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ABSTRACT: Staphylococcus aureusl258 CadC is an extrachromosomally encoded metalloregulatory
repressor protein from the ArsR superfamily which negatively regulates the expressiorcatltiygeron

in a metal-dependent fashion. The metalloregulatory hypothesis holds that direct binding of thiophilic
divalent cations including Cd(lIl), Pb(ll), and Zn(ll) by CadC allosterically regulates the DNA binding
activity of CadC to thecad operator/promoter (O/P). This report presents a detailed characterization of
the metal binding and DNA binding properties of wild-type CadC. The results of analytical ultracen-
trifugation experiments suggest that both apo- and CatiC are stable or weakly dissociable homodimers
characterized by &gimer = 3.0 x 10° M1 (pH 7.0, 0.20 M NaCl, 25.0C) with little detectable effect

of Cd(Il) on the dimerization equilibrium. As determined by optical spectroscopy, the stoichiometry of
Cd(ll) and Pb(ll) binding is=0.7—0.8 mol/mol of wild-type CadC monomer. Chelator (EDTA) competition
binding isotherms reveal that Cd(ll) binds very tightly, wKaq = 4.3 (£1.8) x 10> M~ The results

of UV—Vis and X-ray absorption spectroscopy of the€dmplex are consistent with a tetrathiolate)(S
complex formed by four cysteine ligands. THECd NMR spectrum reveals a single resonance of

622 ppm, consistent with ans@®!,0) or unusual upfield-shifted,f£omplex. The Pb(ll) complex reveals
two prominent absorption bands at 350 nem=( 4000 Mt cm™1) and 250 nm{ = 41 000 Mt cm™?),
spectral properties consistent with three or four thiolate ligands to the Pb(ll) ion. The change in the
anisotropy of a fluorescein-labeled oligonucleotide containing#tsO/P upon binding CadC and analyzed
using a dissociable CadC dimer binding model reveals that apo-CadC forms a high-affinity cokaplex [
=(1.1£+0.3) x 1® ML pH 7.0, 0.40 M NaCl, 25C], the affinity of which is reduced-300-fold upon

the binding of a single molar equivalent of Cd(ll) or Pb(Il). The implications of these findings on the
mechanism of metalloregulation are discussed.

Metal-responsive control of the expression of genes metal chelators] 5, 7). Included in this family isStaphy-
involved in metal ion homeostasis allows organisms to tightly lococcus aureupl258 CadC which negatively regulates
regulate the free concentrations of essential metal ions, whiletranscription of the&ead operon. Thecadoperon is composed
efficiently removing toxic or nonessential metals, (2). of two genes which encode CadC and CadA, the P-type
Bacteria have evolved detoxification systems for a variety ATPase efflux pump that is specific for Pb(ll), Cd(ll), and
of metals including arsenic, antimony, zinc, copper, cad- Zn(ll) (8, 9. CadAtranscription is repressed in the absence
mium, lead, and mercunB( 4). These systems are generally of Pb(ll), Cd(ll), Zn(ll), or Bi(lll) in the growth media and
composed of a metal-specific regulatory protein and one oris derepressed by an increase in the concentrations of these
more detoxification proteins, such as membrane P-type metals 8—10). In addition, in vitro transcription experiments
ATPase metal efflux pumps, metal sequestering proteins, orusing E. coli RNA polymerase revealed that cadmium
metal reductasesS3(6). relieved transcriptional repression by CadC at twesl

One well-studied family of metalloregulatory transcription Operator/promoteri(l). Gel retardation experiments with
factors, the ArsR family, is known to negatively regulate CadC suggest that cadmium and lead induce the partial

the expression of genes encoding metal efflux pumps or dissociation of the repressor from tbad operator/promoter,
and DNase | footprinting mapped this specific interaction

between the-10 element and the transcriptional start site
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determined 12). SmtB is a zinc-responsive transcriptional has been described@. For construction of plasmid pET-
repressor of thesmt operon which encodes a class Il CadC, a CadEGST fusion plasmidpSJL302generously
metallothionein (SmtA) that functions to sequester zitf; ( provided by Dr. Simon Silver at the University of lllinois at
14). The structure of metal-free SmtB revealed a dimeric, Chicago, was used as the template for polymerase chain
largely a-helical protein that has a 2-fold axis of symmetry. reaction (PCR). PCR primers flanking the CadC gene were
Mercuric acetate soaks of the apo-SmtB crystals were designed with incorporatetlicd and BarnHI restriction
interpreted to suggest that each monomer binds two Zn(Il) endonuclease sites to permit subcloning of the purified PCR
ions, one at the dimer interface involving the C-termin&l product directly into theNcd/BanHI-restricted pET-3d
helix, and another near the putative metal binding motif expression plasmid (Promega) using standard cloning tech-
ELCV(G/C)D (12). We have recently shown using direct niques to create pET-CadC8). The integrities of both pET-
measurements that each SmtB monomer binds only 1 molCadC and pMW1 were verified by dideoxy sequencing.
equiv of Zn(ll) or Co(ll) and that one or two cysteine Purification of CadC For production of CadC from pET-
thiolates are involved in direct coordination of this metal CadC, the plasmid was transformed itocoli BL21(DE3)/
(15). S. aureupl258 CadC is 29% identical to SmtB and pLysSand grown on a 1.5% LB agar plate containing 0.1
contains the conservedf CVCD®! motif; note, however,  mg/mL ampicillin and 34:g/mL chloramphenicol at 37C.
that Cys60 is a Gly residue in SmtB)( In addition, there A single colony was used for a 200 mL overnight seed
are three additional cysteines, two (Cys7 and Cys11) at theculture that was used to inocua® L of LB containing
N-terminal region, one of which (Cys7) is conserved in SmtB ampicillin and chloramphenicol. The cells were grown at 37
but which is not observed crystallographically, and another, °C with stirring (300 rpm) to an OD of 0-70.8 at 600 nm
Cys52, which is just N-terminal to the putative metal binding in a New Brunswick Scientific Series 25 incubator/shaker.
motif. Recent studies demonstrate that Cys7, Cys58, andAddition of IPTG to a final concentration of 8QM induced
Cys60 are required for sensing of lead, cadmium, and zinc the expression of CadC. Cells were harvested by centrifuga-
by CadC, both in vivo and in vitrol(Q). tion and yielded 2530 g of wet cell paste that was used
In this report, we present direct evidence showing that immediately for purification.
CadC binds Cd(Il) and Pb(ll), both of which regulate the  Purification of CadC fromE. coli strain BL21(DE3)/
expression of theadoperon in vivo 8—10). The results of pMW1 has been described@). CadC from plasmid pET-
UV—Vis and X-ray spectroscopic (EXAFSheasurements  CadC was purified by a variation of a procedure described
are consistent with a tetrathiolate Cd(ll) site in CadC formed (15). The freshly harvested cell paste was suspended ir 200
by four cysteine thiolate ligands. Based on EDTA competi- 250 mL of Buffer B (25 mM MES, 4 mM DTT, 1 mM
tion experiments, the Cd(ll) ion is bound tightlidq = 4.3 EDTA, pH 6.0) containing 1 mL of 0.10 M PMSF and lysed
(£1.8) x 10 M™Y. 3Cd NMR spectroscopy exhibits a by sonication using a Fisher Scientific model 550 sonic
single resonance @t= 622 ppm which is within the range  dismembrator. The cellular lysate was centrifuged at 8000
of an unusual upfield-shifted,Site or an gN,O) site (L6). rpm for 30 min at 4°C. The supernatant was collected and
The Pb(ll) UV—Vis spectrum is consistent with a Pb(ll) site  subjected to protein and nucleic acid precipitation using 10%
composed of three or four cysteine thiolate ligands. Fluo- polyethylenimine (0.015 v/v) at pH 6.0. After stirring for 2
rescence anisotropy experiments with a fluorescein-labeledh at 4°C, the solution was centrifuged at 8000 rpm for 30
cad O/P oligonucleotide reveal that both Cd(I§nd Pb(l1} min at 4 °C. The supernatant was decanted, and the
CadC have reduced DNA binding affinities*800-fold precipitate was resuspended in Buffer B containing 0.50 M
decrease) compared to apo-CadC. The implications of theseNaCl to extract the protein. Afte8 h of stirring, the
findings on the mechanism of metalloregulation by CadC extraction solution was centrifuged at 8000 rpm for 30 min.

are discussed. The protein in the supernatant was precipitated by the
addition of (NH,),.SO, to 60% saturation with stirring for 2
MATERIALS AND METHODS h. After centrifugation at 8000 rpm for 30 min, the

Chemicals. All buffers were prepared using Milli-Q  Precipitated protein was dissolved in Buffer B so that the
deionized water. MES and Bis-Tris buffer salts, ammonium concentration of salt was 0.25 M (usually 200 mL). This
sulfate, and 55dithiobis(2-nitrobenzoic acid) were pur- Solution was loaded onto a 60 mL SP Fast Flow gravity
chased from Sigma. Chromatography materials were obtainedc0lumn equilibrated with Buffer B containing 0.25 M NaCl.
from Pharmacia Biotech. Ultrapure cadmium(ll) chloride and After the sample was loaded, the column was washed with
lead(ll) chloride were acquired from Johnson Matthel. d 80 mL of Buffer B with 0.25 M NaCl. The protein was then
HEPES and BO were obtained from Cambridge Isotopes. €Utéd using a 150 mL linear gradient of 0250 M NaCl

Construction of CadC @erexpression PlasmidsTwo in Buffer B. CadC eluted at approximately 0.45 M NaCl.
different bacterial overexpression plasmids, pMW1 (Rosen Fractions c_ontalnlng CadC were combined and_concentrated
lab) and pET-CadC (Giedroc lab), were used as the source!® 5 ML using a 50 mL Amicon concentrator with a YM10

of recombinant CadC. The construction of plasmid pMw1 Meémbrane. The sample was loaded onto a 100 mL Superdex
75 size-exclusion column equilibrated with Buffer B contain-

! Abbreviations: Bis-Tris, bis(2-hydroxyethyl)iminotris(hydroxy ing 0.45 M NaCl at a flow rate of 0.3 mL/min. CadC was
methyl)methane; .DTNB_, 5’,51ithiobis(2—nitrobenzoic acid); EDTA, eluted from the column with the same buffer at 0.3 mL/
ethylenediaminetetracetic acid; EXAFS, extended X-ray absorption fine min. Fractions containing CadC were combined and reduced
structure; HEPESN-(2-hydroxyethyl)piperaziné¥-2-ethanesulfonic by the addition of 50 mM DTT at 3€C for 2 h. The reduced

acid; IPTG, isopropyp-p-thiogalactopyranoside; MES, 2{morpho- ; ; :
lino)ethanesulfonic acid; PMSF, phenylmethylsulfonyl chloride; Tris, CadC protein was dlalyzed agairssL of Buffer S (50 mM

tris(hydroxymethyl)aminomethane; XAS, X-ray absorption spectros- MES, 0.40 M NacCl, pH_ 7.0) in an anaerobic Vacuum
copy. Atmospheres glovebox with changes gvérh for a total of
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12 h at room temperature. Inspection of overloaded Coo- — M — x.2

massie-stained TricireSDS gels was used to estimate the A tota = Ao EXPH-M(X - Xl + )

purity to be=95%. MALDI-TOF mass spectrometry reveals (A)"™K, expH-Mn,(¢ — x))] + E

a mass of 13 787 daltons (13 779 daltons expected). The

concentration of purified CadC was determined using the whereM = monomer molecular weighi, = stoichiometry

calculated molar extinction coefficient at 280 nm of 6585 (number of monomers), angd, = association constant for

M~! cm™ (18). Purified CadC was stored at80 °C in an the monomer-dimer equilibrium. The association constant

anaerobic environment in small aliquots. was converted from absorbance to units ofMising the
Atomic Absorption Spectroscapyhe Zn(Il) and Cd(ll) extinction coefficienteygo = 6585 Mt cm™t and a path

content of CadC was determined using a Perkin-Elmer lengthl = 1.2 cm.

AAnalyst 700 atomic absorption spectrophotometer in flame Cd(I1) and Pb(Il) Binding Experimentgll metal binding
mode using hollow cathode lamps specific for each metal experiments were carried out anaerobically at ambient
(19). Zn(l) was detected at 213.9 nm (st 0.7 nm), and  temperature (22C) using a Hewlett-Packard model 8452A
Cd(I1) was detected at 228.8 nm (s#t0.7 nm). The metal  spectrophotometer. For Cd(ll) titrations, apo-CadC (0.8 mL
content of purified “metal-free” CadC was found to be 0.02 of 15-45 4M) was diluted with buffer (5 mM MES, 0.20
mol of Zn(ll) and 0.03 mol of Cd(ll) per mole of CadC \ NaCl, pH 7.0) and loaded into an anaerobic cuvette fitted
monomer, at or near the limit of detection. The Cd(ll) titrant \ith an adjustable-volume Hamilton gastight syringe loaded
concentrations for optical absorption were measured asyjith 250 uL of Cd(ll) titrant prior to removal from the
described above. For the determination of the concentrationgnaerobic glovebox. Optical spectra of apo-CadC and of the
of Pb(”) used for titrant StOCkS, Pb(”) was detected at 283.3 protein after each addition of a known a_“quot—(mluL) of
nm (slit= 0.7 nm). ~cd(n titrant were collected from 190 to 1100 nm. Corrected
Free Thiol QuantificationA standard DTNB colorimetric spectra were obtained by subtraction of the apo-CadC
assay was used to determine the number of reduced thiolsspectrum from each metal-addition spectrum and by correc-
in CadC (9). A 25uM aliquot of CadC was added to 400  tion for dilution. The binding isotherms were fit to a 1:1
uL of Buffer S containing 4% of 2.5 mM DTNB solution.  pinding model linked to the monomedimer equilibrium
The reaction was allowed to go to completion (30 min) in using DynaFit 20) to obtain the lower limit forKca. Pb(ll)
an anaerobic environment. The molar concentration of tjtrations of apo-CadC (3660 uM) were as described for
thiolate anion was quantified at 412 nm £ 13 600 M Cd(Il) except that the buffer used was 10 mM Bis-Tris, 0.20

cm™ ) after subtraction of the absorbance of buffer with \ Nacl, pH 7.0. Bis-Tris is a weakly chelating buffer that
DTNB. The calculated number of free thiols in CadC was s ysed to prevent excess Pb(ll) ions from forming the

determined to be 3. 0.2 free thiols per monomer (expected nsoluble precipitate Pb(I)(OHX21).
number is 5). We have confirmed the presence of a CadC
disulfide cross-linked dimer, in addition to the monomer on

denaturing SDSPAGE gels. Both bands were subjected to present to buffer low concentrations of free Cd(Il). Each

automated Edman N-terminal sequencing using a Hewlett- titration point was allowed to equilibrate—2 min. The

Packard G1000A Automated Protein Sequencer and unam-

biguously gave the same amino acid residue sequenceSt"’lbiIity constantK) of the Cd(llj=EDTA complex was

(MEKKNTXE; X = cysteine). calculated to be 3.2« 102 Mt under these solution
Analytical Sedimentation Equilibrium Ultracentrifugation copd|t|ons ez, .23’ and the Qata were fit with DynaElt())
All experiments were run using a Beckman Optima XL-A using a two-site mode_l linked to :[lhe monorreimer
analytical ultracentrifuge set to a speed of 35000 rpm equilibrium whereKamer = 3 x 10° M~
(8918 at the cell center) at 25.8C. Apo-CadC samples Cd(ll) X-ray Absorption SpectroscopyAS samples were
(10—40 uM) were prepared by dilution into 5 mM MES, Prepared by the addition of 0.9 mol equiv of Cd(ll) to apo-
0.20 M NaCl, 2 mM DTT, 1 mM EDTA, pH 7.0. Cd(l)- CadC in 50 mM MES, 0.40 M NacCl, 20% glycerol, pH 7.0,
CadC was prepared by addition of 1 molar equiv of Cd(ll) in an anaerobic environment. These samples were loaded
to the apoprotein followed by dilution into 5 mM MES, 0.20 into polycarbonate XAS cuvettes, immediately frozen in
M NaCl, pH 7.0. The cells were assembled and loaded with liquid N,. XAS data were collected at Stanford Synchrotron
CadC in an anaerobic environment. Sedimentation equilib- Radiation Laboratory (SSRL) with the SPEAR storage ring
rium data were evaluated using Microcal Origin, a nonlinear operating at 3.0 GeV (Table 1). EXAFS analysis was
least-squares fitting program. The partial specific volum)e (  Performed with EXAFSPAK software (courtesy of G. N.
was calculated to be 0.724 mL/g, and the solvent density GeOrge; www-ssrl.slac.stanford.edu/exafspak.html) according
(p) was 1.006 g/mL. Model 1 fits the data to a single, ideal to standard proceduresq, 24.

Cd(ll) competition experiments with EDTA to determine
Kcq were performed as above except that excess EDTA was

species using the equation: 113Cd NMR Spectroscopyhe *3Cd NMR spectrum of
CadC was recorded using a Varian Unity 500 spectrometer
A=A expH-M(E — on)] +E (110.9 MHz for''*Cd) equipped with a broad-band tunable

probe that accommodates 5 mm (0.d.) NMR tubes. Chemical
whereA, = absorbance at radius Ap = absorbance at the  shifts are reported relative to 0.10 M Cd(G)J@measured
reference radiug,, M = molecular weightH = constant (1 in 5 mM d'® HEPES, 10% BO, pH 7.0. The protein sample
— vp)w?2RT, andE = baseline offset. Model 2 fits the data was prepared by addition of 1 molar equiv 8fCdCk to
to a self-association model of a single ideal species, assumingapo-CadC that was dialyzed against a deuterated HEPES
a monomet-dimer equilibrium characterized by the associa- buffer (5 mM d® HEPES, 0.35 M NaCl, 10% 4, pH 7.0)
tion constaniKy: in the anaerobic glovebox fal h atambient temperature.
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Table 1: X-ray Absorption Spectroscopic Data Collection kD M %C
Cd EXAFS
SR facility SSRL 39 1
beamline 7-3 -
current in storage ring, mA 50100 29.0
monochromator crystal Si[220]
detection method fluorescence
detector type solid-state arfay
scan length, min 25 182
scans in average 8
temperature, K 10
energy standard Cd foil, first inflection 8_5
energy calibrationk,, eV
preedge background
energy range, eV 263926675
Gaussian center, eV 23172 3_5
width, eV 750
spline background ) ) »
energy range, eV 267226986 (4) Ficure 1. SDS-polyacrylamide gel electrophoresis of purified
(polynomial order) 2698627253 (4) CadC. Lane 1, molecular mass markers (BioRad Kaleidoscope
27253-27520 (4) polypeptide standards). Lane 2, 80 of 200 uM purified CadC.

The arrow identifies the protein band that was excised from the
gel and subjected to N-terminal sequencing. Samples were heated
at 95°C for 5 min in 30 mM j3-mercaptoethanol prior to being
loaded on a Novex precast 16% TiSricine SDS-PAGE gel

The final concentration df3Cd(Il)-bound CadC determined ~ Which was run at 120 V fo2 h and then stained with Coomassie
by optical spectroscopy was 0.96 mM. Brilliant Blue.

Fluorescence AnisotropyAll fluorescence anisotropy
experiments were carried out with an SLM 4800 spectro- cation exchange chromatography and gel filtration at pH 6.0
fluorometer operating in the steady-state mode fitted with (see Materials and Methods). The protein is nearly homo-
Glan-Thompson polarizers in the L form&5j. The 34- geneous as revealed by an overloaded SPAGE gel
mer, double-strandeadtad O/P oligonucleotide (Operon  (Figure 1), with the exception of a minor contaminant that
Technologies) used was fluorescein-labeled on drendl runs at a position essentially twice the expected molecular

aThe 13-element Ge solid-state X-ray fluorescence detector at SSRL
is provided by the NIH Biotechnology Research Resource.

with the sequence given below. weight for the CadC monomer on these reducing, denaturing
gels and comigrates with authentic CadC through all steps

F-5-ATAATACACTCAAATAAATATTTGAATGA- of the purification and immunoblots with anti-CadC serum
AGATG-3 (10). Both proteins were subjected to N-terminal sequencing
- TATTATGTGAGTTTATTTATAAACTTACTTC- and shown to have identical N-terminal sequences through

TAC-5' 8 cycles, MEKKNTXE, which matches the expected N-
terminal sequence of authentic CadC, iEXCys7. No other

Apo-, Cd-, or Ph- CadC was titrated into 1.7 mL of 20  N-terminal sequences were cleanly visible in these samples.
nM cad O/P at 25°C. The buffer used for the apo-CadC The simplest interpretation of this result is that a fraction of
titration was 5 mM MES, 0.40 M NaCl, 1 mM DTT, 5oV the wild-type CadC exists as an irreversibly cross-linked
EDTA, pH 7.0 (for comparison with the Cd-CadC titration), dimer, which is refractory to reduction with excess reducing
or 10 mM Bis-Tris, 0.40 M NaCl, 1 mM DTT, 5@M agent at elevated temperature. The fact that the number of
EDTA, pH 7.0 (for comparison with the Pb-CadC titration). reduced Cys residues per CadC monomer is consistently less
For the Cg-CadC titration oicadO/P, 1 mol equiv of Cd(ll) ~ than the 5 expected, and averages7 Cys among multiple
was added to apo-CadC anaerobically. The buffer used forpreparations of protein, is consistent with these species
the titration was 5 mM MES, 0.40 M NaCl, 1 mM DTT, pH  representing a disulfide cross-linked dimer. MALDI-TOF
7.0. The Pp-CadcC titration was like that for GeCadC mass spectrometry ddtahow that a fraction of the CadC
except the buffer used was 10 mM Bis-Tris, 0.40 M NaCl, molecules, as isolated, contain an intermolecular disulfide
1 mM DTT, pH 7.0. bond between Cys58 in the putative metal binding sequence,

Anisotropy data were fit using the program Dynafif) ESLCVCD®, of one subunit and Cys7 or Cys11 of another
to a dissociable dimer model with a 1:1 binding stoichiometry subunit.
(CadC dimer tocad O/P oligonucleotide) linked to a Assembly State of Cad@Vild-type CadC was subjected
monomet-dimer equilibrium. The binding isotherms (raw to analytical equilibrium sedimentation ultracentrifugation
lobs VS [CadClywa) were fit using a fixed dimerization  at 35000 rpm over a range of 4@0 uM CadC monomer
constant,Kgimer = 3 x 10° M~%, based on sedimentation under conditions of pH and temperature (pH 7.0, 250

equilibrium ultracentrifugation experiments. identical to those of the metal binding and DNA binding
experiments presented below. Representative runs are shown
RESULTS in Figure 2 for 4uM apo-CadC (panel A) and 40M Cd;-

Characterization of Purified CadGCadC was purifiedto ~ CadC (panel B) under these conditions with 0.20 M NaCl
near-homogeneity employing a procedure modeled after that

used previously forSynechococcuSmtB (L5) using a 2|, Busenlehner, J. Apuy, and D. P. Giedroc, manuscript in
combination of ammonium sulfate precipitation, followed by preparation.
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FIGURE 2: Analytical sedimentation equilibrium ultracentrifugation of apo- ang-CadC. All ultracentrifugation runs were performed at

25 °C with a rotor speed of 35 000 rpm. The fits for the data used a partial specific volyroé §.724 mL/g and a buffer density) of

1.006 g/mL. (A) Conditions: 5 mM MES, 0.2 M NaCl, 2 mM DTT, 1 mM EDTA, pH 7.0. The open circles are the data collected for 40

uM metal-free CadC with the solid line representing the best-fit curve for a single ideal species using the Microcal Origin program. The
fitted parameter for the molecular mass was calculated to be 29 483 g/mol (predicted molecular mass for a dimer, 27 558 g/mol). (B)
Conditions: 5 mM MES, 0.2 M NaCl, 2 mM DTT, pH 7.0. Shown are the data collected faMiCadC with 1 equiv of Cd(ll). The solid

line corresponds to the best-fit curve for an ideal species. The fitted parameter for the molecular mass was determined to be 28 641 g/mol
(predicted molecular mass for a homodimer is 27 558 g/mol).

added. The solid line through each set of experimental dataequilibrium is not strongly linked to metal binding in this
is a fit to a single ideal species model with a fitted molecular system 26). This finding is in apparent contrast to a previous
mass of 29 483 and 28 641 Da, respectively (Table 2). The report with SmtB 27).
expected molecular mass of apo-CadC is 13 779 Da for a Absorption Spectroscopy of Metal Binding by Dimeric
monomer, and 27 558 Da for a homodimeric species. Thus, Apo-CadC Shown in Figure 3 are the results of a representa-
these data are most consistent with CadC forming a tive anaerobic Cd(ll) binding titration of apo-CadC, with full
predominantly dimeric species under these solution condi- ultraviolet absorption spectra shown in panel A and the
tions, fully consistent with results from size exclusion corrected absorbance at 240 nm plotted as a function of
chromatography1(0). Multiple runs collected over a range Cd(Il)/CadC monomer molar ratio in panel B. Formation of
of [CadC] reveal an average molecular mass of 27 962 the Cd(ll)-CadC complex results in a single strong absorp-
(£907) daltons, fully consistent with a homodimeric as- tion envelope with a maximum absorption~8240 nm and
sembly state in the absence and presence of bound Cd(ll)a molar absorptivity okz40 ~ 25 000 Mgt cm™t (Figure
(Table 2). 3A, inset). This intense absorption is assignablete-Sd(Il)
Each set of equilibrium data was also fit to a monomer ligand-to-metal charge transfer (LMCT) transitions and,
dimer equilibrium model with the monomeric molecular given aezig ~ 5500-6000 Mt cm™* per Cd-S bond 28,
weight and dimerization equilibrium constalimer, fitted 29) is most consistent with four cysteine ligands per Cd(ll)
parameters (Table 2). Although the goodness-of-fit vaglde ( ion in wild-type CadC. Figure 3B reveals the binding of
is slightly worse in these fits, the residuals can still be Cd(ll) by wild-type CadC occurs with a stoichiometry of
described as small and nonrandom (data not shown). Thex0.7 Cd(ll) per total CadC monomer, at least as monitored

average fitted monomer molecular mass is 13 7454) by optical spectroscopy. Any Cd(ll) sites which lack ap-
Da, identical to that expected, witkgimer = 3.0 (#2.0) x preciable LMCT absorption would not be detected by this
10° M~ over all six experiments. AlthougKgmer in the experiment. This result is most consistent with a model in

presence of bound Cd(ll) is consistently smaller than that which each CadC monomer within dimeric CadC harbors a
determined for the apo-CadC, the effect is small (within a single tetrathiolate Cd(ll) binding site, witkk30% of the
factor of 2-3); this suggests that the monomelimer monomers inactive in Cd(ll) binding due perhaps to the



Cd(ll) and Pb(ll) Binding by CadC Biochemistry, Vol. 40, No. 14, 2004431

Table 2: CadC Sedimentation Equilibrium Ultracentrifugation Data A
Analysis

molecular mass Kdimer
sample (g/mol) (M9 %P

10uM apo-CadC
single, ided 27715 - 8.29x 10°°
dissociable dimér 13790 7.040.4) x 10° 9.03x 10°°
10uM Cd;-CadC
single, ideal 27283 - 1.00x 104
dissociable dimer 13805 2.90.1)x 1f 1.37x 104
20uM apo-CadC
single, ideal 27403 - 7.03x 10°°
dissociable dimer 13647 2.40.6)x 10° 1.09x 104
204M Cdy-CadC s
single, ideal 27250 - 1.04x 104 0L |
dissociable dimer 13502 1.80.1)x 10° 1.11x 104 240
40 uM apo-CadC
single, ideal 29483  — 6.33x 10°° wavelength (nm)
dissociable dimer 13923 2.50.3)x 10° 1.00x 10*
40uM Cdy-CadC B
single, ideal 28641 - 1.02x 104 r
dissociable dimer 13861 1.90.1) x 10° 1.46x 104 06 o ]

a2 The association constant as estimated from a best-fit curve using

a monomer-dimer equilibrium model (model 2§.x% = {3 i=1 10 Af(Xi

— Y)]3/(N — n), whereN is the number of observations, is the

number of fitting parameterg$( ) is the fitting function,X; andY; are

data points, antl — n equals the degrees of freedofiConditions: 5 2
mM MES, 0.20 M NaCl, 2 mM DTT, 1 mM EDTA, pH 7.0; 2%C. < 0.3 - 3
d Conditions: 5 mM MES, 0.20 M NacCl, pH 7.0; 2&. ¢ Model 1 [ ]
fits the data to a single, ideal species (see Materials and Methods) with 02 ]
an expected dimer molecular mass of 27 558 g/fndlodel 2 fits the
data to a reversible associating system assuming a monrdatimeer 01 [ ]
equilibrium. The expected monomer molecular mass is 13 779 g/mol :
(see Materials and Methods). o . L . R ! ‘
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involvement of metal binding cysteines in formation of a [Cd()],,/ICadC],,,
disulfide bond(s) (vida supra). The solid line through the
experimental data is a fit to a 1:1 metal binding model; since ]
the binding isotherm is essentially stoichiometric, only a 0.35 | o*® . 3
lower limit for Keg (=1 x 10" M~1) can be obtained from ]
this experiment. When essentially the same titration is carried [ ]
out in the presence of 92M EDTA, a satisfactory estimate . 0.25 f ]
for Kcq can be obtained since EDTA can be used to buffer g i ]
very low concentrations of free Cd(ll), given the conditional § . ]
stability constant for Cd-EDTAK' = 3.2 x 102 M1, under 0.15 [ 1
these conditions22, 23. A representative titration is shown ]
in Figure 3C.Kcq was determined to be 4.3-(.8) x 10'? : ]
M~ from two separate experiments, indicative of very high 0.05 - .
affinity binding of Cd(Il) by apo-CadC. ; ]

Figure 4 shows the results of a representative anaerobic
titration of the same preparation of apo-CadC with Pb(ll) [Cdn],, uM

under essentially the same solution conditions. As above’FlGURES' Cd(n) titration of CadC. (A) Corrected optical absorption
full absorption Sp.ectra are shown in panel A, with the b!ndlng spectrum of 29.«M CadC titrated anaerobically with increasing
isotherm shown in panel B. These spectra reveal two intenseconcentrations of Cd(ll). Conditions: 5 mM MES, 0.20 M NaCl,
absorption features: a long-wavelength absorption band withpH 7.0, 25°C. Inset: Apo-subtracted difference spectrum of Cd(ll)-
a maximum at 350 nmegso ~ 4000 Mt cm™) and a saturated CadC expressed per mole of Cd(ll) bound reveals

significantly more intense shorter absorption band with an 25000 M cm™. (B) Cd(ll) binding isotherm generated from the

. . ~ 1 A=l optical spectrum of a titration of 364M CadC. The solid curve
gzi?épstlon {naX||mum ﬁf[bZ_t40 nhl“ﬂséﬁ; 44 %00 MA&:;]“ )-h represents the fit to a 1:1 binding model wilq = 1.3 (+0.6) x
pectra also exhibit a shoulder&10 nm. oug 10’ M~ (a lower limit) and active [CadC monome#] 25.4 0.2)

there are very few published PbHprotein absorption ;M. (C) Cd-EDTA competition binding isotherm in which 12.7
spectra in the literature, previous studies of Pb{fgptide uM active CadC monomer was titrated with Cd(ll) in the presence
complexes would attribute both transitions in Pb(ll)- ©f 92uM EDTA. The solid line represents a nonlinear least-squares
substituted CadC to S-Pb(Il) LMCT transitions, largely ~ fit using DynaFit €0) to a cooperative binding model assuming
on the basis of their strong intensity and the fact that Pb(ll), t}zv? ;‘ﬂ,%”gcj‘c',sggfaﬁﬁ’i‘&f@ﬁtﬂ“‘&Tm?i;)e%hi[ag’ txenlzongb% a{g :;mmty
like Cd(ll), has a completely filled-shell @1). The molar  derived fromKeq = ~/Kip- (15), was determined to be 4.3:.8)
absorptivity and energy of the absorption band at 350 nm x 10'2 M~ from two experiments.
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Ficure 5: X-ray absorption spectra (top) and Fourier transforms

{Pb(In] /[CadC] (bottom; k = 2-11) of Cd(Il)-CadC (solid) and the calculated
Ficure 4: Pb(ll) titration of CadC. (A) Corrected optical absorption (s)pfgtlrvla f,\?;gﬁ'%‘gzsr}egé‘;gﬁ Lak;l%S). Conditions: 50 mM MES,
spectrum of 39.4M CadcC titrated with increasing concentrations ’ gl » PRED.
of Pb(ll) in an anaerobic environment. Conditions: 10 mM Bis- —
Tris, 0.20 M NaCl, pH 7.0, 25C. Inset: Apoprotein-subtracted ~ Table 3: Curve-Fitting Results for Cd EXAFS of CatiC
difference spectrum of Pb(ll)-saturated CadC expressed per mole sample filename

of Pb(ll) bound revealszso ~ 4000 M1 cm™L. (B) Phb(ll) binding k range)AK3 fit  shell A 2(A frb
isotherm generated from the optical spectrum. The solid curve (krange)Aky Rs(R)  0af(A)
represents the fit to a 1:1 binding model wita, = 1.1 1.0) x wt CadC+ Cd L, 1 Cd-S; 253  0.0042  0.054
10’ M1 (a lower limit) and active [CadC monome#] 27.2 (0.5) CDCOA (2-11A™ 2 Cd-S; 254 00023  0.047
UM. Ak® =9.03 Cd-O 2.25 0.0080

3 Cd-S, 253 0.0042  0.046

4 CdHS 254 0.0058  0.054
are most consistent with three or four, but not two, thiolate  2Group is the chemical unit defined for the multiple scattering
ligands forming coordination bonds to the Pb(IRQ1). caIc;ngtiqn.Rasis’the metaks_catterer dista_mcmas2 is a mean square
Consistent with the Cd(ll) titration above, the stoichiometry ie"'?;'og/'{\‘lRffZ/b fk3'sof‘ ”OrTa'I'(ZBe%berror (chi-squared)= { Zc [k,
of Pb(ll) binding is~0.7 (Figure 4B), with &pp in excess 2NN PO mex = (K-
of 10’ M~%. Pb(ll) and Cd(ll) appear to bind to overlapping
sites on CadC since the addition of stoichiometric Cd(ll) to Would be 0.00150.0040 R). Thus, although the EXAFS
the Pb(ll)-CadC complex results in complete bleaching of data cannot unambiguously eliminate a Cd{iO coor-
the 350 nm leagtthiolate absorption band (data not shown). dination environment, the data are most consistent with

Cd K-edge X-ray Absorption Spectrosco@d K-edge coordination of the Cd(ll) ion by four sulfur ligands. These

X-ray absorption spectroscopic analysis of Cd(Il)-CadC d_ata have been _reproduced_on three samples from two
indicates a coordination environment consisting of primarily different laboratories (D. P. Giedroc and B. P. Rosen).
sulfur scatterers at 2.53 A (Figure 5). There is a significant  123Cd NMR Spectroscopy é#Cd(ll)-Substituted CadC.
reduction in the goodness-of-fit valué'Y in the fit that The**Cd chemical shift¢) of the Cd(ll) complexes formed
includes four sulfur atoms when compared with fits that by metalloproteins is extremely sensitive to the nature of
include either three or five sulfurs (cf. fit 3 with fits 1 and the first shell of ligands around the Cd(Il) iorl@).
4; Table 3). A similar reduction ifi’ is observed when the  Mononuclear tetrathiolate {Ssites associated with structural
EXAFS are fit assuming a coordination environment of three Zn(ll) sites in zinc metalloproteins are typically characterized
sulfurs and one oxygen atom (fit 2, Table 3). However, the by 6 = 700-750 ppm [downfield from 0.1 M Cd(CIg),].
Debye-Waller factor value for the oxygen shell is signifi- S3(N,O) resonate slightly further upfield, in the range
cantly higher than would be expected a priori for a shell betweerr~630 and 660 ppm, with a nitrogen ligand usually
containing a single oxygen atom (more reasonable valuesmoderately more deshielding than an oxygen ligand. How-
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FIGURE 6: 13Cd NMR spectrum of13Cd-substituted CadC. 0.15

Conditions: 5 mM & HEPES, 0.35 M NaCl, 10% i, pH 7.0,
25.0°C. Chemical shift is reported relative to 0.10 M Cd(GJ©
74 880 transients were acquired, and an exponential line broadening  0.145

0.155
function of 50 Hz was applied prior to Fourier transformation. ]

0.14

ever, multinuclear Ssites, in which some subsets of cysteine "apo
ligands in an $complex donate two coordination bonds to 0.135
each of two Cd(ll) ions, are characterized®%Cd 6 upfield

of a mononuclear ssite, in the 616-700 ppm rangel(). 013

0.145

Figure 6 shows that the 110.9 MHZCd NMR spectrum 0-135
of 13Cd-complexed CadC is characterizeddy 622 ppm, 013
a chemical shift consistent withs@®!,0) or an unusual 0.001

upfield-shifted $ coordination complex (see Discussion). [CadC monomer] uM

Allosteric Regulation of cad O/P Binding of CadC by Ficure 7: Fluorescence anisotropy of CadC bindingctw O/P

Cd(ll) and Pb(ll). Previously published gel mobility shift DNA-t(_'t"\) tS'hOantihS tg% aniSOth_IDVI-bt’c;Sle(ilj b:jngi/f:ag iS_»:)hthefm gbéa(i;ned
; o pon titration of the 5fluorescein-labeleda with apo-Ca
experiments suggested that the addition of exogenously adde('e‘.) and Cd-CadC 0) at 25°C in 5 mM MES, 0.20 M NaCl, 1

Cd(l1), Pb(ll), or Bi(lll) to preformed apo-Cad€DNA mM DTT, 50 uM EDTA (EDTA not present in the Cd-CadC
complexes resulted in some dissociation of the DNA-bound titration), pH 7.0. The solid line through the points represents a fit

CadC (L1). The results of assays in which CadC protects Of the anisotropy data to a dissociable dimer model assuming a

g ; ; 1:1 dimer/DNA complex with a dimerization constant fixed at 3
the cad O/P from restriction enzyme digestion also show 10F M. For the apo-CadC titratiofapy = 1.0 (-0.1) x 10° M1

that Pb(Il), Cd(ll), or Zn(ll) produces dissociation of the \ynije Kapp = 4.9 (-0.6) x 10° M~1 for the Cd-CadC titration.
repressor DNA complex (L0). However, the stoichiometry  (B) Shown is the binding isotherm obtained upon titration of the
and affinity of CadC for its specific binding site, as well as ?Sgluoaeoscem-gabe%e_@ag CZ)(/)PMW’i\tIh glpol-Call\;i%QT)Tar;d ’\F/’IHI-E%aTdAC

: H In m IS-1T11S, 0. aCl, 1 m ,
the mode of_ metalloregulatl_on, could not be (_1eterm|ned from EDTA not present in the Pb-CadC titration), pH 790' andP oS
tho_se eXpe”_mentS' Wg deglgned g fluoresc_eln—labeled 34 bas he solid line through the experimental data represents a best fit
pair DNA oligonucleotide into which was incorporated the of the anisotropy data to a dissociable dimer model that assumes a
region of thecad operator/promoter (O/P) region that is 1016 ﬁ/:mlegDNtﬁ compl(e:x ngT'ta c:jmrrgrizatliosn(i%ncs)g)mt fi)é)g?\/l axl3
strongly footprinted by bound Cad@1). This includes the M~ For the apo-L.adt Utraliom, = L. J9) X 107 M
imperfect 12-2-12 inverted repeat. CadC binding was then "€ Ka = 34 (£0.6) x 10° M™* for the Ph-CadC fitration.
monitored by measuring the increase in anisotropy of the
fluorescein fluorescence upon formation of the protéNA a model that describes the binding of a dissociable CadC
complex. dimer to a single site on the DNA:

Figure 7 shows representative binding experiments carried Keimer Ka
out with apo-CadC under solution conditions of relatively 2CadC—— (CadC) + D < (CadC):D
high monovalent salt concentration (pH 7.0, 0.40 M NacCl,
25.0°C), but which are otherwise identical to those of the |n these fits Kgimer Was constrained to a value of 3:010°
metal binding and analytical ultracentrifugation experiments M1, the average value estimated by analytical ultracentrifu-
presented above. High salt was found to be necessary togation (Table 2), with the fits optimized fd¢, and a value
minimize the formation of higher order Cad@®NA com- for the anisotropyrtmay of the (CadC)—DNA complex. A
plexes, with the limiting dimeric (Cad€)yDNA complex linear correlation between a change ipsand the fractional
the dominant complex formed, even at excess [CadC] (datasaturation of the DNA was assumed in this analysis. The
not shown). The fitted parameters resolved from multiple data reveal that dimeric CadC forms a very tight complex
experiments are collated in Table 2. The solid line through with its DNA binding site withK, = 1.1 (£0.3) x 10° M1,
each set of experimental data in Figure 7 represents a fit toindicating strong linkage to the monomstimer equilibrium
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Table 4: Summary of the Affinities of Apo- and Metalated CadCs
for the cad O/P Oligonucleotide

CadC Ka(M~1d fold decrease relative to apo
apc 1.1 #0.2) x 10° -
CdP 4.9 (+0.6) x 10° 230
Phy° 3.4 #0.6) x 1¢° 340

aConditions: 5 mM MES or 10 mM Bis-Tris, 0.40 M NacCl, 50
uM EDTA, 1 mM DTT, pH 7.0, 25°C. ® Conditions: 5 mM MES,
0.40 M NaCl, 1 mM DTT, pH 7.0, 25.6C. ¢ Conditions: 10 mM Bis-

Tris, 0.40 M NaCl, 1 mM DTT, pH 7.0, 25.6C. ¢ Binding isotherms
were fit as described under Materials and Methods using a dissociable
dimer model withKgimer fixed at 3 x 10° M2,

under these conditions. In striking contrast, the addition of
a single equivalent of bound Cd(Il) (panel A) or Pb(ll) (panel
B) per CadC monomer results in strong negative regulation
of cad O/P binding, with K, reduced by 236340-fold
relative to that of apo-CadC (Table 4).

DISCUSSION

In this report, we have determined the quaternary structure
and the stoichiometry, affinity, and coordination structure
of the metalloregulatory Cd(Il)/Pb(ll) site &. aureupl258
CadC. CadC is predominantly homodimeric at protein
concentrations in excess of the low micromolar range at
neutral pH and 28C. The spectroscopic data are consistent
with a model in which each subunit of homodimeric CadC
contributes ligands to each of two Cd(ll) or Pb(Il) ions bound
to the dimer. Cd(ll) and Pb(Il) appear to bind with extremely
high affinity, with Kcq estimated to be in the 30M~* range
as determined from EDTA competition experiments. Ap-
proximately stoichiometric Pb(ll) gives rise to complete
displacement of the Cd(ll) (data not shown), revealing that
Cd(ll) and Pb(ll) share some or all of the metal ligands;
furthermore, these data suggest that Pb(Il) binds with an
affinity comparable to that of Cd(ll).

The optical absorption and X-ray absorption spectra
obtained for the Cd(ll)-substituted CadC are most consistent
with a coordination model in which four of the five cysteines
in CadC donate ligands to the Cd(ll) ion. For example, the
tetrathiolate Cd(Il) complexes d. gigasrubredoxin 29)
and coliphage 186 B proteir2®) are characterized bypas
= 24 000 Mgt cm?, similar to that obtained for Cd(ll)-
substituted CadC; in contrast, a well-characterizetll S
complex giveseag &~ 15000 Mt cm (30). By analogy
with the crystallographic structure of metal-fr&gnechoc-
occusSmtB (12), two Cys residues in CadC are present in
the N-terminal unstructured region, Cys7 and Cys11, while
two more are present in the putative metal binding helix
within the ELCVCD sequence, Cys58 and Cys60. Three of
the four Cys are invariant (Cys7, Cys58, and Cys60), with
Cysl1 conserved, but not invariadtyj. A fifth Cys residue,
Cysb2, is not conserved in other CadC proteins or in other

members of the ArsR superfamily. This sequence conserva-

tion is therefore most consistent with a model in which Cys7
and Cys11 from the N-terminal arm, and Cys58 and Cys60
contribute ligands to the Cd(ll) ion. This is also consistent
with the spectroscopic characterization of cysteine mutant
CadC proteind.Interestingly, recent functional results dem-
onstrate that substitution of Cys7, Cys58, or Cys60 but no
Cysl1 or Cys52 produces loss of sensing of Pb(ll), Cd(ll),
or Zn(ll), both in vivo and in vitro {0). Thus, while Cys11

t
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is not required, it may still contribute a Cd(#)$5 coordina-
tion bond. In the homologous ArsR repressor, Sb(lll) and
As(IIl) are bound three-coordinately to Cys32, Cys34, and
Cys37 @1). However, only Cys32 and Cys34 are required
since substitution of Cys37 has no effect on biological
activity.

Itis unknown if Cys7 and Cys11 are derived from different
or the same monomer subunit as Cys58 and Cys60. It is clear,
however, that either one of the N-terminal Cys residues is
close enough to Cys58 or Cys60 to form a disulfide bond,
apparently concomitant with inactivation of Cd(ll) binding
to that site in the dimer. The fact that the appearance of this
cross-linked fragment is at least partially correlated with the
presence of a cross-linked dimer on denaturing gels is
consistent with at least some fraction of these cross-links
being intersubunit.

In contrast to the conclusions about the Cd(Il) coordination
environment drawn from optical and X-ray absorption
spectroscopy, the chemical shift obtained*¥s€d-CadC ¢
= 622 ppm) isnot strongly consistent with a typical
mononuclear Scomplex (6). Rather, this chemical shift is
more consistent with a;8\,0) environment or a “poly-
nuclear-like” § complex, in which the full deshielding effect
of one or more of the Cys residues in a tetrathiolate complex
is not fully experienced at thB3Cd nucleus. The chemical
shifts of a number of structurally well-characterizegNS
115Cd complexes have been found to range fre®30 to
660 ppm (for a review, see ref$6, 30, 32-35). One
exception to this is 43Cd-substituted $ site in a mutant
form of HIV-1 integrase, which is reported to be character-
ized by o = 538 ppm 86). In contrast, nearly all mono-
nuclear 3 sites resonate at 700 ppm or further downfield
(16, 37. The most upfield-shifted mononucleas Ste thus
far reported is0 = 684 ppm from the''*Cd-substituted
catalytic zinc site ofE. coli Ada, which repairs methyl
phosphotriesters via irreversible methyl transfer to one of
the liganding cysteines3g).

On the other hand, S&ites containing bridging or shared
thiolate ligands, like that which is present in mammalian
metallothioneins39, 40 and binuclear cluster transcription
factors from the yeast Gal4 famil4{—43), are characterized
by 1%Cd ¢ which range betweer:610 and 710 ppm. The
most upfield-shifted of these,Sites range frond = 611 to
0 = 632 ppm in mammalian metallothioneins; these com-
plexes are unique among multinuclear sites in that three of
the four thiolate ligands bridge twid3Cd ions @4). Finally,
there is only one purported trigonal; $'3Cd complex
reported thus far; this de novo designed site gives 572
ppm @5).

113Cd NMR spectroscopy is therefore most compatible with
either an gN, S;0, or unusual $coordination environment
in CadC?* An $N site seems unlikely since there are no

3 We have recently shown that apo-C121S SmtB can reversibly form
an intersubunit disulfide bond between Cys14 and Cys61 on different
monomers, which are analogous to Cys11 and Cys58, respectively, in
the wild-type CadC pl258 amino acid sequence (X. Chen, M. VanZile,
and D. P. Giedroc, unpublished observations).

4 Attempted applications of a variety 8H{*%Cd} heteronuclear
multiple quantum correlation (HMQC) or spiecho difference experi-
ments 63, 59 on 1°Cd-substituted CadC have thus far been unsuc-
cessful, due presumably to a combination of wéelk-1Cd three-
bond couplings and very shadrt's associated with this 27.5 kDa dimer
(L. S. Busenlehner and D. P. Giedroc, unpublished observations).
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obvious candidates for a conserved imidazole ligand to createnumber of first-shell ligands. Indeed, only one report has

an SN site in CadC 10). Another possible interpretation of
a 3%Cd ¢ of 622 ppm is a ye first shell. However as

investigated the spectroscopic properties of prot&ih(ll)
chelates; this study examined the 1:1 Pb(ll) complexes

with histidine, there are no strongly conserved Met residues formed by peptide models of native zinc binding S3N,

in the N-terminal domain or in the®.CVCD®! region (L0);
in addition, a Cd-thioether bond length would likely be
much longer than a Ce¢thiolate bond, an expectation
incompatible with the EXAFS data. As for agGcomplex,

and SN sites @1). Although the number of Pb(H)S bonds
was not determined in these peptide complexes, Pb(ll)
complexes formed by the,&nd two different N models
could not be distinguished from one another and were

there are a number of conserved carboxylate residues,characterized by two prominent leathiolate LMCT bands

including Glu8, Glul4, and Glul5 in the N-terminal arm, in
addition to Glu56 and Asp61 in the’(ECVCDS! putative

positioned at 335 nme(= 4000 M~ cm™*) and 260 nm ¢
=16 000 Mt cm™). In contrast, the Pb(ll) complex formed

metal binding region; any one of these could combine with by the SN, peptide gave rise to a pronounced blue shift in
strictly conserved Cys7, Cys58, and Cys60 to create such athe long-wavelength transition to 310 nm, with less molar
site. Interestingly, only Glul4 and Glul5 are conserved in absorptivity in the 260 nm region. Comparison of the
CadCs that have been shown to specifically sense Cd(ll), spectrum of Pb(ll)-substituted CadC with these published
while the ESLCVCDS-derived carboxylate residues are spectra is fully consistent with three or four thiolate ligands,
common to all ArsR family members. Although the EXAFS but not two. It is important to point out, however, that Pb-

cannot conclusively rule out a CdH50 coordination
environment, one would expect a significantly lower Debye
Waller value for the CdO shell than is experimentally
observed (Table 3), indicating that the coordination environ-
ment is composed of primarily sulfur scatterers.

An alternative interpretation of thB3Cd chemical shift
is that a nonthiolate ligand is derived from the solvent, which
in this case would implicate either g8 molecule or a Cl
ion, the latter of which is a strong possibility since both the
EXAFS and3Cd NMR experiments were carried out in
0.35-0.40 M NaCl required to solubilize CadC tel mM
for these experiments. A bound Gbn would be indistin-
guishable from a thiolate ligand in Cd(ll) EXAFS. CQWill
also be more deshielding than a solvenOHigand, which
would tend to move thé'3Cd resonance line to larger
relative to an g0 site @6). Unfortunately, the magnitude
of this effect is difficult to predict a priori but can be as
much as 30 ppm16, 4. Attempts to exchange the ClI
with Br~, a more potent scatterer in an EXAFS experiment,
or F~, which should be less deshielding therr @ an*3Cd

(1) has been shown to form very stable three-coordinate
complexes with three sulfur donor ligands in the catalytic
S0 Zn(ll) site in 5-aminolevulinate dehydratase (ALAD;
porphobilinogen synthaseX9) and in the ALAD model
ligand tris(mercaptoaryl-imidazoyl)borateés(). In these
complexes, the three"Sdonors form the base of trigonal
pyramidyl coordination structure, with the stereochemically
active 6s lone pair of electrons thought to occupy the apical
position of the Pb(ll) coordination comple%Y). Interest-
ingly, Pb(ll) is bound to ALAD through a Cys-X-Cys...Cys
sequence4©), which is not unlike the Cyqor Cys?)...Cys$s-
Val**-Cy<° sequence in CadC. Spectroscopic characterization
of cysteine substitution mutants of CadC will be capable of
discriminating between these two Pb(ll) coordination mod-
els?

Finally, we show here that these structurally characterized
Cd(ll) and Pb(Il) binding sites in CadC are necessary and
sufficient for strong negative allosteric regulation of ttzel
O/P binding activity of metal-free, dimeric apo-CadC. This
is consistent with a model in which the direct binding of

NMR experiment, are underway. In the absence of these dataregulatory metals by CadC results in a significant reduction

we currently favor the unusual, $hterpretation involving

in the DNA binding affinity, that allows access by RNA

Cys7, Cysll, Cys58, and Cys60, particularly when taken polymerase to the promoter, and subsequent derepression of

together with the optical absorption and EXAFS analysis of
wild-type CadC and Cys substitution mutants of C&d.
significantly less deshield€d®Cd nucleus might result from
one of the Ce-thiolate bonds being slightly longer (if so,
this is not readily apparent from the EXARSerageCd—S
distance), or from a nonoptimal-€S—1*Cd dihedral angle
derived from a site which deviates strongly from tetrahedral
symmetry; this would be expected to significantly alter the

transcription 10, 11). Metal-free CadC forms a high-affinity
complex with a DNA oligonucleotide which harbors a
specific binding site for CadC, as defined by previous
functional and DNase | footprinting experimentd). Under
the solution conditions used here (26, pH 7.0, 0.40 M
NacCl), the DNA binding isotherms are well described by a
model in which the monomeidimer equilibrium of apo-
CadC is linked to specific DNA binding by the homodimer.

shielding tensor, and/or reduce the covalent character of oneAnalysis of binding isotherms in a way that assumes a

or more of the'™*Cd—S coordination bonds in Cad@7{,
48).

Previous studies which examined the metal specificity of
the metalloregulation of thead O/P (10, 1) suggest that

nondissociable CadC dimer misses the experimental data at
both the low and high concentrations of total monomer; i.e.,
the experimental binding curve is too steep, a result consistent
with linkage to protein assembly (data not shovs8)(When

CadC binds Pb(ll) ions. Our results from optical absorption Kgmer determined independently from sedimentation equi-
spectroscopy provide direct evidence for this; furthermore, librium experiments is used as a fixed parameter in nonlinear
the stoichiometry and efficient competition by Cd(ll) reveal least-squares fits to the experimental data, satisfactory fits
that the Cd(Il) and Pb(ll) sites at least partially overlap in to the data characterized by random residuals are obtained
CadC. This is consistent with the observation that cysteine- with K, readily resolved (Table 4). Since the Cahd Ph
substituted CadC mutants have nearly equivalent reductionforms of the protein bind much more weakly to the DNA,

in sensing of Pb(Il), Cd(Il), and Zn(I1)10). Unfortunately, there is considerably less linkage to the monontimer
unlike the case with Cd(ll), it is not entirely clear how the equilibrium with these forms because significant dimer is
UV —Vis absorption spectrum reports on the nature and present in solution under conditions of measurable complex
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formation with the DNA. In any case, the binding of Cd(ll)
and Pb(ll) reduces the intrinsic affinity of dimeric CadC for
the cad O/P site significantly and to essentially the same
extent, by as much as300-fold with Kgimer fixed at 3.0x

10° M1, with a lower limit of ~50-fold, if one assumes a
nondissociable CadC dimer. The precise mechanism of the
allosteric regulation by metal ions of the initiation of
transcription in this system is the subject of current work.
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