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Superfamily

Pierdomenico Bellini and Andrew M. Hemmings*

Centre for Metalloprotein Spectroscopy and Biology, School of Chemical Sciences and Pharmacy and School of Biological
Sciences, Unkrsity of East Anglia, Norwich NR4 7TJ, United Kingdom

Receied October 12, 2005; Resed Manuscript Receed December 22, 2005

ABSTRACT. Fur proteins generally act as negative transcriptional regulators by binding to target regulatory
sequencedjr boxes) in the promoter regions of iron-responsive genes. RecBhilgobium leguminosarum

was reported to contain a protein (Myrof Fur-like sequence, which, under manganese-replete conditions
in its native background, repressed transcription of an ABC-type Mn(ll) transporter by binding to two
nonpalindromianur boxes in its promoter region. Muirdisplays apparently unusual regulatory flexibility

in that it can also repress iron-responsive gendssicherichia coliunder iron-replete conditions. In this
study, we quantify the affinities for binding a number of first-row transition-metal cations by Muod
demonstrate that, in a fashion similar&o coli Fur, Murg binds Mn(ll), Fe(ll), Zn(ll), and Co(ll) with
similar micromolar-order dissociation constants. In contrast to the vast majority of Fur proteins, however,
Murg lacks any high-affinity structural Zn(ll) sites. Furthermore, we show that holgMiinds as one

and two homodimers to botmur andfur boxes in a concentration-dependent fashion in the presence of
not only Mn(ll) and Fe(ll) but also Zn(ll) and Co(ll). We have developed an analytical method for
determination of the individual dissociation constants and find that the DNA-binding affinities are essentially
independent of the metal co-effector. These results complement those ohiatied by other authors

and suggest that the Fur-like protein®fleguminosaruma competent ferric uptake regulatorkn coli,

is insufficiently discriminating in its metal-binding characteristics to function as a regulator of iron
homeostasis in its native background.

Classically, the ferric uptake regulator (Fur) protein has shown to respond to Fe(ll) or Mn(ll) depending upon the
been viewed as a global iron-responsive negative transcrip-particular promoterX0). Irr, the iron-responsive regulator,
tional regulator of a wide range of genes in bacteria, many is another Fur-like protein first identified Bradyrhizobium
of which encode the biosynthesis and uptake of siderophoregaponicum (11), which, under Fe-deplete conditions, re-
(2). The currently accepted view is more complex, acknowl- pressesiemB a gene involved in heam biosynthesis. Under
edging that Fur is also involved in the regulation of a range Fe-replete conditions, Irr is targeted for degradation via a
of other iron metabolism-related processes and also inpost-translational pathway?). Notably, the Irr family may
processes not obviously related to iroB).(A growing be the most divergent among the Fur superfamily group in
number of Fur superfamily proteins have been identified with that its members are active in the absence of metal rather
Fur orthologues found in many Gram-negative bacteria and than its presence.

also some low GC-content Gram-positive bacteria. These are g final Fur family characterized to date involves proteins

proteins with Fur-like sequences but which recognize dif- iy lved in the regulation of bacterial manganese uptake.
ferent corepressors and carry out a variety of regulatory roles.g - or Fur-like proteins are involved in the regulation of

The zinc-uptake regulator, Zur, which responds to Zn(ll), agc-type Mn(Il) permeases in a number of bacteria includ-
was first described iBacillus subtilis(3) and Escherichia ing Yersinia pestisand Salmonella enterica(13, 14).

colil (4) where it represses the transcription of genes encodingRecenﬂy, two further examples have been described from
a zinc ABC (ATP-binding cassette) transport system. Sub- {pa proteobacteriaRhizobium leguminosarurfL5) and

sequently, Zur proteins have been identified ir_1 other bacteria ginorhizobium melilot{16). The manganese uptake regulator
such ad.. monocytogene). PerR, the peroxide response ot g jeguminosarurtMurg)) is a cytoplasmic protein, which,

regulatcl)r, regulates QXidaEVF response genes. isubtilis, under manganese-replete conditions, represses transcription
Campylobacter jejuniStaphylococcus al,!r_euandStrepto- of the sitABCDoperon, which specifies a Mn(ll) transporter
coccus pyogend$—9). PerR fromB. subtilishas also been of the ABC class 15). Interestingly, repression was not

observed in conditions of excess Fe(ll). The amino acid
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(17). Indeed, no further proteins with a Fur-like sequence
are predicted from the analysis of tlie leguminosarum
genome, and the iron-sensing role of Fur in this organism is
taken by a recently discovered regulator, Rii&8)( a protein
showing no sequence homology with Fur proteins. Con-
versely, under iron-replete conditions, Muis able to correct
anE. coli fur deletion mutant and represses a promadbiéd) (
that is recognized by Fgg (17). Also, in the presence of
excess Mn(lIl), Mug can retard a DNA fragmernih vitro
containing the archetypdur box precedingpudS of P.
aeruginosa(17) [note that Mn(ll) is a commonly adopted
surrogate corepressor used in studies of Fur activity]. In
addition, Mug shares a high degree of sequence identity
(65%) with the Fur protein oB. japonicum Furg;, which in
turn shares 38% identity with Feyr Furgj has been shown
to bind to afur box in theirr promoter region and can
complement aike. coli fur deletion mutant19). When these

Biochemistry, Vol. 45, No. 8, 200687
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fur box 5’ - TGATAATGATAATCATTATCA -3’
3’ - ACTATTACTATTAGTAATAGT -5’
mrsl 5’ - TGCAATTCATTCTTAATTGCA -3’
3’ - ACGTTAAGTAAGAATTAACGT -5’
mrsz2 5’ - TGCAAATCATTCTGAATCGCA -3’
3’ - ACGTTTAGTAAGACTTAGCGT -5’
irr promoter 5’- TGCGAGAAACTTGCATCTGCA -3’
3’ - ACGCTCTTTGAACGTAGACGT -5’

Ficure 1: Comparison of the core regulatory sequences of different
Fur superfamily proteins. A pseudopalindromic canonfaalbox

(21), mrsl and mrs2 from R. leguminosarum(15), and the
noncanonicafur box from B. japonicum(19) are shown. Bases
corresponding to potential overlapping«(XZ—7), inverted repeats
(23) are shown in bold. Conserved bases are indicated by an
asterisk.

observations are taken together, they support the emerging o ) . )
view that the mechanisms for the regulation of iron uptake t0 metal-binding sites S1 and S2 in kuare conserved in

in the rhizobia are very different from those in the
proteobacteria, such & coli (18, 20).

fur, zur, perR irr, or mur boxes are usually found to be
palindromic and 19 or 21 bp long, depending upon inter-
pretation. The canonicdlir box can be viewed as either a
9—1-9 palindrome 21), as three imperfect direct repeat
pentamers with the sequence AF/AT (22), as two direct
and one inverted hexamer with the sequence GATA2Y),(
or as two overlapping #1—7 inverted repeats2@). In
addition, Friedman and O’Briari9) have shown by DNase
| footprinting analysis that Fgr maximally protects a 30-
bp region of theirr promoter region containing a nonca-
nonical fur box that can be interpreted as three imperfect

the sequences of Mulr Furee, Furg;, andVibrio anguillarum

Fur (Fuk,) (Figure 2). Surprisingly, however, mutants of
Furg; containing alanine substitutions in the corresponding
binding sites S1 or S2 retained high DNA-binding affinity
and repressed transcriptiam zitro in an Fe(ll)-dependent
manner 25). Thus, inB. japonicumFur at least, binding of

a structural metal may not be necessary a prerequisite for
activity. Fug. and Fuy, have an additional very tightly bound
zinc ion per monomer removable by ethylenediaminetet-
raacetic acid (EDTA)treatment only after denaturation of
the protein 26, 27). This site is not present in R (28).
Two of the four ligands of this tightly bound Zn(ll) ion have
been identified as cysteine2q) that are only conserved in

direct repeat hexamers. In the presence of Mn(ll) as a Furec and Fuua (Figure 2). For present purposes, we may

surrogate corepressor, one and twogfdimers were shown

to bind to either a canonical (palindromity box consensus
sequence or to the dsDNA sequence inBhgaponicum irr
promoter region at low and high concentrations, respectively,
whereas Fuyt only recognized thdur box (19). Electro-
phoretic mobility shift assays involving the completi-
ABCD promoter region ofR. leguminosarumed to the
proposal that Mug recognizes two 21-bp sequences, Mur
responsive sequences 1 and 2 (labetesl and mrs2
respectively) spaced 34 bp apart in $i8ABCD promoter
region. These bear only superficial similarity to the canonical
fur box sequence and are only partially palindromi&)(
(Figure 1).

The only crystal structure of a Fur superfamily protein
available to date is that of holo Zn(Il)-Fui(24). The protein
folds to give a C-terminad/3 dimerization domain and two
N-terminal helix-turn—helix motif-containing DNA-binding
domains (one from each monomer). The gustructure
contains two Zn(ll) ions per monomer: one binding site
(labeled S1) lying within the C-terminal domain and the other

label this additional structural site S3 and note that the
residues involved in providing ligands to the S3 zinc ion
are not conserved in the rhizobial Buor Murg proteins.
When the availablén vizo data are taken together, they
suggests that iR. leguminosaruriViurg, binds tomurboxes
and represses transcription in response to manganese but not
iron yet binds to canonicdlr boxes and represses transcrip-
tion in response to iron but not to manganes&ircoli fur
deletion mutantsi). We were therefore interested to probe
the apparently unusual metal- and DNA-binding specificity
of the protein. In the present study, we report the first
vitro characterization of a manganese uptake regulator of
the Fur superfamily, Mys. We demonstrate the surprising
result that Mug binds a range of divalent transition-metal
cations at a molar ratio of one ion per protein monomer,
and this alone is apparently sufficient to result in high-affinity
binding to bothmur andfur boxes. We develop an analytical
method for determination of the cooperativity in binding a
ligand to a bivalent receptor and use it to investigate the
affinity of Murg in uitro for both its cognate regulatory

(labeled S2) located at the interface between the C- andseduences and for canonical and noncanoficaoxes. We

N-terminal domains. X-ray absorption spectroscopy and
microPIXE analysis of Fe(ll)-treated Fyin solution showed
S2 to be occupied by Zn(ll) and S1 by Fe(ll) (the latter

discuss our results in terms of the growing body of data that
supports the view that Fur superfamily proteins from different

presumably replaced by zinc in the crystal structure because 1 Apbreviations: CD, circular dichroism; DTT, dithiothreitol; EDTA,

of its high concentration used during crystallizatio@})
Therefore, the two binding sites S1 and S2 of fzuvere

ethylenediaminetetraacetic acid; EMSA, electrophoretic mobility shift
assay; HMC, high-mobility complex; ICP-AES, inductively coupled
lasma atomic emission spectroscopy; ITC, isothermal titration calo-

. : : p
inferred by the authors as corresponding to sensing andrmetry: ONPG, o-nitrophenyl-p-galactopyranoside; LMC, low-

structural sites, respectively. All of the ligands contributing

mobility complex.
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Murg; ------- MTDVAKTLEELCTERGMRMTEQRRVIARILEDSE--DHPDVEELYRRS 46

Furyg; MTALKPSSASKASGIEARCAATGMRMTEQRRVIARVLAEAV--DHPDVEELYRRC 53

Furpy, -=-=-========-- MVENSELRKAGLKVTLPRVKILQMLDSAEQ-RHMSAEDVYKAL 42

Furg, ----------- MTDNNTALKKAGLKVTLPRLKILEVLQEPDN-HHVSAEDLYKRL 43

Fury, ----------- MSDNNQALKDAGLKVTLPRLKILEVLQQPEC-QHISAEELYKKL 43
. o oo o 0

Murg; VKVDAKISISTVYRTVKLFEDAGIIARHDFRDGRSRYETVPEEHHDHLIDLKTG 100
Furg; VAVDDKISISTVYRTVKLFEDAGIIERHDFREGRARYETMRDSHHDHLINLRDG 107
Furzs MEAGEDVGLATVYRVLTQFEAAGLVVRHNFDGGHAVFELADSGHHDHMVCVDTG 96
Furz. IDMGEEIGLATVYRVLNQFDDAGIVTRHNFEGGKSVFELTQQHHHDHLICLDCG 97
Fury, IDLGEEIGLATVYRVLNQFDDAGIVTRHHFEGGKSVFELSTQHHHDHLVCLDCG 97

L] . L]
Mury, TVIEFRSPEIEALQERIAREHGFRLVDHRLELYGVPLKKEDL--------- 142
Furg; KVIEFTSEEIEKLOQAEIARKLGYKLVDHRLELYCVPLDDDKPTS------- 151
Furp, EVIEFMDAEIEKRQKEIVRERGFELVDHNLVLYVRKKK------------- 134

Furz. KVIEFSDDSIEARQREIAAKHGIRLTNHSLYLYGHCAEGDCREDEHAHEGK 148
Fury, EVIEFSDEVIEQRQREIAEQYNVQLTNHSLYLYGKCADGSCKQNPNAHKSK 148

Ficure 2: Primary sequence alignment generated using T-COFBBo{ selected proteins belonging to the Fur superfamily. Sequences
shown are those frorRR. leguminosarun{Murg), B. japonicum(Furg)), P. aeruginosa(Fur,), E. coli K12 (Furs), andV. anguillarum

(Fur,). ® andO, respectively, represent residues in the putative sensing Fe(ll)-binding site (S1) and the structural Zn(lIl)-binding site (S2)
of P. aeruginosaFur (24). The sole cysteine of Myrat position 12 is usually substituted by a leucine in Fur-like protethsepresents

the two cysteines involved in the S3 site of fuand Fuy,, a very high-affinity structural Zn(ll) site.

genera function in a complex background of processesHCI at pH 7.5, 500 mM NacCl, and 100 mM imidazole), and

contributing to metal homeostasis. the protein was then eluted by applying elution buffer (20
mM Tris-HCl at pH 7.5, 500 mM NacCl, ahl M imidazole).
EXPERIMENTAL PROCEDURES The whole process was run at 7 mL/min using a peristaltic

Chemicals and Reagentsil chemicals were reagent-grade pump (Amersham Biosciences). Elution fractions containing

and were purchased from Sigma and Fisher. Agar and yeastUrr were pooled and poured into a Hi-Load Superdex 75
extract were purchased from Roche. ggl-ﬂltratlon co_lumn (Amersham Biosciences) equilibrated
Bacterial Strains, Plasmids, Media, and Growth. E. coli With 20 mM Tris-HCl at pH 7.5, 150 mM NaCl, and 5 mM

strain DH%x was used for the propagation of plasmids and EDTA. Gelfiltration fractions containing pure Muras
was grown on Luria-Bertani (LB) media with appropriate 1udged by SDSPAGE were pooled and dialyzed against 5

antibiotics. Plasmid pMur, a pET21a-based vector (Novagen), L Of reservoir buffer containing 20 mM Tris-HCl at pH 7.5
contained th&. leguminosarum mugene derived from the ~ and 500 mM NaCl using a Spectra/Por membrane (Spectrum
wild-type strain, cloned into thélde and Xhd restriction Laboratories) with a molecular-weight cut off (MWCO) of
sites. A stop codon was introduced at Mied site to allow 3 kDa. Demetalation continued by dialysis of the sample
for the expression of the native protein (Myrwithout a ~ @gain$ s L of reservoir buffer containing 20 mM Tris-HCI
His tag at the C terminus. at pH 7.5 and 150 mM NaCl. Each dialysis step was carried
Overexpression, Purification, and Demetalation of Mur ~ OUt for at leas4 h using glassware that had been washed
Murg was overexpressed if. coli strain BL21 (DE3) overn|g_ht in ;O% HCI. All protein concentrations were
transformed with pMur and initially grown in 5 mL of LB de;ermmed using a Bradford assay (BioRad) and_ calibrated
media containing ampicillin (10@2g/mL). A total of 1 mL using spectrophotometric measuremlents employing a molar
of culture from an overnight growth was used to inoculate 1 &Xtinction coefficient of 5120 M cm™ at a wavelength of
L of LB media again containing 10@g/mL ampicillin. 280 nm.
Overexpression was induced in cells at mid-log phase by Construction of a (C12A)MurMutant.Nucleotides in the
adding a final concentration of 0.4 mM isopropyl-1-tifie- clonedmur gene coding for residue cysteine 12 were altered
D-galactopyranoside, and cells were left growing at°87 to code for an alanine using QuikChange (Stratagene),
for anothe 4 h with shaking. Cells were harvested by producing the plasmid p(C12A)Mur. The mutation was
centrifugation at 4009for 10 min at 4°C using a Becknam  verified by gene sequencing and electrospray ionization mass
Avanti J-20 centrifuge. The pellet was resuspended in 10 spectrometry of the protein. (C12A)Mywas overexpressed,
mL of binding buffer (20 mM Tris-HCI at pH 7.5, 500 mM  purified, and demetalated as described for the wild-type
NaCl, and 10 mM imidazole), and the cells were sonicated protein. The secondary-structure content of the metal-free
using a Dawe Soniprobe for 2 min at L&n amplitude on mutant protein was checked by a comparison of its far-Uv
ice. The cell debris was then centrifuged for a further 15 circular dichroism (CD) spectra with that of apoMuusing
min at 4500@. The supernatant was syringe-filtered using a 7-180 CD spectropolarimeter (Applied Photophysics)
0.45 um Sartorius filters and then poured into a 10 mL calibrated with 0.1% (v/v) {)-10-camphorsulfonic acid.
column containing IDA resin (Novagen) previously washed Samples were buffer-exchanged by extensive dialysis to 20
with 50 mM NiCl, and subsequently equilibrated with 10 mM sodium phosphate at pH 7.3, and the protein concentra-
column volumes (CVs) of binding buffer (this and all tion was approximately 1 mg/mL (approximately 6M of
subsequent purification steps took place &% The column monomer) in each case. Sample spectra were recorded at a
was then washed with 15 CVs of wash buffer (20 mM Tris- path length of 2 mm from 195 to 260 nm at 22. The step
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resolution for all measurements was 0.2 nm with a speed of overnight n 5 L of reservoir buffer (20 mM Tris-HCI at pH

100 nm/min. The response time was set to 0.5 s with a 7.5 and 100 mM NacCl) containing either 0.5 mM Ma®©t

bandwidth of 1 nm and a sensitivity of 20 millidegrees. CD ZnCl, (CaCk was also used as a negative control). The

spectra were corrected for by subtraction of the spectrum in samples were then dialyzed overnight5 L of metal-free

the presence of buffer alone. Secondary-structure content wadpuffer (20 mM Tris-HCl at pH 7.5 and 100 mM NacCl) before

then determined using CDNIR9). No significant difference  being subjected to metal concentration analysis by atomic

was observed between the secondary-structure contents oémission spectroscopy. The inductively coupled plasma

apoMug and apo(C12A)Mu resulting from deconvolution,  atomic emission spectroscopy (ICP-AES) instrument used

confirming the correct folding of the mutant. The observed for these experiments was a Vista-PRO Simultaneous from

secondary-structure content wadelix, 30%;5 sheet, 21%; Varian. The wavelengths used to detect the atomic emissions

B turn, 17%; and coil, 34%. were 214, 258, and 423 nm for zinc, manganese, and calcium,
Determination of the Protein Aclity in Vivo Using a respectively. The concentration of metal in the dialysis

p-Galactosidase Assay. E. cdllC4100 transformed with  reservoir was also measured and subtracted from that of the

pl459, a plasmid containing thsitA promotertacZ fusion, protein sample. Measurements were taken from triplicate

and either pMur or p(C12A)Mur were used to inoculate 10 samples prepared with each metal. Udtagyalues for metal

mL of LB media with suitable antibiotic concentrations. binding measured by ITC, we then calculated the expected

Cultures were grown to a final cell density of approximately concentration of metal in each ICP-AES sample (for the

2—5 x 10° mL! (corresponding to an Qjg» of 0.28-0.70). method see the Supporting Information).

A total of 0.5 mL of the culture was removed and placed in  Electrophoretic Mobility Shift Assays (EMSA§MSA

a 2 mL eppendorf tube and diluted to a final volume of 1 was performed as described by Ochsner e88).With minor

mL with Z buffer [100 mM phosphate buffer at pH 7.5, 10 modifications. Four 27-bp DNA oligomers (supplied by

mM KCI, 1 mM MgSQ;, and 0.5% (v/v3-mercaptoethanol]l.  MWG Biotech) labeled with fluorescein at thé énd were

Three replicates for each strain were used in these studiesused: mrs1(5'-TGT TGC AAT TCATTC TTAATT GCA

The cells were lysed by adding 50 of chloroform and 25 CAA-3") andmrs2(5-TTT TGC AAATCATTC TGAATC

uL of 0.1% (w/v) SDS. Tubes were placed at room GCA ACT-3) found in theR. leguminosarum sitABCD

temperature for 5 min. A total of 0.2 mL of 4 mg/mL promoter regionX5); a canonicafur box consensus sequence

o-nitrophenyl$-p-galactopyranoside (ONPG) was added to flanked by three base pairs chosen to minimize possibilities

each sample and left at room temperature for 8 min. A total of self-annealing (5STGT TGA TAATGA TAATCA TTA

of 0.5 mL of 1 M NaCQ0s; was then added to stop the TCA CCC-3); and the Fug box (5-GTT GCG AGA AAC

reaction, and the tubes were spun down for 1 min at 5000 TTG CAT CTG CAT CTA-3) in the promoter region oB.

to remove cell debris. Supernatants were collected, and anjaponicum irr (19). The complementary oligomers for each

OD40 Was measured, using Z buffer to blank the spectro- were also fluorescein-labeled. A 27-bp oligomer based on a

photometerf-Galactosidase activity was calculated in Miller nonself-annealing, scrambléar box sequence was also used

units according to the formula: as a negative control. Single-stranded DNA oligomers were
annealed by mixing equal concentrations of DNA, followed
activity = (1000 x OD,,g)/(t x v x ODgqp) by incubation at 90°C for 10 min and subsequent slow
cooling to room temperature.
wheret is the time of sample incubation with ONPG and For analysis of binding affinities, increasing concentrations
is the volume of cell culture used for the assay. of apoMugy in the presence of 1 mM dithiothreitol (DTT)

Determination of Binding Affinities for Various Transition- and a 5-fold excess of metal ions over the highest protein
Metal Cations Using Isothermal Titration Calorimetry (ITC). dimer concentration were employed. DNA concentrations
A total of 2.5 mL of previously degassed and demetalated used were 40 nM fomrsland mrs2and 200 nM for the
(C12A)Murg protein at a monomer concentration of 418l canonicalfur box and Fug box. Assays were performed in
was loaded into the cell of a Microcal isothermal titration the presence of Mn(Il), Fe(ll), Zn(ll), and Co(ll). Ca(ll) was
calorimeter. Titrations of different metals [Mn(ll), Fe(ll), Zn-  also employed as a negative control. For each of the DNA
(1N, Ni(Il), and Co(ll), with Ca(ll) included as a negative probes, a further control was performed by running the
control] were carried out by injecting AL of 5 mM metal EMSA in the presence of a 5-fold excess of EDTA over the
solution every 60 s. All titrations were continued until a 10- protein monomer concentration. The ferrous iron solution,
fold molar excess of metal ion over the monomer concentra- prepared as described for ITC experiments, was preincubated
tion was achieved. All of the metal solutions were prepared with the protein-DNA sample in an anaerobic environment
from divalent metal chlorides dissolved in water except for prior to rapid loading onto the gel. The remaining metals
ferrous iron. The latter was freshly prepared in an anaerobicwere simply incubated with the proteiDNA mixture for
environment as an iron ammonium sulfate salt dissolved in 15 min at 32°C prior to electrophoresis. Metals were not
a slightly acidic solution (pH 4.5 using HCI) to decrease the present in either the running buffer or in the gel itself because
rate of oxidation. Experiments were carried out at°Z3 of metal oxidation during gel settlement. Bands were
according to the instructions of the manufacturer. Data were visualized using a Molecular Imager FX (BioRad), and bound
analyzed by a version of Origin modified for ITC data and unbound DNA was quantified by comparing relative
analysis as supplied by Microcal. All experiments were signal intensities using Quantity One (BioRad). A further
carried out in triplicate. negative control experiment was carried out in each case.

Detection of Metal Binding by Atomic Emission Spectros-  Determination of the Molecular Weights of Myir DNA
copy. A total of 5 mL of 5uM (monomer concentration)  ComplexesFerguson plots were employed to estimate the
demetalated (C12A)Myr protein samples was dialyzed molecular weights of Mui—DNA complexes. This proce-
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dure was carried out as described by Friedman and O’Brianeq 3 to a linear equation using the constriction that the ligand
(19. concentration can be assumed to be much greater than that
Detection of Cooperatity between Identical Binding Sites  of the receptor31). Because the protein (ligand) concentra-
of a Bivalent Receptor through Determination of Macro- tion was not much greater than that of the DNA (receptor)
scopic Dissociation Constant€onsider a receptor withtwo  in the EMSAs described above (because of the limitation in
identical binding sites such as a palindromic dsDNA detection of fluorescein-labeled DNA), it was necessary to
sequence with two overlapping binding elements (a canonical derive an unconstrained method to provide accurate quantita-
fur box) to which two proteins can bind. A ligand will first  tive analysis of the binding data. The three solutigns
randomly occupy one of the two identical binding elements yi,, andy.s for the cubic equation are given by the cubic
(er2) of such a receptor and subsequently the othgy)(e  formula (http://mathworld.wolfram.com/CubicFormula.html),
Dependent upon the effect on the second binding elementand in this case, where the polynomial discriminant is less
because of ligand binding to the first binding element, three than 0, they are
possible scenarios can occur (1) the ligand binds toéth

a dissociation constari{y, and to @, with a dissociation Vi1 =2V—Q COS(Q) — :_La2 (7)
constanKg,, with Kg, > Kg, (positive cooperativity); (2) the 3 3
ligand binds to @, with Kq, and to g, with Kg,, with Kg, < A= _[0+2m 1
Kg, (negative cooperativitg/); (3) the ligand binds t@e&ith Yo =2v-Q COS( 3 ) 3% (8)
a dissociation constardy, and to e, with Kg,, with Ky, = 044 1
Kg, (no cooperativity, which means thateand e, are Yi3=2vV—Q cos( 7[) - >3, 9)
indistinguishable). The two dissociation constaKts and 3 3
Kq, according to the law of mass action, can be described ynere
as
0= cosl( P ) (10)
R—y)L—vy,— - e
Ky = (R—yu( s Y1~ ¥2) 1) e
1
and Q= E— (11)
V1= YL —y1—V¥) 9a,a, — 273, — 2a,°
Kq, = ) p— 2% ay b (12)
Y2 54
where R is the receptor concentration, is the ligand Solutionsy,; andy;, do not make sense because eqs 7 and
concentrationy; [low-mobility complex (LMC) + high- 8, respectively, increase and decrease indefinitely. The “real”

mobility complex (HMC) in Figure 4] is the concentration solution is eq 9, which gives a “saturation curve”. However,
of occupied g,, andy, (LMC in Figure 4) is the concentra-  determination oKg, using eq 9 is prompt to significant errors

tion of occupied g.. It is possible to extrapolate eithgror even though the binding curve shows an excellent fit to the
y» using both egs 1 and 2 to create a combination of binding data. This is due to the fact that extrapolationyeffor
curves inL containing only the known quantitR (total substitution into eq 2 was originally derived from eq 1, where

amount of receptor) and the two unknown paramekggs the contribution ofy; is usually not significant until the ligand
andKg,- These curves can then be fitted to experimental datareaches a reasonably high concentration. Consequently, the
plotted as fractions of eithey; or y, against the ligand  contribution ofKg, to eq 9 is also minimal with insignificant
concentration to estimate the two unknown parametgys  changes to the binding curve over a wide range of different
and Kg,. The most convenient way to proceed is by values, which makes its correct determination difficult.
rearranging eq 1 in terms @ and then by substituting the = Therefore, while eq 9 is useful to estimafg,, it is not
result into eq 2 to obtain, after regrouping, a cubic equation advisable to use it to estimat€,. The contribution ofy,

for yx and, consequentlysq, to the binding curve can be increased
5 ) by creating a binding curve explicitly foy,. The most
y, tay, " tay, +a,=0 3 convenient way to proceed in deriving an equation yor
that does not contaiw is by first rearranging eq 1 in terms
where of (L — y1 — ¥») and by substituting the result into eq 2, to
5 obtain, after regrouping
Kd2 - Kdl - ZRKdl - Kdl
a,= 4) Kiyr  KgYs
LR LK Ky K R R nT
a, = ", % %% ", (5) Rearranging then eq 13 in termsyfand substituting eq 9
2Kdl for y; gives
_ LRKy, Ko ¥19)°
d, RKy, — Kg,(Y19) + Ky (Y1)

Standard methods used in binding analysis simplify the cubic whereyi; is described in eq 9.
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Binding curves fory; minusy, (HMC in Figure 4) as well Table 1: g-Galactosidase Activities Directed by a Plasmid-borne
as for the sum of; andy, (2xLMC + HMC) can also be SitA-lacZFusion inA Transformed with Plasmids Expressing Mur

easily obtained by substituting eqs 9 and 14 ypandys, and (C12A)Muk
respectively, to give activity activity
) (Miller units)  (Miller units)
Kdl(y13) sample +Mn(I1) +bipyridyl
Vi = Yo=Yz~ — (15) MC4100 E. colistrainlacZ") 31+1 35+ 3
RKdz Kdz(ylS) + Kdl(ylii) MC4100+ SitA-lacZfusion 165+ 27 1784+ 31
MC4100+ SitA-lacZfusion+ Murg, 41+ 12 145+ 25
K, (y 3)2 MC4100+ SitA-lacZfusion 46+ 16 1514 15
. dy V'L + (C12A)Mury
Vit Y=Yzt (16)

RKy, — Ko (V19 + Ko (V29 | _ | o
result into eq 1 to obtain, after regrouping, a cubic equation

wherey,s is described in eq 9. Note that, becayselusy., for y,, where the real solution is also given by eq 9 and

is equivalent to HMC plus 2 times LMC, eq 16 has to be 5

divided by twiceR to obtain fractions of bound ligand. Eqs Kg, = LKy, = Kg,

14, 15, and 16 were observed to be equally efficacious for &= K (22)

determination of botly, andKg,. The method then provides %

accurateKy values for both binding events and hence an

indication of whether cooperativity in binding is operational. LRKd2 - Kdedl - LKdl - RKd1 - Rdez
Unconstrained Analysis of Ligand Binding to avBlent a = Ky (23)

Receptor with Nonidentical Binding SitegSor the case of 2

the Mulz, protein binding to nonpalindromiairsl, mrs2 or LRK,

irr box DNA, we have assumed the receptor to be bivalent _ 1 (24)

with nonidentical binding sites. The following method will
provide an estimation of macroscopic dissociation constants
for both binding events. However, in this case, it is not RESULTS

possible to distinguish whether the difference betwkgn - . :

andKg, is due to negative cooperativity or to differences in T A (CF}ZA).ML.'F*' \l\él_yuta:t Hasl S|m|lar'Proper_t(|jes tq t?e W('jld'

the structures of the binding sites (or to both of them). ype Protein in Wio. A single cysteine residue Is found at
position 12 in the sequence of Mu(Figure 2). Cysteine is

In the case of a bivalent receptor with independent and Iso found at th i ition in th f
nonidentical binding sites, the dissociation constant for ligand also found at the corresponding position in the sequences o

binding to a specific binding site, S1, can still be described Furg and Zue., whereas in other Fur-like proteins, it is

by eq 1. However, the dissociation constant of the ligand usu_ally a Ieucineln_uitrq, aquurm will, over tim_e, form
b%dicr]\g to th\g c:iher site I;; i.l, nlow desscribed by 9 an intramolecular disulfide bridge, and the disulfide-bridged

dimer loses its DNA-binding activity (manuscript in prepara-
R=Y)L—Y,—Y) tion). However, the addition of a suitable reductant such as
, = y 17) DTT will break these bonds restoring activity. Because not
2 all of the analytical methods that we required are consistent
with the presence of reductants, we engineered an alanine
mutant of the protein and tested its activityvivo using a
reporter plasmid containing th&tABCD promoter region
Vit VY, as a fusion withlacZ The results showed no significant
L™ " oR (18) difference between the wild type and the alanine mutant
(Table 1). We also checked the folding of the mutant by
y1 can be derived by rearranging eq 1 in termsypfind CD analysis, which revealed very similar secondary-structure
then by substituting the result into eq 17 to obtain, after contents for the C12A mutant and wild-type MurWe
regrouping, a cubic equation fgi, where the real solution  therefore concluded that (C12A)Myrcan be used as a

Ka

The fraction of bound ligand3,, assuming that the sites are
independent, is then given by

is again given by eq 9 and functional and structural substitute for the wild-type protein
where necessary.
Kg, = LKy — Kdlz The Affinity of Binding of Mn(Il) by (C12A)Murin Vitro
a,= K (19) Is Higher Than for Other Transition MetalE[C is one such
o method that does not allow for the presence of a reductant.
Therefore, (C12A)Mug was used in quantitation of metal-
LRKdl - Kdlez - '—Kd2 - RKd2 - Rdel binding affinities. Accordingly, ITC analysis showed two
a = Ky (20) Mn(ll) ions to bind to a (C12A)Mug dimer with the same
1 individual dissociation constant&{ of approximately 3.7
LRK, uM) within experimental error (Figure 3 and Table 2). No
a,= 2 (21) evidence for the occupation of further binding sites was
K4 observed up to a 10-fold molar excess of metal ion to protein

' monomer. This binding analysis was repeated for a number

Following the same principley, can be derived by rear-  of other first-row divalent transition-metal cations including
ranging eq 17 in terms of; and then by substituting the  Fe(ll), Co(ll), Zn(ll), and Ni(ll). No binding was observed
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Ficure 3: ITC analysis of apo(C12A)Mgy titrated with Mn(ll)
and Fe(ll). Raw data collection trace for titration of Mn(ll) to a
sample of (C12A)Mug and subsequent data analysis are shown
as A and B, respectively. Similar data for the titration using Fe(ll)
are shown as C and D.

for the negative control, Ca(ll). The results showed (C12A)-
Murg; to have the highest affinity for Mn(ll) among the
metals tested (Table 2). Of the remainder, (C12A)Mur
showed similar, weaker affinities for Fe(ll), Zn(ll), and Co-
(I, whereas Ni(ll) was the least tightly bound. As was the
case for Mn(ll), no further metal-binding events were

Bellini and Hemmings

Table 2: ITC-Derived Binding Affinities of (C12A)Mw for
Different Transition Metaks

metal ion Ny Kg, («M) N2 Kg, (M) R?
Mn(ll) 1.14+0.05 3.6£0.15 1.2+0.1 3.8£0.1 0.99
Fe(ll) 1.0+ 0.10 5.9+04 1.0+ 0.15 6.1+ 0.1 0.99
Zn(Il) 1.24+0.2 115+1.2 1.2+0.1 12.7£09 0.95
Co(ll) 1.1+0.2 5.3+ 0.15 1.1+0.1 5.8+ 0.2 0.99
Ni(ll) 1.20£0.15 210+35 1.15+0.1 220+£25 0.95

2 The results are based on a two-binding-site model fitted to titration
data taken in triplicate. The calculated number of sit8§ énd
dissociation constantkg) are shown for each siteR? shows the
goodness of fit.

Table 3: Observed and Calculated Molar Ratios of Metal lons
Bound Per Monomer of (C12A)Mur Following Dialysig

observed Mn(ll)  observed Zn(ll)
molar ratio molar ratio
(calculated) (calculated)

dialysis [Mn(Il)]  [Zn(ID)]
metal  (uM) (um)

none 0.1+0.0 0.1+0.0
Mn(ll) 0.6+0.1 0.1+ 0.0 0.12+0.02 (0.11) 0.02: 0.0
Zn(ll) 0.1£0.0 0.2+0.1 0.02+ 0.0 0.04+ 0.02 (0.04)

a Protein samples were dialyzed against buffers containing either no
metal (“none”), Mn(ll), or Zn(ll) followed by dialysis against metal-
free buffer. Residual Mn(Il) and Zn(Il) concentrations were measured
by ICP-AES, and observed molar ratios were derived from the known
protein concentration. Calculated molar ratios (in parentheses) were
derived using the metal-specific dissociation constants resulting from
ITC analysis (see the Supporting Information for the method).

affinities of Murg, for Mn(ll) and Fe(ll) measured in this
study are slightly greater than those reported previously for
Fur proteins. For example, Fiwas reported to bind Fe(ll)
and Mn(ll) with dissociation constants of 10 and 8!,
respectively, by Bagg and Neiland32f and 55 and 8xM,
respectively, by Hamed3p).

Murg; Does Not Possess a Structural Zn(Il) Binding Site.
ITC results provided the first indication that the Mdimer
binds divalent cations at a ratio of two per dimer. We sought
to confirm this using atomic emission spectroscopy. ICP-
AES analysis of (C12A)Muy treated with either Mn(ll) or
Zn(I1) and then dialyzed against metal-free buffer solutions
showed a molar ratio of the metal ion to monomer of
approximately 0.12 and 0.04 for Mn(lIl) and Zn(ll), respec-
tively (Table 3). If the two binding sites are really identical
with a (mean)Xg value of 3.7uM as the ITC results appear
to suggest, then the amount of bound metal observed by ICP-
AES should be predictable (see the Supporting Information).
Note that this analysis assumes that the metal-binding sites
are independent (no cooperativity). Using this approach, the
predicted molar ratios for both Mn(ll) or Zn(ll) are in very
good agreement with the experimental data (Table 3).
Importantly, the accurate prediction of the molar ratios of
bound metal ions observed by ICP-AES has provided an
independent check on the accuracy of the binding affinities
for Mn(ll) and Zn(ll) derived from ITC. The Donnan effect
is the extra osmotic pressure of protein solutions caused by
impermeable protein molecules resulting in the uneven
distribution of small, permeant cations and anions in dialysis
compartments. This causes an accumulation of charged
permeable molecules on the side containing the charged
proteins. This potential difference across the dialysis mem-
brane is termed the Donnan potential. This phenomenon can

observed for any of the metal ions tested. The binding affect the determination of an accurate dissociation constant
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EDTA Mn Fe Zn Co phenomenon was observed to be independent of the metal
i 0. (8 used [except for Ca(ll), the negative control, where no
binding took place]. Determination of the molecular masses
of the HMC and LMC by means of Ferguson plots revealed
that in each case the HMC was due to one Mulimer
binding to DNA and the LMC was due to the binding of
Unbound ! | two Murg, dimers. Baichoo and Helman&3) demonstrated
DNA  © similar results for Fugs binding to its cognate operator
sequence, and Friedman and O’Briat)( demonstrated
FiGURE 4: EMSA analysis of Mug binding tomrs2in the presence  Similar resuilts for the binding of Fgjrto theB. japonicum
of various transition-metal ions. Samples contained 40 nM fluorescein- iff promoter region and to a canonidal box. Our results
labeledmrs2 dsDNA preincubated in binding reactions with 500 demonstrate for the first time that Mur proteins bind to

?III\;I ago'\c/'gﬁ'l)c?ptgi?mg En%T£ (g‘fcoe%rgtgi\?e)} '\t"h”é”z;rc';eeg'r:)- dizmn-er regulatory sequences in a fashion similar to that observed
concentration. A single LMC is formed in the presence of metal [OF Other members of the superfamily.
and the absence of EDTA. No Cooperatiity Is Obsered in the Binding of Two Muyr

Dimers to a Canonical fur BoxTo analyze the binding of

in dialysis binding studies of, for example, metalrotein Murg, to fur box DNA, it was first necessary to derive a
complexes. In the present study, however, this problem new analytical relationship because standard methods are not
appears to have been overcome by use of 100 mM NacCl invalid when, as here, the protein concentration is not much
the dialysis reservoir. greater than that of the DNA in the EMSAs. Importantly,

These results prove the absence of any tightly bound also no analytical data is available in the literature specifying
structural Zn(ll) ion in Mug. Structural zinc ions bind at  accurateé{y values for the binding of one and then two copies
the S2 and S3 (when present) sites in other Fur proteins.of a Fur superfamily dimer to &ur box-containing DNA
The latter, high-affinity S3 site, which has been found in duplex.
Furec and Fuy,, can only be stripped of metal by denaturation ~ The cooperativity in the binding of two Mgrbinding
of the protein and treatment with EDTA. The absence of an dimers to a canonicalur box (considered as a bivalent
S3 metal ion in Mug is expected as the two cysteine residues receptor with two identical binding sites because of its
that have been implicated in the binding of this zinc ion are palindromic nature) was assessed by separately fitting eqs
absent in the M sequence (Figure 2). A comparison of 14, 15, and 16 to fractions of bound ligand in the LMG)(
the amino acid sequences of Muand Fup,shows that the  in the HMC (1, — y»), and in both 1 + y»), measured as a
residues contributing to S2 are conserved. Replacement offunction of the Mug, concentration in the EMSA (Figure
these residues by alanines in fgudid not effect the 5). These analyses, while not strictly independent, are subject
regulatory activity of the proteim vitro (25). It therefore to different experimental error and thus provide a useful
appears that both of these rhizobial proteins may lack ainternal check for consistency. Becausg and Kq, were

functional S2 site. found to be identical within experimental error (Table 4),
Binding of Muk, to mur Box dsDNA Is Independent of we conclude that there is no cooperativity in binding.
the Corepressor and Abolished in the Presence of EDYA. Two Mur Dimers Bind with Different Affinities to

number of EMSA experiments were performed containing Nonpalindromic Regulatory Sequenc@slantitative analysis

40 nM fluorescein-labelechrs2dsDNA preincubated with  of the binding of Mug, to mrslandmrs2proceeded as the
500 nM apoMug and each of the transition-metal ions Mn- interaction of the protein with bivalent receptors having
(I, Fe(ll), Zn(l1), and Co(ll). A 5-fold excess of metal ions  nonidentical binding sites, assumed because of the differences
over the protein dimer concentration was employed. To testin the sequences of the binding elements. The analysis was
the metal dependence of binding, a control experiment wasperformed using eq 18 (parts i and ii in Figure 6). The fit to
performed in the presence of an equivalent concentration ofthe experimental data (Table 5) was excellent, providing
EDTA added to the apo protein. In the presence of this excesgustification for the analytical model. In both cases, Mur

of protein over dsDNA, a single band was observed for eachwas seen to bind with higher affinity to one of the two
metal employed (labeled as LMC in Figure 4). No retardation binding elements and with lower affinity to the other (Table
of dsDNA was evident in the absence of metal, i.e., in the 5). For example, in the case of the Mrmrs2complex in
EDTA-containing EMSA experiment. Thus, Myrequires the presence of excess Mn(IR4 values of approximately
bound metal to recognize and bintur box DNA, but this 1 and 25 nM were observed. There was no major difference
binding will take place in the presence of not only Mn(ll) in the measure&y, or Kg, values when measured in the
but also Fe(ll), Zn(ll), and Co(ll). Furthermore, no binding presence of excess Mn(ll) or Fe(ll). This is the first report
was observed to a negative control DNA probe, a fluorescein- of the dissociation constant for the weaker-binding dimer of
labeled scrambledur box, in the presence of any of the a Fur-like protein to a cognate operator sequence. While

metals employed (results not shown). previous reports have presented only an overall effective
Murg Forms a HMC and a LMC with both mur and fur  binding constant for the sequential binding of two dimers,
Boxes in a Concentration-Dependent MannEMSA of we note that, ifKg, is much lower thanKy, then these

Murg binding to mrsl, mrs2 to the B. japonicum irr previous analyses should yield relatively accurate estimates
promoter and to a canonichir box showed the formation  for the dissociation constant of the stronger dimer-binding
of two complexes: a HMC and a LMC formed at low and site.

high protein concentrations, respectively. Figure 6 shows the The same analysis was performed to quantify the affinity
results for gels run in the presence of Mn(ll) and Fe(ll). This of Murg, for the noncanonicdiur box in theB. japonocum
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. affinity estimated for the second binding event is ap-
A MH(II) fur bOX proximately 4-fold higher.

Note that with a binding analysis such as this, in the case

oM Mur,, for which the two binding sites are nonidentical, it is not
0 50 250 500 1000 2500 possible to unambiguously distinguish whether the difference
betweenKy and Ky, is due to negative cooperativity or
LMC —> St _""'___" L simply a difference in the structure of the binding elements.
HMC — _— However, in the case of a canonidat box, for which it is
possible to determine the degree of cooperativity because
the regulatory sequence is composed of two identical binding
elements, no cooperativity was detected. Therefore, it is
Free N L_‘ e arguably true that the results presented in Table 5 more likely

DNA reflect the fact that the two binding elements within each
sequence are independent and fatis higher tharKy, in
these cases merely because of the structural differences
between the two binding elements.

The Affinity of Mug, for dsDNA Containing mrs2 and fur
Boxes in Vitro Is Independent of the Corepressather Fur
proteins such as Fgyand Fuyg, have been shown to bind
to dsDNAIn vitro in the presence of various divalent metals
. (y1ry2)2 (27_, 30, 32), and we had alrea_dy seen t_ha; Muwas

activated by a variety of metal ions for binding tors2
* ¥y2 (Figure 4). The EMSA analyses described above were
7] therefore repeated in the presence of Fe(ll) in place of Mn-
(1) to quantify the affinity of the interaction. In each case,
no significant difference was observed (Table 5 and Figure
6). This was an unexpected result because it has been
A reported thain »ivo Murg recognizesnur boxes in response
S N T . o8 P to_Mn(II) and fur bo>.<es in response to Fe(l]l&ﬁ). G|ve.n”
this result, we were interested to also quantify the affinities
nM Mur,, of Murg for a mur box in the presence of further divalent
Ficure 5: EMSA analysis of cooperativity in the binding of two  metal cations. Mu was found to bind to botmrs2and a
Murg dimers to a canonicdlr box in the presence of Mn(ll). (A) canonicalfur box in zitro with approximately the samiq,

200 nM fluorescein-labeled canonidal box dsDNA was titrated ;
with increasing concentrations of Myin binding reactions in the andK, in the presence of Mn(ll), Fe(ll), Zn(ll), or Co(ll)

presence of Mn(ll). Complexes were resolved on 12% nondena- (Tables 5 and 6 and Figure 7). It appears that the precise

turing polyacrylamide gels and visualized by fluorescence detection. nature of the coordination geometry at the sensing sites in

'Ighle HM<f3, LMC, a?dL'\lAng?_'uMn(é DNQ\ ﬁre shown by ?FFOANS- (B) Murg once occupied does not influence the interaction of
elative fractions o , , and their sum were fitted to eqs N wi

14, 15, and 16, respectively, to determine individual dissociation the protein with DNA.

constants for the first and second binding Muwimer.

1.2

1.0 4

0.8

0.6

0.4

0.2 4

Fractional bound ligand %

0.0

DISCUSSION
Eztr’]'gn‘i‘éaﬁ]‘i”é%i”;ot”hgf;rgsgr':;’e":)% ',\“Afrf]'(”%'es of Murfor a Metalloregulatory proteins serve as a direct link between
intracellular metal ion levels and the expression of metal-
Murg—fur box complex  Kq, (nM) Kg, (NM) R specific uptake, efflux, and storage syste®#)(In general,
LMC 36+11 32+8 0.99 metal ions bind in a reversible fashion to a sensing site in
HMC 36+5 3r+4 0.99 the regulator. This in turn leads to a change in the

""MC +LMC 34+8 : 42+11 0'99_ conformation (activation) of the regulator, which can direct
?Derived from egs 14, 15, and 16 using the observed fractions of changes in gene expression. The intracellular concentration

the LMC, HMC, and their sum, respectively, in an EMSA. Fractional - ot fraely exchangeable metal ions is determined by the
compositions of the high and low mobility complexes and their sum

were derived by integration of fluorescence on a scanned EMSA gel. rélative affinities of the sensing (regulatory) site for different
Data were used with the appropriate equation to derive estimates formetal ions. High selectivity (discrimination) at this site for
the two dissociation constant&y, andKg, In the absence of error,  the target metal(s) from the set of those present is required

each equation should report the same estimate for each of the twoty ensure that the remainder do not interfere with its
dissociation constant®? reports the goodness of fit based on triplicate regulatory activity.

data points.

The regulatory ion-binding (sensing) sites of metalloregu-
irr promoter (part iii in Figure 6). This showed that Mur  latory sensor proteins should have affinities that are suitable
binds more weakly to this operator than to its cogrmate for rapid, reversible uptake of the target metal ion. This
boxes. It has an approximately -+80-fold higherKg, and appears to be the case for the Fur proteifcotoli, which
10-fold higherKgq, with this promoter than observed with  has been shown to bind Fe(ll) with a dissociation constant
mrslandmrs2(Table 5). On the other hand, the first Mur ~ of micromolar order 2, 33). We have now shown that the
dimer binds with approximately the same affinity to this R. leguminosarunmanganese uptake regulator binds Mn-
promoter region as to a canoniclr box, whereas the  (II) with a similar absolute affinity. In the general case, the




Characterization of a Manganese Uptake Regulator

Biochemistry, Vol. 45, No. 8, 2008695

(i) (if)
A NMin(ID)-mrs1 Fe(ID)-mrsl i
EEp e Mn(II)-mrs2 Fe(Il)-mrs2
0 10 50 Iﬂﬂm25fl 500 0 10 50 Iﬂﬂmz:'sﬂ nM Mur,, nM Mur,,
0 10 50 100 250 500 0 10 50 100 250

g «—IMC—
+——HMC——

hJHmd riHau

L Emma

+— LMC—»
+——— HMC—»

=1 imm

h [ +— Free
\ 4 DNA —
_E 1.04 __j j
i 1.0
E“ 0.8 ’__.,’,'-'7: '_'_%__ E It e
g 06 ,.-'/ 'E
= I,J:f g 06 x/
g 0.4 4 / f ﬁrlr.-"
2 | v Mn(ll) g o4 %
gozl * Fe(ll) £ i v Mn(ll)
=~ 1& | 024 xF"'III . FE{"}
0.0 = j’
T T T T T T 004
o 100 200 300 400 500 ) A |
nM D(Iurm 0 100 200 300 ado 500
nM Mur,,
(i)
Mn(II)-irr promoter Fe(II)-irr promoter
nM Mur,, nM Mur,,
0 50 250 500 1000 2500 LMC 0 50 250 500 1000
il I +«— LMC — »
* i:_-tr-. +— HM(C —> { M IHH
Free
“— pNna — 8
L
10+ *
= S
£ g
_g’-‘ 03 e
-
5 051 14
2 /
= /
g 0.4 |
=2 v Mn(ll)
E 02+ *  Fe(ll)
oy

o
o
1

T T T T
1000 1500 2000 2500

nM Mur,,

T T
o 500

Ficure 6: EMSA analysis of individual binding affinities of Mgrwith regulatory sequence-derived DNA probes in the presence of either
Mn(l1) or Fe(ll) (i) mrs], (i) mrs2 and (iii) B. japonicum irrpromoter region. (A) Appropriate fluorescein-labeled dsDNA was titrated

with increasing concentrations of Myliin binding reactions in the presence of either Mn(ll) or Fe(ll). Complexes were resolved on 12%
nondenaturing polyacrylamide gels and visualized as described in the Experimental Procedures. The HMC, LMC, and unbound DNA are
shown by the arrows. (B) Data (relative fractions of HMC2x LMC) were fitted to eq 18 to determine individual dissociation constants

for the first and second binding Mgrdimer in the presence of either Mn(ll) or Fe(ll).

nature of the residues contributing to the sensing site impartsmetal ion selectivity of Fur proteins has been used for the
selectivity by means of their specific coordination chemistry. selection of Fur mutants as manganese-resistant mutants in
However, Fug: shows little or no selectivity for Fe(ll) over  different bacterial specie8%). This lack of discrimination
Mn(ll) or indeed Co(ll) B2, 33), allowing Mn(ll) to be used is also seen for My, which binds Mn(Il) only slightly more

as a surrogate corepressor in many studies. In fact, the lowavidly than Fe(ll), and this appears at first to be at odds with
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Table 5: Comparison of the Binding Affinities of Marfor Various A
Regulatory Sequence-Based DNA Probes in the Presence of Mn(ll) =
or Fe(lly

box metal ion Kg, (M) Kg, (NM) R?

mrs1 Mn(l) 35+14 72422 0.98
Fe(ll) 2.6+0.7 55+ 15 0.99
mrs2 Mn(ll) 1.1+04 25+ 7 0.99
Fe(ll) 1.6+0.7 35+ 15 0.98
fur Mn(ll) 33+10 40+ 9 0.98
Fe(ll) 394+ 12 4549 0.99
irr Mn(ll) 38+ 12 142+ 29 0.99
Fe(ll) 29+ 6 121+ 15 0.98

a Derived from eq 18. Fractional compositions calculated as the sum
of the high and low mobility complexes were derived by integration
of fluorescence as a function of the Muconcentration on a scanned
EMSA gel. Data were applied to eq 18 to derive estimates for the two T " T ) T j T j T j T
dissociation constantg, andKg,. R? reports the goodness of fit based 0 500 1000 1500 2000 2500
on triplicate data points. nM Mur,,

1.2+
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o
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0.6
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co(ll)
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0.4

4bpon

0.2
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Table 6: Comparison of the Binding Affinities of Mugrfor mrs2
and a Canonicalur Box in the Presence of Zn(ll) or Co(#)

metal ion box Kg, (M) Kg, (NM) R?

Zn(l1) mrs2 0.84+0.3 20+ 5 0.99
fur 42+ 7 33+ 7 0.99 1
Co(ll) mrs2 0.9+0.4 28+ 6 0.98 0.6
fur 40+ 8 35+6 0.99

a Derived from eq 18. Fractional compositions calculated as the sum
of the high and low mobility complexes were derived by integration
of fluorescence as a function of the Muconcentration on a scanned
EMSA gel. Data were applied to eq 18 to derive estimates for the two 0.2
dissociation constant&g, andKg,. R? reports the goodness of fit based
on triplicate data points.

1.0+

0.8

0.4 Mn(Il)
Fe(ll)
Co(ll)

Zn(ll)

4 > o n

0.0+

the reportedn vivo data (L5). On the other hand, the features o 100 200 300 a0 s00
characterizing regulatory ion-binding sites are quite different nM Mur

from those of structural metal ion sites of metalloproteins. _ o R _
These are typically of high affinity, and the metal ion FIGURE7: EMSA analysis of binding affinities of two Murdimers

; ; to a canonicafur box and tomrs2in the presence of either Mn-
exchanges only slowly into the environment. All Fur (i, Fe(n), zn(ll), or Co(ll). The 200 nM fluorescein-labeled

superfamily proteins characterized to date, with the sole canonicalfur box dsDNA or 40 nM fluorescein-labelethrs2
exception of Fug (25), are presumed to bind at least two dsDNA were titrated with increasing concentrations of Mun
metal ions per protein monomer. Using the nomenclature binding reactions in the presence of various transition metals (results
proposed by Pohl et al24), these would occupy the sensing “Olt sh0\|/vn)._ dComIpIexss _werlc_e rgsol\éed 0.'8 éz_(yq[hnoEnden_atunr;gl
(S1)sit and the structural (S2) sits. A uriher high-affnity ESYSCP/MIde geane yisualzed a deserbed 1 e Exoerimenta
structural metal-binding site (the S3 site) is found in a subset fitted to eq 18 to determine individual binding affinities for a
of Fur proteins, such as Ryrand Fug, which possess  canonicalfur box (A) andmrs2 (B) in the presence of different
specific cysteine residues in the C-terminal domain (Figure transition metals.

2). Murg, provides a further exception to this trend because

it binds On|y two manganese ions per Mudimer. This ITC, verified by equilibrium dialysis and atomic emission
stoichiometry was also found for the other divalent metal spectroscopy, show that two Mn(ll) ions bind to apoMur
ions tested, including Fe(ll). We have also shown that this It follows that, unless additional metal-binding sites are
is the stoichiometry needed to activate the protein for binding generated in the Ma/DNA complex (which is possible, but

to operator-based DNA fragments. In our EMSA experi- We believe quite unlikely), only two manganese ions per
ments, we found that Mgy retards bottmur, fur, andfur- protein dimer are required for activation.

like box-containing DNA sequences in the presence of both  In the holo-Fug, structure solved from crystals grown at
Mn(1l) and Fe(ll). The measured affinities are, in all cases, a high zinc ion concentration, zinc ions were observed to
independent of the actual metal used. Interestingly,dMur replace ferrous ions in the two structurally equivalent sensing
can also be activated by other transition-metal cations, sites, one in each monomer. In an ICP-AES analysis reported
including Zn(ll) and Co(ll), and binds tanrs2 and a by Lewin et al. 28), Zn(ll) ions were found at a ratio of
canonicaffur box with affinities that are very similar to that 0.94 per Fus, monomer. Using the dialysis conditions
observed for Mn(ll). These findings suggest that a number reported in that paper, we found that the reported molar ratio
of transition metals, when present at a sufficiently high of Zn(ll) is consistent with a dissociation constant of
concentration, can occupy the single sensing site perapproximately 9 nM for Zn(ll) binding to Fug This result
monomer, causing Mgrto recognize regulatory sequences provides support for the presence of a high-affinity Zn(ll)
with the same (metal-independent) affinity. The data from site in Fup, and we presume that this corresponds to the
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S2 site as seen in the crystal structure. In the case ogMur be that the intracellular concentration of Mn(ll) is signifi-
where we find a weaker affinity for Zn(ll) in this work, itis  cantly higher than that of Fe(ll) irR. leguminosarum
more likely that Zn(ll) binds at the Mn(ll)-sensing site and although this remains to be verified experimentally. In light
there is no formal Zn(ll)-binding structural site. A lack of a of these considerations, we suggest that the selectivity of
structural Zn(ll) ion was also inferred by Friedman and the metal-sensing site in the Fur-like protein, Muof R.
O’Brian (25) in their studies of Fu;, where replacement of  leguminosarunmay be insufficient to ensure high fidelity
the four putative Zn(ll)-binding residues at the S2 locus by regulation of iron homeostasis mechanisms and therefore
alanines did not affect the transcription repressional activity alternative regulators are employed. These considerations
of the proteinin vitro. Therefore, by direct analogy with may also be extended to othemproteobacteria where Mur
Furgj, we suggest that the sensing site in Mworresponds  proteins are found but not Fur proteins nor canonical

to S1 as defined by Pohl et aR4); however, this supposition  boxes, such aS. meliloti

has not been directly tested in this study, for example, by
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