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ABSTRACT. MntR is a metalloregulatory protein that helps to modulate the level of manganBseiltus

subtilis MntR shows a metal-response profile distinct from other members of the DtxR family of
metalloregulatory proteins, which are generally considered to be iron(ll)-activated. As part of an ongoing
effort to elucidate the mechanism and metal-selectivity of MntR, several biophysical studies on wild-type
MntR and two active site mutants, MntR E99C and MntR D8M, have been performed. Using circular
dichroism (CD) spectroscopy, the thermal stability of these proteins has been examined in the presence
of various divalent metal ions. Fluorescence intensity measurements of 8-anilino-1-naphthalenesulfonic
acid (ANS) were monitored to examine the folding of these proteins in the presence of different metal
ions. These experiments indicate that MntR undergoes a significant conformational change upon metal
binding that results in stabilization of the protein structure. These studies also show that the MntR D8M
active site mutation causes a detrimental effect on the metal-responsiveness of this protein. Fluorescence
anisotropy experiments have been performed to quantify the extent of metal-activated DNA binding by
these proteins to two different cognate recognition sequences. Binding of MntR and MntR E99C to the
mntAcognate sequence closely parallels that ofrtimeH operator, confirming that the proteins bind both
sequences with comparable affinity depending on the activating metal ion. Fluorescence anisotropy
experiments on MntR D8M indicate significantly impaired DNA binding, providing additional evidence
that MntR D8M is a dysfunctional regulator.

Metalloregulatory proteins, also known as metalloregula-
tors, are a class of transcription factors that control gene ex-
pression in response to metal ions. The study of these proteins
has increased dramatically in recent years, and metalloregula
tory proteins have now been identified for many essential
and toxic metal ionsl(—3). Investigations of these metal-sens-
ing proteins have improved our understanding of the central
role they play in the metal ion homeostasis of microorganisms.

We have focused our attention on MntR,manganese(ll)- . )

- o . - Ficure 1. Ribbon representation of the crystal structures of holo
responsive transcription factor froBacillus subtilis(4—7).  \nR (ieft) and DtXR (right). Proteins are colored to highlight
MntR is one of a small number of manganese(ll)-responsive domains and function: helixturn—helix DNA binding domain
members of the large DtxR family of metalloregulatory pro- (brown), dimerization domain (red), linking-helix (green), ad-
teins, the majority of which are iron(ll)-responsive systems gg'r?]g?r'] ‘%‘T:r'zgtt'gga(')?ﬁ“)x ('\ag;p;% dM(EI(t?B ?O”r:é)xa?gdsr?(')"v\?r;“';z
(8_.10)' Other proj[ems in the DR family ’Fhat have been. pheres i?l tr%/e binding si)t/es of MntR and DtxR, respectively. The
assigned as potential manganese(ll) sensors include ScaR, S|rI%Og+ ion in the primary metal-binding site of DIxR is occluded by
and TroR (1—14); all of these proteins are potentially use- the protein backbone (lies between gray and gredelices).
ful candidates for elucidating how iron(Il)- and manganese-

(I-activated DtxR proteins discriminate between these ions.  Earlier studies have demonstrated that MntR has a low
affinity for the mntH regulatory sequence in the absence of
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Ficure 2: Metal-binding active sites for holo wild-type MntR (top left), MntR D8M (top right), and wild-type DtxR (bottom). The “primary”
and “secondary” metal-binding sites are designated by A and B, respectively.afid C3" ions are shown as spheres in the binding sites
of MntR and DtxR, respectively. Adapted from reff§ and 17.

structure of MntR and other structurally characterized The crystal structure of the mutant MntR D8M bound to
members of the DtxR family (Figure 1) of metalloregulatory Mn?* has also been determined and demonstrates that the
transcription factors15—18). DtxR, the prototypical iron- binuclear metal site is no longer present. Both Met8 and
(IN)-responsive member of this family found @orynebac- Glu99 are twisted away from their corresponding locations
terium diphtheriag is described as consisting of three in the wild-type holoprotein, which results in an active site
domains: a DNA-binding, a dimerization, and an SH3-like with only a single bound metal ion in a different coordination
domain. In contrast, MntR only has two major domains, a environment. The single Mn ion in MntR D8M is
DNA-binding and a dimerization domain. coordinated by Glull, His77, Glu102, and a water molecule

The most significant structural differences between DtxR in the A site of the protein (Figure 2). Despite the changes
and MntR are found in the metal-binding active site. DtxR N the metal-binding site of MntR D8M, the overall protein
and MntR are both found to bind two metal ions per protein fold is nearly identical to that of wild-type MntRLE).
monomer; however, the structure and positioning of these Recent experiments have sought to address the issue of
binding sites are notably different (Figure 2). The most differential metal ion specificity in DtxR and MntR by
obvious difference between the metal-binding sites is that mutagenesis and heterologous expression stusljelfese
DtxR has two distinct binding sites @#--M2* ~9 A) while investigations demonstrated that both protein selectivity and
MntR is found to have a single binuclear site (¥n-Mn2* the cellular environment contribute to the overall behavior
3.3 A), with the metal ions bridged by two protein side chains in vivo. Interestingly, although mutation of key active site
and an aquo/hydroxo ligand%). Sequence alignment of the  residues could convert DtxR from an iron(ll)- to a manga-
two proteins shows that many of the ligating residues are nese(ll)-responsive repressor (DtxR M10D/C102E), mu-
conserved. The MntR active site recruits ligands generally tagenesis of one (MntR D8M, MntR E99C) or both of the
conserved from the secondary site (site B in Figure 2) of analogous MntR sites (MntR D8M/E99C) did not generate
DtxR, with only His77 from the primary site (site A in Figure an iron(ll)-selective response. In vivo, MntR E99C showed
2). MntR was also found to use a new ligand Glul1, one of no ability to respond to P&, while MntR D8M was activated
two glutamates that bridges the two manganese(ll) ions by F&* to a slightly lesser degree than that obtained with
(Figure 2). Interestingly, Glul11 is not conserved among iron- Mn?* (5). Why these MntR active site mutants failed to
(I)-responsive members of the DtxR family nor among some acquire F&" sensitivity has not been resolved.
suspected manganese(ll)-responsive members of the family In an attempt to understand the effects of active site
such as TroRX1, 15). Three water molecules (one of which mutations on the metal-selective activation of MntR, this
is bridging) are also found in the binuclear core of MntR. report details several in vitro experiments on wild-type MntR
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and two of the previously reported active site mutants, MntR
E99C and MntR D8M. Data presented in this study show

Golynskiy et al.

using calculated extinction coefficients of 18910 Mm™*
for wild type and MntR D8M, and 19035 M cm™? for

that the active site changes in MntR E99C produce measur-MntR E99C (9).

able, but not large differences in DNA-binding metal
activation profiles, consistent with in vivo findings; however,

Determination of Free CysteineMntR E99C was dia-
lyzed for 2 x 4 h against deoxygenated storage buffer to

several pieces of evidence are provided that show theremgoyes-mercaptoethanol contained in the original storage

behavior of MntR D8M to be notably different from that of

buffer for this mutant (vide supra). The dialysis was

the wild-type protein. These studies also shed light on the performed inside a glovebox containing a nitrogen atmo-

mechanism of MntR activation. Metal complexation is found
to have a significant effect on MntR stability and structure,
consistent with an allosteric mechanism whereby the MntR
structure is reorganized and optimized for DNA recognition
at the tertiary level upon metal binding.

EXPERIMENTAL PROCEDURES

General All buffers were prepared using water purified
through a Labconoco Water Pro Plus purification system.
Buffers were degassed and sterilized by passing them throug
0.22um filters. All biochemical reagents were obtained from
commercial suppliers and were used as provided. inCl
4H,0, FeC}-4H,0, CoC}-H,0, CdCh-H,0O, and NiC}-6H,0O
(99.99+-%) were obtained from Aldrich. All protein chro-
matography was performed at°€ on an ATA Prime
biomolecule purification system (Amersham Pharmacia Bio-
tech) using both inline UV and conductance detection.
Matrix-assisted laser desorption time-of-flight (MALDI-TOF)
mass spectrometry was performed by HT Labs (San Diego
CA) or at the core facility at the University of California,
San Diego. The metal content/purity of all preparations of

sphere by using 500L capacity cassettes (Slide-A-Lyzer,
3.5 kba MWCO, Pierce). A portion of the dialyzed protein
sample (20QuL) was mixed with 20QuL of 7 M urea/2.5

M EDTA to give reaction mixtures containing +@0 uM
protein. To this mixture was added 2% of 2.5 mM 5,5-
dithiobis(2-nitrobenzoic acid) (DTNB) solution (prepared in
storage buffer), and the mixture was agitated for 30 min.
The reaction mixtures were taken out of the glovebox and
analyzed spectrophotometrically by monitoring the absor-
rbance at 412 nm using the reported extinction coefficient of
13600 Mt cm™ (20). The absorbance value at 412 nm was
corrected by subtracting the spectrum of a buffer solution
containing the same concentration of DTNB, but without any
protein. MntR E99C preparations analyzed in this manner
were found to contain 0.8& 0.12 free thiols per 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 soapy water, 1.0 M HCI, and
copious amounts of ultrapure water followed by an ethanol

proteins, ultrapure water, buffers, and metal titrant solutions finse and air-drying to ensure that the cells were clean and

was determined as previously describ&jlysing a Perkin-
Elmer Optima 3000 DV inductively coupled plasma optical

free of metal contaminants. CD spectra (3280 nm) were
collected for each sample with a 0.5 nm step and a 4.0 s

emission spectrometer (ICP-OES) located at the Analytical @veraging time. Samples were supplemented with metal ions

Facility at the Scripps Institute of Oceanography. All

as desired from stock solutions%.0 mM) in storage buffer

fluorescence intensity and anisotropy experiments were!0 @ concentration of 1.0 mM. For thermal denaturation
performed on a Perkin-Elmer luminescence spectrometer LsStudies identical solution conditions were applied. The
55 using a thermally jacketed cell holder that was maintained thermal denaturation profile for apo MntR was found to be

at 25°C. Size-exclusion chromatography was performed on
a calibrated HiLoad 16/60 Superdex 75 size-exclusion

column (Amersham Pharmacia Biotech) as previously de-

scribed 6). Analytical sedimentation equilibrium ultracen-
trifugation experiments were performed as previously de-
scribed 6) on a Beckman XL-1 analytical ultracentrifuge
located at the Biophysics Instrumentation Facility in the
Department of Chemistry and Biochemistry at the University
of California, San Diego. Oligonucleotides were purchased
from Integrated DNA Technologies (Coralville, 1A).
Expression and Purification of MntBBL21-CodonPlus-
(DE3)-RIL E. coli cells (Stratagene) transformed with
PET17b plasmid containing the wild-type MntR)(gene or
the mutant genes MntR E99C or MntR D8MY5 were
expressed and purified as previously descril&@avith minor
modifications. Buffers were as follows: lysis buffer consisted
of 50 mM Tris, pH 8.0 at £C, 200 mM NacCl, 5 mM EDTA,
5% (v/v) glycerol, 5 mM3-mercaptoethanol; cation exchange
column buffer consisted of 50 mM HEPES, pH 7.0 &C}
150 mM NacCl, 5% (v/v) glycerol; storage buffer consisted
of 20 MM HEPES, pH 7.2 at 4C, 200 mM NacCl, 5% (v/v)
glycerol. MntR E99C and MntR D8M storage buffer also
included 100uM S-mercaptoethanol, and MntR D8M was
stored at a higher salt concentration (300 mM NacCl) to
prevent protein precipitation. The proteins were quantified

identical in sodium phosphate or HEPES (storage) buffer
(Figure S1, Supporting Information); however, under our
experimental conditions the addition of metal ions to
phosphate buffered solutions resulted in precipitation of metal
phosphates. Therefore, the thermal denaturation experiments
were performed in storage buffer to minimize complications
with metal-binding experiments. Samples containir@juM
protein were heated from 50 to 10C at a rate of 1.0C/
min, and ellipticity was monitored at 222 nm; melting
temperaturesTy) were determined as previously described
(21). Select runs initiated at a lower starting temperature (25
°C) showed no difference in the denaturation curvBg.
values were calculated with eq 1 and solving for the
temperatureT ) at whichAG = O:

AG

= —RTIn[(1 = 1/(1, — 1] Q)
wherel is ellipticity at 222 nm at temperaturg Ig is the
initial (folded) ellipticity, andly is the final (unfolded) ellip-
ticity. Initial/folded intensity (¢) and final/unfolded intensity

(lu) were taken from the first and last points of each
individual denaturation curve. Due to lack of reversibility
(nonequilibrium conditions) meaningful thermodynamic pa-
rameters could not be obtained. Data are presented as frac-
tional change in ellipticity (FCE) at 222 nm by using eq 2:
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FCE= (I — DIl —1y) (2)

Fluorescence Emission with AN8-Anilino-1-naphtha-
lenesulfonic acid (ANS) (50@M) and 5x4M protein sample
in storage buffer (initial solution volume-380 uL) were
placed in a microcuvette (8QM.). Fluorescence spectra were
collected using an excitation wavelength of 403 nm (slit
width 15 nm) and an emission wavelength of 3®D0 nm
(slit width 20 nm). Data were an average of five scans. In
the presence of protein, the emission maximum for ANS was
found to blue shift 510 nm from the protein free value of
515 nm; therefore, comparative analysis of spectra was
performed at 507 nm. Metal ions were added from stock
solutions in storage buffer, to concentrations of approxi-
mately 0.1, 0.5, and 1.0 mM. Control experiments showed
that under identical solution conditions, but in the absence
of protein, no change in the fluorescence spectra ofB@0
ANS was observed in the presence of 1.0 mM2NVjgC&t,
Mn2t, Cc?*, Ni2*, or Cdtt.

Fluorescence Anisotropy Titration¥he same procedure
for preparing the double-stranded probemdsH26 was
applied for both dsintH26 and denntA26 used in this study
(6). The modified oligonucleotide smtA26 (3-6F-GATA-
ATTTTGCATGAGGGAAACTTTC-3, where the fluores-
cein dye is indicated by 6& 6-carboxyfluorescein) and the
complementary oligonucleotide’{t6&AAAGTTTCCCTCAT-
GCAAAATTATC-3") were used to generate the double-
stranded oligonucleotide a®tA26 containing the desired

recognition sequence. The sequence of the labeled strand o

dsmntH26 is B-6F-GAATAATTTGCCTTAAGGAAAC-
TCTC-3. Fluorescence anisotropy experiments were per-
formed as previously described with some modificatid@)s (
Measurements were collected with an excitation wavelength
of 492 nm (slit width 15 nm), an emission wavelength of
520 nm (slit width 20 nm), and a 1.0 s integration time. The
g-factor for all of the experiments was 1.1 0.08. For
titrations in the presence of 1.0 mM #ethe experiments
were performed by using an anaerobic cell assembled insid
a glovebox with a nitrogen atmosphere. Thgs versus
[MntR]otar data were fit to a 1:1 binding isotherm model
(nondissociable dimerp} by using least-squares regression
analysis software (Synergy KaleidaGraph).

RESULTS
Preparation and Characterization of MntR E99C and

€
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Ficure 3: Thermal denaturation curves for wild-type MntRu(8!)
monitored by CD spectroscopy at 222 nm: unfolding of apo MntR
(open squares) and of MntR in the presence of 1.0 mM™¢),
C&" (0), MnZt (m), Co** (#), Ni2™ (@), and Ca* (x). Buffer=

20 mM HEPES, pH 7.2 at 4C, 200 mM NaCl, 5% (v/v) glycerol.
Path length= 2 mm.

with the N-terminal methionine residue truncated (calculated
16611). MntR D8M generated a single peakn#z 16648

Da [M — Met + Na]* (calculated 16653), indicating that
%he peak corresponds to MntR D8M with the N-terminal
methionine residue truncated. Analysis of MntR E99C with
Ellman’s reagent (DTNB) gave a value of 0.880.12 free
thiol per monomer (1 free thiol expected), consistent with
at least~90% of the protein being in the properly reduced
form. CD spectroscopy of MntR, MntR E99C, and MntR
D8M in sodium phosphate buffer showed the expected
features at 208 and 222 nm (Figure S3, Supporting Informa-
tion) characteristic of a highlg-helical secondary structure
(6, 15). As found with wild-type MntR §), addition of Mr#*

to MntR E99C or MntR D8M (data not shown) did not
produce significant changes in the 222 nm feature in the CD
spectrum 22).

Thermal Denaturation Studies Using Circular Dichroism
SpectroscopyBinding of Mr?™ does not significantly alter
the secondary structure composition of these proteins. As a
means to determine what, if any, effect metal binding had

MntR D8M The MntR E99C and MntR D8M mutants were on the structure of MntR, thermal denaturation experiments
characterized by MALDI-TOF-MS, analytical sedimentation were performed on these proteins in the apo and holo forms.
equilibrium ultracentrifugation, size-exclusion (SE) chroma- Stabilization of protein structure upon metal binding has been
tography, and circular dichroism (CD) spectroscopy. Analyti- found to be important for the metalloregulatory protein NikR
cal sedimentation ultracentrifugation absorbance data were(23). The thermal melting of the proteins was followed by
fit to a single, idealized species (Figure S2, Supporting CD spectroscopy at the maximal ellipticity of 222 nm.
Information). Apparent molecular weights for MntR EQ9C Heating of MntR at a rate of 1C per minute resulted in a
and MntR D8M were 35284 1351 and 3352% 1723, in clear melting transition and loss of the CD signal (Figure
good agreement with the expected values for protein ho- 3). Visible inspection of the sample upon complete dena-
modimers of 33438 and 33522, respectively. In addition, turation revealed precipitation of MntR, and consistent with
evaluation by size-exclusion chromatography was consistentthis observation, the protein could not be refolded upon
with the proteins eluting as homodimers with apparent cooling (CD signal did not return upon cooling, data not
molecular weights in the range of 335 kDa (data not  shown). The folding is not reversible; therefore, the system
shown). The proteins were characterized by MALDI-TOF is not under equilibrium conditions2); however, the
mass spectrometry; MntR E99C generated two peak$zat  midpoint of the denaturation curve was reproducible and a
16745 Da [M+ Na]t (calculated 16742 Da) and 16610 Da melting temperatureTy) of ~67 °C was obtained for apo
[M — Met+ NaJ, the latter peak characteristic of the protein MntR (Table 1). Addition of 1.0 mM M#" to the solution



3384 Biochemistry, Vol. 44, No. 9, 2005 Golynskiy et al.

Table 1: Melting Transition Temperaturegy) for MntR Proteins 300
Obtained from Circular Dichroism Measurements during Thermal T
Denaturation in the Presence of Various Divalent Metal dons 250 !
metal ion MntR MntR E99C MntR D8M
(1 mMm) (°C) (C) (°C) £
Apo (no metal) 67 73 68 £ 200+
Mg?* 67 72 67 -]
cat 68 72 67 ©
Mn2* 83 77 76 Q 150
Co* 86 89 85 @
Niz* 81 87 76 @
Ce* >90 >100P 84 g 1004
aAll values are based on an average of at least two independent E

experiments. All values are reproduciblesd °C. ® Complete dena- J
turation was not observed up to 10G, and a satisfactory endpoint 50
could not be obtained. "

resulted in a significant thermal stabilization of MntR, with 450 480 510 540 570

aTw of ~83°C. Similar increases were found in the presence

of Co** and N?*, but not upon addition of Mg or C&", Wavelength (nm)

demonstrating that the observed stabilization is specific to FIGURE 4: ANS fluorescence spectra in the presence of wild-type

activation by transition metal ion$), Addition of 1.0 mM MntR and variable amounts of Mn The solid line is the initial
Cck* resulteyd in enhanced stabiliz)fa\tion of the protein with spectrum of ANS (50@:M) without addition of protein or metal
p ion. Other spectra are upon addition of:B1 MntR (dotted line),

only partial melting observed above 9G. 5 1M MntR and 0.1 mM MA* (narrow dashed line), BM MntR
Thermal denaturation experiments with MntR E99C were and 0.5 mM M#A* (dotted-dashed line), and BM MntR and 1.0

generally comparable to that found with wild-type protein MM Mn?* (wide dashed line)ie, = 403 nm. Buffer= 20 mM
(Table 1), with two notable exceptions. First, in the presence HEPES., pPH 7.2 at 4C, 200 mM NaCl, 5% (v/v) glyceroll = 25
of 1.0 mM Mr?*, the melting transition of MntR E99C
showed biphasic behavior (Figure S4, Supporting Informa- loss in fluorescence intensity is not due to quenching from
tion); the origin of this biphasic behavior is presently un- the metal ion, as exposure of ANS to 1.0 mM Mrin the
known. Second, addition of 1.0 mM &dstabilizes MntR absence of MntR has no effect on fluorescence emission (data
E99C such that no melting transition is observed up to 100 not shown). Therefore, the observed fluorescence decreases
°C. In contrast, MntR D8M showed significant changes in are indicative of changes in protein structure. Figure 5
thermal stabilization behavior relative to wild-type MntR summarizes the data for MntR, MntR E99C, and MntR D8M
(Table 1). MntR D8M was far less stabilized by the presence in the presence of ANS and Mh C?*, Co?", and N?" at
of 1.0 mM Mr¢*, with only a~8 °C increase iffy compared concentrations of 0, 0.1, 0.5, and 1.0 mM. Mand C&"
to a~16 °C increase with wild-type MntR. The stabilization showed no significant affect on ANS fluorescence (data not
obtained with Ni* is also reduced relative to wild type; shown), consistent with the inability of these metal ions to
moreover, unlike wild-type MntR or MntR E99C, MntR activate or stabilize MntR. By comparison, MntR appears
D8M undergoes a melting transition &84 °C in the pres- to undergo a complete structural rearrangement in the
ence of 1.0 mM C# (Figure S4). These thermal denaturation presence of 0.1 mM C6 or Cc', as indicated by a large
studies were the first indicators that MntR D8M has notably drop in fluorescence intensity; there were no further substan-
different behavior from the other proteins investigated here. tive changes upon addition of higher concentrations of these
Conformation Changes Monitored by ANS Fluorescence metal ions. MntR requires slightly higher concentrations of
The data obtained from thermal denaturation CD experimentsMn?" (~0.5 mM) to achieve saturation. Wi fails to
indicated that activating metal ions were able to stabilize significantly reduce ANS fluorescence even at concentrations
the structure of wild-type MntR. To gain further insightinto of 1.0 mM. In contrast, MntR E99C shows complete
the nature of this stabilization, fluorescence studies with fluorescence reduction, upon addition of 0.1 mMNCo**,
8-anilino-1-naphthalenesulfonic acid (ANS) were performed. or Cc#*, but requires the presence of 1.0 mM Winto
ANS is a fluorescent chromophore known to bind to achieve the same effect. The increased ability oftNo
hydrophobic surfaces of proteins. Binding of ANS to activate MntR E99C relative to wild-type MntR is in
hydrophobic surfaces increases its fluorescence intensity,agreement with data obtained from fluorescence anisotropy
while exclusion from such surfaces (i.e. upon protein folding DNA binding studies (vide supra).
or structural rearrangement) results in a decrease in fluores- Consistent with thermal denaturation experiments pre-
cence emission2(, 24). Therefore, ANS can be used to sented above, the ANS fluorescence experiments suggest that
monitor changes in the tertiary structure (hydrophobic MntR D8M is structurally and functionally deficient. Al-
packing) of proteins. ANS has been successfully used tothough MntR D8M appears to fold in the presence of'Co
examine the solution structure of DtxB5j. The combination  the response to M is significantly reduced. Furthermore,
of 5 uM apo MntR and 50«M ANS solution results in a  addition of 0.1 mM Cé" results in an initial reduction in
~b54% increase in fluorescence intensity versus ANS alone fluorescence intensity, followed by protein precipitation at
(Figure 4). Subsequent addition of 0.1, 0.5, and 1.0 mM higher concentrations (manifested as an increase in fluores-
Mn?* results in a reduction of fluorescence intensity to 34%, cence intensity due to scattered light, Figure 5). Like wild-
15%, and 12%, respectively, above that of ANS alone. The type MntR, MntR D8M shows little change in ANS



Manganese Metalloregulatory Protein MntR Biochemistry, Vol. 44, No. 9, 20053385

MR MntR E93C
120 120

1004 100+

-
o

.
‘0

2
R

L
ce

ot

804

804

kP
Totetes

L
KRR

..,.
batet
xy

<
4
]
b
bl
F
b

0

...
e

o
&,

604

60+

L,

:.000

oo
¥,

L
7]
o]

.
oot
<

o
S

.

.,.
5z
X2

>,
&,

2

<

.
ot
L

‘2

Intensity {507 nm)

40

P
et

404

=

BT

o

.....
o
4%
R
atetle!
.
S

¥,

Corrected Fluorescence

Corrected Fluorescence
Intensity {507 nm)

LR e
Fatel
o R,
Fotatet
R
S5
L
I

‘2

‘2

5
>

e

L
ot
=
ot
N
fae!

e

204

R, R
Fateli
o
P
R,
R
L
%

..
S
—
—
atal

ot
>

3

&,

.

R,
e

s

4

e

.

X

NN
o

o
,

,

T
e
-

i

T T == 04
Co Ni Cd

MntR D&M

Co Ni

120

1004

o
pats

"
2
s

%

804

e
S
R R ]

oSttt

L

s
o
fats

.
e
L

a%%

L
R

.
-,

LR R
ot

“
&

o
et

604

P,
S

S

R
e

oo
Tes

<

=
S5

..
S

m—

et

LR
%

L

v

betets

|

40

A
S5
2etel

&,
e
5

55

T
e

e

oy
-
&

oe!

Corrected Fluorescence
Intensity (507 nm)

....
e

oo

%
e

b

i,
..
A
ot

204

...
et
Z

.

Tt

e

=

et

"
0
s
e

S

.
S5
R
ettt

L

.
atets!
R
5

¥,

2

|
|

—

e

e

04 . T . T

Apo Mn Ni Cd
Ficure 5: Changes in ANS fluorescence intensity (507 nm) in the presence of MntR proteins. Plots are labeled for MntR, MntR E99C, and
MntR D8M. Bars represent addition of 0 (black), 0.1 (single slash), 0.5 (gray), and 1.0 (crossed slash) mM of the metal ion listed. The
column labeled Apo contained ANS and protein only diluted with an equivalent volume of metal-free buffer. All intensities have been
background corrected by subtracting the fluorescence intensity of a solution containing an identical concentration of ANS in buffer alone.
All samples are the results of at least two independent experimints. 403 nm. Buffer= 20 mM HEPES, pH 7.2 at 4C, 200 mM
NaCl, 5% (v/v) glycerol.T = 25 °C.

fluorescence in the presence of exces$ NThe ANS data — -

indicate either that MntR D8M does not undergo a substantial | a0e 2: Binding of MntR, MntR ESSC, and MntR D8M Proteins
- . . .. to themntH Recognition Sequente

structural change upon binding certain metal ions or that it

is perhaps deficient in its abilities to bind these ions. metalion  MntR — MNtR E99C Kg-w/ MntR DBM K-/
DNA Binding of MntR Fluorescence anisotropy studies (I mM)  Ke(M) Ka(M)* Ka-eosc Ka(MM)? Ka-oow
of MntR and themntH recognition sequence have been QF;]% ;ggofg . ;33%3[049 f(‘)/i ;‘532(’3 23 %/a_}l
previously useq to quanufy DNA binding affinity in the Fe+ 8724142 139+ 28 06 45812 0.2
presence of various metal iors £6). In an effort to expand C®* 193+30 52.3+11.9 3.7 490-81 0.4
upon these earlier results, the binding of MntR tond&H26 Ni2* 2342+ 305 2984+ 70 7.9 ~3000 n/a
was studied in the presence of &and F&*, which were Co* 73+£11 241436 03 64181 01
not examined in our earlier repoKq values were obtained a Dissociation constants() for modeling the fluorescence anisotropy

by fitting the fluorescence anisotropy data to a simple 1:1 data with a 1:1 binding isotherm. All values are based on an average
binding isotherm ), and were in good agreement with the c_)f at Iceast'two |ndepend¢nt experlmerﬁ’téstandard deviations also
experimental data. The data indicate that both"Gmd Fé* listed. * Estimated, saturation not observédrom ref6.

are intermediate level activators of MntR, better thad"Ni  binding of manganese(ll)-activated MntR (data not shown).
CU?', and Zi#, but less effective than Mh and Cd* (Table Binding of MntR to themntAsequence was investigated by
2). In contrast to in vivo studied), these experiments show using a labeled, 26-base pair oligonucleotiden{ds:26)

that MntR can be activated by Fe however, the present containing the core recognition sequent®&B-GATAATT-
experiments are performed in the presence of a large excesITGCATGAGGGAAACTTTC-3. ThemntAsequence is the

of metal ion. Binding to dsintH26 was sequence specific, operator sequence B. subtilisthat controls expression of
as a 500-fold excess calf thymus DNA did not interfere with the ABC transportemntABCD(4). As shown in Table 3,
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0.075 0.077
0.073+ -0.075
0.072- -0.073

Fun 0.0704 0.071 Fy;
0.068 -0.07
0.067+ -0.068
0.065 ; . ; ; . —-0.066

0001 001 01 1 10 100 1000

[MntR E99C] (monomer, nM)

Ficure 6: Representative fluorescence anisotropy data for MntR
E99C binding to the oligonucleotiderdstH26: binding in the pres-
ence of 1.0 mM MA" (O) and N?* (@). Lines through each set of
points represent a fit of the data to a 1:1 oligonucleotide/dimer
binding isotherm. [dsintH26] = 10 nM. Buffer= 20 mM HEPES

pH 7.2 at 4°C, 500 mM NacCl, 5% (v/v) glycerolT = 25 °C.

Table 3: Binding of MntR, MntR E99C, and MntR D8M Proteins
to themntARecognition Sequente

metal ion MntR MntR E99C Kg-w/ MntR D8M  Kg—wi/

ImM)  Kqg(nM)° Ka (NM)P Kggooc  Ka (NM)® Kg-pam
Apo >3500 >3500 n/a >3500 n/a
Mn?t  30.44+13 25.8+:6.4 1.2 93.0+238 03
Fert 79.8+20.8 103+ 12 0.8 267+ 26 0.3
Co?r 81.5+13.8 26.4t5.1 3.1 241427 0.3
Ni2*+ 507+ 38 94.8+ 9.4 5.4 1122+ 151 0.4
CP+ 243+46 19.8+6.0 12 374438 0.6

a Dissociation constant¥() for modeling the fluorescence anisotropy
data with a 1:1 binding isotherm. All values are based on an average
of at least two independent experimerit§tandard deviations also
listed. ¢ Estimated, saturation not observed.

MntR binds denntA26 in the presence of either 1.0 mM fin
or Cc** with only slightly weaker affinity than found for
dsmntH26. The intermediate (Co and Fé&") and weak
activators (N&") stimulate MntR to bind thenntAsequence
with slightly improved affinity than found withmntH, but
the overall trend is essentially unchanged wit#'Cs Mn?*
> Fet ~ Co*" > Ni?" > apo.

The binding of MntR E99C was also studied using the
danmntH26 and dentA26 oligonucleotides (Figure 6). Sur-
prisingly, the affinity of MntR E99C for both oligonucle-
otides was essentially unchanged from that found for wild-
type MntR in the presence of Mh Fe&t, and Cd* (Tables
2 and 3). This data is consistent with the earlier finding that
both MntR and MntR E99C did not respond to?F@ vivo
(5). The DNA binding ability in the presence of €oand
Ni%* improved between 3- to 8-fold over wild type for both
sequences. As expected, control titrations with MntR E99C
in the presence of 1.0 mM €aand Mg" showed no
significant DNA binding to either sequence (data not shown).

Lastly, fluorescence anisotropy studies of MntR D8M
clearly showed the deficient function of this active site
mutant. Activation of MntR D8M by all transition metal ions

Golynskiy et al.

0.075

0.0734

0.0724

0.0704

0.0684

0.0674

0.065 . .
0.001 001 0.1

T T
10 100 1000

[MntR E99C] (monomer, nM)

Ficure 7: Representative fluorescence anisotropy data for MntR
E99C binding to the oligonucleotide msitH26: binding in the
presence of 1.0 mM Mt (O) and 0.1 mM MA* (@). Lines through
each set of points represent a fit of the data to a 1:1 oligonucleotide/
dimer binding isotherm. Data show that binding affinity for
dsmntH26 drops when the concentration of Rinis reduced.
[dsmntH26] = 10 nM. Buffer= 20 mM HEPES pH 7.2 at 4C,

500 mM NaCl, 5% (v/v) glycerolT = 25 °C.

2 and 3), with a greater impact on the affinity toward
dsmntH26. For example, the affinity of MntR D8M for
dsmntH26 in the presence of 1.0 mM Mhwas reduced by
more than 10-fold relative to wild type (Figure S5, Support-
ing Information). Although the overall metal selectivity
appeared similar to wild-type MntR (vide supra), MntR D8M
was clearly deficient in DNA binding relative to the other
proteins examined. The fluorescence anisotropy data for
MntR D8M provide additional evidence that this mutation
causes a substantial change in the protein that manifests as
both structural and functional anomalies.

Experiments with ANS fluorescence showed that the MntR
proteins underwent differing degrees of structural organiza-
tion based on the concentration and nature of added metal
ion. For example, at 0.1 mM CdMntR E99C appears com-
pletely folded, while the same concentration of Mappears
insufficient to induce significant folding (Figure 5). Neverthe-
less, at high concentrations of either metal (1.0 mM), MntR
E99C showed strong activation for DNA-binding with nearly
equal affinity for the cognate sequenaasitH and mntA
These observations suggested that the differences observed
in the ANS experiments are likely due to differences in
metal-binding affinity. To further examine this hypothesis,
DNA-binding fluorescence anisotropy experiments with
MntR E99C and duintH26 were performed at reduced metal
concentrations. Binding of dntH26 by MntR E99C with
0.1 or 0.01 mM Cé&" (Kg ~ 19 and 26 nM, respectively)
was essentially identical to that found in the presence of 1.0
mM Cd?* (Figure S6, Supporting Information). In contrast,
the DNA-binding ability of MntR E9Q9C with 0.1 mM M
was significantly reduced with &4 value of ~209 nM
(Figure 7). This suggests that MntR E99C binds ®@dth
higher affinity than MA", even though at high concentrations

showed reduced affinities for both cognate sequences (Tabledoth metals are comparable activators for DNA binding.
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DISCUSSION allosteric trigger for DNA binding. Such a model is consistent

] o . L with the observation that the metal-binding site in MntR

Mechanism of MntR Aatation. Addition of activating recruits ligands from every major structural region of the
metal ions to MntR does not measurably change the CD protein: Asp8 and Glu11 from the hefturn—helix DNA
feature at 222 nm, suggesting that the largelyelical secon- binding domain (Figure 1, brown), Glu99, Glu102, and
dary structure of MntR does not require, nor is substantially His103 from the dimerization domain (Figure 1, red), and
altered by, metal binding. In contrast, the thermal stability His77 from the longx-helix that links the dimerization and
of the protein, as evaluated by CD spectroscopy, is signifi- pNA binding domains (Figure 1, green). It is feasible that
cantly enhanced by the presence of activating metal ions suchyinging of a metal ion to this active site leads to a widespread
as Mr#* and Cd". Metal ions such as Mg and C&", which structural rearrangement of the protein secondary structures
do not activate the protein for DNA binding, have no effect 4 form a stable, activated repressor complex. This is also
on protein stability. These CD experiments indicate that congistent with the generally defective behavior of MntR
although the secondary structure of MntR is not metal ion D8M, which alters and lacks several of these key binding
dependent,_metal binding greatly stabilizes these StrPCturalinteractions (Figure 2), rendering it incapable of completely
features. Similar observations have been made with theorganizing the protein tertiary structure upon binding of a

nickel(ll)-responsive metalloregulator NikR, where certain yansition metal ion (vide infra). Whether this tertiary

transition metal ions are found to stabilize one domain of girycture reorganization originates from a molten globule
NikR, with Ni#* showing a selective ability to stabilize both  g¢ate or from a relatively well-structured MntR conformation
domains of the protein2Q). will best be resolved by NMR solution studies.

ANS fluorescence experiments with MntR clearly dem-  CD thermal denaturation and ANS fluorescence experi-
onstrate that metal binding results in a considerable reductionments suggest that the mechanism of repressor activation is
of the available hydrophobic surface area and generation ofrelated to substantial ordering and stabilization of the protein
a more compact protein fold. This observation is consistent structure at the tertiary level. The significance of these find-
with ANS experiments performed on an iron(ll)-responsive ings is illustrated by comparison to other metalloregulatory
homologue DtxR 25). The ANS fluorescence data indicate proteins such as DtxR and CzrA. X-ray diffraction studies
that apo MntR undergoes a significant structural rearrange-of both the apo and holo forms of DtxR show minimal
ment upon metal coordination that leads to allosteric activa- variance in structure2@), making it difficult to account for
tion of the protein for DNA binding; however, while ANS  functional differences between the two forms or gain insight
binding allows us to stipulate that the fluorescence quenchinginto the metal-mediated activation of the protein. X-ray
occurs due to a decrease of available hydrophobic surfacestructural characterization of the metalloregulatory protein
that accompanies protein reorganization, the pathway andCzrA also shows nominal changes in overall structure be-
origin of this rearrangement cannot be unambiguously tween the apo and holo form&7), again limiting functional
determined. One possibility is that this organization stems and mechanistic insight. An improved understanding of metal
from a rearrangement of the quaternary structure of MntR. activation for both DtxR and CzrA was ultimately obtained
Although apo MntR is a stable homodimé) (the observed  through solution studies. In the case of DtxR, metal binding
reorganization may occur by a reorientation of the two was found to organize the tertiary structure into a favorable
monomer subunits relative to one another, optimizing the configuration in a disorder-to-order transitic®5|. For CzrA
orientation and spacing of the hetixurn—helix motifs for metal complexation resulted in reduced structural dynamics
DNA binding and reducing the amount of exposed hydro- that served to “freeze out” a configuration required for DNA
phobic surface in the process. This type of quaternary binding @7). The studies on DtxR and CzrA highlight the
structural compaction has been observed in SmtB, a zinc-importance of our experiments with MntR, as the significant
responsive metalloregulatory protein of the ArsR famBy ( structural changes found for MntR in solution have not been
27). SmtB is a negatively regulated repressor of transcription previously investigated and appear to be an important part
from cyanobacteria that has a high affinity for its cognate of the metal-mediated mechanism for DNA binding. Further
DNA sequence in the apo form and a reduced affinity upon investigation into solution dynamics of MntR using NMR
metal binding. Crystallographic and NMR solution studies spectroscopy will provide a more complete understanding
show that zinc(ll) binding to SmtB causes a quaternary into the mechanism of activation.
structural contraction that places the DNA recognition  DNA Binding Selectity. Apo MntR has a low affinity
elements in a suboptimal conformatio@7). A second  for both themntH and mntAcognate sequences, as judged
possibility is that MntR undergoes an internal tertiary py fluorescence anisotropy measurements. Binding of MntR
structural rearrangement that results in a loss of exposedis dependent on the presence of transition metal ions with
hydrophobic surface area that leads to an optimized MntR the general trend for DNA-binding ability (at 1.0 mM metal
structure for DNA binding. Such a tertiary structural rear- jon) following C#* ~ Mn2* > Fe* ~ Cc?" > Ni2* >
rangement for MntR may originate from a molten globule- apo. These findings are consistent with an earlier hypothesis
like state with defined Secondary structural elements, but athat MntR acts as a manganese(||)_regu|ated repressor of both
less organized tertiary structur2g). This scenario has been  the mntHandmntABCDoperons, confirming previous studies
proposed for DtxR, where the protein was observed to be in ysing DNase | footprinting experiment3)( The binding
a molten globule state prior to metal bindirp). studies presented here also show that MntR generally has

When viewed in the context of the available structural data comparable affinities for theantHandmntAsequences when
on MntR (15) and the observation that apo MntR exists as activated by transition metal ions. The two new metal ions
a stable homodimer6}, we favor a model that invokes a investigated in this study, Feand C3", were found to be
change in tertiary conformation of MntR that acts as an intermediate activators, indicating that there is a gradation
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of levels to which MntR can be activated to bind DNA. Over-

Golynskiy et al.
The biophysical studies on MntR D8M presented here

all, the metal-selective response of MntR appears somewhatshow that this mutation is highly detrimental to the function

more stringent withmntH, as activation with excess Mh
is ~150-fold more effective than Ki, while excess M#"
activates MntR only~17-fold more strongly than Ki for

of this transcription factor. Thermal denaturation studies
demonstrate that apo MntR D8M has a similar denaturation
transition temperature to wild type; however, MntR D8M is

mntA The presence of excess metal ion in the fluorescencefar less resistant to thermal denaturation in the presence of
anisotropy experiments limits unambiguous interpretation of Mn?*, Ni?*, and Cd*. Experiments with the fluorescent
the data and makes the origin of metal-selective activation probe ANS support the thermal denaturation results, & Mn

unclear; however, evidence suggests (vide infra) that differ-

ences in metal-binding affinities aloné)(are insufficient
to explain the metal specific response of MntR (M. V.
Golynskiy and S. M. Cohen, unpublished results).

As found in earlier reports, MntR is best activated by two
very disparate metal ions, Mhand Cd* (4, 6). Why MntR

Ni?*, and Cd" induce a smaller decrease in ANS fluores-
cence in MntR D8M when compared to wild-type MntR.
ANS data indicate that only Go retains a good ability to
organize MntR D8M (Figure 5), and this is consistent with
the thermal denaturation curves that shov#'Csiabilization

of MntR D8M to be the least perturbed when compared to

responds so strongly to these metal ions and why th#¢ Cd wild type (Table 1). Giedroc and co-workers have discussed
response may be biologically relevant is a topic of particular active site mutations of metalloregulators in the context of
interest. Interestingly, DNA-binding experiments performed SmtB/ArsR family of proteins, and they have provided three
at reduced metal concentrations provide some likely insight possible explanations for the defective activity of mutant
into the metal-binding affinities of MntR, which may serve proteins 8): (a) the mutant has lost the ability to bind metal
to address the latter question. In the presence of 1.0 mMions; (b) the mutant protein binds metal ions, but with

Mn?* or CcPt, MntR E99C binds dsaintH26 with comparable
affinity. In contrast, at 0.1 mM M# affinity drops ~10-
fold, but remains essentially unchanged with*Cdven at

substantially reduced thermodynamic affinity; or (c) the
mutant binds metal ions with high affinity, but in a non-
native coordination geometry that results in a nonfunctional

concentrations as low as 0.01 mM metal. Although experi- protein. The binuclear nature of the native MntR binding
ments with wild-type MntR need to be performed to further site somewhat complicates this classification scheme, but
validate this observation, this finding supports the hypothesis clearly MntR D8M has not completely lost the ability to bind
that metal ion affinity does play a role in the metal-selective metal ions as shown by the experiments described herein,
response of MntR5). A greater affinity for C&" may play as well as the crystal structure of holo MntR D8M, where
an important physiological role for MntR. The proton- one of the two metal-binding sites was found to be occupied
dependent M#i transporter MntH has been shown to (15). Under the experimental conditions employed here,
facilitate Cd" uptake inB. subtilis(4). If Cd*" is assumed  which utilize a large excess of metal ion, it is not possible
to be a nonessential, and likely toxic, metal ion for this to unambiguously determine which of the remaining pos-
organism, then it would be important that MntR be able to sibilities is most relevant to MntR D8M. The crystal structure
respond to small amounts of &dinadvertently taken up  of MntR D8M shows a single manganese(ll) ion bound in a
through the MntH transporter in a cadmium(ll)-contaminated somewhat modified coordination environment (Figure 2), but
environment. Furthermore, the sensitivity of MntR to?Cd  whether this site retains a high affinity for metal binding
may also explain whyB. subtilishas several pathways for has not yet been determined.
Mn?* uptake #). In the presence of small amounts of*Cd Overall, our findings are consistent with the structure of
the MntH (and MntABCD) transport system would be holo MntR D8M (Figure 2), which shows a disruption of
repressed to prevent transport of the toxic metal, but the binuclear metal-binding sitd%). DNA binding studies
alternative pathways might still allow for essential quantities with MntR D8M show that this protein is functionally
of Mn?* to be taken into the cell. deficient, showing only weak activation upon binding of
Active Site MutantsRecent in vivo studies have been transition metal ions. The results obtained here and the
helpful in clarifying the role and origin of the metal-selective reported X-ray structure of MntR D8M suggest that occupa-
response by MntR and DtxR. Although the normally iron- tion of metal-binding site B may be essential for proper
(IN-responsive DtxR could be changed to a manganese(ll)- function of the protein15). The deficiencies in MntR D8M
selective mutant, mutants of MntR were always found to be behavior observed here do lend support to the hypothesis
manganese(ll)-responsiv) (In reporter gene assays, kn that the binuclear site is an important factor in activating
remained the preferred activator for both MntR E99C and MntR, at least in the case of Mh While at present it is
MntR D8M; however, MntR E99C showed no gene repres- unclear exactly which aspects of the metal site in MntR are
sion in response to Fg while MntR D8M could be activated  required for gene repression, the binuclear nature of the active
by Fe&, albeit at higher concentrations than required with site makes it unique among the DtxR family of metalloregu-
Mn?* (5). The fluorescence anisotropy binding experiments latory proteins that have been structurally characterized to
to danntH26 described here with MntR E99C and MntR date (5—18, 30). Indeed, several metalloregulatory proteins
D8M are qualitatively consistent with the in vivo findings. that function as positively regulated repressors of transcrip-
Relative binding affinities for both cognate sequences in the tion are known to employ more than one metal ion per
presence of Mf and F&' remain essentially unchanged monomer, but do so in two distinct metals sites. These sites
between MntR and MntR E99C. In contrast, MntR D8M can be broadly categorized into two groups, a high affinity
shows a marked loss of selectivity for K suggesting that  “structural” site and a lower affinity “sensory” or “allosteric”
a loss of MiA* sensitivity and not a gain of Fefunction is site. For example, in NikR a high affinity site activates the
responsible for the in vivo responsiveness of this mutant to protein to bind DNA when occupied by a variety of metal
both Mr?* and Fé* in B. subtilis ions; however, a second low affinity site in NikR is selective
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for the nickel(ll) ion B1). In the metalloregulatory proteins
Fur and Zur, a high affinity site binds a zinc(ll) ion that is
proposed to play a largely structural role and a lower affinity
site is proposed to be the selective sensory site for iron(ll)
and zinc(ll), respectively3d2—34). In DtxR, the primary site
(Figure 2, site A) is proposed to be a structural/ancillary site,
while the secondary site (Figure 2, site B) is required for
DNA binding activity (L0). In contrast, MntR may have fused

the functions of both a quintessential structural and a sensory

site by having a single binuclear site. More extensive
mutagenesis, structural, and biophysical studies will be

necessary to elucidate all of the structural dynamics and metal 16.

site requirements for MntR activation.
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