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ABSTRACT: Selective chemical modification of thiol groups combined with mass spectrometry analysis
was used to characterize cysteine ligands in the zinc-binding site of the Fur protein. Fur is a
metalloregulatory protein involved in the regulation of almost all bacterial genes related to iron uptake in
Gram-negative bacteria such Bscherichia coli In addition to the iron site, Fur also possesses a tight-
binding zinc site that likely comprises two cysteines. Using a new procedure, we confirm the involvement
of two cysteines in zinc binding and identify them within the two pairs of cysteines present in the protein.
The protein was treated under nondenaturing conditions with iodoacetamide, and the progressive alkylation
of the thiol groups monitored by quenching the reaction at different times and measuring the extent of
alkylation by mass spectrometry. Complementary experiments were carried out in the absence or presence
of EDTA, a strong zinc chelator, to determine which of the cysteines were protected from alkylation by
the zinc atom. Enzymatic digestion of the modified protein and analysis of the peptide mixture by mass
spectrometry enabled fast identification of reactive and protected thiol groups. Two cysteines, Cys92 and
Cys95, were thus assigned as zinc ligands. Examination of the sequence comprising the zinc site indicates
that it may belong to a new type of structural zinc site. Furthermore, Cys132 was shown to be the fastest
reacting cysteine, implying it is a surface-exposed residue.

Iron plays a major role in almost all living organisms, as DNA sequence called the “iron box” which is specifically
it is involved in many biological functionsl( 2). The iron recognized by the iron-bound Fuf, 8). In fur mutant strains,
uptake system must however be very carefully regulated poor control of the iron concentration results in iron overload
since ferrous iron is potentially toxic and ferric iron is highly and the appearance of an oxidative stress and DNA damage
insoluble ([soluble Fe(lll)]< 107" M) (2). The control of (9).

the intracellular iron concentration in bacteria such as g consists of two identical subunits of 148 amino acids.
Escherichia colioccurs at the level of the iron uptake inside  Reguits of chromatographic experimerit§)(as well as mass
the cell @, 4), and Fut is the key protein for this regulation. spectrometry datald) suggest that the protein exists as a
Fur is a metalloregulatory protein involved in the regulation ,ncqvalent dimer in solution, even in the absence of metal.
of almost all bacterial genes related to the iron uptake in The metal binding site and the dimerization site are proposed
Gram-negative bacteria such & coli (5). It has been 4 e i the C-terminal region of the protein and the DNA
proposed that Fur utilizes iron in vivo as a corepressor and ;i qing site in the N-terminal domairi2, 13). Bagg et al.
then acts as a negative regulator via sequence-speC|f|c(6) found that all first-row divalent metal ions can, with

protein-DNA interactions_ at the promoter regions_ of Fur_- varying degrees of efficiency, cause Fur to bind the operator.
regulated genes). There is a 19 bp consensus palindromic In vivo, Mn, Fe, and Co, but not Zn, are able to activate the

— - protein, and in vitro Fe, Mn, Co, Cd, Cu, and Zn can activate
Rha: Q[SA}’F‘;%;'S,WE‘S supported by Grant E 90010 00 00 from thayi&®  the protein 6, 8). When the metal is bound, a conformational
*To whom correspondence should be addressed. Fax: (33) 4 76Change is proposed to allow the binding of the N-terminal
88 54 94. E-mail: forest@ibs.fr and michaud@drfmc.ceng.cea.fr.  part of the protein to the DNA. Although several spectro-
;g;%ué%igg?éogle Structurale. scopic studies of Fur using NMRL4—16), EPR (7), and
1Abbreviati_ons:_' Fur, ferric uptake regulation; EXAFS, extended UV_WS_'bIe spectroscop_ﬂ@) hgve_prev_lously been.reported,
X-ray absorption fine structure; ICP-AES, inductive coupling plasma- the environment of the iron binding site responsible for the
atomic emission spectroscopy; EDTA, ethylenediaminotet_raacetic acid; activation of Fur is still not known precisely. Recent
PMSF, phenylmethanesulfonyl fluoride; MOPS, morpholinopropane- gpactroscopic data indicate that the metal is penta- or
sulfonic acid; Tris, tris(hydroxymethyl)aminomethane; MALDI, matrix- . . . .
assisted laser desorption/ionization: HPLC, high-pressure liquid chro- Nexacoordinated with N or O donor ligands, but not with

matography. sulfur ligands 19). In addition to this metallic site, Fur also
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organisms Ref  C-terminal sequences
Number (from E. coli) 80 92 95 124 132 137
[ I [ [ [
Escherichia coli (36)  ELTQQHHHDHLICLDCGK(.)RLTNHSLYLYGHCAEGDCREDEHAHEGK -

Neisseria gonorrhoeae ~ (37)  ELDKGDHHDHIVCVKCGE(.)RIVDHALYMYGVCSDCQAKGKR

Yersinia pestis (38)  ELTQQHHHDHLICLDCGK(.)KLTNHSLYLYGHCETGNCREDESAHSKR
Vibrio cholerae (390  ELSTQHHHDHLVCLDCGE(.)JQLTNHSLYLYGKCGSDGSCKDNPNAHKPKK
Campylobacter jejuni (40)  ELANKPHHDHMICKNCGK(..)KLTGHLMQLYGVCGDCNNQKAKVKI

Erwinia chrysanthemi 41)  ELTQQHHHDHLICLDCGR(.)KLTNHSLYLYGHCSSGDCREDDNAHNER

Pseudomonas aeruginosa (23)  ELADSGHHDHMVCVDTGE(..)ELVDHNLVLY VRKKK
Ficure 1: Sequence alignments of parts of C-terminal sequences of Fur from several organisms containing the conserved cysteines.

possesses a tight-binding zinc site. The presence of zinc indemonstrate that free cysteines are essential to the activity
the protein after overexpression and purification was shown (26).

by ICP analysis, which gave a stoichiometry of 88 Zn Using a new procedure, we here confirm the involvement
atom per monomerl(). An X-ray absorption spectroscopy of two cysteines in zinc binding and identify them within
(XAS) study unambiguously demonstrated the existence of the two pairs of cysteines present in the protein. The protein
a specific zinc site 20). This zinc site is tetrahedral and was treated under nondenaturing conditions with iodoaceta-
comprises two sulfur donor ligands, probably two cysteines, mide, and the progressive alkylation of the thiol groups was
at 2.3 A, and two N or O donor ligands at 2.1 A, one of monitored by quenching the reaction at different times and
them at least being a histidine2@). Many histidines, measuring the extent of alkylation by electrospray ionization
glutamates, aspartates, tyrosines, and cysteines, usuallynass spectrometry. Complementary experiments were carried
involved in metal sites, are well-conserved in the sequencesout in the absence or presence of EDTA, a strong zinc
of the Fur proteins reported in the literatude) and found chelator, to verify that some of the cysteines were protected
in the GenBank database. It is proposed that they are potentiafrom alkylation by the zinc atom. Enzymatic digestion of
ligands of the metal ions. The four cysteines preser.in  the modified protein and analysis of the peptide mixture by
coli Fur are well-conserved in almost all the Fur sequences MALDI mass spectrometry enabled fast identification of
except in the Fur from some bacteria suchRiszobium reactive and protected thiol groups. The two cysteines 92
leguminosarung21), Pseudomonas putid@2), andPseudo- and 95, essential for the activity, were thus assigned as zinc
monas aeruginosé23). Most of the histidines and the four  ligands. The sequence of the zinc site in Fur is different from
cysteines are contained in the C-terminal region of the the consensus sequences of other known classes of stuctural
protein. Figure 1 shows sequence alignments of part of thezinc sites. This indicates that the two cysteines may belong
C-terminal sequences of Fur from several organisms. Theto a new type of structural zinc site.

motif HHDHXXCXXC is highly conserved, as is the position
of three of the four cysteines. The fourth cysteine is located EXPERIMENTAL PROCEDURES

two to five amino acids from the third cysteine. The four  Materials Trizma buffer, ethylenediaminetetraacetic acid
cysteines can be grouped into two pairs (C92€05 and (EDTA), and iodoacetamide were purchased from Sigma.
C132-%-C137inE. coli Fur) with a spacing reminiscent of  Endoproteinase Lys-C and endoproteinase Asp-N were
that observed in the sequences of zinc finger-containing purchased from Boehringer Mannheim. Poly(propylene
proteins 24). Mutation studies wittE. coli Fur involving glycol) for electrospray mass spectrometer calibration was
the mutation of the 12 histidines present in the sequence intopurchased from Aldrich.

leucines gave a partial loss of activity. Furthermore, muta-  Overproduction and Purification of FurThe T7 RNA
tions of the four cysteines to serines showed that cysteinespolymerase/promoter system was used to overproduce Fur
92 and 95 were essential to the activiBp)(. The cysteine  from E. coli as previously describe@7). Fur was purified
mutations resulted in inactivation of the protein, due either as previously describec®®) but with some modifications

to destabilization of the protein structure or to impaired metal (11, 20). The samples collected from the gel filtration column
binding. The inactivation could not be due to the simple loss were concentrated in 0.1 M Tris-HCI (pH 8) containing 0.1
of a disulfide bond since it has been shown that Fur doesM KCI and 10% v/v glycerol.

not contain any 46). Furthermore, chemical modification Protein Concentration Measuremenioteins concentra-
reagents specific for thiol groups have been used totions were determined spectrophotometrically using an
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absorption coefficient at 275 nm of 0.4 migmL cm™? for Separation of the Peptides and Enzymatic Digestion with

one monomer of pure apo-FL29). Endoproteinase Asp-No identify the fast-reacting cysteine,
Activity Assay.The capacity of metal-substituted Fur to the peptides obtained by cleavage of the sample alkylated

bind DNA was checked using a gel retardation assay. Thesefor the shortest time period (15 min) with endoproteinase

experiments were performed by incubating a 25%pend- ~ Lys-C were separated by reverse phase HPLC on a C18
labeled oligomer containing the iron box consensus sequence3rownlee column (1 mmx 150 mm, Applied Biosystems),
(sequence of one strand {BGGGATAATGATAATCAT- using a model 130A syringe pump system (Applied Biosys-

TATCGGG-3) at a nanomolar concentration with Fur (€ms). Solvent A and solvent B were the same as those
samples (micromolar concentration) in the presence of 100Previously described. The gradient used was as follows: (1)
#M MnCl, (unpublished results). 2 to 32% solvent B over the course of 90 min and (2) 32 to

82% solvent B over the course of 30 min. Fractions
containing a mixture of peptide H13+K147 free and singly
alkylated were dried with a Speed-vac concentrator, and the
peptides were then redissolved in 20 mM ammonium
bicarbonate buffer (pH 7.9). About 0.8 of endoproteinase
Asp-N was added, and the mixture was incubated &tG7

Alkylation of the Fur Protein Alkylation of the thiol
groups was performed in 0.1 M Tris-HCI/0.1 M KCI (pH 8)
or in 0.1 M Tris-HCI/0.1 M KCI/50 mM EDTA (pH 8) at
room temperature (25C). The Fur protein was taken from
a stock solution at 43#M (7.33ug/uL) in 0.1 M Tris-HCI
(pH 8) containing 0.1 M KCI and 10% v/v glycerol, and for 4 h
diluted in the appropriate buffer (with or without EDTA) to :

a final concentration of 52M (0.84 ug/uL). A solution of MALDI Mass Spectrometry AnalysIALDI mass spec-

idoacetamide was freshly prepared in the same buffer, andfometry was performed on a Perseptive Voyager XL
added to the protein to a final concentration of 6 mM. The (Perseptive Biosystems) time-of-flight mass spectrometer. A
reaction was carried out in the dark. These conditions of Selution of 2,5-dihydrobenzoic acid in 50/50 water/acetoni-

alkylation were adapted from réB. Several concentrations ~ Ule was used as a matrix. A volume ofiL of crude peptide
of iodoacetamide had been previously tested (6, 2, and 0.5MiXture was mixed on the target with an equal volume of

mM, corresponding to 120, 40, and 10 equiv of alkylating Matrix, and the spot was allowed to air-dry. lons were
reagent against the protein). Using lower concentrations of accelerated with an extraction voltage of 20 kV. Spectra were

iodoacetamide resulted in the same pattern of alkylating obtained by accumulation of 256 laser shots (Nd:YAG laser,

kinetics, but with lower rates. Aliquots of 24 (1 nmol of 4 = 337 nm).

Fur) were taken at various times, and immediately frozen in ~ Specificity of lodoacetamidd o check the specificity of
liquid nitrogen to stop the reaction. The samples were then iodoacetamide toward the cysteines, the fully alkylated Fur
purified by reverse phase HPLC on a C4 Brownlee column was cleaved with endoproteinase Lys-C as described above.
(2.1 mmx 150 mm, Applied Biosystems), using a model After HPLC separation, the peptide Serffys97 was
130A syringe pump system (Applied Biosystems). Solvent cleaved with endoproteinase Asp-N as described above. The
A was a solution of 0.1% trifluoroacetic acid in water, and peptide Asp88-Leu93 was submitted to tandem mass
solvent B was a 90/10/0.08 acetonitrile/water/trifluoroacetic spectrometry using the Sciex API H#linstrument: parent
acid mixture. The column was equilibrated in 10% solvent ion, m/z 770; collision gas, argon; collision energy, 60 eV;
B, and the protein was then eluted with a fast gradient of and target gas thickness, 1x210'> atoms/cri. The peptide
solvent B (10 to 80% over the course of 20 min). Fractions His117-Lys147 was cleaved with chymotrypsin; it was
containing the purified protein were freezed-dried, and the redissolved in 100 mM ammonium acetate buffer (pH 7.6),
product was then dissolved in 24 of water. about 0.6ug of chymotrypsin added, and the mixture

Electrospray Mass Spectrometry Analysis of Alkylated Fur Incubated at 37°C for 6 h. After HPLC separation, the

Electrospray mass spectrometry was performed using a Sciefeptiﬂe GIzlSQLys_lﬁ? waAs ePti(;elBy sequenced uginlg4$$';\
API Il + triple-quadrupole mass spectrometer (Perkin-Elmer man degradation with an Applied Biosystems mode

Sciex) equipped with a nebulizer-assisted electrospray sourcePrCtéin sequencer; amino acid phenyithiohydantoin deriva-

R : » : tives were identified and quantitated on-line with a model
Calibration was performed in positive mode using poly- . )
(propylene glycol) ions. Mass spectra were analyzed using t20A HPLC system (Applied Biosystems) as recommended

a Quadra 950 data system (Apple). The ion spray voltage PY the manufacturer.
was set at 5 kV and the orifice voltage at 80 V. The interface
temperature was set at 36. Sample volumes of L were

injected into the loop of a Valco C6W valve and infused i has previously been proposed that two cysteines of the
into the spectrometer using a syringe pump (Harvard 22), atpyr protein fromE. coli are involved in zinc binding20).
a flow rate of SuL/min, with 74/25/1 water/methanol/acetic g objectives in this study were to confirm that only two
acid as the vector solvent. S_pectra were acquired in multi- cysteines are bound to the zinc ion and to identify them
channel acquisition mode, with a scan step offlldand a  \jthin the four cysteines of the Fur monomer. The time
dwell time of 2 ms, fronm/z 920 to 1100, arange including  course of alkylation of the Fur protein was monitored in the
three charge states of the denatured protein. presence and absence of EDTA. lodoacetamide was used to
Enzymatic Digestion of Alkylated Fur with Endoproteinase probe the accessibility of cysteines in Fur, through modifica-
Lys-C. After HPLC purification, alkylated samples of Fur tion of thiol groups. The specificity of the reaction toward
were diluted in 0.1 M ammonium bicarbonate buffer (pH the cysteines was checked, as discussed below. The degree
7.9) to a concentration of25 uM protein. About 1% w/w of modification of the protein was assessed by electrospray
endoproteinase Lys-C was added, and the mixture wasionization mass spectrometry. As the ionizable side chains
incubated at 37C for 6 h. (from lysine, arginine, or histidine residues) are generally

RESULTS
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Ficure 2: Kinetics of alkylation of FUR by iodoacetamide monitored by electrospray ionization mass spectrometry (A) in 0.1 M Tris-
HCI/0.1 M KCI at pH 8 and 25C and (B) in 0.1 M Tris-HCI/0.1 M KCI/50 mM EDTA at pH 8 and 2%. The mass spectrum of the
unmodified proteint(= 0 min) shows the presence of two species corresponding to the entire protein (16 794 Da) and to the protein in
which the N-terminal methionine has been excised (16 663 Da). Addition of one alkylating group to a cysteine results in a mass increase
of 57 Da. Peaks labeled FUR, FURt+2, and FURF4 correspond to the entire protein having one, two, and four fixed alkylating groups.

The others peaks in the spectra correspond to the same adducts arising from the protein without N-terminal methionine.

not involved in these modifications, we considered the FUR+1) and excised Fur (labeled FURf), thus indicating
addition of alkylating groups to have only a minor influence that one of the cysteines is more reactive. Its identification
on the ionization efficiency of the Fur protein. On the basis is described below. As the reaction continues, peaks corre-
of this consideration, the relative intensities of the peaks in sponding to the addition of two (FUR2) and four (FUR-4)
the mass spectra, representing the relative proportion of gas-alkylating groups steadily increase whereas FUR andFUR
phase ions, were also indicative of the relative proportion progressively decrease and have practically disappeared after
of the different species in solution. alkylation for 24 h. After alkylation for 6 h, the almost
Alkylation of Fur in the Absence of EDTAigure 2A exclusive and simultaneous presence of equal intensities of
shows reconstructed mass spectra of Fur obtained at variou$UR+2 and FUR+-4 peaks clearly indicates that two of the
times during alkylation. The spectrum obtained before the cysteines reacted more slowly. It is noteworthy that RtBR
beginning of the reactiort & 0 min) shows the presence of species did not appear. After alkylation for 24 h, a small
two species with a mass difference of 131 Da. The highest peak at 17 079 Da indicates that a fifth alkylation occurs.
mass at 16794 Da (termed FUR) precisely corresponds toThis is due to a nonspecific reaction, probably with one of
the mass of the peptidic chain calculated from the amino the histidines, as sometimes occurs, especially with long
acid sequence. The absence of the dimeric form or of zincreaction times Z9). The different species which appear
atom can be explained by the denaturing conditions used toduring the experiment and their respective masses are given
obtain the mass spectra with a good sensitivity. Only very in Table 1.
soft conditions using nondenaturing solvent allow the  Alkylation of Fur in the Presence of EDTAo determine
observation of the dimeric form of the protein as previously if the two slow-reacting cysteines were protected due to their
described11). The second species (16 663 Da) corresponds zinc binding, we performed the alkylation in the presence
to the N-terminal methionine-excised form (termed FURmM) of EDTA. It was supposed that this divalent cation scavenger
previously shown to exist due to the overproduction condi- could trap the Z#&" ion and suppress the protection effect.
tions (L1). After alkylation for 15 min, mainly two new peaks The addition of a large excess of EDTA dramatically changed
appear with 57 Da mass increases. They correspond to thehe alkylation kinetics obtained through the different mass
addition of one alkylating group to both Fur (labeled spectra presented in Figure 2B. Although approximately the
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Table 1: Different Species Which Appeared during the Experiment
and Their Respective Masses

name mass (Da) name mass (Da)
FUR 16 794 FURmM 16 663
FUR+1 16 851 FURM-1 16 720
FUR+2 16 908 FURmM-2 16 777
FUR+4 17 022 FURM-4 16 891
FUR+5 17 079 FURM-5 16 948

aFURmM corresponds to the N-terminal methionine-excised form;
FUR+x and FURmtx correspond to each form of the Fur protein with
x alkylations.
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FiIGUrRe 4: MALDI mass spectrum of the peptides obtained after
enzymatic cleavage with endoproteinase Asp-N of a mixture
containing peptide H117K147 bearing one alkylating group and
peptide H117K147 free: (a) H11#G135, (a*) H117G135 plus
one alkylating group, (b) D136E139, (c) D146-K147, (d) H117#
E139, and (§ H117-G135 linked to D136-E139 with a disulfide
bridge.
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peaks are similar. In contrast, the peptide Histllys147,
containing Cys132 and Cys137, exhibited a very small peak
atm/z 3551 (D) and a much more intense peakrét 3667
(D*), indicating that Cys132 and Cys137 are almost fully
alkylated. From these results, it appears that a significant
proportion of Cys92 and Cys95 was protected from alkylation
whereas Cys132 and Cys137 were practically fully alkylated.
The values of the three other major peaks precisely fit the
calculated masses of three peptides expected from the
endoproteinase Lys-C treatment.

Identification of the Fast-Reacting Cysteie shown in
panels A and B of Figure 2 after alkylation for 30 min, one

same mass spectrum was obtained after alkylation for 150f the cysteines was much more reactive, giving RUR

min, with major peaks for FUR and FURL, the presence
of FUR+2 was always very limited. In contrast with the

species. With the objective of identifying it, we cleaved the
mixture obtained after alkylation for 30 min without EDTA,

experiment in the absence of EDTA, the peaks correspondingusing endoproteinase Lys-C. The peptides were analyzed

to FURt4, already appearing at 15 min, progressively

using MALDI mass spectrometry. The peptide SerZys97

increase to become almost exclusive at 24 h. The almostwas practically not alkylated, giving a peakmafz 2461. The

complete disappearance of peaks corresponding tot2JR
induced by the presence of EDTA, indicates that two

traces of alkylated forms were due to the small amount of
FUR+4 present in the mixture. After HPLC separation, a

cysteines involved in zinc binding became accessible to thefraction gave two major peaks atVz 3551 and 3607

alkylating reagent after removal of the zinc by EDTA
treatment. As for the alkylation without EDTA, the minor
species FUR5 appears after alkylation for 24 h, indicating
a nonspecific reaction.

Identification of the Two Least Reaati CysteinesTo
identify the two cysteines which were less reactive in the

corresponding to the peptide HistilZys147 with zero and
one alkylating group, respectively (data not shown). This
fraction was further digested using endoproteinase Asp-N.
The resulting peptides were analyzed without separation
using MALDI mass spectrometry, giving the mass spectrum
in Figure 4. A peak atn/z 2660 likely corresponds to peptides

absence of EDTA, specific proteolysis of the samples was a and b linked together by a disulfide bridge that was formed

carried out. The mixture of species FUR and FURH4,
obtained after alkylation fo6 h (Figure 2A), was cleaved
with endoproteinase Lys-C. It would have been obviously
easier to work on the purified FUR2 to characterize each

during the digestion of the nonalkylated form (peptidg d
It is likely that because of the disulfide bridge this digestion
was not complete, producing the peptide dvét 2642. A
peak aim/z 2197 can be attributed to peptide HistiGly135

cysteine. Unfortunately, it was not possible as we did not (a*) with one alkylating group. The presence of this modified
find chromatographic conditions that were suitable for the peptide indicates that Cys132 was alkylated. In contrast, a
separation of the different forms of Fur obtained after peak atm/z 522, corresponding to the peptide Aspi36
alkylation. A MALDI mass spectrum of the crude mixture Glul39 (b), indicates that Cys137 was not alkylated. Cys132
of the resulting peptides is presented in Figure 3. A peak atis the fastest-reacting cysteine and therefore the most
m/z 2462 precisely corresponds to the mono charged ion of accessible.

peptide Ser7#Lys97 (C), possessing Cys92 and Cys95  Specificity of lodoacetamiddodoacetamide may react
which were not alkylated. Another peakratz 2578 (C*), with histidines, especially with long reaction time&9). We

with a mass increase of 116 Da, corresponds to the samedetermined that the alkylations we observed occurred only
peptide with two alkylating groups. The intensities of both with cysteines and not with histidines. FUR obtained after
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alkylation far 6 h in thepresence of EDTA was cleaved with  Scheme 1: Schematic Representation of the Process of FUR
endoproteinase Lys-C. The masses of the resulting peptidedAlkylation by lodoacetamide

were measured, indicating that the peptides without cysteines

were not alkylated. After HPLC separation, the peptides
Ser77Lys97 and His117Lys147 were cleaved with en- FUR
doproteinase Asp-N and chymotrypsin, respectively. The two
resulting peptides possessing both histidines and cysteines

were sequenced using tandem mass spectrometry or Edmai
degradation. The others were mass analyzed. We unambigu-

ously found that the four cysteines were the only alkylated

amino acids. FUR+1

DISCUSSION

The Fur protein, a metalloregulatory protein, has been
proposed to utilize iron in vivo as a corepressor and then to
act as a negative regulator via sequence-specific pretein
DNA interactions. Fur also has a tight binding zinc site, and
EXAFS analysis enabled the first structural characterization
of this site 0). The chemical environment was proposed
to consist of two sulfur and two light (N or O) atoms, at
least one of them being a histidine. The sulfur ligands were
expected to be cysteines since the-Bhdistances (2.3 A)
are in perfect agreement with Z$ distances found in the
literature for sulfur atoms from zinc-bound cysteine mol-
ecules 20). In this study, we implemented a differential
alkylation study with and without EDTA, a strong zinc

FUR+2

chelator, to characterize the behavior of each four cysteines. FLIR+# [:u-neere:r .;:::ﬂmig
i i - | acdinom
The results are summarized in Scheme 1. EDTA Wrapging Zn

Fast-Reacting Cysteinélnder all the experimental condi-
tions that we tried, one of the cysteines was more reactive
than the others, indicating that it is more accessible. After
proteolysis experiments and mass spectrometry measure- 2Only one monomer is represented for clarity. One cysteine reacts
ments, we identified it as Cys132. This cysteine thus likely very fast, and then another one, in leading to an intermediate species

belongs to an exposed portion of the Fur protein. This is in denoted FUR-2. The other two cysteines are protected from alkylation
. . by the zinc atom, and a longer reaction time is required to modify
agreement with secondary structure predictions, based OMhem and obtain the final species denoted Rt4RAddition of EDTA

primary sequence, assuming a turn between G|y13Q andguring the reaction enables deprotection of these two cysteines, and
Aspl36 (L4—16). It gives a new partial element of the tertiary the fully alkylated protein can be obtained directly, without any

structure of Fur. intermediate.

Two Cysteines Are Protected from Alkylation by the Zinc

Atom. After alkylation far 6 h without EDTA, the simulta-  1© 36 h (data not shown). This evolution is indicative of a
neous presence of forms with two and four alkyl groups zinc displacement induced by the high concentration of the

clearly indicated that a portion of the molecules of the Fur 2/kylating agent. The absence of FUR indicates that the

protein that were examined had two protected cysteines andiWO |€ast reactive cysteines react together, which is induced
two accessible cysteines, whereas a portion of the molecule?y @ common gain _Of access_lblllty. The use of EDTA in the
possessed four accessible cysteines. Because of the denatuplSequent alkylation experiments clearly showed that the

ing conditions used to obtain the mass spectra with a goodZIN¢_Protection of the two cysteines was eliminated since
sensitivity, we were unable to show the presence of zinc or the FURF2 species had aimost disappeared. This disappear-

of the dimeric form of the Fur protein. The stoichiometry of @nce also ruled out the presence of a disulfide bridge which

zinc has not yet been clearly determined as Fur has beerfould also have accounted for the FR species obtained

shown to contain 0:50.8 zinc molecule per monomer from  Without EDTA.

ICP analysis 11). These values do not allow one to Identification of These Two Protected Cysteing$e
determine if there is one zinc per monomer or one zinc per identification of the two zinc-protected cysteines was achieved
dimer. Furthermore, an underestimation of the zinc amount after a proteolytic cleavage of the mixture of species F2R

in Fur was possible since the protein samples were treatedand FUR+4. The peptide bearing Cys92 and Cys95 was
with EDTA after passage through the chelating zinc imino- found in both alkylated (two alkylations) and nonalkylated
diacetate column to remove the nonspecific zia@)( The forms. This result was consistent with the two cysteines being
Fur molecules possessing four accessible cysteines might thupart of the zinc site. The essential role played by these
be formed without zinc. FUR2 species, indicative of Fur  cysteines, which are well-conserved in the sequences of the
molecules possessing a zinc, were more abundant tharFur proteins, has already been demonstrated by directed
FUR-+4 in the beginning of the alkylation reaction (up to 6 mutagenesis. Their replacement by serines caused a major
h). Afterward, they became less and less abundant from 24loss of activity of Fur both in vivo and in vitr@2§). In vivo,
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each of these mutations depressed the activity of the proteinscontained in the peptide loop of the zinc fing@dy). In the
from 4- to 10-fold. Furthermore, the destabilization induced Fur protein, the DNA-binding activity is proposed to be in
by these two mutations was confirmed by proteolysis the N-terminal region12, 13, 35), devoid of cysteines and
experiments; both mutant proteins were 10-fold more sensi- far from the zinc site in the C-terminal regiofQ).

tive to trypsin digestion than wild-type FU2%). In contrast, The presence of a structural zinc binding site is not
in vitro, the mutations seemed to lower activity of the surprising since the interior of the cell is fairly strongly
proteins about 100-fold. This difference suggested that thereducing, through relatively high concentrations of glu-
structure of these proteins was destabilized such that thereathione; therefore, disulfide bridges, which are so commonly

was a loss of activity during the purification proce28)( It exploited by extracellular proteins, are unstable and hence
would be interesting to understand how the Fur from bacteria rare in the intracellular environment. Since metal-binding
such asR. leguminosarun(21), P. putida (22), and P. sites such as zinc sites are insensitive to a reducing

aeruginosa(23) which do not contain the four conserved environment, they can be used to stabilize intracellular
cysteines are managing to conserve an active and stableroteins 82).
conformation. Furthermore, the EXAFS analysis gave a tetrahedral

A New Type of Structural Zinc Sitéthe EXAFS data  environment for the zinc atom of Fur with two cysteines
together with the present results strongly suggest the stoi-and two N or O donor ligands, one of them at least being an
chiometry of one Z#" ion per Fur monomer, each one ligated hjstidine. Using a similar approach, we plan to identify the
to cysteines 92 and 95. To our knowledge, it is the first time two other zinc ligands. A histidine-rich domain close to the
that a combination of chemical modification, the use of a cysteine motif (His85, -86, -87, and -89 B coli Fur) is
zinc scavenger, and mass spectrometry enables the identinighly conserved within the Fur proteins. His124 of e
fication of ligands of structural zinc. In a recent study, mass coli Fur is also conserved in other Fur proteins. We will
spectrometry was also used in association with a chemicaldetermine whether one or two of these histidines are the other
modification of cysteines to determine which ones were ligands of the zinc atom. Whereas none of the consensus
readily accessible i&. coli dihydroorotase30). The authors  sequence found in the known zinc finger motifs was present
assumed that the two accessible cysteines that they hadyithin the Fur amino acid sequence, our findings might
identified were potential ligands of structural zinc. In our enable us to characterize a zinc domain belonging to a new
study, we identified the two cysteines of Fur that became class. Whether this new zinc site is involved in DNA binding
accessible with the action of EDTA, a strong chelator of zinc. or in the dimerization of Fur is still a question to be answered.
We thus assumed that these two cysteines were ligands of
structural zinc, which gives new insight into the three- ACKNOWLEDGMENT
dimensional structure of the Fur protein.
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