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ABSTRACT. The NikR transcription factor frorscherichia colis a Ni(ll)-dependent repressor that regulates
production of the nickel ion transporter encoded by tiileoperon. In the previous paper in this issue
(wang, S. C., Dias, A., Bloom, S. L., and Zamble, D. B. (2004) Selectivity of Metal Binding and Metal-
Induced Stability oEEscherichia coliNikR, Biochemistry 4310018-10028) we demonstrated that NikR

can bind 1 equiv of Ni(ll) or several other divalent transition metals with similar affinities, but that the
Ni(ll)-loaded protein is less susceptible to thermal or chemical denaturation than other divalent metal
complexes. Here, we investigate the metal selectivity of the DNA-binding activity of NikR. Stoichiometric
nickel induces binding of nanomolar NikR to the recognition sequence imithpromoter, but single
equivalents of other divalent metals such as Cd(ll), Co(ll), and Cu(ll) also induce a similar DNA-binding
affinity. In the presence of excess nickel, DNA-binding experiments indicate that NikR binds mikthe
promoter as a tetramer with much higher affinity (20 pM), and it is this response that is selective for
nickel. The DNA binding induced by an excess of other divalent metals is weaker, and is enhanced by
the addition of stoichiometric nickel. Nickel titrations into a DNA-binding assay reveal a nickel affinity

of 30 nM for a second metal-binding site, and in the presence of 30 nM metal only nickel induces detectable
DNA binding by Ni(ll)—NikR. These experiments support the hypothesis that there are two metal-binding
sites and that both contribute to the nickel-selective DNA-binding response. A model for the in vivo
activity of NikR is discussed.

Metalloregulators play a central role in the maintenance nine-responsive MetJ1(Q, 11). NikR binds two dyad-
of healthy levels of both essential and toxic transition metals symmetric repeat sequences that overlaptkéranscription
(1). They act as biomolecular sensors that monitor the cellular start site 9, 12). The DNA-binding motif is composed of
concentrations of metals and then adjust the expression oftwo intertwined monomersli@), and in analogy with other
other components of the metal homeostasis pathways acmembers of this family it is likely that the protein binds to
cordingly. Transcription factors have now been identified the DNA as a pair of dimersl(). Biochemical experiments
that specifically respond to one or more of over a dozen and structural analysis indicate that micromolar NikR exists
different metals (for reviews see ref3—6). Allosteric as a tetramer, either with or without nickel bouri,(14).
regu_lation of many c.)f these protein fqmilies Is controllled Each NikR tetramer can bind four nickel ions at sites that
by direct metal coordination to the protein a}nd.a concomitant bridge the two DNA-binding dimers1@). How nickel
conformational change that affects DNA binding. However,
the details of the allosteric regulation are poorly understood.
In addition, it is not clear how the proteins are able to
discriminate between the physiologically available metals to
achieve a metal-selective response.

TheEscherichia col(E. coli)* NikR protein is responsible
for the nickel-mediated repression of thé operon that
encodes the nickel membrane transporter NikABCDEY.
This 15 kDa protein is a member of the ribboimelix—helix
family of prokaryotic transcription factor®) that includes
the bacteriophage Arc and Mnt repressors and the methio-

binding to NikR induces DNA binding is not known,
although the crystal structure of the apoprotein suggests that
a significant conformational rearrangement must occur in the
tetramer to accommodate binding to both of the DNA half-
sites in the recognition sequencé3). In vitro studies
demonstrated that NikR binds tinék promoter in response

to stoichiometric amounts of nickel4), but excess nickel
produces a marked increase in the DNA affinit{2),
suggesting that there are two levels of control (Figure 1).
Whether one or both of the metal-binding responses are
physiologically relevant or if either mediates a nickel-

. selective response are important issues that have not been
T This work was supported by NSERC (Canada). resolved
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dithiothreitol; E. coli, Escherichia coli EDTA, ethylenediaminetetra- affinity (14, 15), the protein also binds other divalent ions
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NTA, nitrlotriacetic acid: MSA. mobility-shift assay: PAGE, poly- other metals, suggesting that there is a nickel-specific effect

acrylamide gel electrophoresis; Tris, tris(hydroxymethyl)aminometh- ON the protgin conformation. .ln 'Fhis paper we exa_‘mine the
ane. metal selectivity of the DNA-binding response of NikR. Our
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Ficure 1: Model of the individual metal-binding and DNA-binding steps of NikR"Mepresents a divalent metal, and the protein is
drawn as a tetramer. Modified from ref 14.

experiments demonstrate that several divalent metals caring 300 mM boric acid and 75 mM Tris in lieu of standard
produce a similar DNA-binding response when present in TBE. The same Trisborate solution (final pHx 7.5) was
stoichiometric amounts. It is only in the presence of excess used as running buffer, and the binding buffer contained 20
amounts of metal that the resulting protelDNA complex mM Tris (pH 7.5), 100 mM KCI, 3 mM MgCl 0.1%
exhibits nickel selectivity. Evidence is presented for a IGEPAL, 5% glycerol, 0.1 mg/mL bovine serum albumin
physiologically relevant second metal-binding site, and the (Aldrich), and 0.1 mg/mL sonicated herring sperm DNA
metal selectivity for the DNA-binding activity induced by (Promega). Metal solutions were added to the binding buffer,
both metal-binding sites is investigated. The implications for running buffer, and the gel before polymerization, to final
the control of nickel homeostasis . coli are discussed. concentrations as noted.

A 100-bp DNA fragment containing th@k promoter was
EXPERIMENTAL PROCEDURES amplified by PCR from the pPC163 plasmid by using primers
Materials.Restriction endonucleases, kinases, and polym- SB001 (3-CGA CTG CCC ATC TAT TGA TCC AGA
erases were obtained from New England Biolabs except for ACA GG) and SB002 (5GGT AAC CCC AAT GGATTA
Clal, which was purchased from MBI Fermentas. DNA AAA TAG ATG GCG). A nonspecific 98-bp DNA fragment
oligonucleotides were purchased from Sigma Genosys.was cloned from the same plasmid using primers SBnobind3
Chelex-100 was purchased from BioRad. Metal salts were (5-GAA AGA CGG TGA GCT GGT GAT ATG G-3) and
a minimum of 99.9% pure and purchased from Aldrich. The SBnobind4 (5GGT ATT CAC TCC AGA GCG ATG AAA
concentrations of metal stocks prepared from these salts wereAC-3'). The nonspecific probe was selected to have the same
confirmed by ICP-AES. All other reagents were molecular T, as the specific probe and a GC content similar to that of
biology grade from Sigma except where noted. The plasmidsthe specific probe. The PCR products were end-labeled with
pNIK103 and pPC163 were generously donated by P.[y-*2P]JATP and T4 polynucleotide kinase, and unincorpo-
Chivers (Washington University School of Medicine, St. rated nucleotides were removed with a G-25 microspin
Louis, MO) (12). Water was deionized on a Milli-Q water column (Pharmacia). Typically,-525 pM (500-2000 cpm)
system (Millipore), and the pH of all Tris buffers was DNA was incubated with NikR for at least 30 min at room
adjusted with HCI at room temperature. All data were fitted temperature in 5Q:L of binding buffer except for in the
by using Kaleidagraph 3.0. experiments used to quantitate the DNA binding constant in
Protein Expression and PurificatiorThe E. coli NikR the presence of nickel, in which less DNA was used. A 35
protein was expressed from the plasmid pNIK103 trans- uL portion of the reaction sample was loaded onto the gel
formed into BL21(DE3) or BL21(DE3)pLysS cells, and without additional loading buffers or dyes, and the gel was
purified on a Ni-NTA column (Qiagen) as previously run at 300 V and #C. The gels were vacuum-dried and
described12), followed by anion exchange chromatography exposed to a phosphor screen, then scanned on a Molecular
(15). The protein was characterized by mass spectrometry,Dynamics Storm 860 phosphorimager, and analyzed with
the oxidation state was assessed by a DTNB assay, and thémageQuant 5.0 software. All DNA-binding data sets were
purified protein was shown to be apo by using ICP-AES, as fitted to a Langmuir equation with a variable Hill coefficient
described elsewherd ). n: r = [NikR]"((Ka@app)" + [NikR]"), wherer is the fraction
Mobility-Shift Assay<sElectrophoretic mobility-shift assays  of DNA bound andKqyapprepresents the protein concentration
were performed with 7% native polyacrylamide gels contain- required for 50% binding. The maximum fraction of DNA
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Table 1: Metal-Induced DNA Bindirfg

Me(ll) 1:1 Me(l1)=NikR Kpnai® excess Me(I1Kpnaz® 1:1 Ni(ll) + excess Me(1H
Mn?* n/o? (24+0.1)x 10°(1.4+0.2) (5+ 1) x 109(1.4+0.4)
co* (1.1+£0.2)x 108(2.1+ 0.8) (1.4+0.4)x 1079(0.9+ 0.1) (4.840.8) x 101°(1.7+ 0.4)
Ni2* (54+1)x 10°(1.5+0.5) (2.0£0.2) x 1011 (1.0+ 0.1)

cwt (83+1)x10°9(1.6+0.2) (6+1)x 1019(0.9+ 0.2) (8+3) x 1011 (1.0+ 0.3)
Zn?t (27+£0.4)x 107 (1.2+0.4) n/c ~5x 107 2x 1077

Ce* (1.8+£0.2) x 10°8(1.8+ 0.8) >2.5x 1078 ~4 % 107°

aThe protein concentrations (M) of half-maximal binding are listed, with the estimated Hill coefficients from the data fitting indicated ingesenthe
Average values from a minimum of two independent experiments are #isstendard deviatior?. Determined by DNase footprinting Determined
by MSA experiments with 3M Me(ll) in the gel and running buffe DNA binding was not observed in the DNase footprinting assay with

stoichiometric Mn(ll).® Not determined due to protein aggregation.

bound was not allowed to vary from 1 except where noted.

Thus, it is possible that there is a nickel-specific conforma-

The numbers reported are the averages and standard devigional change in NikR that leads to DNA binding.

tions from the fits of at least duplicate experiments.

DNase FootprintingA 133-bp DNA probe was obtained
from pPC163 by digesting the plasmid withal. The
resulting 4-bp overhang was labeled with-7?P]JdCTP by
using the large Klenow fragment. The DNA was then
desalted into buffer ¥/Tango (MBI Fermentas) and di-
gested withBsul51 (Clal). The DNA fragment was purified
by 7% native polyacrylamide gel electrophoresis followed
by electroelution from the gel slice and ethanol precipitation.
The amount of labeling was determined by scintillation
counting on a Packard Tri-Carb 2900TR LSC instrument.
The Maxam-Gilbert chemical sequencing G reaction was
performed by using standard protocol$y,

The DNase footprinting reactions were carried out in 20
uL volumes and contained Chelex-treated 100 mM KCl and
10 mM HEPES, pH 7.6, as well as 10@/mL BSA, 1 mM
MgCl,, 5% (v/v) glycerol, and 106300 pM 32P-labeled
probe (~30000-80000 cpm/sample). Metal salts and NikR

To test this hypothesis, the metal selectivity of the DNA-
binding response of NikR to stoichiometric metal was
examined. DNase footprinting experiments were performed
with a DNA probe containing theik operator 12, 14). The
buffer components were pretreated with Chelex to minimize
adventitious metal contamination. No protection of the DNA
from DNase digestion was observed with up taM apo-
NikR or with protein in the presence of stoichiometric MpCl
(data not shown). Upon the addition of 1 equiv of Ni(ll),
NikR bound to the DNA and produced a footprint at the
binding sites around the transcription start site (Figure 2) as
previously reportedl2, 14). One equivalent of Cu(ll), Cd(ll),
Zn(l1), or Co(ll) also produced a similar footprint (Figure
2). Both the Ni(ll)-bound NikR and the Cu(ll)-bound protein
protect the DNA with comparable half-maximal affinities
(Kpna1) of 5+ 1 and 3+ 1 nM, respectively (Figure 2B
and Table 1). DNA binding was only slightly weaker with
stoichiometric Cd(Il) and Co(ll). Upon incubation with

were added as noted. The samples were incubated at roontoichiometric zinc, protection of the DNA probe was not

temperature fol h prior to the addition of LL of 2 ug/mL
DNase | (Roche). The reactions were quenched afte2 1
min by the addition of 7%L of DNase stop buffer (20 mM
EDTA, pH 8.0, 200 mM NacCl, 1% (w/v) SDS, 12&/mL
yeast tRNA). Following extraction with 106L of 24:25:1
phenol/chloroform/isoamyl alcohol, the DNA was precipi-

complete even at the maximum protein concentration used
(1 uM), but the data could be fitted with a half-maximal
binding affinity of (2.0+ 0.3) x 107 M (Figure 2B and
Table 1). For all of the metals, the data were fitted with Hill
coefficients close to 1.5, suggesting that there may be a small
degree of cooperativity as NikR binds to the DNA. These

tated with ethanol/sodium acetate. The DNA pellets were DNase footprinting experiments are based on the assumption

resuspended in 4L of formamide loading buffer 16),
denatured at 90C for 5 min, and loaded onto an 8%
denaturing polyacrylamide gel prerun to 8D in TBE. The

that 1 equiv of metal will all be bound to the protein. If the
metal affinity of the protein does not significantly change
when it binds DNA, then this assumption is reasonable for

gels were run at-2000 V, vacuum-dried, and then analyzed the high picomolar to mid-nanomolar protein concentrations
on the phosphorimager. Each lane was normalized to accounyised in the presence of nickel, copper, zinc, or cadmium
for sample loading by the comparison of several reference (15). However, because both cobalt and manganese have
bands which were unaffected by protein binding to the same weaker affinities for NikR, it is possible that the metal is
bands in the control sample. The degree of protection wasnot completely bound to the protein in these experiments
then determined by quantitation of the intensity of two bands and the DNA affinity of these metal complexes is underes-
within the binding sequence. Half-maximal binding was timated.

calculated by fitting the data as described for the mobility-  pnA Binding in the Presence of Excess Met@ihe

shift assays. mobility-shift assay (MSA) was used as a complementary
RESULTS method to examine NikR binding to a 100-bp probe
containing thenik promoter region. In contrast to the DNase
DNA Binding Induced by Stoichiometric MetalikR can footprinting experiments, as reported by Chivers etH?),(
bind several divalent transition metals other than nickel, such DNA binding was not observed in the MSA experiments if
as zZn(ll), Cd(ll), Cu(ll), and Co(ll), with affinities that are  NikR was incubated with only stoichiometric amounts of
similar to or stronger than that of nickel binding5j. metal (data not shown). Instead, DNA binding was detected
However, nickel stabilizes NikR to the largest extent, and it in the presence of a constant excesghl)( of metal in the
is unlikely that the other metals are all bound in the same gel and electrophoresis buffer (Figure 3). It is unclear at this
square-planar geometry observed for nickes, (17, 18). time why the DNA complex formed in the presence of
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Ficure 2: DNA binding of NikR with stoichiometric metal. (A) Increasing concentrations of NikR were incubated with stoichiometric
Ni(ll) or Cu(ll) and the 133-bp DNA probe fal h atroom temperature prior to the addition of DNase | and analysis on an 8% denaturing
polyacrylamide gel. The transcription start site and area of protection are indicated. Key: G, Maihert G reaction; U, undigested
probe; C, control DNase reaction without any NikR but with the maximum amount of metal used. (B) DNA binding by NikR was examined
in the presence of Ni(ll), Cu(ll), Co(ll), Cd(ll), and Zn(ll). The error bars indicate standard deviations between at least two footprinting

experiments such as those shown in panel A. The data were fitted to a Hill binding equation as described in the Experimental Procedures,
and the binding constants are listed in Table 1.

1 equiv of metal is not detected by MSA, although it is 30-fold weaker in the presence of excess Cu(ll) and several
interesting to note that MSA experiments with the homolo- orders of magnitude weaker for Co(ll) and Mn(ll) (Figure 4
gous MetJ were also performed with constant concentrationsand Table 1). In the presence of excess Zn(ll) and Cd(ll),
of the positively charged cofact&adenosylmethionine in  protein precipitation prevented an accurate measurement of
the gels 19). To determine the stoichiometry of the protein  the binding affinity, although a lower limit could be estimated
DNA complex, MSA experiments were performed with a with cadmium (Table 1). For these experiments, excess metal
DNA concentration several orders of magnitude larger than was present in the gel and buffer but was not preincubated
the apparenpnaz for the complex formation in the presence with the protein-DNA sample prior to loading on the gel
of excess nickelX2; see also below). In the presence of 50 to avoid protein precipitation. Preincubation with nickel did
nM DNA and 35uM nickel, a ratio of almost four protein  not affect the appareri{pnaz 0f DNA binding, indicating
molecules for each DNA molecule was required to titrate that the metal in the gel buffer was sufficient to induce DNA
the binding site (Figure 3A). This experiment suggests that binding (data not shown). Finally, preliminary experiments
NikR binds to the operator as tetramer, an observation suggest that excess €aan also induce DNA binding with
consistent with the activity of other members of the ribbon  a half-maximal binding affinity of~10 nM (data not shown).
helix—helix family (10). This association is not a general The observation that excess nickel increases the affinity
metal-induced effect because DNA binding was not observedof NikR for its recognition sequence above that observed
under the same conditions with an oligonucleotide of the with just 1 equiv of nickel supports the hypothesis that there
same length and GC content but without the NikR binding are two metal-binding sites on NikR with different affinities
sequence (Figure 3B). (14). To test whether having nickel bound in the high-affinity
In the presence of excess nickel, the appakerfor the site would influence the DNA binding induced by an excess
protein—-DNA complex Kpnaz) is 20 pM (Figure 4, Table  of a different metal, the protein was first incubated with 1
1), in good agreement with that from a previous stuti) ( equiv of nickel. NikR binds stoichiometric nickel with
and much lower than that observed with just stoichiometric picomolar affinity (L4, 15), and these MSA experiments are
metal Kpnai, Figure 2). The affinity for DNA was about  performed with protein concentrations several orders of
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Ficure 3: DNA binding in the presence of excess nickel. (A) NikR 10" 10" 10" 10 10°
(25—-500 nM) was incubated with 50 nM DNA in the presence of [NikR] (M)

35 uM NiSO,. The reactions were analyzed on a 7% native gel L . . - .
with 354M NiSO; in the gel and running buffer. The data plotted FIGURE 4: Metal selectivity of high-affinity DNA binding. NikR
(just up to 7 equiv, for clarity) are from duplicate experiments such Was incubated with the 100-bpk DNA followed by analysis on

as that shown above; the error bars indicate standard deviations.” % native gels in the presence of 881 Ni(ll), Cu(ll), Co(ll), or.
(B) NikR (10 pM to 1 uM) was incubated wit a 2 nM Mn(ll). The data were fitted to a Hill binding equation as described

concentration of a DNA probe containing either the operator in the Experimental Procedures, and the binding constants are listed

recognition sequence (nik) or a randomly selected sequence (non-i” Table 1. Error bars indicate standard deviations of at least two

specific) in the presence of 38M NiSO,. The reactions were ~ €XPeriments such as those shown for Ni(l) and Cu(ll) in the top
analyzed on a 7% native gel with 38 NiSO, in the gel and ~ Panel:
running buffer.

observed. An example of such an experiment is shown in

magnitude higher so essentially all of the nickel will be Figure 5C. In the top gel, excess copper (80) was added
bound to the high-affinity metal site. For each of the to the Ni(ll)=NikR complex just prior to loading the gel
additional metals analyzed, stronger DNA binding was and half-maximal DNA binding is observed at>6 10
observed when the protein was first incubated with stoichio- M. If the Ni(ll) =NikR complex is first incubated for 16 h
metric amounts of nickel (Figure 5A, Table 1). Weak DNA with the excess copper (Figure 5C, bottom gel), weaker DNA
binding was even detected in the presence of Zn(ll) if the binding is observed with a half-maximal binding affinity of
protein was preincubated with stoichiometric amounts of 0.7 nM. This DNA-binding affinity is similar to that detected
nickel (Figure 5B), suggesting that under these conditions with only copper present (Table 1), demonstrating that the
nickel protects the protein from aggregation. In the zinc copper is indeed replacing the nickel in the high-affinity site
experiments, two distinct complexes were observed. The and producing weaker DNA binding.
faster mobility complex exhibits the same shift as that  Titration of the “Low-Affinity” Metal-Binding Site The
observed with all of the other metals. A second, slower concentration of protein required for half-maximal DNA
mobility complex was also observed, most likely due to a pinding in the presence of 1 equiv of metal is 5 NKb{a1),
higher order protein complex, but this complex has not yet put a micromolar excess of metal reduces this number to 20
been characterized. PM (Konaz)- To isolate the effect of the excess metal on DNA
The addition of stoichiometric nickel to NikR prior to  binding by NikR, nickel was titrated into DNase footprinting

performing an MSA experiment enhances the DNA binding
induced by a variety of metals, indicating that nickel bound
to the high-affinity site affords a degree of metal selectivity.
To provide additional support for the two-site model,
experiments were performed in which NitHNikR was
incubated with Cu(ll) for different lengths of time. NikR
binds stoichiometric copper much tighter than nickes)(

samples containing NikR and stoichiometric nickel. To detect
the effects of the additional metal, the concentration of
protein had to be larger thapna, but belowKpnai. The
ratio of protein to DNA was also important for this analysis.
If the NikR concentration was higher than the DNA
concentration, the DNA protection would saturate with only
a fraction of the available protein, resulting in an underes-

so at equilibrium the copper should be able to replace nickel timate of the required metal concentration. Conversely, if

in the high-affinity site and weaker DNA binding should be

the protein concentration was too low, the intensity of the
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Ficure 5: DNA binding of Ni(ll)—NikR in the presence of excess metal. (A) Nitt)ikR was incubated with the 100-bpk DNA probe

followed by analysis on a 7% native gel in the presence ofi85Cu(ll), Mn(ll), or Co(ll). The data were analyzed as described in the
Experimental Procedures, and the binding constants are listed in Table 1. Error bars indicate standard deviations of at least two experiments.
(B) Ni(ll) —NikR (500 pM to 2uM) was incubated with the 100-bpk DNA probe followed by analysis on a 7% native gel in the presence

of 20 uM ZnSQ;. (C) Ni(Il) —NikR (1 pM to 5 nM) was incubated with the 100-Ingk DNA probe and 5«M CuSQ, for 15 min (top) or

16 h (bottom) prior to analysis on a 7% native gel in the presence @Ms@CuSQ;. The same protein concentrations were used in both

experiments. The protein concentration required to reach half-maximal DNA binding increased from 0.06 to 0.7 nM.

footprint would be too weak even when all of the protein
was metal- and DNA-bound. The MSA experiments indicate
that NikR binds DNA as a tetramer (Figure 3A), so a
stoichiometry of 4:1 protein:DNA was maintained. The
concentration of DNA was first determined by titrating NikR
with the DNA in the presence of a large excess of Nj3O
concentrations of DNA that were well above thgna. of

20 pM (data not shown). In this experiment maximal

binding should be 30-fold that observed with 38l nickel

(20 pM, Table 1). This argument is based on the assumption
that only protein in which the putative low-affinity second
site is filled with nickel will produce DNA binding in this
assay. Furthermore, the apparent affinity of the low-affinity
metal-binding site Kvez) measured in both types of DNA-
binding experiments is for the protein tetramer. The number
of metal ions needed in the tetramer low-affinity sites to

saturation was achieved when the active protein concentrationinduce the tight DNA binding could not be measured because

was equivalent to 4 times the DNA concentration.
Titration of nickel into reactions containing 1 nM Ni(H)
NikR and 250 pM DNA revealed half-maximal DNA binding
at a nickel concentratiorKge2) of (2.9 + 0.3) x 108 M
(Figure 6), providing an estimate for the nickel affinity of
the low-affinity metal-binding site Kuvez). The extended
footprint reported in another study was not observid) (
and the affinity reported here is tighter. It is not clear at this

that experiment would require concentrations much higher
thanKyez, and at these protein concentrations stoichiometric
metal is sufficient to induce DNA binding. Direct measure-
ments of the metal binding to the low-affinity site will be
required to measure the stoichiometry and to confirm this
estimation of the dissociation constant.

To analyze the metal selectivity of the DNA-binding
response to this second metal, both DNase footprinting and

time what factor causes the discrepancy between these twdVISA experiments were performed. Titration of up to

studies.
To confirm that a low-affinity metal-binding site was
inducing tight DNA binding, some additional MSA experi-

micromolar concentrations of Zn(Il), Mn(ll), or Co(ll) into
the DNase experiments performed with 1 nM NikR did not
produce a detectable footprint (data not shown). The Cu(ll)

ments were performed. Reducing the concentration of nickel titration did result in partial protection of the DNA when

from 35 to 1M did not produce any detectable difference
in DNA-binding affinity (data not shown). If only 1 nM
Ni(ll) was used in the experiment, however, the protein
concentration required for half-maximal binding increased
(Figure 7). At this lower nickel concentration the DNA

low micromolar metal was used (data not shown), but the
data were not sufficient to estimate an affinity constant
because higher metal concentrations started to inhibit the
DNase reaction. MSA experiments were also performed with
lower concentrations of metals other than Ni(ll). With 30

binding did not completely saturate, so the data were fitted nM Mn(ll), Cd(ll), Co(ll), or Zn(Il), no DNA binding was
to a 70% saturation curve and the protein concentration for observed in samples with up to /vl protein (data not

half-maximal binding was calculated to be Gt80.3 nM
NikR with a Hill coefficient of 1.1+ 0.2. This number
correlates with that from the DNase footprinting experiments.
If the metal affinity of the low-affinity site is 30 nM, then
only about 3% of those sites will be filled at 1 nM metal
and the protein concentration required for half-maximal

shown). Furthermore, the addition of stoichiometric nickel
did not produce DNA binding under these conditions. Only
30 nM Cu(ll) was able to induce DNA binding, with about
10% of the DNA bound by 500 nM protein in the absence
of nickel and 30% bound in the presence of stoichiometric
nickel. Finally, to test the effects of €aon DNA binding
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250 pM DNA prior to the addition of DNase | and analysis on denaturing PAGE. The data were compiled from two separate experiments

and were fitted to a Hill binding curve as described in the Experimental Procedures, Kith@(Kwve2) of (2.9+ 0.3) x 108 M and a
Hill coefficient of 1.2+ 0.2. C, control DNase reaction without any NikR but with the maximum amount of metal used.

A [NikR]

“--uudhﬁﬁﬂﬁﬂﬂb

0.7
Bo.6
3

% 0.5
=< 0.4

(]
c 0.3+
k=]

*

10" 10" 10" 10° 10°®
[NikR] (M)

Ficure 7: DNA binding in the presence of 1 nM Ni(ll). (A) NikR
(1 pM to 10 nM) was incubated with the 100-ngk DNA probe
followed by 7% native PAGE in the presence of 1 nM NiS(B)
Data from 1 nM Ni(ll) MSA experiments such as the one shown
in panel A were fitted to a Hill binding curve with a maximum
saturation of 70% DNA bound. Kgpp)Of (0.8+ 0.3) x 10° M
and a Hill coefficient of 1.1+ 0.2 were calculated from analysis

DNA was shifted in the presence of 50 nM NiHNikR
(data not shown).

Another possible explanation for the apparent increase in
DNA-binding affinity in the presence of extra metal is that
there is only one metal-binding site on the protein but that
the metal affinity changes upon formation of the complex
with DNA. An EXAFS study revealed that the ligand
coordination sphere around the nickel changes dramatically
upon addition of DNA containing the recognition sequence
(18). However, DNase footprinting experiments performed
with DNA concentrations lower than tH&ue, for the low-
affinity nickel site saturate with approximately four protein
molecules to one DNA molecule in the presence of only 1
equiv of nickel, indicating that the “high-affinity” metal site
is maintained (data not shown). Furthermore, our preliminary
experiments with a metallochromic indicator did not reveal
any detectable change in nickel affinity in the presence of
DNA (S. Wang, D. Zamble, unpublished data).

DISCUSSION

The experiments described here were designed to test the
metal selectivity of the DNA-binding response of tecoli
metalloregulator NikR. The results support the hypothesis
that there are two distinct metal-binding sites that regulate
two levels of DNA binding (Figure 1). Furthermore, these
results reveal that both sites provide a degree of metal
selectivity for nickel, but that the metal selectivity is only

of two experiments such as that shown. The error bars indicate apparent in the DNA-binding response to filling both sites.

standard deviations of the duplicate experiments.

by NikR, MSA experiments were performed with 100 nM

NikR controls the transcription of a nickel transportgy, (
so it is reasonable to expect that the protein would be

C&", the estimated concentration of free calcium in an selective for nickel. NikR binds one nickel ion per monomer

E. coli cell (20). Under these conditions, only 25% of the

with picomolar affinity (4, 15), and nickel induces DNA
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binding to the regulator sequencE). An examination of The metal selectivity of the high-affinity DNA-binding
the metal-binding activity of NikR, however, revealed that activity of NikR is produced by a combination of the
the protein binds several different divalent metals such as properties of both metal-binding sites. The presence of
Zn(Il), Cd(I1), and Cu(ll), at least as tightly as nickel5). stoichiometric nickel strengthens the DNA binding observed
We hypothesized that the metal-binding site was flexible and with an excess of any other metal, so the high-affinity metal-
that, of the different metals examined, only the binding of binding site does afford some metal selectivity. However, it
Ni(ll) ions (and possibly Cu(ll)) would organize the protein is in filling the second metal site that the metal selectivity
into the appropriate conformation for DNA binding. This of NIikR is most striking. In the presence of a 30 nM
hypothesis was supported by denaturation experiments thatoncentration of any transition metal other than nickel, only
revealed a selective enhancement of the secondary structur€u(ll) produced any detectable DNA binding in the MSA
stability in the presence of nickel. However, the experiments experiments with 500 nM protein, even if stoichiometric
reported here demonstrate that the metal-selective DNA- nickel was included. Furthermore, if the metals were titrated
binding response of NikR is more complex. into the DNase footprinting experiment, only nickel ions
The mechanism of metal-induced DNA binding is not yet induced DNA binding tight enough to protect the recognition
known. The crystal structure of apo-NikR suggests that metal sequence when the NikR concentration was lower than the
binding by the C-terminal domain must produce a significant Kpna1, the DNA affinity of the 1:1 metatprotein complex,
change in the conformation of the tetramer to promote DNA suggesting that metal binding to the second site is selective
binding to thenik operator 13). The fact that several tran-  for nickel. Physiological levels of Ca(ll), another ion that
sition metals produce a NikR complex with similar moderate can induce DNA binding, also produced a DNA affinity that
affinities for the nik promoter suggests that the protein was several orders of magnitude weaker than that observed
rearrangement is not constrained by the coordination prefer-with 1 nM Ni(ll).
ences of any given ion. Instead, this observation suggests The location of the second metal-binding site on NikR
that stoichiometric divalent metal ions induce the same grosshas not yet been established. The alignment of NikR
conformational changes in the protein. This hypothesis would homologues does not reveal a second set of conserved metal-
explain why a square-planar ligand geometry is not main- binding ligands 9), and spectroscopic studies are constrained
tained around 1 equiv of nickel upon DNA bindinggj. It by protein precipitation. Upon close examination of the
is tempting to speculate that high-affinity metal binding is crystal structure{3) several locations on the protein stand
responsible for stabilizing the quaternary structure of the out. There is an HHHD sequence following the H76 ligand
protein. This metal-binding site bridges two DNA-binding of the high-affinity site on a surface loop close to H@2
dimers (L8), and the protein binds to the DNA as a tetramer the opposing monomer. There is also a cluster of metal-
with a small degree of cooperativity. Analysis of the binding residues, composed of H123, H125, and C1@8
apoprotein both in solution and in the solid phase indicated the surface of the metal-binding domain that faces the DNA-
that it forms a tetramer even in the absence of mettdl (  binding domain. This cluster could then interact with helix
18), but these experiments were performed with protein 2 of the DNA-binding domain, which was highlighted by
concentrations several orders of magnitude higher than thatSchreiter et al. as a likely component of signal propagation
required for half-maximal DNA binding. Additional studies because of its high degree of sequence conservatign (
are needed to analyze the quaternary structure of NikR atAnother nonexclusive model is that the second metal-binding
functional protein concentrations. site only exists in the protein when it forms a complex with
The lack of a metal selectivity in the DNA-binding DNA. Our preliminary experiments indicate that the protein
response to stoichiometric metal is surprising given the role precipitation observed with micromolar concentrations of
of NikR as a regulator of nickel uptak®)( It is possible NikR in the presence of excess metal is not observed when
that a metal-specific response by NikR is not necessary, if DNA is added (S. Wang, D. Zamble, unpublished data). The
only nickel metal ions are available in the cytosol during possibility that the DNA itself plays a role in the low-affinity
the metabolic conditions in which NikR plays a critical role. site, as recently proposed for a nickel-bridging RiN#&mino
Recent studies of pairs of homologous repressors revealedacid complex 26), also cannot be ruled out. Experiments to
that in vivo transcriptional regulation can be controlled by directly measure the metal affinity of the second site and
the cytosolic availability of different metals2{, 22). determine its location are under way.
However, a nickel-selective DNA response of NikR is  Other metalloregulators have more than one distinct metal-
observed with more than 1 equiv of metal, and thus, it may binding site. The cyanobacterial zinc sensor SmtB has two
be that this second level of regulation is an important factor sites with at least a 20-fold difference in affinity for zinc
for the physiological role of NikR. (27, 28). Zinc binding to one type of site regulates DNA
In the presence of excess metal, filling the second site with binding, but filling the higher affinity site does not, and it
nickel strengthens the DNA affinity from 5 nM to 20 pM, was postulated that this site has a different regulatory role
an affinity on par with that of the homologous ribben (29). The iron-responsive Fur and the related zinc repressor
helix—helix repressor Mnt43). The DNA-binding activity Zur also bind two metal ions30—32). Both proteins have a
induced by excess metal is selective for nickel. The only high-affinity zinc site, and it was suggested that this site
metal complex with a DNA-binding affinity that even serves a structural purpose while the second site is respon-
approaches that of nickel is the 30-fold weaker Cu(ll) sible for the metal-dependent allosteric control. The diptheria
complex. Whether the Cu(ll) binding has any physiological toxin repressor (DtxR) fronCornebacterium diptheriaés
relevance is unclear, since the intracellular copper ions thatanother iron-sensitive metalloregulator that has two metal-
are not protein-bound are probably Cu(l) in the reducing ion-binding sites 33), and while one site is essential for the
environment of the cell24, 25). DNA-binding response3Q), the second ancillary site pro-
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vides a cooperative enhancement to the metal sensitivity of
the response3d).

Two metal-binding sites on NikR that modulate DNA
binding are indicative of two levels of regulatory control.
Whether or not a second site is a component of the in vivo
activity of NikR is a question of debatel4, 35). The
detection of nickel selectivity only at the second level of
control suggests that it may be physiologically relevant to
this regulator of nickel homeostasis. If our indirect measure-
ment of a 30 nM nickel-binding affinity for this second site
is accurate, then it is at a feasible concentration for intra-
cellular regulation. At this time it is not known how much
nickel is freely available in arft. coli cell growing under
anaerobic conditions. However, Chivers et al. estimated that
there are at least 125 molecules of NikR in an anaerBbic
coli cell (14). At an estimated maximum cell volume of 3.5
fL (36), four nickel ions per cell translates into a concentra-
tion of 2 nM, a metal concentration that would be sufficient
to fill the second sites of four NikR molecules and induce
tight DNA binding. A similar scenario has been proposed
for E. coli Fur, which is purified with a tightly bound zZn(ll)
ion and is thought to exist as a Zn(Il) complex in vivaiy.

The Zn(ll)-Fur complex in the absence of iron binds to a
Fur box in vitro with a moderat&y of 20 nM (31), but
binding to the same site in vivo is only detected if the cells
are grown in excess iror87), suggesting that only filling
the second metal site produces sufficient affinity to produce
a response in vivo.

Thus, it is possible that the high-affinity metal-binding site
of NikR is not the main regulator of nickel transporter
expression. Stoichiometric metal binding is sufficient to
induce moderate DNA binding, but whether this interaction
affects transcription of thaik operon in vivo has not yet
been established. Given the promiscuous nature of this
activity, it would appear to be an unusually leaky mechanism
as the sole control of a metal homeostatic pathway. Further-
more, the extremely high affinity of the first metal-binding
site means that NikR would be in active competition with
the proteins with a functional requirement for nickel ions.
Perhaps binding stoichiometric metal serves to localize NikR
to the nik promoter, where it may or may not play a
regulatory role, and primes the protein to be ready to accept
the second metal. If the intake of nickel then outpaced the
cellular need, an overflow of a few nickel ions would be
sufficient to induce very tight DNA binding and shut down
production of the nickel transporter. The excess NikR
molecules in the cell could then serve as a nickel buffer that
protects the cell from the metal’s toxic effects and stores
the ions for future use.
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