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ABSTRACT: The metalloregulatory protein MntR froBacillus subtilisacts as a transcriptional regulator

of manganese homeostasis. MntR is a member of a subfamily of DixR-related proteins that perform
analogous regulatory functions in a variety of pathogenic organisms. Metal ions activate MntR to bind
DNA and repress the transcription of timentH gene, which encodes for a proton-coupled metal ion
transporter. Size-exclusion chromatography and sedimentation equilibrium ultracentrifugation studies show
that apo MntR is predominantly a homodimer in solution. Using fluorescence anisotropy measurements,
the DNA binding properties of MntR have been examined. In the strict absence of divalent transition
metal ions MntR has a low affinity for theantH control sequenceKy > 8.0 uM). However, binding of

MntR is stimulated by the presence of fnand Cd* to generate high affinity binding witky values

of 16.0 and 7.3 nM, respectively. MntR is also shown to bindrttmeH control sequence in the presence

of other divalent transition metals, includingNj C/?*, and Z#*, but with much lower affinity Kg ~
1.3—2.3uM). The data here demonstrate that differences in metal-activated DNA binding plays a role in
the mechanism of manganese(ll)-selective transcription factors and that the oligomerization of MntR is
metal-independent, which distinguishes this protein from iron(ll)-responsive homologues in the DtxR
protein family.

Metal ion homeostasis is a critical factor in the metabolism TroR (15, 28) have been described as a manganese(ll)-
of all living organisms, from microbes to mammals. A dependent subfamily of the diphtheria toxin repressor (DtxR)
growing area of research in recent years has sought toclass of metalloregulatory proteins3). MntR homologues
understand how cells uptake, transport, and traffic the metalhave been identified in at least three different organisifs (
ions required for normal metalloprotein function and cell 29, 30), including the pathoge®taphylococcus aureusm
survival (1). One of the central components in metal ion which MntR modulates oxidative stress resistance via man-
homeostasis, particularly for bacteria, are metalloregulatory ganese(ll) uptake and may play a role in viruler@®.(Most
proteins 2, 3). Metalloregulatory proteins, or simply met- DtxR-family metalloregulators studied are responsive to iron-
alloregulators, are transcription factors that activate or re- (ll) (31), making MntR, ScaR, SirR, and TroR interesting
press operons in response to metal ion concentrations in thecandidates for understanding how the iron-responsive and
cell. Metalloregulators have been portrayed as metal-sen-manganese-responsive members of this protein family elicit
sor proteins that act as on/off switches for genes, therebydistinct metal-specific regulation. To determine the origin
playing a central role in maintaining cellular metal ion of the metal-selective response of these regulatory systems,
concentrations. we have initiated an effort to characterize the oligomerization,

To date, several families of metalloregulatory proteins have metal-binding, and DNA-binding properties of manganese
been described that respond to both metabolically essentiaimetalloregulatory proteins.
and toxic metal ions including, arseni){cadmium b, 6), Recent studies have shown that metal specificity in the
cobalt (7, 8), copper 9, 10), iron (11-14), manganese DtxR-family of proteins appears to be controlled by a
(15-18), mercury (9), nickel (7, 20, 21), and zinc combination of factors that include both the nature of the
(22—27). Among these proteins, the identification of man- protein metal binding site and the cellular context of the
ganese(ll)-stimulated regulators is relatively recést(18). protein 32). In complement to these in vivo studies, this
The metalloregulators MntR16), ScaR 17), SirR (18), and report describes in vitro efforts to elucidate the source of
the metal-specific response for manganese metalloregulatory
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Bacillus subtilis(16, 32) is described. ThenntRgene encodes
for a 142-amino acid+16.7 kDa) DNA-binding protein that
shows homology to the DtxR-family of metalloregulatory

Chelex resin (Analytical Grade Chelex 100 Resin,2200
mesh, sodium form, Bio-Rad) free floating in the dialysis
buffer. MntR was quantified using a calculated extinction

proteins (6, 32). Size-exclusion chromatography and sedi-
mentation equilibrium ultracentrifugation experiments have

coefficient of 18910 M* cm™ (33). The dialyzed protein
was divided into aliquots of [MntR} 100 uM and stored

been utilized to determine the oligomerization state of apo at —80 °C until further use. A typical preparation yielded

and metal-bound MntR. In addition, DNA-binding of MntR

~15 mg of protein per 1.0 L of culture. The protein was

to the mntH recognition sequence was examined by using characterized by MALDI-TOF mass spectrometry, which
fluorescence anisotropy experiments. The results suggesgenerated two peaks at 16 630 and 16 763 Da. The calculated
activating metal ions belong in two distinct classes: strong molecular weight of MntR is 16 759 Da, suggesting that the
activators that induce tight DNA binding and weak activators peak at 16 630 is MntR with the N-terminal methionine
that produce low affinity DNA binding. residue truncated.
Inductively Coupled Plasma Optical Emission Spectros-

EXPERIMENTAL PROCEDURES copy. The metal content of all preparations of MntR, ultra-

General All buffers were prepared using water purified pure water, buffers, and metal titrant solutions was deter-
through a Labconoco Water Pro Plus purification system. mined using a Perkin-Elmer Optima 3000 DV inductively
Buffers were degassed and sterilized by passing them througtcoupled plasma optical emission spectrometer (ICP-OES)
0.22um filters. All biochemical reagents were obtained from located at the Analytical Facility at the Scripps Institute of

commercial suppliers and were used as provided. inCl
4H,0, CdCl-H,0, CuC}, NiClx-6H,0, and ZnCJ (99.99+%)
were obtained from Aldrich. All protein chromatography was
performed at £C on an ACTA Prime biomolecule purifica-

Oceanography. The instrument was calibrated against a
known standard (Instrument Calibration Standard 2, SPEX
CertiPrep, Inc.). Metal ion concentrations were monitored
using the following wavelengths (nm): Mn 257.610, 260.568,

tion system (Amersham Pharmacia Biotech) using both 294.920; Fe 238.204, 239.562, 259.939, 273.955; Co 228.616,
online UV and conductance detection. Matrix-assisted laser230.786, 231.160, 236.380, 238.892; Ni 221.648, 231.604;
desorption time-of-flight (MALDI-TOF) mass spectrometry Cu 224.700, 324.752, 327.393; Zn 202.548, 206.200, 213.857,
was performed on a PE Biosystems Voyager-DE STR Cd 228.802, 214.440, 226.502. Ultrapure water and stock
MALDI-TOF instrument located at the Mass Spectrometry buffer solutions routinely contained less than 2 ppb of Mn,

Facility in the Department of Chemistry and Biochemistry
at the University of California, San Diego.

Expression and Purification of Wild-Type MntBL21-
CodonPlus(DE3)-RILEscherichia colicells (Stratagene)
transformed with pET17b plasmid containing the wild-type
MntR (16) gene were grown in TB media containing
ampicillin (100ug/mL) at 37°C until the cultures reached
an ODygs = 1.0. The cells were then induced with 1.0 mM
IPTG for 3-4 h at 37°C. The cells were harvested at 12600
for 15 min and the pellet was stored-a80 °C until lysis.
Cell pellets were resuspended in lysis buffer (50 mM Tris,
pH 8.0, 25°C, 200 mM NaCl, 5 mM EDTA, 5% (v/v)

Fe, Co, Ni, Cd, 4 ppb of Cu, and 10 ppb of Zn. Concentra-
tions of metal titrant solutions were determined by ICP-OES
and consistently showed less than 2 ppb of any metal ion
other than the desired cation. Typical protein preparations
were confirmed by ICP-OES to contain0.001 mol of Mn,

Fe, Co, Cd,< 0.01 mol of Ni, Cu, and< 0.06 mol of Zn

per mole of MntR monomer.

Circular Dichroism Spectroscopgircular dichroism (CD)
measurements were made on an AVIV Circular Dichroism
model 202 spectrometer using a 2.0-mm quartz cuvette. The
cuvettes were washed with 1% Helmenex {8or 10 min),

500 mM HCI, and copious amounts of ultrapure water to

glycerol, 5 mMp-mercaptoethanol). The cell suspension was ensure the cells were clean and free of metal contaminants.
then lysed by sonication and the lysate was centrifuged twice Two 500uL aliquots of 20uM MntR were stored at 4 and

at 2500@ for 30 min. The supernatant was applied to a

25 °C, respectively, for 3 days. CD spectra (3&00 nm)

15-mL anion exchange column (Q Sepharose Fast Flow, 3were collected at 0, 24, 48, and 72 h for each sample with

x 5 mL, Amersham Pharmacia Biotech) af@ (load 2.0
mL/min; wash with 150 mL lysis buffer; NaCl gradient,
0.2-1.0 M over 100 mL at 5.0 mL/min) that had been
preequilibrated with lysis buffer. Fractions containing MntR,
as detected by the chromatogram and SP3GE, were

pooled and dialyzed (Spectra/Por CE, 5 kDa MWCO or RC,

3.5 kDa MWCO, Spectrum Labs) against 4.0 L of cation
exchange column buffer (20 mM HEPES, pH 7.07@,
150 mM NacCl, 5% (v/v) glycerol) fo4 h and loaded onto

a 1.0-nm step, 1.0 s averaging time, at°®5(temperature
controlled cell jacket).

Size-Exclusion Chromatograph# HiLoad 16/60 Super-
dex 75 Size Exclusion column (Amersham Pharmacia
Biotech) was calibrated with a Low Molecular Weight
Calibration kit (Amersham Pharmacia Biotech) consisting
of four proteins with a MW range of 13-767 kDa, plus
Blue Dextran 2000 to measure the void volume. The resulting
calibration plot ofK,, (Kay = (Ve — Vo)/(V; — Vo), WhereVe

a 30 mL cation exchange column (CM Sepharose, Sigma)= protein elution volumey, = column void volume= 43.3

at 4 °C (load 2.0 mL/min; wash with 300 mL of 50 mM
HEPES pH 7.0, £C, 50 mM NacCl, 5% (v/v) glycerol,
NaCl gradient, 0.051.0 M over 100 mL at 5.0 mL/min).

mL, andV; = total bed volume= 124.5 mL) vs MW was
fit with the equationy = —0.1963 Ink) + 2.3287 R =
0.9995). MntR protein samples (5pQ aliquots of 54.3«M

The combined fractions containing pure MntR as detected MntR) were dialyzed overnight against storage buffer at pH

on the chromatogram and by SBBAGE were pooled and
concentrated using a Centricon device (Millipore). The
concentrated fractions were dialyzed af@ against 2x
500 mL storage buffer (20 mM HEPES, pH 7.2;@, 200
mM NacCl, 5% (v/v) glycerol) with 5.0 g (each change) of

7.2,7.4,7.6, 7.8, and 8.0. The dialyzed samples were then
applied to the calibrated column and run at a flow rate of 1
mL/min. Under these conditions, MntR elutes as a single
peak with a maxima at~67 mL, corresponding to an
apparent molecular mass of32 kDa.
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Analytical Sedimentation Equilibrium Ultracentrifugation  buffer containing 10 mM Tris (pH 7.5), 50 mM NacCl, and
Sedimentation experiments were performed on a Beckman10 mM MgChk.

XL-1 Analytical ultracentrifuge located at the Biophysics  Fluorescence anisotropy measurements were performed by
Instrumentation FaCI“ty in the Department of Chemistry and using a Perkin-Elmer Luminescence Spectrometer LS 50B
Biochemistry at the University of California, San Diego. ysing an excitation wavelength of 475 nm (slit width 15 nm),
Experiments were performed at 2C using an An-60 Ti  an emission wavelength of 525 nm (slit width 20 nm), and
rotor and a six-channel centerpiece with sapphire windows 3 1.0 s integration time. A 1.0-cm near-UV quartz cuvette
and a path length of 1.2 cm. Prior to sample addition, the (wijimad) was placed in a thermally jacketed cell holder that
cells were thoroughly washed with1.0 M HCI followed  \as maintained at 25C. The initial solution was mixed

by copious amounts of metal-free ultrapure water and buffer ysing a small magnetic stir bar and allowed to temperature
to minimize any potential metal contaminants. Equilibrium equilibrate for at least 10 min before any measurements were
sedimentation experiments were performed at apo MntR collected. Slow stirring was maintained throughout the
concentrations of 535 uM (corresponding to ORo ~ titration. The g-factor was calculated by using the instrument
0.10-0.60) diluted in storage buffer. Apo MntR data was seftware for each set of solution conditions (e.g., different
collected at speeds of 20 000, 25 000, and 35 000 rpm tometal ions) and was then kept constant for each replicate

ensure the protein oligomerization state was independent ofynder the same conditions. The g-factor for all of the
rotor speed. In addition to absorbance data, interferometry experiments was 1.0% 0.01.

data was collected for some experiments. Metal-containing

MntR samples were prepared as above with an MntR :
. . cuvette (prewashed with water, 500 mM HCI, and EtOH
-+ + 2+
concentration of %M and 1 equiv of MA", Cc*, Zn*", between each titration) containing 20 mM HEPES (pH 7.2,

i2
Ni', or Cu* gnd were run at 35000 rpm._[_)ata Were 4 °C), 500 mM NacCl, 5% (v/v) glycerol, and either 2 nM
analyzed by using the nonlinear least-squares fitting software(for Cd* and Mr* titrations) or 100 nM (for apo, C

progrlgrg g\/misroczl O”gén ﬁnd _anCL(is. for this progtram Ni?*, and Zi#* titrations) of dsnntH26. For titrations in the
supplied by beckman-Loulter. 1o obtain an apparent mo- presence of metal ion, the latter solution would also contain

lecular weight the data were fit to eq 1: 1.0 mM of the appropriate metal ion. Titrant solutions
_ 2 containing between 0.4 nM 100u4M apo MntR were added
A=A exp[HM(x2 — %) +E @) to the cuvette in 550 uL aliquotpé, never exceeding 5% of
the total solution volume (except in the case ofZwhere
a total of 265uL of titrant was added). For titrations using
H=(1— up)w?2RT stoichiometric amounts of metal ion, either one or two molar
equivalents of the metal salt was preincubated with the
and A, = absorbance at radius A, = absorbance at the Protein titrant for at leas2 h at 4°C. A zero-point mea-
reference radiuso, M = molecular weightE = baseline ~ Surement (no added protein) was acquired at the beginning
offset,v = partial specific volume of MntR (0.741 mL/g, ©f each titration to es}abhsh a ba;elme anisotropy measure-
calculated using Sednterp)= solvent density (1.035 g/mL), ~ment. After each addition of protein the mixture was allowed
and @ = angular velocity. To obtain self-association 0 equilibrate for 30 s and then-B measurements were

constants for the MntR monomer dimer equilibrium the ~ taken and averaged. Thesversus [MntR}. data were fit

In a typical titration a 2.0-mL solution was placed in the

where

data were fit to eq 2: either to a 1:1 binding isotherm model (nondissociable dimer)
by using least-squares regression analysis software (MicroCal
A o= Ao exp[HM(x2 — on)] + Origin, Synergy KaleidaGraph) or were coupled to the dimer
’ n 2 2 < monomer equilibrium Kgmer & 175 nM, based on
(A) 2KassocXPHMNL(X" — X,)] + E (2) sedimentation equilibrium ultracentrifugation experiments)

_ , . by using the software DYNAFIT34). Data reported (vide
whereM = monomer molecular weight, = stoichiometry jntra) are based on the nondissociable dimer model.
(2 for homodimer), ant,ssoc= association constant for the

monomer<> dimer equilibrium. Association constant values RgesSyULTS

in absorbance units were converted to units of:Msing an

€280 = 18910 Mt cm™® and a cell path length df= 1.2 Preparation and Characterization of MntRNild-type

cm. MntR was purified using a series of ion-exchange columns.
Fluorescence Anisotropy TitrationSluorescently labeled  This procedure provides a yield of approximatef{5 mg

oligonucleotides were purchased from Integrated DNA of protein per liter of culture. The protein was isolated to

Technologies (Coralville, lowa). An oligonucleotide contain- >95% homogeneity as determined by densitometry of

ing a B fluorescein label was obtained with the following denaturing polyacrylamide gels stained with Coomasie

sequence: 'SBF-GAATAATTTGCCTTAAGGAAACTCTC- Brilliant Blue (Figure S1, Supporting Information). Circular

3 (samntH26), where the fluorescein dye is indicated by 6F dichroism (CD) spectroscopy of the purified protein shows

(6F = 6-carboxyfluorescein). The oligonucleotidersgH26 (Figure 1) the protein has substantighelical content as

was annealed with 1.1 equiv of a complementary oligonucle- expected by homology to the structurally characterized DtxR

otide (B-GAGAGTTTCCTTAAGGCAAATTATTC-3) to proteins. The prominent feature at 222 nm is characteristic

generate the double-stranded oligonucleotidenrds26 of the anticipatedr-helical regions 35). The stability of the

containing the desired recognition sequence. Tmentis26 purified protein was also probed using CD spectroscopy. Two

sequence was annealed by heating the reaction mixture toseparate protein aliquots were stored at 4 and@5and

95 °C followed by slow cooling to room temperature in a their CD spectra were measured after 0, 24, 48, and 72 h.
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Ficure 1: Circular dichroism (CD) spectra of wild-type MntR.
[MntR] = 46 uM. Buffer = 20 mM HEPES (pH 7.2), 200 mM
NaCl, 5% (v/v) glycerol.T = 25 °C. Path length= 2 mm. 0.021 o
The spectra were invariant of temperature and time, which ] 0eR0 9 0 0% o%O@cggoo ogs
indicates that the protein is quite stable at ambient temper-x -0.02 @ °

ature for several days. This was also confirmed by SDS i !
PAGE analysis of the same samples after 72 h, which 1 ;;j

0.00

Residuals

indicated that no proteolysis of the protein had occurred over
this same time period (data not shown). These experiments
demonstrated the protein was sufficiently stable to perform 05 g
equilibrium sedimentation (vide infra) and other experiments.
Addition of Mn?" to solutions of MntR did not produce

significant changes in the CD spectrum of the protein (data

not shown), suggesting that metal binding does not induce eoc@@gp
LRSS

significant secondary structure changes. 0.0

Oligomerization State of MntRJsing a calibrated size-
exclusion column an apparent molecular weight for MntR 6.4 ' 65 ' 66
was determined. With an elution volume maximunra7 Radius
mL, a molecular mass of-32 kDa is obtained, consistent  Figure 2: Ultracentrifugation data for apo MntR monitored by
with dimeric MntR being the predominant species in solution absorbance at 280 nm. The line through the data is a nonlinear
(Figure S2). During purification optimization, aggregation Iea;t(-jsqua_res_fit from Whinthhe ap)parent YBWO'_eClélar[’\\//lvriithtS(top)
of MntR had been observed under conditions of high pH and dimerization constant (bottom) was obtained. M
(Tris, pH ~8.6). Therefore, the pH dependence of the size- gll\)//lé‘;lsrgﬁe_arr:—zzgorgl.\/l HEPES (pH 7.2), 200 mM Nacl, 5% (viv)
exclusion chromatogram was examined under the finalized
purlflca'qon conditions. No deviation in the elution profile Table 1: Analytical Ultracentrifugation Sedimentation Equilibrium
of the dimer was found over a pH range of 720 (20 mM Data Results Based on a Fit to Eq 1 (MW) or EqRRife)?

Absorbance

HEPES, 4°C). Therefore, under the present conditions the [MntR] (M) MW (Da) Kamer (M)
homoQimer state of the protein is stable over nearly one entire 377995 2 153178
PH unit. 15 35810+ 191 111+ 47

Analytical ultracentrifugation 36) techniques provide 25 334914 963 203+ 56
powerful tools for the analysis of metalloregulatory protein ST 30224+ 668 231+ 17
solution behaviorg, 37, 38). Therefore, as further evidence g g'\c";+)) ggigii é042 lefi %
of the oligomerization state of apo MntR, sedimentation 5 (+Cw?Y) 34672+ 392 105+ 23
equilibrium experiments were performed. Representative 5 (+Ni?") 33929+ 871 115+ 26
absorbance data of apo MntR are shown in Figure 2. Fitting 5 (+Zn?) 35177+ 1065 123+ 28

to a single, ideal species (eq 1) gave an apparent molecular 2All values are based on an average of at least three independent
mass of ~33081 Da (Table 1), which is in excellent experiments. Buffer= 20 mM HEPES (pH 7.2), 200 mM NaCl, 5%
agreement with the expected molecular weight of an MntR (V) glycerol. Rotor speee- 35 000 rpm.T = 20 °C.

homodimer (16759 Da 2 = 33518 Da) and is consistent

with the size exclusion chromatography data. Interferometry  The fit to a single idealized species generated a molecular
measurements were collected on selected sedimentatiorweight in good agreement with an MntR homodimer,
experiments; when fit to eq 1 these data also gave molecularsuggesting there was very little MntR monomer in solution
weight values indicating apo MntR was a homodimer in and that the dimer> monomer equilibrium was substantially
solution (data not shown). shifted toward dimer formation. Therefore, sedimentation
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equilibrium experiments were also used to measure the self- 0.082
association/dimerization constant (hereon referred tas:

and reported in terms of a dissociation constant) by fitting
the absorbance data to eq 2. When fitting the data using this
model, the monomer molecular mass was fixed at 16759 Da
and only Kgimer was allowed to vary (Figure 2). The data
indicate, as expected from the molecular weight fits, apo
MntR forms a tight homodimer with Egimer 0f ~175 nM
(Table 1), which may be an upper limit for this value (vide
infra).

The effect of metal ions on the dimerization of MntR was
also examined. At MntR concentrations of greater than 5
uM, the addition of one or more equivalents (per MntR
monomer) of Ni* or Zr?* resulted in protein precipitation.
Addition of Mn?* under these conditions did not cause visible
precipitation; however, the resulting sedimentation equilib-
rium experiments indicated protein aggregation (data not
shown). This precipitation/aggregation problem, under the
solution conditions used, strictly limited the ability to
examine the influence of metal ions by analytical ultracen- Ficure3: Fluorescence anisotropy data for wild-type MntR binding
trifugation. However, at an MntR concentration ofu#, to oligonucleotide daintH26. No binding is observed in the absence

satisfactory data could be obtained in the presence of oneOf transition metal ions even at high concentrations of apo MntR.

- . The last two data points are at the same concentration of protein
equivalent of MA*, Ni#", Cle*, Zr?", and Cd". The data  yntR] = 8.0 4M), but the upper point is after addition of 1.0
are summarized in Table 1 and indicate that under thesemm Mn2*. Buffer = 20 mM HEPES (pH 7.2), 500 mM NaCl, 5%

conditions the presence of divalent metal ions does not (v/v) glycerol. [dsnntH26] = 100 nM. T = 25 °C.

significantly change th&gmer for MntR. Addition of one

equivalent of M&* or other divalent transition metals at low different transition metal ions: M, Ni2*, Cu#*, Zn?*, and
protein concentrations may have little effect on the oligo- Cc?* (Figure 4). In each case, an excess (1.0 mM) of metal
merization equilibrium of wild-type MntR. However, based ion was used; therefore, the precise metal content of MntR
on the low Kgmer Value obtained for the apo protein, the under these conditions is not rigorously known. Under such
amount of monomeric MntR is extremely small and changes conditions all high affinity, and presumably biologically

0.080+4 +1.0 mM Mn(ll) ¢

0.078
0.076
r
apo

0.074 -

0.072 4

0.070

0.068 ,ﬁ

0

SERRERRE

2000

4000 6000 8000 10000

[MntR] (monomer, nM)

in this equilibrium may well be undetectable under the
present experimental condition39.

DNA Binding of MntRFluorescence anisotropy has proven
to be an extremely useful tool for the study of various
protein—ligand interactions40). The technique has been very
successful for examining the binding of several metalloregu-
latory proteins to their cognate sequencBs§q, 41, 42).
Therefore, using a 26-base pair oligonucleotider(jais26)
containing themntH recognition sequence and a single
fluorophore on the '5end of one strand of the DNA, the
binding of wild-type MntR in the absence and presence of
various first row transition metal ions was examined. The
mntHrecognition sequence is a previously identified binding
region for MntR that contains an imperfect palindrome (5
TTTGCCTTAAGGAAAC-3) and has substantial similarity
to the TroR binding elementlf). Interestingly, themntH

relevant, as well as any low affinity sites are occupied.
Binding assays in the presence of one or two equivalents of
Mn?*t, Ni2*, or Cc** generated data similar to that obtained
for the apo protein (Figure S3). However, DNA binding in
the presence of excess metals clearly revealed that MntR
could be activated by all of the aforementioned metal ions
to some degree. Two general groups were readily distin-
guished as strong and weak activators.?Mmand Cd*
resulted in the highest affinity binding, witky values of
16.0 and 7.3 nM, respectively (Table 2). These results are
consistent with earlier described electrophoretic mobility shift
assays that identified both Mhand Cd*" as activators of
MntR (16). In addition, N#*, Ci?*, and Zri#™ were identified

as weak activators generating only modest, but significant
binding, when compared to apo protein. In the presence of
Cw", a dissociation constant #1300 nM was obtained,

sequence has greater similarity with the consensus sequencehile Ni#* and Zr#* showed weaker activation witKq

of the metalloregulatory protein Fur than that of DtxEb)
Solutions of the fluorophore labeledrdatH26 were titrated
with increasing amounts of protein. To examine the effects
of metal ions, a large excess (1.0 mM) of the metal ion was
added to the DNA solution prior to protein addition. A high
salt concentration (0.50 M NacCl) was required to reduce the
affinity of metal-activated MntR for this sequence and to
obtain satisfactory equilibrium data.

In the strict absence of transition metal ions, MntR was
found to have a very low affinity for asntH26, with no
binding detected at protein concentrations as high aglé.0
(Figure 3). However, upon addition of excessM(iL.0 mM)
to the same solution rapid, tight binding was observed.
Binding of MntR to dsnntH26 was carried out with five

values~2300 nM. This effect was not due simply to the
presence of high concentrations of any divalent cation, as
titrations in the presence of 1.0 mM €aand Mg* showed

no significant DNA binding (data not shown), identical to
that observed with apo protein.

The stoichiometry of the proteirDNA complex was
determined by the mole ratio method3( 44); a titration
with 1.0 mM Mr?* was performed as previously described,
but in the presence of 100 nM instead of 2.0 d¥mnH26.
Under these conditions, every addition of protein results in
nearly complete formation of the proteiDNA assembly,
and saturation is observed with a break point-at1l equiv
of MntR per equiv ofdsmnH26 (Figure S4), consistent with
the binding of one MntR dimer for each oligonucleotide.
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0086 0086 Table 2: Dissociation Constant&d) and Quality-of-Fit Parameters
for Modeling the Fluorescence Anisotropy Data with a 1:1 Binding
- 0.084 Isotherm3
0.084 - - -
metal ion correlation
| 0.082 (1 mM) Kq (NM) coefficient R)° Vi
0.082 apo >8000 (estimated) N/a N/a
[ 008 Mn2* 16.0+ 0.4 0.995 2.05
C+ 7.3+1.1 0.991 5.76
o feq Cw* 1308+ 87 0.999 0.560
00807 0,078 Ni2*+ 2342+ 305 0.997 0.573
zZne* 23374+ 168 0.990 6.07
0,078 L 0.076 a All values are based on an average of at least three independent
experiment® R = 3 (x — X)(yi — V)/(\/ Yi(6—%)° «/ Yii=9)?). ¢
L 0.074 =7 (i — fO0)o)2
0.076
. ; : . : 0.072 binding does not appear to be influenced by the dimerization
o001 001 01 1 10 160 1000 reaction (vide infra), but ultimately it does not alter the
[MntR] (monomer, nM) overall results from the fIyor_escence anisotr(_)py experiments.
Although the absolute binding constants will change based
0.090 0.088 on whether protein oligomerization is accounted for or not,
the trend in relative binding constants remains essentially
0.088 -0.086 the same, with a variety of first row transition metal ions
N being capable of activating MntR; Mhand Cd* affect high
0086 -0.084 affinity binding, while N#+, C/?*, and Zi@* generate low
affinity binding to DNA.
-0.082
00844 DISCUSSION
"Cu -0.080 rNI.Zn
0.082 Size-exclusion chromatography and sedimentation equi-
L 0.078 librium experiments clearly support the conclusion that apo
0.0804 wild-type MntR is a homodimer with a predicted molecular
-0.076 mass of 33518 Da in its native state. The equilibrium
0076 constant for the homodimerization has been determined to
o074 be Kgimer & 175 nM or lower, indicating the dimer is the
{ dominant form of the protein in solution. These sedimentation
0.078 10 100 1000 oo equilibrium data are consistent with earlier studies on
manganese(ll) metalloregulatory proteins suggesting a ho-
[MntR] (monomer, ni) modimeric native statelp, 16). However, these findings are

. ) . ontrast to DtxR-family proteins that belong to
FiGURe 4: Representative fluorescence anisotropy data for wild- in marked c yp 9

type MntR binding to the oligonucleotide mstH26. High affinity the tradmonally. iron-responsive grou@](). .Ear'ller stu@es
binding (top) is demonstrated in the presence of 1.0 mMMn 0N DIXR established that homodimerization is required for

(filled circles) and C@&" (open circles) ([dsintH26] = 2.0 nM). DNA binding, and this process was mediated by metal
Significantly weaker binding (bottom) is found in the presence of complexation45). A more recent study suggests DtxR may
1.0 mM Cu- (filled circles), NE* (open circles), and 2n (filled form a dimer with self-association constants around the

squares) ([daintH26] = 100 nM). Lines through each set of points . .
represent a fit of the data to a 1:1 oligonucleotide/dimer binding micromolar range that is further lowered t@3 nM upon

isotherm. Buffer= 20 mM HEPES (pH 7.2), 500 mM NaCl, 5%  metal complexation4®). This apparent difference in oligo-
(viv) glycerol. T = 25°C. merization behavior prompts the question of how and why

do DtxR and MntR, and perhaps most iron versus manganese-
All of the Kq values reported were obtained from fitting the responsive DtxR-family metalloregulators, maintain different
fluorescence anisotropy data to a simple 1:1 binding isotherm quaternary structures in the absence of metal ions?
(Figure 4), which gave excellent correlations with the  An examination of the proposed dimerization domain for
experimental data (Table 2). However, due to the very high MntR, based on sequence alignment and structural data
affinity of MntR for dsmntH26 in the presence of M and from the metalloregulatory proteins DtxRI{—51) and
Cc?t, the binding equilibria under these conditions should IdeR (2) does show significant differences between the iron-
be highly correlated with the dimer monomer equilibria and manganese-responsive proteins (Figure 5). The amino
based on the values obtained in sedimentation equilibrium acids that contribute to the dimerization interface for DtxR
experimentsy, 6, 41, 42). Therefore, all of the fluorescence and IdeR are defined as 21 residues, namely; ®5and
anisotropy data were analyzed using the program DYNAFIT 103-116 (1), which corresponds to residues-838 and
(34) using models with and without coupling to the dimer- 100-113 in MntR (L6). DiXR and IdeR share 17 identical
ization equilibrium. The result of these analyses were that and four conserved amino acids in this dimerization region,
coupling the protein oligomerization to the DNA binding and this high degree of similarity appears to be generally
equilibrium did not significantly improve the quality of the true for related iron-dependent transcription repressors. In
fits. There are several possible explanations for why DNA contrast, MntR shares less than half (seven residues) in
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85 91 / 103 116 dissociable dimer with a fixe&gimer did not significantly
improve the quality of the fits over those using a nondisso-
DExR LLTDIIG / RWEHVMSDEVERRL ciable dimer model. There are several potential explanations
IdeR LLVDVIG / RWEHVMSEDVERRL for thi; gpparent incongruity. One p'ossibility is the self-
association constant for MntR is higher than the value
ScaR FLVHHLG / VLEHTVSDHFVERL determined in the sedimentation equilibrium experiments.
) Under the experimental conditions, with the detection
SirR FLIEILQ / ILEHRISDLFVERL wavelength employed, the values obtained are essentially at
TroR FLSQVLC / MLEHACSDELIDVI the limit of de'tection for the instrumen39). Therefore,.the_
Kaimer ascertained may represent only the upper limit, with
MntR FLR-IIG / GIEHHLSWNSIDRI the actual value being significantly lower. Another possible
- . ex % explanation can be assigned to the apparent oligomerization/

aggregation observed for MntR at higher metal ion concen-
Ficure 5: Sequence alignment (ClustalW) for several DtxR famlly trations (V|de Supra) The fluorescence an|sotr0py expen_

metalloregulatory proteins of the proposed dimerization interface.
Absolutely conserved () and semi-conserved residues () are ments were performed in the presence of a large excess of

indicated at the bottom of the alignment. Numbering scheme shown Metal ion, which may have altered the aggregation state of
for DtxR. The known F& regulators DtxR and IdeR show MntR in a manner not readily observed under the conditions

extremely high conservation relative to MntR. of the sedimentation equilibrium experiments. Finally, the
fluorescence anisotropy measurements were performed at a
common with DtxR in these regions. This is quite represen- significantly higher salt concentration (500 nM) than the
tative of all the characterized manganese(ll)-responsive sedimentation equilibrium studies (200 nM). This was
repressors which possess only four conserved and three semiequired to reduce the affinity of metal activated MntR for
conserved residues in this area when compared with DtxR.the 26-base pair oligonucleotide used in the fluorescence
Additionally, of these seven residues only four (residues 85, anisotropy experiments. The difference in salt concentrations,
86, 90, and 116, DtxR numbering) are part of the hydro- which can affect both proteirprotein and proteir DNA
phobic interface between the protein subunits as determinedinteractions, may also contribute to the discrepancy in the
by crystallographic studie®{). This analysis indicates there  binding model. Nevertheless, all of the titrations performed
is sufficient variance between the dimerization interfaces of fit well with a simple 1:1 (DNA/MntR dimer) binding
the iron- and manganese-responsive DtxR proteins to generisotherm model, with the assumption that MntR was binding
ate the divergent oligomerization properties observed for as a nondissociable homodimer. In addition, invoking higher

MntR. order complexes (e.g., 1:2 DNA/MntR dimer, multiple
Recently, a 1.75 A resolution crystal structure of wild- homodimers bound) did not improve the quality of the model.
type MntR complexed with Mt has been solve®6). The The trend in DNA binding ability was found to be €d

structure shows two manganese(ll) ions bound per MntR > Mn2t > Cu2* > Zn?t > Ni2* > apo. M+ and Cd+
monomer; the affinity of MA* for these sites and the mech-  clearly activate MntR more effectively when compared with
anistic importance of each site has not yet been determined.Cu?t, Ni2*, and Zri#+. Nevertheless, Cti, Ni2*, and Zri+
However, this structure shows an important feature that likely do stimulate MntR to bind DNA at least severalfold more
contributes to the strong dimerization of manganese(ll)-re- tightly over the apo, Mg, or C&" saturated forms of the
sponsive proteins. Unlike the structures of DixR and IdeR, protein. The observation that Mhand Cd* activate the
the two monomer subunits share an additiandielical re- protein with essentially the same efficacy is a particularly
gion, Asp123 to Lys136, at the dimerization interface. These curious result of these experiments. Typically, ¥rand
o-helices span from one monomer across to the other, andC?* are considered to be dissimilar metal 0S8, (54),
although the details of these interactions have not yet beeneach behaving as a prototypical hard and soft ion, respec-
fully described, it is quite apparent from visual inspection tively. How and why MntR responds so effectively to these
that a significant amount of additional surface contact very different metal ions will be the subject of further
between the subunits is present that could promote strongerexamination. The results obtained here are notable in light
self-association. Further structural, mutagenesis, and bio-of the fact that MntR represses MntH, which is known to be
chemical studies will be required to elucidate the details of the major transporter for both Mhand Cd* at high ambient
why dimerization is so strong in MntR, and how loss of this metal ion concentrationsl6). Indeed, mntH mutants are
allosteric control feature affects the mechanism of transcrip- cadmium resistant16), thus the ability of MntR to be
tional and subsequently metal ion regulation by these activated by C# may be physiologically advantageous.
proteins. Overall, the oligomerization behavior of MntR is  Under the experimental conditions used here, specifically
distinct in the context of the DtxR-family of metalloregu- in the presence of excess metal ion, the differences between
lators, and suggests the mechanism of metal-selective represthe ability of the metal ions examined to activate MntR
sion for MntR may differ significantly from other members  cannot be definitively assigned. One possible explanation is
of this protein group. that only Mr?* and Cd* cause the most favorable structural
The fluorescence anisotropy data presented here indicatechanges in MntR to exhibit tight binding. €y Ni?*, and
a variety of transition metal ions can activate MntR. On the Zn*" may induce different structural alterations in MntR that
basis of the results of the sedimentation equilibrium experi- are suboptimal for DNA binding. If such a large change in
ments, the DNA binding equilibrium should be strongly protein structure is occurring, it likely occurs at the tertiary
coupled to the dimerization equilibriunb,(6, 41, 42). or quaternary level based on the CD spectra reported here
However, fitting the data with a model that employed a that show little or no change in secondary structure upon
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addition of Mr#* to MntR. This is consistent with the favored
“hinge” or “caliper” mechanism described for DtxRY, 48,

52), which involves an adjustment in orientation between
the two monomer subunits upon metal binding. Another
possible explanation for the variation in metal activation is
a difference in the affinity of MntR for each metal ion
examined. All of these metals may produce the same or
similar structural changes in MntR that trigger DNA binding,
but Ci#*, Ni?*, and Z#*t might have significantly lower
affinities for the MntR binding site, and therefore the
differences observed in the experiments here may be more
a reflection of proteinr-metal affinity than proteinr DNA
affinity. DNA binding assays performed in the presence of
stoichiometric amounts of Mn, Ni2*, and Cd" (Figure S3)

do not show binding by MntR to the oligonucleotide probe,
suggesting the metal ions are largely dissociated from the
protein under these experimental conditions. It is possible
that elements of both aforementioned mechanisms are
involved, and further experiments to determine the affinity
of MntR for various metal ions as well as more DNA-binding
experiments performed under stoichiometric or sub-stoichio-
metric metal ion concentrations will be required.

In summary, a detailed biophysical study of the manga-
nese(ll)-dependent metalloregulatory protein MntR fidm
subtilis is described. MntR is shown to form a tight
homodimer in the absence of metal ions, which can be
understood in the context of recent structural results.
Consistent with earlier studies, MntR is shown to be strongly
activated for DNA binding in the presence of excess’Mn
and Cd". In addition, C@", Ni%*, and Zi#* are also found
to stimulate DNA binding by MntR, but with~1000-fold
lower affinity. Continuing studies will be focused on
determining the precise mechanism by which MntR is
activated by these various metal ions and a better under-
standing the regulatory differences between MntR and iron-
responsive members of the DtXR protein family.
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