilution
various types of stress, especially acid stress and oxidativeof the resulting solutions (508L, 250 M) in the corre-

stress, which will be discussed. sponding buffer, and the final solutions were allowed to
equilibrate for 10 h at 4C.
EXPERIMENTAL PROCEDURES Monomer to Dimer Corersion. To avoid artifactual

effects caused by metal contamination, high protein concen-

Chemicals.Trizma, Bis-Tris propane, MOPS and Mes trations were used in these experiments, but the same
buffers, ethylenediaminetetraacetic acid (EDTA), triethano- behavior was observed at W The monomer at 1.9 mM
lamine, 1-ethyl 3-[3-(dimethylamino)propyljcarbodiimide jn 0.1 M Tris-HCI (pH 8) containing 0.1 M KCI was
(EDC), dimethyl adipimidate (DMA), diamide, ZnS0O incubated in the presence of DTT and/or ZnS 25 °C
MnSQ,, and MgSQ were purchased from Sigma/Aldrich.  for 10 min or 1 h before being loaded onto the column
Chymotrypsin, endoproteinase Lys-C, and endoproteinaseequilibrated with the same buffer.
Glu-C were purchased from Boehringer Mannheim. Im-  QOxidation State of Thiols in the Monomexlkylation of
mobilized pepsin was purchased from Pierce. the thiol groups of the monomer was performed as previously

Overproduction and Purification of FurFur was over- described for the dime2@). The purified dimer (ZgFurp)
produced and purified as previously describ2@) put with (50 uM) and the monomer (5@M) in 0.1 M Tris-HCI (pH
some modifications 7). A higher yield (up to 40%) in 8) 0.1 M KClI, and 50 mM EDTA were treated with freshly
monomeric Fur can be obtained by increasing the EDTA prepared iodoacetamide (6 mM) for 24 h. The proteins were
concentration in the extraction buffer to 100 mM. The then desalted using a4s@ipTip column (Millipore) in 10
samples collected via gel filtration (Superdex 75 from mM ammonium acetate buffer and analyzed by electrospray
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mass spectrometry. Endoproteinase Lys-C digestions werethe fractions, one of them was shown to contain the digested

performed with 1% (w/w) endoproteinase Lys-C fh in cross-linked peptides and was thus treated with cyanogen
100 mM ammonium bicarbonate buffer at pH 7.9 on a 25 bromide for further cleavage after the methionine of the
uM monomer sample before MALDI analysis. N-terminal peptide. The fraction was dried and then dissolved

EDC Cross-LinkingA fresh solution of EDC was prepared in 70 uL of pure TFA before addition of 3@L of water
each time (in the same buffer), and the incubations with EDC and 1 mg of cyanogen bromide. The mixture was incubated
were performed at room temperature in the dark. The purified overnight at 5°C, then dried, dissolved in water, and
monomer (Fuy) and dimer (ZaFurp) samples (4&M) were analyzed by MALDI-TOF-MS.
incubated in 20 mM MOPS (pH 7) containing 150 mM KClI, DMA Cross-Linking The reaction was performed in 200
in the presence of 10 equiv/subunit DTT, 100 equiv/subunit mM triethanolamine buffer (pH 8.5), at a protein concentra-
EDTA, and various numbers of equivalents per subunit of tion of 60u«M. Dimethyl apimidate was freshly prepared in
metal ion sulfate (1, 10, and 100) as indicated in Figure 4. the same buffer and added to a final concentration of 50
After incubation for 5 min with above-mentioned reagents, mM. The mixtures were incubated for 30 min at room
the sample was either treated with EDC without buffer temperature and then immediately frozen in liquid nitrogen.
exchange (Figure 4B, lanes-@0) or exchanged (Micro-  For the Mn-containing dimer, 200M Zn,Fur, was incu-
biospin, Bio-Rad) with 20 mM MES buffer (pH 6.5) bated with 2 mM MnCl for 15 min at 37°C and then diluted
containing 150 mM KCI (Figure 4A, lanes-3®, and Figure 10-fold in 50 mM triethanolamine buffer (pH 8.5). Purifica-
4B, lanes 2-5) and subsequently incubated fbh with 20 tion and separation of the monomer and cross-linked dimer
mM EDC. The yield of the cross-link was estimated by were performed by reversed phase HPLC as described in
SDS-PAGE in the presence gf-mercaptoethanol. Con- the case of EDC cross-linking.
centrations of reagent and protein were chosen to produce a Analysis of Peptides after Treatment with DM#actions
yield of cross-linked dimer reaching roughly-480% of total containing the monomer or the cross-linked dimer were dried
protein. For mass analyses, the reaction was performed inand redissolved in 100 mM ammonium acetate buffer (pH
20 mM Mes (pH 6.5) and 150 mM KCI and the reagent was 7.5) for proteolytic cleavage. Approximately 1% (w/w)
removed by dialysis after the incubation, and the protein was endoproteinase Glu-C was added, and the mixture was
then treated with hydroxylamine, to hydrolyze tBeacyl incubated at 25°C overnight. Resulting peptides were
isourea groups resulting from the fixation of EDC on separated by HPLC on a C18 reversed phase column (1 mm
unreacted carboxylate&—30). Cross-linked dimer and  x 150 mm, Applied Biosystems). Solvent A and solvent B
unreacted monomers were separated using reversed phassere the same as previously described. A gradient from 0
HPLC on a C4 Brownlee column (2.1 mm 150 mm, to 60% solvent B over 60 min was used. For detection of
Applied Biosystems). Solvent A was a solution of 0.1% cross-linked peptides, fractions were analyzed by MALDI-
trifluoroacetic acid in water, and solvent B was a 90/10/ MS.

0.08 acetonitrile/water/trifluoroacetic acid mixture. The  Mass Spectrometry AnalysBlectrospray mass spectrom-
column was equilibrated in 10% solvent B, and the species etry of peptides and proteins was performed using a SCIEX
were separated with a slow gradient of solvent B in A (from API Il + triple-quadrupole mass spectrometer (Perkin-Elmer
10 to 40% over 30 min and then from 40 to 55% over 15 Sciex) equipped with a nebulizer-assisted electrospray source.
min). Poly(propylene glycol) ions were used for calibration in the

Analysis of Peptides Cross-Linked with ED@each case,  positive mode. The ion spray voltage was set at 5000 V, the
the covalent dimer obtained after the reaction with EDC was orifice voltage at 80 V, and the interface temperature at 55
separated from nonlinked monomers by HPLC, allowing °C. Measurement of dimeric and oligomeric species was
measurement of the cross-linking yield (data not shown). performed with an electrospray TOF (time-of-flight) mass

Fractions containing the cross-linked dimer were dried spectrometer (Micromass, Manchester, U.K.), under nonde-
with a Speed-vac concentrator and dissolved in 100 mM naturing conditions. MALDI-TOF mass spectrometry of
ammonium acetate (pH 7.5) for proteolytic cleavage. Ap- peptides was performed on a Perseptive Voyager XL
proximately 1% (w/w) endoproteinase Lys-C was added to (Perseptive Biosystems) time-of-flight mass spectrometer. A
each of them, and the mixture was incubated at°@7 solution of 2,5-dihydrobenzoic acid in a water/acetonitrile/
overnight. Resulting peptides were analyzed by MALDI- TFA mixture (50/50/0.1) was used as the matrix. A volume
TOF-MS. For further characterization of the cross-linking of 1 uL of crude peptide mixture was mixed on the target
site, peptides were separated by reversed phase HPLC on aith an equal volume of matrix, and the drop was allowed
C18 Brownlee column (1 mnx 150 mm, Applied Biosys-  to air-dry. Spectra were acquired in linear mode.
tems). Solvents A and B were the same as described above. DNA Binding Monitored by Fluorescence Anisotrofijte
The following gradient was used: from 0 to 30% solvent B specific DNA binding of oxidized monomeric Fur (uf®d
over 100 min and then from 30 to 80% over 40 min. and dimeric Fur (ZiFurp) was assessed using fluorescence
Fractions were analyzed by MALDI-TOF mass spectrometry, anisotropy. 5Fluorescein-labeled single-strand DNA (FI-
and the fractions containing the cross-linked peptides were5-gggGATAATGATAATCATTATCggg-3) and its nonla-
dried and dissolved in 100 mM ammonium acetate (pH 7.5) beled complementary strand were purchased from Sigma
for further cleavage of the C-terminal peptide with chymot- Genosys. Both strands were annealed using standard methods
rypsin. Approximately 1% (w/w) enzyme was added, and (31), and the presence of at least 90% duplex DNA was
the mixture was incubated fd6 h at 37 °C. Resulting confirmed by PAGE. The change in fluorescence anisotropy
peptides were separated using the following gradient: from of the labeled DNA upon binding of Fur species was
2 to 32% solvent B over 70 min and then from 32 to 82% followed using a thermostated Perkin-Elmer LS50B fluo-
solvent B over 30 min. After MALDI-TOF-MS analysis of  rimeter, with the manufacturer’s modifications for fluores-
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cence polarization measurements. The settings for optimaltion of higher oligomers increases as a function of the protein
fluorescence yield were used as follows: excitation at 494 concentration (Figure 1A). When the fractions containing
nm (2.5 nm slit) and emission at 527 nm (20 nm slit) with the tetramer and the hexamer were collected, concentrated,
a 515 nm cutoff filter. Theg factor was regularly checked and re-injected onto the same column, a substantial amount
and was always very close to 1.00, and this value was thusof dimer was eluted, indicating that oligomerization of the
used in all anisotropy calculations (using the manufacturer’s dimer is reversible (not shown). Mass spectrometry measure-
software). The fluorescence yield of the duplex was not ments performed under soft nondenaturing conditions showed
significantly affected during the Fur titrations. Measurements a major form corresponding to a dimer, plus other peaks that
were performed at 25C usirg a 1 cmx 1 cm, 3 mL stirred could only be ascribed to tetrameric (Ftand T15+) and

cell. Routinely, 2.2 mL of 10 nM labeled DNA was used, in  hexameric (H22-, H20+, H19+, and H18+) species (Figure

20 mM MOPS (pH 7) and 150 mM KCI, and in the presence 2A), in agreement with the results of size exclusion chro-
of 10 ug/mL poly(dldC) (Amersham Biosciences) and 12 matography. The exact mass calculated for the dimeric form
mM MgSG, to exclude nonspecific binding. In some of the was consistent with the presence of two zinc atoms per dimer
experiments, 1 mM MnS©was present, to activate Fur for  (Figure 2B). As previously reported, the purified dimer
DNA binding. Binding curves were analyzed using the Hill contains one zinc ion per monomer, coordinated in a high-

equation: affinity site, and ZaFurp, will refer to this form later in the
text (13, 21).
_ [Fur]" When the concentration of KCIl was increased, the oligo-
r=rot+tAr———— (1) o D . . .
K1/2n + [Fur]n merization equilibrium was shifted in favor of the dimer,

even at high protein concentration such as 1.5 mM (Figure
1B). Fur was eluted mainly as a dimer at pH 9.0, 8.0 (not
shown), and 7.0 (Figure 1C). In contrast, oligomerization
was enhanced when the pH was decreased below 7.0 (Figure

where r represents the anisotropy of the DNA; the
anisotropy of unbound DNA, andr the change in anisot-

ropy upon bindingKj,, is where 50% of the DNA is bound, S .
and n is the Hill coefficient, a factor that represents the 1C'I.D.)' .The equilibrium constant for_ the dimetetramer
cooperativity of binding. equilibrium was determined according to the method of

CD SpectroscopyFar-UV CD spectra (196250 nm) of Manning et al. 27) but modified to take into account the
the oxidized monoi’ner (FWFS, the reduced monomer equilibrium between tetramer and higher oligomers (Figure

(FuryS™), the reduced monomer titrated with 8:8.3 equiv 1E). Equilibrium constants for tetramer dissociation c_)f 0.72
of zinc, and the dimer (Zfrurp) were recorded on a Jasco +0.02 af?d 5.0+ 0.1 mM at pH 6.5 and 7, respec_tlvely,
J-810 spectropolarimeter at 26. A 1 mmpath length cell ~ Were obtained at4C in 0.1 M BTP and 0.1 M KClI (Figure
was used for the measurement, and the parameters were séf)-
as follows: bandwidth, 4 mm; step resolution, 0.5 mm; scan  Another species eluted at 11.3 mL, corresponding to a
speed, 100 nm/min; and response time, 2 s. Each spectruninonomeric species (apparent molecular mass of 23 kDa),
was obtained as the average of four scans. The proteinappeared after a relative long incubation time. A monomeric
concentration was typically around 20M. Prior to the species is also usually co-isolated during Fur purification
calculation of the mean residue molar ellipticity, all of the (see Experimental Procedures). When the monomer-contain-
spectra were corrected by subtracting buffer contributions. ing fractions were collected, concentrated, and re-injected
Dimer to Monomer Corersion. Samples of dimeric Fur  onto the gel filtration column, a single elution peak at 11.3
(ZnFurp) at 20uM in 0.1 M Tris-HCI (pH 8) containing mL was obtained (data not shown), indicating that the as-
0.5 M KCI were incubated at 25C while being stirred in isolated monomer is not in equilibrium with the dimer as
the presence of 2 mM oxidative reagent@d or diamide). described above for the oligomerization of the dimE3)(
The effect of a concomitant addition of EDTAat2mMwas  Oxidation State of Thiols in the As-Isolated Monomeric

also checked. Aliquots were taken after various times of Form. We had already noticed that the presence of excess
incubation (0 and 30 min and 1, 3, 6, and 24 h) and amounts of EDTA (100 mM in place of 20 mM) during Fur
subsequently analyzed by analytical size exclusion chroma-prification leads to an increased percentage of monomeric
tography. The data were analyzed with GraphPad Prismpyr (not shown). This suggested the involvement of a metal
assuming a pseudo-first-order reaction rate (WithOH  site in the dimerization process. In the dimeric formtof
concentration raised constant). coli Fur (ZniFurp), the zinc ion coordinates cysteines 92 and
RESULTS 95 by their sulfur atom and cysteines 132 and 137 were
reduced 23). The free thiol content of the monomer was
Oligomerization StudieS he Fur protein appears to exist analyzed by cysteine alkylation using iodoacetamide under
mainly as a dimer in solution as previously shown from nondenaturing conditions and mass spectrometry analyses
HPLC studies12) and mass spectrometryd). Nevertheless,  [as previously described for the dim&3jf]. The results were
we observed by size exclusion chromatography (Figure 1) compared to those obtained for the dimer {Zump) in the
and mass spectrometry (Figure 2) that the dimeric form is presence of EDTA, which was shown to accelerate the
involved in several oligomeric equilibria depending on alkylation of C92 and C95. Alkylation of all four cysteines
protein concentration, KCI concentration, and pH. The in the dimer demonstrated that the cysteines were not
chromatograms presented in Figure 1A display speciesoxidized in dimeric Fur. In contrast, none of the cysteines
eluting at 10.3, 8.9, and 8.3 mL associated with molecular in the monomer reacted with iodoacetamide. On this form,
masses of 39, 66, and 87 kDa and consistent with dimeric, alkylation of the four cysteines could only be achieved in
tetrameric, and hexameric species, respectively. The proporthe presence of DTT. These results indicate that all four
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Ficure 1: Influence of protein concentration, KCI concentration, and pH on the oligomerization equilibrium, followed by size exclusion
chromatography. Chromatograms of Fur at various protein concentrations (A), various KCI concentrations (B), and various protein
concentrations at pH 6.5 (C) and 7.0 (D). The protein concentrations, expressed in subunit concentration, were (A) 1.5, 1.0, 0.5, and 0.2
mM in 0.1 M MOPS and 0.1 M KCI (pH 7.5) (solutions allowed to equilibrate ch at 25°C), (B) 1.5 mM in 0.1 M MOPS (pH 7.5)
containing KCl at 0.1, 0.5, ahl M (solutions allowed to equilibrateifé h at 25°C), and (C and D) 240, 180, 120, 60, and24@ in 0.1

M BTP and 0.1 M KCI [pH 6.5 (C) and 7.0 (D)] (solutions allowed to equilibrate for 10 h &€} All these solutions were loaded on a
Superdex 75 HR 10/30 column (Amersham Biosciences) equilibrated with the corresponding buffer. Final protein and KCI concentrations
are given. All the chromatograms were normalized to the peak of the dimer. (E) Plot according to Manning?@ét afl.|§g(Co) vs

log{ (%T)/[0.01(100— %T — %H)3}, whereC, represents the total protein concentration and %T and %H represent the percentages of
tetramer and hexamer, respectively (protein concentrations expressed in monomeric subunit concentration). A linear fit through the data
points with a slope of 1.0 gives the equilibrium constantg &t 0. In our case, the equilibrium constants were 072.02 and 5.0+ 0.1

mM at pH 6.5 and 7, respectively, in 0.1 M BTP and 0.1 M KCI &Gt

cysteines were oxidized in the purified monomeric species measured in the peptide containing C132 and C137 after
(Table 1S of the Supporting Information). digestion of the dimeric species, Furp, (see Cross-Link
Subsequently, the monomer was digested with endopro-Experiments), although in this species these residues are not
teinase Lys-C, and the peptides were ana|yzed using MALDI initially oxidized. Therefore, by itself, this mass deviation
mass spectrometry to identify the modification of the is not indicative of a disulfide bond in the protein as it can
cysteines. Two distinct peptides, bearing C92 and C95 be attributed to oxidation under the conditions used for
(fragment of residues 7898) on one hand and C132 and €nzymatic digestion. However, alkylation experiments with
C137 (fragment of residues 14848) on the other hand, iodoacetamide, performed with the native protein itself,
were identified, and no peak corresponding to cross-linked clearly show that the cysteine residues in the monomeric
fragments (residues 7®8 and 118-148) was detected, Species are completely unavailable for reaction. Altogether,
showing that no disulfide bridge was formed between either these data indicate the presence of two disulfide bridges in
cysteine of these two groups (Table 2S of the Supporting the as-isolated monomer and will be denotedFikater in
Information). Both peptides had a molecular mass 2 Da lower the text.
than that expected from the peptide sequence. After incuba- Monomer to Dimer Corersion.The monomer and dimer
tion of the monomer with DTT, the mass was exactly as are not in a simple equilibrium as mentioned above.
expected (Table 2S of the Supporting Information). This However, having shown that the sulfur atoms that are
indicates that the oxidized monomer digested by endopro- normally bound to the zinc ions are involved in a disulfide
teinase Lys-C contains two disulfide bridges, one between bridge in the monomer, we assessed the effect of reductant
C92 and C95 and another one between C132 and C137. I{DTT) and zinc ions on the oligomeric structure of the
has to be noticed that a mass deviation of 2 Da was alsomonomer (Fuy®9). Figure 3 shows chromatograms obtained
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FiGURE 2: ldentification of oligomers by mass spectrometry under Ve (ML)
nondenaturing conditions. (A) Mass spectrum of Fur under non-
denaturing conditions indicating the presence of oligomeric states. D
Peaks corresponding to the dimeric, tetrameric, and hexameric forms 0.024
have been labeled D, T, and H, respectively, with the associated
state of charge. The protein sample (100 in ammonium acetate E
buffer at pH 6.6) was injected using nanospray in an electrospray 8
TOF mass spectrometer. (B) Expansion ofrfierange from 2700 < 0.014
to 3600. M symbolizes a monomer unit, the asterisk the N-terminal
methionine-excised form, and Zn the zinc ion content.
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after treatment of the monomer with DTT and addition of a 6.0 8.5 1.0 13.5 16.0

stoichiometric amount of zinc. We observed that addition
of zinc and DTT leads to formation of dimer ir10 min
(Figure 3A). Interestingly, this process was faster when DTT

Vg (ML)

Ficure 3: Influence of DTT and zinc on monomer, followed by
size exclusion chromatography. Size exclusion chromatography

was added first than when zinc was added first (data not profile of the monomeric species at 1.9 mM in 0.1 M Tris-HClI

shown). When zinc ion was addlé h after addition of DTT,
the yield in dimer was decreased by approximately 50%
(Figure 3B) compared to a situation in which it was added
only 10 min after DTT. In contrast, neither reduction of the
thiolates (Figure 3C) nor addition of a stoichiometric amount
of zinc alone (Figure 3D) leads to dimerization. The addition
of other dications, such as €oor Mn?*, instead of zinc,
also led to the formation of a dimer in the presence of DTT
(data not shown).

Cross-Link Experiment€ross-linking reactions have been
widely used to study protetrprotein interactions and to
prove interaction or proximity between several protein
components in a compleX28—30).

Cross-Linking with Ethylene Carbodiimidéthylene car-
bodiimide (EDC) is a “zero-length cross-linker” creating a

buffer (pH 8) containing 0.1 M KClI in the presence of DTT and/
or Zret at 25°C. (A) Ten minutes after addition of 4 equiv of
DTT/monomer, 1 equiv of Zti/monomer was added. (B) One hour
after addition of 4 equiv of DTT/monomer, 1 equiv of Znh
monomer was added. (C) After addition of 1 equivvZmonomer.
(D) After addition of 4 equiv of DTT/monomer.

samples gave a clear band in SBISAGE corresponding to

a species with a molecular mass of 34 kDa on the gel in
addition to the 17 kDa band normally observed for denatured
Fur, indicating that the major reaction product was actually
a cross-linked dimer (Figure 4B, lane 2). DTT and EDTA
have no effect on the yield of the EDC cross-link with the
dimer (Figure 4B, lanes-35). In contrast, no 34 kDa band
was observed after EDC treatment of the monomeny®ur
(Figure 4A, lane 2). When monomer (k3P samples were

covalent link between a carboxylate and an amine in an ionic pretreated with DTT and/or zinc, we clearly observed the

interaction £8—30). EDC-treated Fur dimer (4Rur)

cross-linked dimer 34 kDa band (Figure 4A, lanes 5 and 6).
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Ficure 4: Influence of DTT, ZA*, and Mr#* on monomer, followed by EDC cross-linking. SBBAGE analysis of the EDC cross-link
experiment of Fur monomer (A) and dimer (B). The Fur monomer and dimer sample$140 20 mM MOPS buffer (pH 7) containing

0.15 M KCI] were incubated in the presence of 10 equiv of DTT/subunit, 100 equiv of EDTA/subunit, and various numbers of equivalents
per subunit of the metal ion sulfate (1, 10, and 100) as indicated. The EDC treatments were performed as described in Experimental
Procedures.
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Ficure 5: MALDI-TOF mass spectra of the digested cross-linked dimer. MALDI-TOF mass spectra of peptide mixtures obtained by
endoproteinase Lys-C digestion of (1) nonlinked monomers and (2) covalent cross-linked dimer, isolated after treatment of the protein with
EDC. A mass deviation of 2 Da from the theoretical valuentf 3549 was observed for this peptide and can be attributed to formation of

a disulfide bridge between cysteines C132 and C137 under the conditions used for enzymatic digestion.

Pretreatment with both reagents simultaneously, DTT and reported in the literature for the manganese in the regulatory
zinc, appeared to be most efficient (Figure 4A, lane 7). When site, Kg(Mn?*/Fur) [20 @2), 80 (33), and 85uM (34)],
EDTA was added to the reaction mixture with DTT only, between 20 and 50% of the dimeric protein would be loaded
the cross-linked species was not observed, indicating thatwith Mn?* for a ratio of 1 and 85100% for ratios of>10.
some metal contaminants in our solutions may play the role These results suggest that the intersubunit ionic interaction,
of the zinc ions (Figure 4A, lanes 3 and 4). It is likely that targeted by the EDC cross-link, is lost upon metal binding.
the cross-linking observed in the absence of added DTT To identify the amino acids involved in the cross-link, the
(Figure 4A, lane 5) is caused by the presence of somedimer ZnFur, was successively digested. The cross-linked
reduced monomer (Fy#") in the samples. When Mh was and non-cross-linked species were purified and digested with
used instead of Z1 to generate MiFurp (Figure 4A, lanes endoproteinase Lys-C, and the crude peptide mixture was
8 and 9), formation of the cross-linked species was also analyzed using MALDI-TOF-MS (Figure 5). Interestingly,
observed in the presence of DTT, but the yield was much new peaks atwz 4406 and 4537 appeared in the peptide
lower. When manganese ions were added to the dimeric formmap of the cross-linked dimer. These masses were consistent
(Zn,Furp) to generate the activated dimer (& Furp), the with species comprising the C-terminal peptide, Ht17
yield of cross-link was drastically decreased for fVif{Fur] K147, of one monomer linked to the N-terminal peptide of
ratios of 10 and 100 (Figure 4B, lanes-8). In the same  the other monomer. Furthermore, the intensity of the peak
proportion, Mg@* [unable to activate the Fur protei)] does atm/z 3547, corresponding to the free form of HEKR147,

not alter the yield of the cross-link (Figure 4B, lane 10). was reduced in the peptide map of the cross-linked dimer,
According to the different values of the dissociation constant in agreement with H11-7K147 being involved in a cross-
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Ficure 6: ldentification of amino acids linked with EDC. MALDI-TOF mass spectra were obtained for (1) cross-linked peptides (MT1
K8 and H117#K147) after chymotrypsin digestion and (2) resulting peptides after CNBr cleavage.

link. Two signals were detected for the cross-linked peptides, potential target of the DMA cross-linker. Therefore, K76 and
with a mass difference of 131 Da, corresponding to the K97 of one monomer seem to be locate8.6 A from one
N-terminal methionine that is incompletely processed during or several amino groups of the N-terminal part of the other

overexpressionl@d). Therefore, the cross-linked N-terminal
peptide corresponds to ¥K8 and MT1-KS8.

monomer.
Furthermore, when DMA was added on the metal-activated

The cross-linked peptides were subsequently purified and manganese-bound Fur (nFur), we observed that the
digested with chymotrypsin (Figure 6-1). We found that the yield of the DMA cross-link of the dimer decreased by almost

peptide of residues L128K147 and not H11#Y127 was
cross-linked to T+K8 and to MT1-K8. Edman degradation

50%. This suggests that binding of metal to the dimer in the
regulatory site causes an increase in the distance between

of both species gave a sequence in which amino acids E139the amino acids of each monomer involved in this cross-

D140, and E145 were missing from the L128147 moiety,

link.

suggesting that one or several of these residues were involved Secondary Structure Changes Followed by Circular

in the cross-link. No sequence was obtained for-K8 and
MT1—KS8, indicating that the N-terminal NHyroup of this

Dichroism. The results presented in Figure 7 show that
addition of DTT does not affect the secondary structure of

moiety was not available and thus probably involved in the Fun,SS, indicating no major secondary structural changes take

cross-link. The peptide corresponding to L128147 cross-
linked to MT1—K8 was treated with CNBFr to allow cleavage

place upon reduction of the cysteine. Addition of zinc to
the reduced monomer, Rii™, quantitatively results in

after the methionine (Figure 6-2). Mass determination of the formation of a species indistinguishable in secondary struc-

resulting peptide by MALDI-MS gave a peak @itz 2341,
consistent with the L128K147 peptide still linked to the
N-terminal methionine, after release of FK8. This con-

ture from the dimer, ZiFur, (Figure 7A and inset). CD
spectroscopy confirmed that both zinc and DTT were
required for dimerization from the oxidized monomer,

firmed that the cross-link existed between the N-terminal Fur,SS. This result further indicates that the reconstituted
NH, group of one monomer and one of the glutamate or dimer exhibits the same secondary structures as the purified
aspartate residues (E139, D140, and E145) located in thedimer, ZnFurp. The CD spectra of monomeric species

C-terminal end of the other monomer.
Cross-Linking with Imidoester®MA is a homobifunc-

(FunyS" and Fugs9 and dimeric Fur (ZgFunp) indicate a
mixed a-helix and -sheet secondary structure with a

tional imidoester that specifically reacts with primary amine significant degree ofi-helical structure, in agreement with

groups (i.e.¢-amino groups of lysine residues, the N-terminal

the P. aeruginosaFur dimer structure (42% odi-helices)

amine of the backbone) and cross-links two primary amine (18). The difference spectrum of the #urp dimer and

groups located<8.6 A from each other. After reaction of

Fun,SS(Figure 7B) indicates a change in secondary structure

the protein with DMA, cross-linked and non-cross-linked composition upon dimerization of Fur. The decrease in
species were purified and digested with endoproteinase Glu-negative ellipticity between 200 and 207 nm, and around
C. Some peptide appears specifically from the digestion of 227 nm, most likely indicates a relative increase in the

the cross-linked species. MALDI-TOF-MS analyses gave fraction of 5-sheet overa-helix upon dimerization. The

peaks atm/z 3368, consistent with a cross-link occurring
between the N-terminal FAE23 peptide of one monomer
and G74-E80 peptide of the other monomer. Another
peptide gave a signal at/z 4988 that is consistent with a
cross-link between the N-terminal FE23 peptide of one
monomer and the L81E100 peptide of the other monomer.
Both peptides, L8+E100 and G74ES80, include a single
lysine, K76 and K97, respectively, each of which is a

difference in ellipticity between both types of secondary
structure is largest in these wavelength regions. However,
the change in the 226240 nm region could also be
associated with a change in the environment near aromatic
residues, especially tyrosind5, 36).

DNA Binding Actiity of Monomeric and Dimeric Fur.
The DNA binding activities of Fur dimer (4Rurp) and
oxidized monomer (Fw®S were determined by fluorescence
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Ficure 7: Circular dichroism spectra d. coli Fur at 20uM in experiment with the dimer and monomer to a 25 bp fluorescein-

the far UV. (A) Fur dimer (D) compared to the oxidized monomer labeled oligonucleotide containing the consensus Fur box in the

(Moy) and the reduced monomer () obtained after addition of  absencel() and presence)) of 1 mM MnSQ, in the buffer. The

20 equiv of DTT/monomer and the reduced monomer plus one zinc anisotropy is plotted as a function of total protein concentration.

sulfate equivalent per monomer M+ Zn). The inset shows zinc  The solid lines through the data represent fits with GraphPad Prism

titration of the reduced monomer after addition of 0.3, 0.6, 0.9, using the Hill equation (see the text). Conditions: 10 nM DNA in

and 1.2 equiv of Z&"/monomer. (B) My — Mg, (MregtZn) — 20 mM MOPS buffer (pH 7) containing 150 mM KCI, 1@y/mL

Mreq, and D— M,y difference spectra. The buffer contribution [20  poly(didC), and 12 mM MgS@at 25°C.

mM MOPS and 40 mM KCI (pH 7)] was always subtracted from

the spectra which were all normalized with respect to the protein Dimeric Fur could also arise from contamination by reduced

concentration. monomer FuiSH, which will dimerize upon addition of

anisotropy using a 25 bp fluorescein-labeled oligonucleotide MN*". Using exclusion chromatography with 1 mM MngO
containing the 19 bp consensus Fur box sequence [the mosPOth after and before the titration, neither Fur dimer nor
simple motif known to undergo in vivo regulatioB)]. Three redqud monomer able to dimerize under the experimental
GC base pairs were added on both sides of the Fur box toconditions could be detected. _
improve the duplex stability and prevent hairpin formation.  Dimer to Monomer TransitioriThe dimer, ZaFur, was
DNA binding of ZnFur, and FugSSwas clearly observed treated with diamide (an oxidant of thiol) and hydrogen
only in the presence of MA (1 mM MnSQy) (Figure 8). peroxide. The reaction was monitored by size exclusion
Addition of excess EDTA to M#f-containing solutions led ~ chromatography. When hydrogen peroxide or diamide was
to an immediate lowering of the fluorescence anisotropy to @dded, two new species appeared, eluted at 11.3 and 13 mL,
the initial value for both ZgFurs and FugSS (not shown). corresponding _to a monomeric species _and probably to
In all cases, the titrations were performed in the presence ofdegraded protein. Figure 9 shows the evolution of proportions
excess (1Qug/uL), unlabeled poly(didC), thus excluding qf dimer, monomer, and degraded species as a function of
nonspecific DNA binding as the origin of the anisotropy time after HO, treatment. The decrease in dimer concentra-
increase. tion was correlated to the appearance of the monomer and
Fitting of the binding curves using discrete models (1:1, the degraded species. The rate of dimer disappearance was
1:2, sequential, and pre-association) does not give satisfactonn@lyzed using a pseudo-first-order reaction rate, yielding a
fitting. The affinity of Fur for manganese is weaker for the PSeudo-first-order reacuoil rate constant, with 2 mbOH
monomer than for the dimer (unpublished data), but a fit @hd ak of 0.28 + 0.02 h* (ty, = 2.5 h). Similar results
for these data is beyond the scope of the work presentedVere obtained With dlamlde', 'but exhibiting a slower. rdte (
here. Then, the Hill equation was used expressly to compare= 0-14+ 0.01 ). The addition of 2 mM EDTA by itself
dimer and monomer apparent binding constants, or bindingd'd not Iead_ to_ formation of a monomer on this time scale
midpoints. The binding curves of ZRur and FugSSin the (24 h), but it did accelerate the formation of the monomer
presence of Mt were fitted using the Hill equation, yielding ~When added together with diamidie £ 0.204 0.01 k).
the following values for the binding midpoint and Hill
constant:Ky, = 20 £ 1 nM andn = 1.66+ 0.07 for Zn- DISCUSSION
Furp andKy, = 1094 2 nM andn = 2.404 0.1 for Fug,SS. This paper describes the various oligomeric states of Fur
It was surprising to us that the oxidized monomer was able and the factors involved in their interconversion. Scheme 1
to bind specifically to the DNA. We were therefore especially summarizes these results. It is possible that in vivo Fur exists
careful to exclude the presence of traces of dimeric Fur. in oligomeric states other than the well-characterized dimeric
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100

concentrations between 0.1 and 0.544,(42), the presence
of higher-order Fur oligomers is even less likely. However,
polymerization of Fur on its cognate DNA in the presence

80

£ e . C

L 60 ° o dimer of activating metal has been well established, in vitro, for
S 4 © monomer the aerobactin promoter by electron microscopy and DNAse
X * proteolyzed protection experimentslp, 16). Cooperative binding of

20 additional Fur molecules adjacent to iron box-bound Fur was

related to lateral proteinprotein interactionq7). In addition,

0 5 10 15 20 25 30 it was suggested that this side-by-side oligomerization is
time (hour) correlated to a gradual physiological response t& F&7).

Ficure 9: Influence of HO, on the dimeric form. Evolution in Itis noteworthy that we have identified dimeric, tetrameric,

time of the percentage of the dimer, monomer, and proteolyzed and hexameric species, which may suggest that oligomer-

forms after treatment of 26M Fur dimer with 2 mM HO,. The jzation occurs by successive association of dimeric units,
concentration of each species was determined using size exclu3|o"r§v

chromatography by measuring the area under the peak of eac ossibly related to a side-by-side polymerization on DNA.

species. The pseudo-first-order rate constant for dimer disappearancd/€ have shown here that oligomerization of Fur is signifi-
k), with 2 mM H,O,, was 0.28(2) h* (ty, = 2.5 h). cantly more favored at acidic pH. In this respect, it is

interesting to note that Fur has been shown to be involved

state. This may be a consequence for the tuning of Furin the acid tolerance responsefincoli, Helicobacter pylor;
regulation. and Salmonella typhimuriun(10, 11, 43, 44). In the latter

Oligomerization Properties of Dimeric Fugize exclusion organism, Fur regulates up to 35 genes to maintain a
chromatography and mass spectrometry analysis clearly shownionlethal intracellular pHI(Q). It is also interesting to note
the presence of tetramer and higher-molecular mass specieshat for its role in acid response, Fur does not require an
We show that oligomerization is sensitive to pH and salt activating metal 11). The pH-regulated oligomerization
concentration. The decreased tendency to oligomerize at highdescribed here may play a role in the mechanism by which
KCI concentrations suggests that oligomerization is due to Fur executes its role in acid tolerance response. Size
intersubunit salt bridges, as these will be less effective at exclusion chromatography shows also the presence of
higher ionic strengths. A decrease in the pH favors formation monomeric species during the Fur purification process. This
of higher-order oligomers. The equilibrium constant of formis notin equilibrium with the dimer, and the properties
dissociation of the tetramer decreases 7-fold when the pH isof the monomer-dimer interconversion have been analyzed.
decreased from 7 to 6.5. This is consistent with earlier Reversible Redox- and Zinc-Dependent Dimerization of
electron microscopy studies indicating a pH-driven oligo- the MonomerPurification of Fur from overexpressing cells
merization: tetramer and higher oligomeric states were Yyields significant amounts of a monomeric form. The purified
present at pH 7:87.5 but not under alkaline conditions (pH monomeric species is in an oxidized form containing two
8.5-9) (16). Our results indicate a significantly higher disulfide bridges between C92 and C95 and between C132
oligomerization constant [the higher-order species observedand C137.
by Le Cam et al. 16) were obtained at concentrations as  The oxidized monomer (FyPS can be converted to Fur
low as 180uM Fur], but this may be related to the use of dimer by DTT-mediated disulfide bridge reduction and
previously lyophilized protein samples in the mentioned subsequent reconstitution with zinc as seen by gel filtration,
study. The strong influence of the pH on oligomerization cross-link experiments, and CD spectroscopy. The CD data
can have its origin in protonation, causing neutralization of clearly show that reduction by DTT did not change the
repulsive charges or leading to additional attractive forces secondary structure of the monomeric Fur, but further
thus enhancing oligomerization. It is likely that the groups addition of Zr#™ quantitatively results in formation of the
involved are histidine side chains. These haveka pf dimer. The dimer formed by reconstitution with zinc exhibits
around 6.5, and Fur is especially rich in histidine residues the same metal-dependent DNA binding activity and the
(12 histidines per monomer). Moreover, earlier NMR titra- same secondary structure as the purified dimetFdp. To
tions of the Fur histidine residues had shown that seven ofgain structural information about the binding site in the
the 12 histidines had akp of 6.2—6.7 37). To determine reduced monomer, Cb and F&" were used as structural
whether oligomerization occurs in vivo, the total concentra- probes in place of Zi. FuryS" was incubated with Co
tion of Fur inside the cell has been estimated using the and Fé" instead of ZA" to generate Cé&ur, and FeFurp,
following calculation. The abundance of Fur molecules has respectively. These dimeric species display-tiNsible and
been estimated to be’5000 copies/cell in exponentially Mdssbauer spectroscopic features characteristic of coordina-
growing E. coli (38) and from 2500 to 7500 copies/cell in  tion by a sulfur atom in a tetrahedral geometry, indicating
Vibrio choleraecultures between their exponential to station- that the metal is coordinated in the high-affinity zinc site as
ary growing phases3@). Under oxidative stress conditions, seen in the purified dimer ZRurp (unpublished data).

an amount of 10 000 copies/cell has been reportés Toli Therefore, the dimeric species reconstituted by treatment of
(38). Considering a maximum variation in cell volume the oxidized monomer with 2n and DTT is entirely
between 3.5< 107®and 1x 10 5L in LB medium @0), consistent with the purified dimer, fRurp. The reduced

the total Fur concentration inside a single cell is expected in monomer, FygS", is unable to dimerize alone but required
the range of +17uM. This would indicate that higher-order  zinc (or an alternative divalent cation), as demonstrated by
Fur oligomers are most probably not present in vivo. gel filtration, cross-link experiments, and CD spectroscopy,
Moreover, considering that ¥ which is the principal indicating that coordination of the zinc ion is the crucial step
monocation present in the cell, is thought to be present atin dimerization. We also find that although K can



Oligomerization Properties d. coli Fur

Biochemistry, Vol. 46, No. 5, 20071339

Scheme 1: Summary of the Various Oligomeric States of Fur and the Factors Involved in Their Interconversion
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dimer depends on the oxidation state of the cysteidép (
Furthermore, the C;C motif is also well-conserved in Fur-

probably due to the intrinsic properties of these ions as alike proteins PerR, FurA, CatR, and Fur&7¢50). This

tetrahedral site with two thiolates as ligands is more likely
to accommodate Zn (45). Although several divalent cations
can trigger dimerization, zinc seems to be favored in vivo
as the protein purified in its native form contains zinc ions.
The formation of the oxidized monomer during our
purification process may be due to prolonged exposu(
h) to a large excess of EDTA [up to 40% of the oxidized
monomer at 100 mM EDTA~5000 equiv of EDTA/Fur)]
and/or to oxidation by uncharacterized oxidants in the
bacterial extract that may be catalyzed by EDTA. Our

indicates that the role of the zinc ion may be well-conserved
in the Fur family.

In this paper, we then demonstrate that the high-affinity
zinc ion of E. coli Fur is essential for upholding the dimeric
structure but surprisingly not for DNA binding as we will
discuss below.

Role of the Metal Sites in DNA Binding Agty. The
fluorescence anisotropy experiments reveal that the oxidized
monomer, Fu;SS, is competent to bind DNA, in a metal-
dependent way, as described for the dimer. The?'Mn

conditions are quite different from those described by Althaus activated oxidized monomer (MRur,SS) exhibits a 5.5-fold

et al. 1) for a complete removal of zinc from ZRur.

lower apparent affinity for the aerobactin promoter than the

These authors did not manage to remove the zinc ion from Mn2+-activated dimer (anM{FUI’D) does. These results
the structural site in a reaction mixture containing 5000 equiv indicate first that the zinc site and the reduced thiolates are

of EDTA/Fur and 1 mM DTT and incubated overnight. This

not required for DNA binding activity. Second, it also

is probably due to the presence of DTT that is keeping the demonstrates that the monomer needs a metal activation step

protein in the reduced form. In contrast, our condition (no
DTT with a high concentration of EDTA) allows formation
of the oxidized monomer which is devoid of zinc.

It has previously been demonstrated that thé*Znas
bound to C92 and C95 . coli Fur. Interestingly, the
C%2X,C% motif of E. coli Fur is highly conserved among
microorganisms, suggesting this mechanism of monemer
dimer interconversion may happen with most purified Fur
proteins. The Fur protein d¢?. aeruginosas one of the few
examples in which this motif is not conserved with a
threonine in place dE. coli cysteine 95. A recent biochemi-
cal analysis of the Fur protein frolinabaenaPCC 7119,
which contains this motif, suggested that formation of the

as reported for the dimer. We have preliminary data
indicating that the affinity of MA" for this regulatory site

in the oxidized monomer is much lower in comparison to
that for the regulatory site in the dimer (unpublished data).
Altogether, the DNA binding properties and the metal sensing
function of the Fur protein still exist but are altered when it
is monomeric. The high values of the Hill coefficientsifer

= 1.66+ 0.07 andnmoenomer= 2.40+ 0.1) are indicative of

a cooperative binding mode, which is more pronounced in
the case of the monomer. The cooperativity may be due to
the oligomerization of the protein upon DNA binding. In
addition, the higher value of the Hill coefficient for the
monomer may reflect DNA-assisted dimerization of the
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affinity of the oxidized monomei5Q). Altogether, these data

the monomer may be due to the expense of energy requirecallowed us to progress in the understanding of the metal-

for dimerization upon DNA binding that is already afforded
by Zr?*-dependent stabilization of monomenonomer
contacts in the dimer.

Structural Changes of the Monomer and Dimer upon
Metal Binding.To gain insight into the structural changes
of the monomer and dimer upon metal activation for their
DNA binding, we have performed cross-link experiments

dependent activation mechanisms of the dimer and monomer
of Fur in solution.

Role of the Zn Site in Oxida& Stress SensingVe also
present evidence that the dimeric structure of Fur can be
directly disrupted following treatment with oxidants such as
H,O, or diamide. The in vitro process is accelerated by the
presence of EDTA in the case of diamide, indicating that

and circular dichroism analyses. We have observed that theoxidation of the cysteines themselves proceeds faster in the

monomeric forms (FwSSand FugS") seem less structured
than the dimer (CD and rebl). Upon dimerization, a
significant amount of additional secondary structure is

apoprotein. This is further corroborated by the observation
that the cysteines involved in binding of the zinc ion, C92
and C95, are air-sensitivet;4 = 1 h) in the reduced

generated that may be related to the long intersubunit monomer, FuiSH, whereas they are stable to air when zinc
pB-strand formed at the dimer interface. These results haveis bound and a dimer is formed, in Fur. These results

been confirmed by us in a recent structural study by NMR
and X-ray crystallographysl) showing that the N-terminal

DNA binding domain is well-structured in the monomer and
the dimer, contrary to the C-terminal dimerization domain
which is structured only in the dimer. In this paper, the
analyses of the EDC and DMA cross-linked dimers dem-
onstrate that the N-terminal NHjroup of one subunit is in

an ionic interaction with one or more acidic residues of the
C-terminal end and close to Lys76 and Lys97 of the other
subunit in the nonactivated dimeric form, JHur,. These

indicate that the zinc ion decreases the reactivity of the
cysteines toward oxidation by oxygen. The metal-dependent
DNA binding activity of the monomer is not precluded but
decreased by 5.5-fold in comparison with that of the dimer.
As mentioned above, we have preliminary data showing that
the affinity of Mr?* for the regulatory site in the oxidized
monomer is much lower compared to that for the dimeric
form, suggesting that the metal sensing function of Fur is
affected by oligomerization state (unpublished data). That
distinct feature of the monomeric form is potentially drastic

cross-links are not observed on the monomer but arefor Fur activity. It is inferred from our results that formation

guantitatively observed when the oxidized monomer (F9r

of the monomer may play a role in regulation of Fur activity

was treated with zinc and reductant to form the dimeric in response to oxidative stress. However, the existence of
species. Very interestingly, binding of manganese to the the monomeric species, in vivo, is still an unanswered
dimer ZnFurp, at the regulatory site generating &fn,Fur, question. It has been reported previously that the cysteines
seems to disrupt these interactions since it decreased drastief the purified Fur-like proteins PerR, FurS, and CatR are
cally the cross-link yield. These results are in agreement with redox-sensitive and that DTT is able to reverse oxidation, a
the X-ray structure of metal-activated Fur frdf aerugi- hallmark of disulfide bridges4@, 54—56). In addition,
nosa ZmZnFurp, showing that the N-terminal NHyroup several reports indicate that, in vivo, Fur itself is directly
is far from the C-terminal end of the other subunit. Along sensitive to oxidants such as,® (57—62). However, a
with the striking observation that the N-terminal end is folded recent in vivo and in vitro study of the Fur-like protein PerR
into ana-helix in the oxidized monomeric species and the from Bacillus subtilisthat includes a comparison witB.
activated dimer but not in the nonactivated dimgt)( the subtilis Fur indicates that the cysteines of Fur and PerR are
results presented here prompt us to propose that metalnot oxidized in vivo with mild HO, treatment §3). Instead,
binding in the regulatory site destabilizes the intersubunit peroxide sensing by PerR involves metal-catalyzed oxidation
interaction between C- and N-terminal ends of each monomerof histidine residue to 2-oxohistidine, but this reaction does
(showed by the cross-link data), allowing then the folding not occur with B. subtilis Fur. It has been argued that
of the N-terminal end required for high-affinity DNA binding  oxidation of cysteine is probably a nonphysiological process
of the dimer. It is noteworthy that only a dimeric structure occurring only in vitro when a large excess of®4 is used

will allow an intersubunit contact between C- and N-terminal to oxidize CatR, FurS, and Per®3). Formation of the
ends of each monomer and in turn a switch between themonomer as we describe here tor coli Fur may explain
folded and unfolded state. The additionahelix is appar- those results. Our data emphasize that the cysteines of Fur
ently involved in switching on the DNA binding activity of are redox-sensitive. However, assuming a second-order
the Fur protein as it folds upon binding of the metal to the reaction rate constant for the convertion of the dimer in
regulatory site. In agreement, it has been reported that themonomerk' ~ 0.04 M~ s™! (estimated from the equation
N-terminal helix is required for efficient DNA binding k= k'[H20;], wherek = 0.284 0.02 h'%, the pseudo-first-
activity and also for specificity 18, 52, 53). However, order reaction rate constant, and,@®] = 2 mM), the
although the N-terminal end of the oxidized monomer, formation of the monomer appears to be very slow compared
Fun,®S, is folded into ana-helix, as in the activated dimer, to the kinetics of oxidation reported for oxidative stress
we found that the apo oxidized monomer, ffti does not sensors such ds. coliOxyR k= 1.1 x 10° M1 s1) (64)

bind to DNA but still requires coordination of a metal in its and B. subtilisPerR k ~ 1® M~! s71) (63). The rate of
regulatory site to have its DNA binding activity switched monomer formation is much more closer to those reported
on. Therefore, folding of the additional N-terminal helix for other Zn(Cys)-containing oxidative stress sensors such
alone is apparently not enough to promote high-affinity DNA as Hsp33, a redox-regulated molecular chaperone, and RsrA,
binding to the aerobactin promoter. These results further a redox-regulated anti-factor 65, 66). The bimolecular
indicate that metal binding triggers yet unknown changes in reaction rate of the reaction of,8, with E. coliHsp33 and

the conformation that are required for the DNA binding diamide with Streptomyces coelicoldRsrA could be esti-
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mated using the previously reportgd for expulsion of zinc
upon oxidation §5, 66). The reaction rate predicted from
calculation for oxidation of Hsp33 by 4@, at 43°C isk =

0.36 M1 st and for oxidation of RsrA by diamide is 0.11
M~1sL. These reaction rates are’t(F-fold below those
reported for OxyR and PerR but only-30-fold higher than

the one reported here for Fur, indicating that Fur may share
similar properties with these stress sensors. However, the
low reaction rate with KO, indicates that the zinc site of

Fur is a poor sensor of hydrogen peroxide and that sensing 13.

of hydrogen peroxide by the Fur-like protein through thiol
disulfide switch, zinc expulsion, and dimemonomer transi-

tion may be only a mechanism of regulation under severe 14.

and/or prolonged exposure to hydrogen peroxide as proposed
for the structural zinc site oB. subtilis PerR under iron-
starved conditionsg(). Alternately, the zinc site of Fur may
sense ill-defined redox active signals that could react faster
with the zinc site to trigger the dimemonomer transition.

Finally, our results suggest that the structural zinc ion has 4.

probably evolved as a robust quaternary structure element
that is crucial for upholding the dimeric structure of Fur and
ensuring efficient iron sensing and specificity of the Fur
repressor.
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