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ABSTRACT. The anthracis repressor (AntR) is a manganese-activated transcriptional regulatBafitios
anthracisand is a member of the diphtheria toxin repressor (DtxR) family of proteins. In this paper, we
characterize the Mn(ll) binding and protein dimerization state using a combination of continuous wave
(cw) and pulsed EPR methods. Equilibrium metal binding experiments showed that AntR binds 2
equivalents of Mn(ll) with positive cooperativity and apparent dissociation constants of 210 and 16.6
uM. AntR showed sub-millisecond Mn(ll) on-rates as measured using stopped-flow EPR. The kinetics of
Mn(ll) dissociation, measured by displacement with Zn(lIl), was biphasic with rate constants of 35.7 and
0.115 s. Variable-temperature parallel and perpendicular mode cw EPR spectra showed no evidence of
a spin-exchange interaction, suggesting that the two Mn(ll) ions are not forming a binuclear cluster. Finally,
size exclusion chromatography and double electi®lectron resonance EPR demonstrated that AntR
forms a dimer in the absence of Mn(ll). These results provide insights into the metal activation of AntR
and allow a comparison with related DtxR proteins.

Bacteria, like all organisms, regulate the amount of
transition metal ions in the cell. Of these metals, iron is
particularly important as it is essential for viability, but
accumulation of iron, especially in the ferrous [Fe(ll)] form,
results in oxidative damage as the metal is oxidized to the
ferric form. Bacteria generally do not accumulate iron or
other transition metals as seen in eukaryotic cells and, ' J
therefore, require efficient mechanisms for regulating the S
intracellular concentration of transition metal iori3. (Iron Ficure 1: Structure of the diphtheria toxin repressor (DtxR, PDB
homeostasis is regulated in many bacteria by proteins of the®ntry 1cOw, left) and manganese transport regulator (MntR, PDB

: . . . . entry 10n1, right). The metals in each protein are represented as
diphtheria toxin repressor (DtxRfamily. These proteins dark spheres. The SH3-like domain of the left-side monomer of

function as metal ion sensors and regulate the transcriptionpixr is not pictured due to weak electron density. The proteins
of genes involved in metal uptake, storage, and utilization. show strong structural homology in the metal- and DNA-binding
domains.
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(N domain) contains a helixturn—helix DNA binding motif, remove bound metals, and dialyzed exhaustively against
a dimerization interface, and two structurally and functionally Chelex (Bio-Rad Inc.) treated 10 mM HEPES buffer
distinct metal binding sites. This domain resembles a molten containing 500 mM NaCl (pH 7.0) (protein buffer) in acid-
globule in the apo statel) but becomes ordered upon metal washed glassware. Trace EDTA was removed by passing
binding. The smaller C-terminal domain is structurally samples over a desalting column (HiPrep 26/10 Desalting,
homologous to eukaryotic SH3 domains. In the holo repres- Amersham Biosciences). Samples were concentrate&@0
sor, this domain contributes two residues to coordinate the uM, with EDTA prewashed ultracentrifugation membranes.
ancillary metal binding site5). In the apo repressor, this The protein concentration was measuradiM guanidine
domain forms an intramolecular complex with a proline-rich hydrochloride from the UV absorbance at 276 nm, using a
peptide segment that serves to stabilize the inactive repressopredicted extinction coefficient of 18 450 Mcm™! (14).
(6). The metal content of purified AntR was quantified by
There are a small number of repressors in the DtxR family inductively coupled plasma mass spectrometry (ICP-MS).
that contain a single domain that is homologous to the N The total metal ion concentration in a 5 protein
domain of DtxR. In these proteins, which include TroR from solution was 0.uM and in Chelex-treated buffer was 0.03

Treponema pallidun(7), MntR from Bacillus subtilis(8, 9), uM. The largest contaminant was zinc with concent_rations
MDR1 from Archeolobus fulgidis(10), and AntR from  of ~0.09 and~0.012uM for protein and buffer, respectively.
Bacillus anthracis(11), the DNA binding motif and the The single-cysteine mutant, L15C, was created by use of

residues forming the two metal ion binding sites are strongly the QuikChange kit (Stratagene) with primefsSTTATAT-
conserved with the two-domain members of the DtxR family, TGAACAAATTTATTGTTTGATTGATGAAAA and 5'-T-
but the C-terminal part of the protein is truncated, lacking TTTCATCAATCAAACAATAAATTTGTTCAATATAA
the proline-rich segment and the SH3-like domain. The purchased from Integrated DNA Technologies, Inc. The
crystal structure of MntR1(2) established structural homol- ~mutation was confirmed by direct sequencing. Expression
ogy between MntR and the N-terminal metal- and DNA- and purification of L15C-AntR were the same as those of
binding domain of DtxR (Figure 1). The residues at the the native protein, except that 20 mM dithiothreitol was
C-terminus of MntR contribute to a dimer interface larger added to the buffer after the anion-exchange column, and
than that seen in DtxR and IdeR. Interestingly, the Mn(ll) the protein was incubated at 3T for 30 min to reduce
ions in MntR are separated by3.3 A, forming a binuclear ~ adventitious disulfide bonds before dialysis into demetalated
Mn(ll) cluster. Thus, the metal coordination in MntR is and degassed protein buffer. Purified L15C-AntR.00xM)
different from that in DtxR and other two-domain members was spin-labeled with methanethiosulfonate spin-label
of this family. (MTSSL) overnight using a 4-fold molar excess of the label.
It is surprising that metal binding in these proteins is so Unreacted label was removed by dialysis against protein
different, given the level of sequence homology of the metal Puffer. . .
coordinating ligands. Furthermore, the extended dimer Native and mutant AntR activity was verified by use of

interface and the absence of the SH3 domain suggest than €lectrophoretic mobility shift assay (Figure S1 of the
the regulation of repressor activity may also differ from that SUPpOrting Information). BAmntHO (SCCGGTACCTA-

of DtxR. Here, we investigate Mn(Il) binding and dimer- TAATTTGCACTAAGGAAACAGAGCTCTTTACACC-
ization in AntR using a variety of EPR methods. In addition 3) Was used as a target DNA sequent®(DNA (200 nM)

to providing information regarding metal binding by AntR, @nd AntR (20uM) were loaded on a 6% polyacrylamide
the results of this study provide insights into metal activation 9€! in 40 mM Tris-borate buffer (pH 7.0); 2@V MnCl,

of other members of the DtxR family. was added to the sample, gel, and running buffer immediately
prior to running. Gels were stained with SYBR-Gold
MATERIALS AND METHODS fluorescent DNA staining agent and imaged using a Typhoon
9200 imager (Amersham Biosciences).
Protein Expression and Purificatiomhe AntR cDNA was Gel Filtration ChromatographyA Superdex 75 column

obtained as described previousii) and subcloned into the  (Amersham Biosciences) was washed with EDTA and
PET11b (New England Biolabs Inc.) expression vector. calibrated with a low-molecular weight gel filtration calibra-
Direct DNA sequencing of the plasmid confirmed the tion kit (Amersham Biosciences). Six samples of AntR were
incorporation of the AntR cDNA in the proper orientation. prepared with 1:M protein and 6-500 mM NacCl; 50uL
Recombinant protein was expressed in BL21-CodonPlus-of each sample was loaded on the column which was
(DE3)-RIL competenEscherichia colicells (Stratagene) in  equilibrated with the same buffer as the sample. The
terrific broth medium containing MgSQ(1 mM), “NPS” estimated error in molecular weights of the standards was
[25 mM (NH,),SQ;, 50 mM KH,PQ;, and 50 mM NgHPQJ], 10—25% according to the manufacturer.
and “5052" (0.5% glycerol, 0.05% glucose, and 0.2%  Corventional EPR Spectroscopy of Mn(IMnCl, was
a-lactose) to promote self-inductiof3). Cells were grown purchased as a 1.08 0.01 M solution with <1 ppm
at 37°C for 20-24 h, harvested by centrifugation, resus- impurities, and ZnS@ was prepared from heptahydrate
pended in 50 mM Tris (pH 8.5), and disrupted using a high- powder (both from Sigma-Aldrich, St. Louis, MO). All stock
pressure microfluidizer (Microfluidics Co.). The supernatant solutions were prepared daily in Chelex-treated, degassed
was clarified by centrifugation, and the protein was purified protein buffer. For room-temperature equilibrium binding
by anion-exchange chromatography (HiPrep 16/10 Q FF, experiments, AntR was titrated with MnQB64 uM AntR
Amersham Biosciences). AntR eluted at 4500 mM NaCl. and 1.3 mM MnC} in the case of Figure 2; 7aM AntR
Fractions containing AntR were identified via SBS  and 4-20 uL increments of MnGl as in Figure 3), and
PAGE, incubated wit 3 M urea and 20 mM EDTA to  continuous wave (cw) EPR spectra were recorded within
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T perpendicular mode spectra of this compound as reported in
brinlil ref 22 for comparison with our data (Figure S2 of the
Supporting Information).

Protein samples for all low-temperature experiments were
exchanged into protein buffer containing 30% ethylene glycol
and placed in 4 mm quartz tubes. These samples contained
a 1:1.85 ratio of AntR to Mn(ll), and the absence of free
Mn(11) was confirmed by room-temperature cw experiments.
FiGURE 2: EPR spectra of Mn(ll) in the absence (dark line) and The spectra were recorded at specific temperatures between
presence (light line) of AntR at room temperature in solution. The 4 3 and 77 K with a microwave power of 0.62.2 mW, a

total Mn(ll) concentration was the same in both samples. The signal : . :
intensity decrease corresponds to twice the AntR concentration and,mOdu"':‘t'on amplitude of 5 G, and a modulation frequency

hence, shows AntR binding to two Mn(ll) ions. of 10 kHz. Parallel mode EPR spectra were recorded at the
National Biomedical EPR Center (Medical College of
A Wisconsin, Milwaukee, WI) by B. Bennett. Spectral analysis,
O T including fitting of binding curves, was performed with
IS EE i home-written Labview and MATLAB programs that utilize
20 Moww’”o%oo% Monte Carlo-Simplex optimization 15).
- Z | %80 Stopped-Flow EPRThe stopped-flow interface with the
. =18 8 Bruker EMX spectrometer consisted of a model 1100 syringe
» Data Ew 1 5 ram and a model 715 syringe controller (Update Instruments,
| /2. Identical T 5 Inc., Madison, WI). A home-built dielectric resonatdr6f
st e o , ‘ was affixed with the Wiskind mixer (a T-jet mixer followed
------- Inf. Cooperativity 1t 2 by a grid mixer; also from Update Instruments). The dead

0 ‘ ‘ ' ' volume of the assembly was estimated tob& uL. One

0 200 40?Mn]f (MM?OO 800 syringe was loaded with a Mn(ll)-saturated AntR solution
) B (275 uM AntR and 750uM MnCl,) in protein buffer and
2 ¢ Data the other with ZnSQ(750 or 150QuM) freshly prepared in
 Consecutive the same buffer. For each transient olume of each
15 | \ y -- - Inf. Cooperativity . R ) ? ! aﬂﬂi‘o‘/ .
) } — - Identical syringe was injected into the mixer at 600/s using 6 mm
s AN inside diameter glass syringes. To minimize spectral artifacts
] arising from mechanical instabilities in the mixing chamber,
AN all the original rubber O-rings attached to the syringe pistons
0.51 PR S were replaced with custom-made Teflon seals. The magnetic
[P CRPS W field was fixed at the lowest field Mn(ll) transition, and
0 ‘ ‘ ! kinetic transients were recorded during and after the flow
0 100 200 300 400

with a microwave power of 2 mW, a microwave frequency
Ficure 3: Equilibrium binding of manganese and zinc to AntR. ?f 9.52 GHZ,faln(;gdlliEltlon a{nplltude OI lq[ G’faSmdeUIatlon
(A) The fraction of Mn(ll) bound to AntRr) is calculated from requency of Z, & lime constant ot >. ms, a
the signal intensity of the lowest-field transition and plotted against conversion time of 5.12 ms, a static magnetic field of 3145
the free Mn(ll) concentration. Individual data points represent the G, and 8192 acquisition points. At the end of each kinetic
average of three independent determinations with one standardexperiment, cw EPR spectra of the ArtRIn—Zn species

deviation indicated by the error bars. The data were fit to specific ; i
binding models as described in the text. In the inset is a Scatchard\évsaﬁigfgt?g;ed 30, 60, and 120 min after the mixing to ensure

representation of the same data. (B) Fraction of bound Mn(ll) with ) )
increasing Zn(ll) concentrations and results of fits. Pulsed EPRInter-spin-label distance measurements were

performed on a Bruker Elexys 680 spectrometer using the

5—10 min of mixing using a Bruker EMX spectrometer four-pulse double electrerelectron resonance (DEER)
(Bruker Biospin, Billerica, MA) with a Tk, cavity in 50 experiment {7). DEER samples included 3Q@M singly
uL glass capillaries (VWR). Competition with Zn(ll) was labeled AntR in protein buffer containing 30% ethylene
observed by titrating 9400 uM Zn(ll) into a sample glycol. The static field was set to the low-field resonance of
containing 18.%M AntR and 50QuM Mn(ll). Spectrawere  the nitroxide signal. The frequency of the pumping micro-
recorded at 9.6 GHz, using a microwave power of 10 mw, wave was matched to the resonator frequency, while the
a modulation amplitude of 10 G, and a modulation frequency frequency of microwave observation pulses was adjusted to
of 100 kHz. Low-temperature cw spectra were recorded with be 65 MHz higher than the pump frequency. T pulse
a Bruker Elexys 680 spectrometer equipped with a Bruker length was 16 ns, and the echo above the noise level was
dielectric ring resonator (model ER 4117D-M). integrated. All data manipulations were accomplished with

[(MesTACN),Mn(I)(I-OAc) 5]BPh,, a model compound  software developed by G. Jeschke (available at http://
containing a Mn(I1>-Mn(ll) binuclear cluster, was a gift of ~ www.mpip-mainz.mpg.defjeschke/). The resulting distance
K. Wieghardt (Miheimer Max-Planck-Institute, Mheim populations are based on hermite interpolation.
an der Ruhr, Germany). The powder was dissolved in a dry, RESULTS
oxygen-free 50:50 CECN/DMF mixture and transferred to
quartz EPR tubes in an argon-filled glovebox, and the tube Oligomerization StateAntR exhibited extensive aggrega-
was flame-sealed. We reproduced the parallel andtion in HEPES buffer which was controlled by NaCl. To

[Zn]totar (HM)
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Table 1: Metal Binding Models and Results

model Mn(Il) binding Zn(I1) binding
name fraction bound Kp (uM) Vi Kp (uM) Vi
identical 2[Mn; 49+ 10 135 123t 139 0.78
r' —_
Kp + [Mn];
distinct ny[Mn]; n,[Mn]; 73420 0.55 123t 139 0.78
= 73+ 20 123+ 139
Kpy + Mn];  Kp, + [Mn]; n+n=23 M+ n=2.0)
consecutive Kpo[Mn]; 210+ 18 0.05 5x 10"+ 1 x 102 0.19
r= 2 16.6+1.0 4x104+9
KpiKpz + Kpa[Mn]; + [Mn]
infinite cooperativity 2[Mn] 2 53.9+ 18 0.15 152+ 47 0.16

Kp2 + [Mn] 2

characterize AntR’s oligomerization state, the effective The entire titration curve (Figure 3) exhibits a weak
hydrodynamic radius of AntR was determined as a function sigmoidal character. Quantitative estimates of binding pa-
of NaCl concentration using size exclusion chromatography. rameters were obtained from curve fitting using the following
At <100 mM salt, the entire AntR sample eluted in the void binding models: (1) two independent sites with identical
volume, suggesting the formation of high-molecular mass dissociation constants, (2) two independent sites with
aggregates. The amount of protein appearing in the void individual dissociation constants and stoichiometries, (3) two
volume was reduced te5% of the total amount of protein  sites exhibiting a finite positive cooperativity, and (4) two
as the salt concentration increased to 200 mM and disap-sites with infinite cooperativity, e.g., both ligands binding
peared at higher concentrations. The hydrodynamic radiussimultaneously and no singly ligated species. Equations for
of apo-AntR (10 uM) corresponded to that of a the fraction of bound Mn(ll) versus free Mn(ll) in solution,
34.5+ 4.4 kDa globular protein at 500 mM NacCl. This is the resulting apparent dissociation constants,&rfdr the

in agreement with dimerized AntR, which has a computed fits to the above models are given in Table 1. Statistical
molecular mass of 33.2 kDa. AntR exhibited similar mo- analysis between infinite cooperativity (simpler model) and
lecular masses (344 4.0 and 34.2t 3.6 kDa) in buffers the consecutive binding model yielded Brtest result of
containing 400 and 300 mM NacCl. Considering that our 33.7 and aP value of <5% (19, 20). Thus, model 3
biophysical experiments would be performed at higher (consecutive binding with positive cooperativity) yields the
protein concentrations, which may positively contribute to best result, with apparerp’s equal to 210+ 18 and
aggregation at low salt concentrations, we used 500 mM 16.6+ 1.0 uM for the two binding sites. Transforming the

NacCl in the protein buffer. binding data into a Scatchard representation (Figure 3, inset)
Binding Constant and StoichiometriIn(ll) is a para- indicated a concave-downward plot, confirming the positive
magnetic ion for whichS = %, and | = %,. Spectra of cooperative nature of Mn(lIl) binding by AntR).

aqueous Mn(ll) at room temperature typically exhibit six ~ The apparent affinity of AntR for Zn(Il) was determined
lines centered aj ~ 2 arising from the hyperfine interaction by a competitive binding assay. Zn(ll) is a structural analogue
of manganese electrons witPMn nuclei. When Mn(ll) is of Mn(ll) and activates AntR for DNA bindingl() but is
bound to a protein, its room-temperature X-band signal diamagnetic and EPR silent. Zn(ll) was titrated into Mn-
disappears (Figure 2) due to a broadening via the zero-field (Il)-saturated AntR, and the increase in the Mn(ll) signal
splitting arising from the disturbances in the octahedral ligand intensity as a result of replaced ions was monitored using
field of the bound metal 18). Thus, Mn(ll) resonances EPR. The resulting curve has a sigmoidal character, and all
observed in room-temperature solution EPR spectra in thebound Mn(Il) was completely displaced at a 1:1 Mn(ll):Zn-
presence of varying concentrations of AntR arise from only (1) ratio (Figure 3). The binding curve was modeled as
unbound Mn(ll) ions free in solution, and the amplitude of described in Table 1, but by usim§® = 2 — rz", where 2
the Mn(ll) signal can be used to determine binding energet- is the total number of binding sites an® is the number of
ics. bound Zn(ll) ions per AntR. It is assumed that [Zn@#L~

High concentrations of NaCl suppress the Mn(ll) EPR [Zn(l)] ww From the considered models, infinite coopera-
signal intensity to a small extent, possibly due to replacementtivity model 4 was statistically the best with an apparépt
of water in the coordination sphere with Cions, which of 152 + 47 uM and ay? of 0.19.
reduces the symmetry of the ligand field. The salt-induced  Binding Enironment.Low-temperature cw EPR spectra
change in Mn(ll) resonance intensity does not affect the of Mn(ll)-activated AntR in both the perpendicular and
binding parameters obtained in our experiments as all spectrgparallel modes are shown in Figure 4. The perpendicular
were collected at a constant salt concentration and normalizednode spectra are dominated by six transitions centered at
to the Mn(ll) resonance intensity in the absence of AntR. g~ 2 with average hyperfine coupling of 9.1 mT. Additional

The binding stoichiometry was calculated directly from signals within this six-line multiplet arise from forbidden
the decrease in the magnitude of the free manganese signakransitions Am, = 1) which have increased probability at
upon addition of a fixed amount of AntR (Figure 2) and low temperatures. There was no major change in the spectra
corresponded to two Mn(ll) ions bound per AntR molecule. recorded between 10 and 70 K, nor was there evidence of a
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Ficure 4: Parallel and perpendicular mode EPR spectra of Mn- < s
(IN-bound AntR at various temperatures. For these samples, the 2 s
absence of free Mn(ll) in solution was confirmed by room- S| 16
temperature cw EPR on identical samples. = §
4.5 mT coupling that would indicate the presence of a spin- 3 i Stop Flow ,?j

™

exchange interaction (Figure S2). Parallel mode spectra of R [N i ;
Mn(ll)-loaded AntR (Figure 4) exhibited residual perpen- GO - i 1

d'C“"'?"f mode transitions a ~ 2 anq ‘.”1 broad f_e'atureless FiGure 5: Kinetics of dissociation of Mn(Il) from AntR at room
transition centered ag ~ 4.9. A similar transition was  temperature. (A) Time dependence of the Mn(ll) EPR signal (data

observed previously and attributed ®= 1 spins in a points) following mixing of Mn(ll)-saturated AntR with an excess
dimanganese cluste2?). However, theS= 1 transitions in of Zn(ll), and the fit (solid line). (B) Expansion of the early time

parallel mode spectra are expected to increase in intensitypomts of the kinetic transient shown in panel A. The signal level

at time zero is the equilibration point which will eventually~
between 0 and-15 K and decay slowly as the temperature 60 s) be attained after mixing. During mixing (15 mst < 135

is increasedZ3), whereas the signal for Mn(ll)-loaded AntR  ms), the signal rapidly reaches that of a Mn(ll)-bound AntR solution
shows a relatively weak temperature dependence. in one of the syringes, and when the flow is stopped (35 ms),
Kinetics of Metal Binding and Releas&he binding the intensity increases due to Mn(ll) being replaced in AntR. The
kinetics was determined using a rapid mixing apparatus real kinetics of Mn(ll) replacement starts after this point.
coupled to the EPR resonatdr6j. Experiments performed
to measure the on-rate at saturating Mn(ll) levels showed ato DNA in a manner indistinguishable from that of the wild
flat kinetic trace, indicating that binding went to completion type (Figure 2S). The interspin distance between the nitrox-
during the dead time of the instrument and yieldinig,gof ides was measured by double electrefectron resonance
>1000 s* (not shown). The dissociation kinetics was (DEER). In the DEER experiment, dipolar coupling between
measured by introducing Zn(ll) and observing the time gjectron spins is observed as a modulation of the-spaho
course for the increase in signal intensity (Figure 5). When jntensity due to spin inversion of its dipolar coupled partner.
Mn(ll)-saturated AntR was mixed with Zn(ll) to a final Mn: g jntensity of the refocused echo is measured as a function
Zn molar ratio of 1:1, the intensity increased in a biphasic o ihe delay time of the inversion pulse. Fourier transforma-
manner with each phase exhibiting approximately equal jo of the echo modulation results in a Pake pattern, with

amplitudes. ; " N . -
: . .. singularities being inversely proportional to the cubic distance
The transient was described by a double exponential: between spins.

y=y, — A A ekt The DEER spectrum obtained for apo L15C-AntR is
°o 1 2 shown in Figure 6A. The change in echo intensity with
respect to delay timeis the modulation of echo overlapped

12.1 and 0.115: 0.009 s?, respectively. A 2-fold increase with the _backgr_ound_. The b_ackgrpur_1d arises from intermo-
in Zn(ll) concentration showed very similar rates (2%7 !ecular Q|poled!pole mtgraguons d|str|buted.homogeneously
15.6 and 0.1174+ 0.004 s?, respectively), and further in solution. Th|s_coptr|but|on can be estlm_ateJ:V)( and
increases resulted in protein precipitation. Conventional subtracted, resulting in the pure_echo _modulatlon (Figure 6B).
scanned cw EPR spectra were recorded immediately prior 1 "€ frequency of the modulation (Figure 6C) was decon-
to and 30 min after mixing with Zn(ll), indicating the end volutet_j into the distance dqmam showing three populations
points of the kinetic experiment. The absolute signal intensity SPnniy a 2 nmrange (Figure 6D). The most probable
change in these spectra demonstrated that the two phases ifiterspin distance is 3.3 nm with a mean distance of 3.7 nm.
the kinetic trace account quantitatively for the total signal Inour experience, the distances and populations deconvoluted
change, signifying the absence of burst or slow kinetic phasesfrom high signal-to-noise DEER spectra, such as those
for metal exchange. reported here, can easily be resolved with this procedure.

Dimerization.The dimerization of AntR was investigated Despite the fact that each monomer of L15C-AntR is labeled
by measuring the distance between spin-labeled monomerswith a single nitroxide spin-label, the DEER spectrum clearly
Residue L15 was mutated to cysteine and labeled with shows echo modulation, which indicates that apo-AntR is
MTSSL nitroxide spin-label. Spin-labeled L15C-AntR bound oligomeric in solution.

yielding apparent kinetic rate constakisandk; of 35.7 +
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Ficure 6: DEER spectrum of apo-L15C-AntR MTSSL. (A)
Modulation of the echo intensity with varying pump pulse delay
time (O) and the decaying background which is due to interdimer
interactions {-). (B) Background subtracted dat®)( and the
deconvolution fit ¢). (C) Resulting Pake pattern from Fourier

transformation of the data in panel B. (D) Final distance distribution. o . o
fitting significantly, as confirmed by aR-test. The binding

model based on sequential binding of the ligands with
positive cooperativity also provides the more realistic model,

The DtxR family can be divided into proteins having one Yyielding apparent equilibrium dissociation constants of
or two domains; DtxR and IdeR contain a C-terminal SH3- 210+ 18 and 16.6+ 1.0uM for the low- and high-affinity
like domain and belong to the latter category, whereas AntR states, respectively.

and its homologue MntR lack this SH3-like domain and  Cooperative metal binding has not been directly character-
belong to the former. The two subfamilies exhibit homology ized in the DtxR family of proteins. A recent study of IdeR
in the amino acid residues participating in metal binding, clearly demonstrated positive cooperativity for metal-linked
DNA binding, and dimerization. The SH3-like domain DNA binding (28). Since IdeR contains two tryptophans and
regulates the energetics of metal activation by affecting the metal-induced fluorescence changes arise not only from metal
dimerization state in the apo repress@ygnd by coordinat-  quenching but also from metal-induced conformational
ing the metal in the ancillary metal binding site in the holo changes, analysis of metal binding cooperativity was com-
repressor ). Further evidence for the regulatory nature of pjicated. Target DNA binding by metal-activated DtxR and
the SH3-like domain comes from the single site mutation in |deR is cooperative2, 29), as the binding of the first dimer
the SH3-like domain of DtxR and IdeR that results in @ enhances the binding of the second. Cooperative metal
hyperactive represso4—26). binding in AntR may be an evolutionary step compensating
The recently determined crystal structure of metal-bound for the lack of a SH3-like domain, which has a regulatory
MntR revealed unexpected differences in metal coordination role in DixR ().
between the single- and two-domain proteins. In DtxR and |t s striking that DtxR and MntR coordinate metal in

|deR, metals are coordinated in two Structurally and func- fundamenta”y different ways given the near conservation
tionally distinct sites, separated by A. This coordination  of the metal coordinating residues between the two proteins.
is relatively insensitive to the specific metal being bound Therefore, we were particularly interested to determine
(27). On the other hand, MntR binds 2 equiv of Mn(ll) ina whether AntR coordinates the Mn(ll) ions in a manner
binuclear cluster containing two bridging carboxylate and resembling that of DtxR or MntR. Here, we used variable-
one water ligand with an internuclear distance of 3.38(  temperature multimode cw EPR spectroscopy to investigate
Given these differences, investigating metal blndlng and the hypothesis that Spin-exchange Coup"ng exists in the
activation in single-domain members of this family is manganese-bound state of AntR. The presence of spin-
particularly interesting. exchange coupling would provide clear evidence that the two
Mn(ll) binding by AntR was characterized using a Mn(ll) ions are forming a binuclear cluster in AntR, as
combination of pulsed and cw EPR methods. AntR binds 2 suggested from the MntR structure (Figure 7). This approach
equiv of Mn(ll) as shown by the equilibrium ligand binding has been used to identify the formation of a binuclear Mn-
studies, which saturate at 2 equiv of Mn(ll) (Figure 3). The (Il) cluster in aminopeptidase8(, 31), concanavalin A%2),
concave-downward Scatchard plot (Figure 3, inset) provides phosphatase3(@), thiosulfate oxidase3d), arginase ¥5),
unambiguous evidence of positive cooperative binding of phosphotriesteras8®), and enolase3(). As shown in Figure
Mn(ll) ions by AntR. A more quantitative estimate of the 4, our low-temperature cw EPR spectra lack the spectral
ligand binding energetics was obtained by fitting the data to signatures associated with spin-exchange coupling and
a variety of binding models, including independent and therefore are not consistent with formation of a binuclear
interacting sites. Curve fitting using models having nonin- manganese cluster in AntR. Spin-exchange coupling is
teracting sites yields higy? values and nonrandom residuals. strongly dependent on the metahetal distance, the chem-
In contrast, fitting the data to models that include interacting istry of the bridging atoms, and their coordination geometry
sites improves the fit (Figure 3 and Table 1). Despite the (38). The simplest explanation for the absence of spin-
fact that both cooperative binding models fit within the error exchange coupling between the two bound Mn(ll) ions in
range of the experiment, consecutive binding improves the AntR is that the two metals are separated by more than

FiGure 7: Metal binding sites of MntR1(2). The bridging atoms
and coordination of the two manganese ions are indicated.

DISCUSSION
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~4 A. This does not exclude the possibility that the Mn(ll) Kp=210 uM Ky= 16.6 uM
ions are bound withi 4 A of each other but are coordinated Kot = 36 5
such that the spin-exchange coupling is quenched. However, B -
to our knowledge, there are no examples of such Mn(ll)-

containing proteins or compounds in which the two Mn(ll) Koy > 1000 51
ions are separated by4 A and do not exhibit spin-exchange koff = 0.155 s
coupling. FiGURe 8: Activation mechanism of AntR. White circles represent

All DtxR family proteins function as metal-activated empty sites, and black circles are Mn(ll)-bound states. These
dimeric proteins. DtxR exists as a weakly dimeric protein thermodynamic sites are not yet assigned to physical sites within
in the absence of metakKf ~ 3 uM), and metal binding ANtR.
effects a strong shift toward the dimeric staitg [~ 33 nM
(39)]. Removing the SH3-like domain from DtxR increases
dimer affinity in the apo states]. In contrast, MntR appears

than for members of the two-domain subfamily. We predict
that a similar dimer interface should exist in the other

to be largely dimeric in the apo state, with little change in members of the single-domain family (AntR and MDR1)

dimer affinity upon metal binding4Q). Considering the due to a high degree of sequence homology.
possible structural differences between AntR and MntR based The kinetics of metal binding or dissociation has not been
on the equilibrium metal binding and coordination studies Previously reported for any DtxR homologue. The binding
presented here, we investigated the dimerization state offate was faster than the resolution of our instrumést ¢
AntR in the absence of metal to determine whether AntR 1000 s*). The dissociation rate was measured by displace-
was more similar to DtxR or MntR. ment of bound Mn(ll) with Zn(ll). The EPR-silent Zn(ll) is

AntR more closely resembles MntR in this case as a & 900d analogue of Mn(ll) as the Zn-bound AntR is capable
measurable amount of dimeric protein is present in the Of recognizing and binding to the cognate AntR promoter
absence of metal. The DEER experiment is essentially theSequence I). Furthermore, equilibrium studies indicated
EPR correlate of the FRET or NOESY experiment and is a that Zn(ll) can quantitatively replace bound Mn(ll) ions
sensitive means of investigating dipolar interactions between (Figure 3) and the displacement kinetics did not depend on
electrons. The distance sensed by the DEER experiment fallsZn(l) concentration (over the 2-fold concentration range).
in the range of 1770 A Here, we see a Strong modulation Hence, the kinetics is determined by the dissociation of Mn-
of the electron spirecho envelope in the L15C mutant of ~ (Il) from AntR and not by the binding of Zn(ll) to the protein.
AntR. Since there is a single spin-label introduced per Linking the kinetic rates to equilibrium binding constants at
monomer of AntR, the modulation must arise from dipolar this stage is complicated by the cooperative nature of metal
coupling with another spin-labeled AntR protein, as expected Pinding and by uncertainty regarding the molecular identity
in an oligomeric structure. Size exclusion chromatography Of the intermediate species formed during replacement of
results restrict the oligomerization state to a dimer, as the Mn(ll) with Zn(ll). These intermediates may include, for
calculated molecular mass of the AntR dimer agrees with instance, AntR species with one site occupied by Zn(ll) and
the apoprotein’s elution profile. The echo modulation was the other with Mn(ll), species in which one site is occupied
analyzed to yield the interspin distance with a mean distancePy metal [either Mn(ll) or Zn(ll)] while the other site is
of 37 A. The distance distribution (Figure 6D) is sufficiently unoccupied, AntR with both sites unoccupied, exchange of
narrow to arise from a single population of dimers, suggest- metal between sites, etc. We can, however, hypothesize that
ing the formation of a specific dimer interface. The spin- the binding of a second Mn(ll) with an apparent dissociation
label side chain has an approximate length e%65A and ~ constant Kp) of 16.6 uM exhibits a rapid on< off
can exhibit motion independent of the protein. We cannot €quilibrium for whichk is ~36 s andko is faster than
conclude from the DEER spectra whether the width in 1000 s*. These results are summarized in Figure 8.
distance distribution is due to motions inherent in the spin- Manganese is required for several metabolic enzymes and,
label on AntR, multiple conformers of the backbone, or both. as a cofactor for superoxide dismutase, is involved in the
However, the intermonomer &£ C, distance for the ho-  bacterial oxidative stress respondé)( Bacteria must be able
mologous residue (M15) in MntR is 4.1 nrhZ). Therefore, to accurately sense intracellular manganese concentrations
considering the extension of the spin-label side chains, theand mount appropriate responses to fluctuations in the steady-
observed distance between nitroxides is in agreement withstate concentration of Mn(llE. coli, for instance, maintains
this structure. 10-100 uM manganese in the celd®). The intracellular

A recent study of MntR showed a high affinity for dimer manganese concentration B. anthracisis not known;
in the absence of metal with little further enhancement in however,B. subtilisrequires at least 8aM Mn(ll) within

dimer formation upon metal bindingt@). MDR1, a single- the cell for sporulation 43). Eisenstadt et al.44) have
domain DtxR homologue found in archae bacteria, is reported reported that in a controlled culture medium where the added
to exist as a dimeric protein in the absence of mei@).(In Mn(Il) concentration is less than M, B. subtilis ac-

addition to our observation that apo-AntR is dimeric, there cumulates 90% of the external Mn(ll), and the manganese
appears to be a general trend that the single-domain membersontent of the cell is proportional to the external Mn(ll)
of the DtxR family (AntR and MntR) exhibit a higher affinity = concentration. The free Mn(ll) concentration during bacterial
for dimer formation in the apo state than the two-domain growth and early sporulation could be as much as 200
proteins (DtxR and IdeR) and that the amount of dimer is These values for intracellular free manganese are precisely
essentially independent of bound metal. The increased levelin the range of AntR metal affinity. Our biophysical results
of dimerization of single-domain members most likely results indicate that AntR would respond rapidly and linearly to
from the more extensive dimer interface observed for MntR fluctuations in manganese concentration in this range by
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cycling between partially and fully ligated states. Thus, like
MntR, AntR may provide the molecular signal transducer
that regulates manganese homeostasB. ianthracis
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