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Abstract Staphylococcus aureus pI258 CadC is a metal
sensor protein that regulates the expression of the cad
operon which encodes metal ion resistance proteins
involved in the efficient efflux of Cd(II), Pb(1l), Zn(II)
and, according to one report , Bi(III) ions. In this paper,
direct evidence is presented that Bi(III) binds to CadC
and negatively regulates cad operator/promoter (O/P)
binding. Optical absorption spectroscopy reveals that
dimeric CadC binds ~0.8 mol equivalents of Bi(III) per
CadC monomer to form a coordination complex char-
acterized by three S —Bi(Ill) ligand-to-metal charge
transfer transitions, with the longest wavelength
absorption band centered at 415 nm (e415=4000 Mg, ™!
cm'). UV-Vis absorption spectra of wild-type and
mutant Cys—Gly (Ser) substitution CadC mutants
compared to [Bi(DTT),], [Bi(GSH)3] and [Bi(NAC)]3
model complexes reveal that Cys7, Cysll, Cys60 and
Cys58 directly coordinate Bi(IIl) in a tetrathiolate co-
ordination complex. The apparent affinity derived from
a Bi(IlI)-displacement optical titration with Cd(II) is
estimated to be Kg; < 102 M. Apo-CadC binds with
high affinity [K,=1.1(£0.3)x10° M'; 0.40 M NaCl,
pH 7.0, 25 °C] to a 5’-fluorescein-labeled cad O/P oli-
gonucleotide ,while the binding of one molar equivalent
of Bi(IIl) per CadC monomer (Bi;-CadC) reduces the
affinity by ~170-fold. Strikingly, Bi(IlI)-responsive
negative regulation of cad O/P binding is abrogated for
Bi;-C60G CadC and severely disrupted in Bi;-C7G
CadC, whose relative affinity is reduced only 10-fold.
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Introduction

Bismuth(III) salts have long been known to be toxic to
bacteria, particularly Heliobacter pylori, which thrives in
an acidic environment in the gut where it causes a va-
riety of gastrointestinal disorders [1]. The enzyme urease
is critical to the survival of H. pylori, which generates
ammonia used to neutralize the surrounding milieu;
Bi(III) salts kill H. pylori, presumably by substituting for
one or both of the Ni(Il) ions in the binuclear Ni(II)
active site, leading to urease inactivation. The inacti-
vation of other metalloenzymes by Bi(III) substitution,
including alcohol dehydrogenase, may play at least some
role in this process for this and other organisms [1, 2, 3].
In mammalian cells, Bi(III) is a potent inducer of the
expression of the intracellular chelator metallothionein
[4], and it has been demonstrated that mammalian me-
tallothioneins bind Bi(III) tightly in trigonal S; coordi-
nation complexes [5]. Bi(III) also binds tightly to serum
transferrin, blocking the essential iron transport func-
tion of this protein [6].

In response to environmental stress mediated by toxic
metal ions, chromosomal and/or plasmid-encoded heavy
metal resistance/detoxification systems have evolved in
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most, if not all, bacteria for many environmental pol-
lutants, including Cd(II), Pb(IT) and As(III) [7, 8, 9].
Many of these systems are composed of a single tran-
scriptionally regulated operon which encodes two genes:
(1) a transcriptional repressor or metal sensor protein
which regulates the expression of the operon in response
to a change in the intracellular concentration of specific
metal ion, and (2) a resistance protein, such as a specific
efflux pump, an intracellular chelator, e.g. a metallothi-
onein, or a metal ion reductase [10]. The cad operon
encoded on plasmid pI258 of Staphylococcus aureus is an
example of a resistance system which responds to Cd(II),
Pb(1I), Zn(II) and possibly Bi(III) [7]. The cad operon is
composed of two genes: one that encodes CadC, the
metal-responsive transcriptional repressor or metal sen-
sor, and a second that encodes CadA, a Cd(II)- and
Pb(1I)-specific P-type ATPase efflux pump [8, 11].

It was recently demonstrated with a variety of spec-
troscopic techniques that CadC, a member of the ArsR/
SmtB family of metal responsive transcriptional repres-
sors, binds Cd(II) and Pb(II) with high affinity. The
spectroscopic data are most consistent with a coordi-
nation complex composed of three cysteine thiolate
ligands to Pb(II) or four cysteine thiolate ligands to
Cd(I) ([12]; Busenlehner L, Giedroc DP, manuscript in
preparation). The binding of either stoichiometric Cd(IT)
or Pb(II) to CadC results in a significant decrease in
affinity for the cad operator/promoter (O/P) in vitro,
consistent with a model in which the mechanism of de-
repression in vivo lies at the level of negative regulation
of DNA binding by bound inducer ions. In vivo f-lac-
tamase assays described by Yoon et al. [7] show that
Bi(IIT) was among the strongest inducers of the cadA-
blaZ fusion system in the native host S. aureus, while
Rensing et al. [§] reported no induction with Bi(IIl) in a
similar experiment conducted in Escherichia coli. Gel
mobility shift assays also suggested that Bi(III) was at
least partly capable of dissociating bound apo-CadC
from the cad O/P [11].

Bi(I1I) is classified as a borderline metal ion accord-
ing to the hard-soft acid-base theory [13], meaning that
Bi(III) binds both hard protein ligands such as carb-
oxylate oxygens and imidazole nitrogens as well as soft
ligands like cysteine sulfurs, the latter of which is pre-
sumed to be the preferred ligand for the ion in vivo (for a
review, see [1]). Bi(III) coordination chemistry is thought
to be quite similar to that of Pb(II); both ions contain a
6s> lone pair of electrons, possess similar ionic radii
(1.03 A for Bi*" and 1.1 A for Pb*>*) and are known to
form thermodynamically stable, but kinetically labile,
complexes with thiolate sulfur atoms [1]. Since CadC
was recently shown to bind Pb(II) via cysteine thiolate
ligands [12], Bi(III) might also bind to a site which is
identical or partially overlapping that of Pb(II) and
Cd(II); however, it seemed possible that the Bi(III)
binding might not lead to negative regulation of cad O/P
binding of CadC [12]. In this report, optical absorption
spectroscopy and fluorescence anisotropy are employed
to determine if Bi(IIT) binds directly to CadC and, if so,

whether or not metal binding allosterically regulates cad
O/P binding. Our findings reveal that each CadC
monomer within homodimeric CadC binds ~0.8 mol
equivalents Bi(IIT) with a wild-type coordination com-
plex of high affinity composed of four cysteine thiolate
ligands. In addition, CadC with one equivalent of Bi(III)
per monomer is characterized by a significantly de-
creased affinity for the cad O/P oligonucleotide as
monitored by fluorescence anisotropy titrations, which
predicts a role for CadC in Bi(III) resistance in S. aureus
in vivo.

Materials and methods

Chemicals

All buffers were prepared using Milli-Q doubly distilled, deionized
water and metals were removed from all solutions by passage over
a Chelex-100 column. MES and Bis-Tris buffer salts, EDTA,
ampicillin, kanamycin, chloramphenicol and 5,5-dithiobis(2-ni-
trobenzoic acid) (DTNB) were purchased from Sigma. Chelex-100
resin was obtained from Bio-Rad. Ultrapure bismuth(I1l) nitrate
and cadmium(II) chloride were purchased from Johnson Matthey.
Reduced glutathione (y-L-Glu-Cys-Gly; GSH) and N-acetylcysteine
(NAC) were obtained from Sigma, while dithiothreitol (DTT) was
acquired from Acros.

Purification of wild-type CadC and mutants

The construction of pET-CadC and the purification of wild-type
CadC by polyethyleneimine (PEI) precipitation, ammonium sulfate
precipitation, cation exchange chromatography, and size exclusion
chromatography have been described [12]. The construction of the
pMWI series of plasmids, which direct the overexpression of cy-
steine substitution mutants (Cys—Gly/Ser) of CadC, has also been
reported [14] and were purified using a procedure based on the
protocol for wild-type CadC. Inspection of overloaded Coomassie-
stained Tricine-SDS gels revealed that the purity of all proteins was
~95%. The concentration of purified wild-type CadC and the cy-
steine-substitution mutants was determined from the calculated
molar extinction coefficient of 6585 M~ cm™ [15].

Atomic absorption spectroscopy

The Zn(II) content of all preparations of CadC was determined
using a Perkin-Elmer AAnalyst 700 atomic absorption spectro-
photometer operating in flame mode using a Zn(II) hollow cathode
lamp. Zn(II) was detected at 213.9 nm with a slit width of 0.7 nm.
The total metal content of all preparations of purified, “‘metal-free”
CadC (wild-type and cysteine-substitution mutants) was no more
than 0.03 mol of Zn(II) per mol of CadC monomer. For the de-
termination of the concentration of Bi(IIl) used for titrant stocks
for optical titrations, Bi(III) was detected with a Bi(III) hollow
cathode lamp set at 223.1 nm with a slit width of 0.2 nm. The
Cd(II) concentration for displacement titrations was determined
with a Cd(II)-specific hollow cathode lamp detecting at 228.8 nm
with a slit width of 0.7 nm.

Free thiol quantification

A standard DTNB assay was used to determine the number of free
thiols for each of the CadC proteins [16]. In an anaerobic glovebox,
45 L of 2.5 mM DTNB solution (0.25 mM DTNB final) was
added to 20 uM CadC in 400 pL of buffer S (50 mM MES, 0.40 M
NaCl, pH 7.0). The mixture was incubated for 30 min to ensure



that the reaction was complete. After subtracting the absorbance of
the buffer with same amount of DTNB, the molar concentration of
thiolate anion was quantified at 412 nm (eq;,=13,600 M~ cm™).
Wild-type CadC, which has five cysteine residues, was found to
contain 3.7 +0.2 free thiols per monomer. As previously reported, a
small population (~10-20%) of wild-type CadC exists as a very
stable disulfide crosslinked dimer when electrophoresed on a de-
naturing and reducing SDS-PAGE gel [12]. This species is refrac-
tory to reduction by tris(carboxyethyl)phosphine (TCEP) and other
common reductants (data not shown). The stoichiometry of free
thiols determined for each cysteine-substitution CadC mutant (each
contain four cysteine residues) is as follows: C7G (2.7+0.1), C11G
(3.0£0.1), C52G (2.7+0.2), C58S (3.8£0.2) and C60G (2.9+0.2).

Bi(III) binding experiments

All metal binding experiments were carried out anaerobically at
ambient temperature (~25 °C) using a Hewlett-Packard model
8452A spectrophotometer. For Bi(Ill) titrations, apo-CadC
(0.8 mL of 40-50 uM) was diluted in an anaerobic glovebox with
buffer T (10 mM Bis-Tris, 0.20 M NaCl, pH 7.0) and loaded into
an anaerobic quartz cuvette. The cuvette was then fitted with a
250 pL adjustable volume Hamilton gas-tight syringe loaded with
the Bi(IIl) titrant before removal from the anaerobic glovebox.
Optical spectra of apo-CadC and of the protein after each addition
of a known aliquot (5-20 pL) of Bi(IlI) titrant were collected from
190 to 1100 nm. Corrected spectra were obtained by first
subtracting the apo-CadC spectrum from each metal-addition
spectrum and then correcting each spectrum for dilution and the
stoichiometry of Bi(III) bound per monomer [12]. For the Bi(III)
displacement titration with Cd(II), 0.8 molar equivalents of Bi(III)
was added anaerobically and allowed to incubate for 15 min at
25 °C, after which time the absorbance spectrum was taken.
Cd(III) was then added in aliquots as described above, except the
equilibration time was extended to 30 min following each addition
of Cd(II). The data were corrected for dilution and background
absorption. Titrations of a fixed concentration of Bi(III) with GSH,
DTT or NAC were carried out in 10 mM Bis-Tris, 0.20 M NaCl,
pH 7.0, where aliquots of GSH, NAC or DTT were added to 50—
200 uM Bi(IIl) and allowed to equilibrate for 5-10 min before
taking the absorbance spectrum. The data were corrected for
background and dilution as described.

Analytical sedimentation equilibrium ultracentrifugation

All experiments were performed using a Beckman Optima XL-A
analytical ultracentrifuge set to a speed of 35,000 rpm as described
previously [12]. The ultracentrifuge cells were loaded anaerobically.
Microcal Origin, a non-linear least-squares fitting program, was
used to evaluate the sedimentation equilibrium data using a partial
specific volume (v) of 0.724 mL/g and a solvent density (p) of
1.006 g/mL (calculated from the amino acid sequence and buffer
composition). The data were fit to a self-association model of a
single ideal species, assuming a monomer-dimer equilibrium char-
acterized by the association constant K,:

Arjotal = Ao exp [HM (x* —x3)] + (4o)" Ky exp [HMn; (x* —x3)] + E
(1)

where 4, =absorbance at radius x, Ao=absorbance at the reference
radius xo, H=constant [(1-vp)w’/2RT], M =monomer molecular
weight, n, = number of monomers, K, =association constant for the
monomer-dimer equilibrium, and E = baseline offset. The values for
M and K, were optimized during the fit. The association constant
was converted from absorbance to units of M ! using the extinction
coefficient ey50=6585 M ! cm ! and a pathlength /=1.2 cm.

Fluorescence anisotropy

All fluorescence anisotropy experiments were performed using an
SLM 4800 spectrofluorometer fitted with polarizers in the L
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format, as described previously [12, 17]. The 34-mer, double-
stranded cad O/P oligonucleotide (Operon Technologies) used was
fluorescein-labeled on one 5-end with the sequence given below:

F-5-ATAATACACTCAAATAAATATTTGAATGAA-
GATG-3¥

- TATTATGTGAGTTTATTTATAAACTTACTTCTAC-5

Apo-CadC or Bi;-CadC (one equivalent Bi(III) per monomer)
was titrated into 1.7 mL of 20 nM cad O/P at 25+0.1 °C. The
buffer used for the apo-CadC titration was 10 mM Bis-Tris, 0.40 M
NaCl, 1 mM DTT, 50 uM EDTA, pH 7.0. For the Bi;-CadC ti-
trations of cad O/P, one mol equivalent of Bi(Ill) was added to
apo-CadC (wild-type and cysteine-substitution mutants) anaero-
bically. The buffer used for the titration was 10 mM Bis-Tris,
0.40 M NaCl, I mM DTT, pH 7.0.

The polarization (P) and observed anisotropy (r) were calcu-
lated from:

(IVV _ IVHIHV)

P=g——L 1”1” 2)
(Ivv + —",*:{:")

and:

2P

r Gop) (3)
where Iyy and Iyy are the intensities of the emitted light polarized
parallel and perpendicular, respectively, to the incident vertically
polarized excitation beam. The factor Iyy/Igy corrects the mea-
sured intensities for differences in the sensitivity of the detection of
vertically and horizontally polarized emitted light. These data were
fit, assuming a linear relationship between r,ps and fractional sat-
uration of the DNA, to a dissociable dimer binding model in which
dimeric CadC forms a 1:1 complex with the cad O/P oligonucleo-
tide (defined by K,) whose formation is linked to a CadC mono-
mer-dimer equilibrium (defined by Kgjmer) [12] using the program
DynaFit [18]. The binding isotherms (raw ryps versus [CadCliogar)
were fit optimizing K, and while holding Kgjner to the value de-
termined independently for each of the apoproteins under similar
solution conditions from sedimentation equilibrium ultracentrifu-
gation experiments.

Results
Structural model of homodimeric CadC

Shown in Fig. 1 is a structural model of homodimeric
CadC created by threading the CadC amino acid se-
quence through the X-ray crystallographic structure of
apo-SmtB, a homologous zinc sensor from Synecho-
coccus PCC7942. Plasmid pI258-encoded CadC contains
five cysteine residues, three of which, Cys7 from the N-
terminal “arm” and the Cys58/Cys60 pair from the oy
helix of the helix-turn-helix DNA binding motif, are
invariant. A fourth Cys, Cysl1 in the N-terminal “arm”,
is largely conserved among functionally identified Cad-
Cs, while Cys52 in the «, helix is not conserved [14].

Bi(III) absorption spectroscopy of wild-type CadC

Shown in Fig. 2A are the apoprotein-subtracted ab-
sorption spectra resulting from a representative anaer-
obic Bi(IIl) titration of wild-type apo-CadC. The
corresponding binding isotherm, presented as corrected
e26s Mp; ' em™') as a function of total Bi(IIl)/CadC
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Cys11 meyq Cys60*

Fig. 1 Ribbon representation of a structural model of homodi-
meric S. aureus pI1258 CadC (residues Thr27-Vall18) based on the
X-ray crystallographic structure of Synechococcus PCC7942 apo-
SmtB [20] generated using Swiss-Model [19]. Since the N-terminal
residues 1-20 of apo-SmtB were not observed in the crystal
structure, threaded residues 1-26 and 119-122 of pI258 CadC are
not present in the model. The N-terminal “arm” residues 1-26 are
represented as a gray unstructured ribbon extending N-terminally
from Thr27 in each of the two subunits (one in green and one in
blue), with their positions speculative. The four conserved cysteine
residues as well as Cys52 are colored red, with each of the putative
recognition helices (ar) shown in yellow. In this model, Cys58 and
Cys60 are positioned in the —1 and +2 positions of the a3 helix
within the os-turn-ag DNA-binding motif, while Cys7 and Cysl1
are found in the N-terminal “arm”. Residue numbers from the
green subunit are numbered with an asterisk

monomer molar ratio, is shown in the inset. Over the
course of this titration, a yellow-colored complex of
Bi(III)-CadC is formed and results in three intense ab-
sorption maxima: a short wavelength absorbance band
at 265 nm (e,457235,000 Mp; ! cm’l), a second absorp-
tion envelope at 350 nm (e350~3000 Mg; ' cm™') and a
third long-wavelength band centered at 415 nm
(€415~4000 Mg, 'em'). The weak absorbance at
305 nm is attributed to Bi(IIl) binding to Bis-Tris, a
chelating buffer used for these experiments (data not
shown). Although there are very few published Bi(III)
absorption spectra in the literature, these intense ab-
sorption bands can likely be assigned as S —Bi(Ill) li-
gand-to-metal charge transfer (LMCT) transitions, since
Bi(I11) has a full d shell and is known to bind strongly to
thiolate ligands [1].

The stoichiometry of binding is ~0.8 Bi(Ill) per
CadC monomer, as determined by optical spectroscopy
(Fig. 2A, inset), just like that previously determined for
Cd(II) and Pb(II) [12]. Note that, under these condi-
tions, CadC is fully dimeric [12]. This result seems most
consistent with ~20% of CadC monomers inactivated as
a result of partial cysteine oxidation (see Supplementary

C-term*

N-term*
Cys58 /.Cys?*

material). The binding curve, plotted as e,¢5 versus the
Bi(IIT)/CadC monomer molar ratio (Fig. 2A, inset),
appears to be characterized by two phases of ~0.4 molar
equivalents of bound Bi(III) (solid line), since a fit of
these data with a simple model which assumes a single
class of Bi(IIl) binding sites on each CadC monomer
appears to result in a poorer fit (dashed line). Although
the structural origin of this is unknown, these data
suggest that wild-type homodimeric apo-CadC as iso-
lated may contain two distinct thiolate-containing sites,
each characterized by slightly different molar absorp-
tivities at 265 nm. This might arise from partial oxida-
tion of Cys7, Cysl1 and/or Cys58 in all preparations of
CadC (see Supplementary material). In any case, the
longest wavelength LMCT transition centered at 415 nm
is a prominent feature throughout the Bi(IIl) titration.
The lowest energy LMCT transition positioned at
415 nm in the Bi(IIT)-CadC absorption spectrum is most
consistent with a Bi(III) complex containing four thio-
late ligands, owing to the strong correspondence of this
absorption band with that obtained for the tetradentate
[Bi(DTT),] complex, which is also yellow in color and
saturates at a stoichiometry consistent with S coordi-
nation (Fig. 2B). In contrast, all structurally character-
ized trithiolato (S3) coordination complexes are
characterized by a long-wavelength absorption band at
350 nm, i.e., shifted to significantly higher energy [5].
These include the Bi(Ill);-metallothionein complex
(635072100 M ' ecm ! per Bi(IIT) bound), in which each
Bi(III) ion is coordinated strongly to just three cysteine
ligands, as well as Bi(IlI)-saturated GSH and NAC,
which form [Bi(GSH);] and [Bi(NAC);] as determined
by X-ray absorption spectroscopy [5]. Like Bi-MT, the
absorption spectra of [Bi(GSH);] and [Bi(NAC);] are
characterized by absorption maxima at ~350 nm and
are colorless (Fig. 2B) [5], as is the Bi(III) complex of
fp-mercaptoethanol (f-ME) (data not shown). These
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spectral observations are fully consistent with the
expectation that LMCT transitions will move to lower
energies (longer wavelengths) as the number of thiolate
ligands that coordinate the metal increases [21, 22, 23,
24]. These model compound spectra, coupled with
spectroscopic characterization of the cysteine substitu-
tion mutants (see below), support our proposal of a
primary S; coordination complex on fully reduced
homodimeric wild-type CadC, with some non-native S3
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Fig. 2A-C Bi(IIl) titration of apo wild-type CadC. A Apo-
subtracted difference absorption spectrum of 47.0 uM apo-CadC
titrated anaerobically with a Bi(III) stock solution. Conditions:
10 mM Bis-Tris, 0.20 M NaCl, pH 7.0, 25 °C. Inset: corresponding
Bi(III) binding isotherm of the titration at 265 nm. The dashed line
represents a fit to a 1: 1 Bi(III) per CadC monomer binding model
where active [CadC]=37.6 pM and Kg;=9.9(+9)x10° M~!. The
solid line represents a fit to a model which assumes a maximum 1:1
Bi(III):monomer stoichiometry, but with two spectroscopically
distinguishable sites (each with a stoichiometry of 0.5), where active
[CadC]=37.6 uM and Kg;=1.6(+1.0)x10’ M"" in each case. Note
that these Kp; are meaningless and are shown for illustration only
(see text for details), since, under these conditions, Kp; is too large
to accurately measure at this [CadC]. B Saturated [Bi(GSH)s],
[Bi(NAC);] and [Bi(DTT),] absorption spectra. Conditions:
10 mM Bis-Tris, 0.20 M NaCl, pH 7.0, 25 °C, containing 50 uM
(GSH and DTT titrations) or 200 pM (NAC titration) Bi(III) ion.
The stoichiometric point for the Bi(III)-DTT titration was found to
be 2.1+£0.1 DTT per Bi(IIl) ion in two separate experiments. C
Absorption spectra obtained as a result from an anaerobic Cd(II)
titration of 50 uM CadC with 0.8 equiv of Bi(IIl) bound. Data
were corrected as described (see Materials and methods). Condi-
tions: 10 mM Bis-Tris, 0.20 M NaCl, pH 7.0, 25 °C

complex also present, formed as a result of partial oxi-
dation of cysteine residues on CadC as isolated (see
Supplementary material).

Shown in Fig. 2C are the full absorbance spectra
which result from a representative titration of Cd(II)
into the Bi(Ill)-saturated CadC complex. The decrease
in the S —>Bi(IIT) LMCT at 415 nm in this experiment
reveals that stoichiometric Cd(II) per CadC monomer
efficiently displaces all of the bound Bi(III). A concom-
itant increase in absorbance at 240 nm was observed as
expected from S —Cd(II) LMCT [12], indicating that
CadC is binding Cd(II); however, at the concentrations
used for the titrations the absorbance was well out of the
linear range. The affinity of the tetrathiolate Cd(II) site
of CadC was determined previously (Kcqm4x1012 M
[12]; since stoichiometric Cd(II) displaces Bi(III), a value
of Kg; < 10> M! can be estimated from these data.

Bi(III) absorption spectroscopy
of Cys—Gly CadC mutants

To determine which cysteine residues are involved in the
direct coordination of Bi(III), a series of cysteine sub-
stitution mutants of CadC were characterized by Bi(III)
absorption spectroscopy. Shown in Fig. 3 are the cor-
rected molar absorptivity spectra of the Bi(III)-saturated
cysteine substitution mutants of CadC. Relative to wild-
type CadC, the longest wavelength absorption transition
for C7G, C11G and C60G CadCs was found to move to
significantly higher energy, to a spectral region fully
compatible with coordination by three rather than four
thiolate ligands. For example, substitution of Cys60 in
C60G CadcC gives rise to a significant blue shift of the
long-wavelength LMCT to 355 nm (e355~3000 Mp; ™!
cm ') and a slight shift in the short-wavelength transi-
tion to 260 nm with a concomitant decrease in molar
absorptivity (€260nm~~14,000 Mg cm’l). A very similar
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Fig. 3 Bi(III) absorption spectra of saturated wild-type, C7G,
C11G and C60G CadCs. Apoprotein-subtracted difference spectra
of Bi(Ill)-saturated CadC proteins expressed per mole Bi(III)
bound: wild-type (medium dashes), C7G (solid line), C11G (long
dashes) and C60G (short dashes)

absorption spectrum characterizes C11G CadC, reveal-
ing that Cysl1, like Cys60, donates a coordination bond
to the Bi(III) ion. Interestingly, substitution of Cys7 has
a more pronounced effect on the Bi(IIl) absorption
spectrum since the near-UV LMCT has shifted to
333 nm (e333724000 Mp; ' cm™'), with the higher energy
charge transfer band strongly blue shifted to 238 nm
(€235~31,000 My; ' cm'). This might indicate a more
marked perturbation of the coordination geometry for
the bound Bi(III) ion in this mutant upon the loss of this
cysteine ligand. Cys58 also appears to be crucial to the
stability of the Bi(III)-CadC complex, since titration of
C58S CadC with Bi(I1I) leads to immediate precipitation
of the protein over a wide range of solution conditions
(data not shown). As expected from functional studies
and a lack of conservation among CadCs [14], the Bi(11I)
optical spectrum for C52G CadC is essentially indistin-
guishable from wild-type CadC (e415~3800 Mg ' em™;
€2657234,000 My; ! cm ') and is therefore not a ligand to
the metal (spectrum not shown). Taken together, these
spectroscopic data show that Bi(IIl) forms a tetrathio-
late coordination complex in wild-type CadC utilizing
Cys7 and Cysl1 from the N-terminal “arm” and Cys58
and Cys60 from the o3 helix (cf. Fig. 1). It is not known
with certainty as yet if these two pairs of ligands (7/11
and 58/60) are derived from the same or different
monomers in homodimeric CadC, although it seems
most likely they come from different monomers.

Bi(I1T)-dependent allosteric regulation
of cad O/P binding

Since wild-type CadC and all cysteine substitution mu-
tants form stable coordination complexes with Bi(III)
(with the exception of C58S CadC), it was next of

interest to examine to what extent Bi(III) binding
modulates cad O/P binding affinity. Fluorescence an-
isotropy experiments were performed using a 5-fluo-
rescein-labeled 34 base pair oligonucleotide that
contains the region of the cad O/P that was protected by
CadC in footprinting experiments [11]. Previous fluo-
rescence anisotropy experiments showed that apo-CadC
binds to the 34-bp cad O/P oligonucleotide with a high
affinity (K, = 1.1x10° M ') under conditions of relatively
high salt concentration (0.40 M NaCl, pH 7.0, 25 °C),
which is strongly negatively regulated upon binding of
stoichiometric Pb(II) or Cd(II) [12].

Representative fluorescence anisotropy-based bind-
ing isotherms of wild-type apo-CadC and CadC with
one equivalent of Bi(IIl) per monomer (Bi;-CadC) with
the fluorescein-labeled cad O/P oligonucleotide are
shown in Fig. 4A. The solid and dashed lines through
each data set represent a fit to a dissociable dimer model
assuming a 1:1 CadC dimer/DNA complex with the
dimerization constant fixed at Kgimer=23x10® M !
(Table 1), as determined by analytical equilibrium ul-
tracentrifugation [12]. The intrinsic DNA binding af-
finities (K,) (Table2) resolved from multiple
independent experiments incorporate the linkage of
DNA binding by dimeric CadC to the CadC monomer-
dimer equilibrium defined by Kgime,. Quantitative anal-
ysis of the data reveal that the addition of one equivalent
of Bi(IIT) per CadC monomer decreases K, by 165-fold
relative to apo-CadC. This is direct evidence that Bi(III)
binding to wild-type CadC results in strong negative
regulation of specific DNA binding (Table 2).

Figure 4B and Fig. 4C present representative binding
isotherms obtained for two of the CadC cysteine substi-
tution mutants as apoproteins (solid symbols) or when
complexed to Bi(III) (open symbols). The solid and da-
shed lines through the experimental data sets are the best
fits to the dissociable dimer model with the Kg;., fixed at
the values given in Table 1. For C60G CadC (Fig. 4B),
the apoprotein titration is indicative of high affinity
binding to the cad O/P oligonucleotide [K,=1.0(£0.6)
x10° M™']. Strikingly, the identical experiment carried
out with Bi;-C60G CadC reveals complete loss of allos-
teric regulation of DNA binding by Bi(II)
[K,=1.0(£0.1)x10° M']. Apo-C7G CadC is character-
ized by the same high affinity for the cad O/P DNA as
wild-type CadC [K,=8.3(+0.6)x10®* M']. The binding
of stoichiometric Bi(III) to C7G CadC effects only a
small decrease (~10-fold) in the affinity of the repressor
for the cad O/P; this suggests that Cys7 is also critical for
Bi(III)-mediated negative regulation (Fig. 4C). The best
fit value for the anisotropy binding isotherm for apo-
Cl11G CadC gives K,=5.8(+0.5)x10* M' (Table 2).
Interestingly, Kgimer for C11G CadC is ~16-fold lower
than that for wild-type CadC, indicating that this mu-
tation also negatively influences the dimerization equi-
librium (Table 1). K, decreases ~28-fold for Bi;-C11G
CadC relative to the apoprotein, which suggests that
Cysl1, like Cys7, is required for full negative regulation
of DNA binding, although it is clearly not as critical. As
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expected from the spectroscopic results, apo-C52G CadC
exhibits wild-type affinity for the cad O/P fragment and is
characterized by full negative regulation of DNA binding
by the direct binding of Bi(IlI) (Table 2).

Discussion

S. aureus pI258 CadC has previously been shown to bind
Cd(IT) and Pb(II) through coordination by cysteine
thiolate ligands and that binding of these regulatory
metals results in a significant decrease in the affinity of
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Fig. 4A—-C Fluorescence anisotropy titrations of the cad O/P
oligonucleotide with the apo and Bi; forms of wild-type and
Cys—Gly CadC mutants. A Shown are representative binding
isotherms (rops versus [CadClio) generated from titrations of 5'-
fluorescein-labeled cad O/P with apo-CadC (filled circles) or Bi;-
CadC (open circles). Conditions: 10 mM Bis-Tris, 0.40 M NacCl,
I mM DTT, 50 uM EDTA (EDTA not present in the Bi;-CadC
titration), pH 7.0, 25 °C. The solid and dashed lines through the
data sets represent the best fits to a dissociable dimer model that
assumes a 1:1 dimer-DNA complex for the titration, with Kgimer
fixed at 3x10°M'. For the apo-CadC titration,
K,=1.1(£02)x10° M, and for the Bi;-CadC titration,
1<z,=(>.7(d:0.6)><106 M. B Shown is a representative binding
isotherm obtained from a titration of cad O/P DNA with apo-
C60G CadC (filled circles) or Bij-C60G CadC (open circles) at
25 °C. The solid and dashed lines through the data sets represent the
best fits to a dissociable dimer model (described above) with Kgimer
fixed at 1x10° M! (Table 1). K,=1.0(£0.6)x10° M! for the apo-
C60G titration, while K,=1.0(£0.1)x10° M! for the Bi;-C60G
titration. C Shown is a representative binding isotherm obtained
from a titration of cad O/P DNA with apo-C7G CadC (filled
circles) or Bi;-C7G CadC (open circles). The solid and dashed lines
through the data are the best fits to a dissociable dimer model
where Kgimer is fixed at 2.8x10° M ™! (Table 1). For the apo-C7G
titration, K, =8.3(£0.6)x10% M~', while for the apo-C7G titration,
K,=7.2(+£0.9)x10’ M™!

Table 1 Sedimentation equilibrium ultracentrifugation of wild-
type and mutant CadC proteins

CadC* Molecular mass Kaimer® M
(g/mol)

Wild-type® 13,754( £ 154) 3.0(£2.0)x10°

C7G 14,001( + 544) 2.8(+0.4)x10°

Cl1G 13,832( +228) 1.8(£0.2)x10°

C60G 13,882( +339) 1.0(£0.5)x10°

C52G 13,991( +410) 2.8(£0.6)x10°

#Conditions: 5 mM MES, 0.20 M NaCl, 2 mM DTT,
EDTA, pH 7.0, 25 °C

®The dimerization constant determined from the best fit of the
experimental data to a monomer-dimer equilibrium model with the
optimized monomer molecular mass. The expected molecular mass
is 13,779 g/mol for wild-type CadC and 13,732 g/mol for all Cy-
s—Gly CadC mutants (see Materials and methods)

°From ref. [12]

1 mM

Table 2 The affinities of apo- and Bi;-CadC proteins for the cad O/
P oligonucleotide

CadC K, (M) apo K, M H® Bi; Fold decrease
relative to apo

Wild-type  1.1(£0.2)x10° 6.7(£0.6)x10° 165

C7G 8.3(+0.6)x10® 7.2(£0.9)x107 11

Cl1G 5.8(£0.5)x10® 2.1(+£0.4)x10” 28

C52G 1.0(£0.3)x10° 7.3(£0.8)x10° 137

C60G 1.0(£0.6)x10° 1.0(+0.1)x10° 1

4Conditions: 10 mM Bis-Tris (or 5 mM MES), 0.40 M NaCl,
1 mM DTT, 50 uM EDTA, pH 7.0, 25 °C

®Conditions: 10 mM Bis-Tris, 0.40 M NaCl, 1 mM DTT, pH 7.0,
25 °C. Titrations were performed with the concentration of cad O/
P fixed (20 nM) and apo-CadC or Bi;-CadC (one equivalent of
Bi(III) bound per monomer) titrated. Binding isotherms were fit for
K, to a dissociable dimer model described by a 1:1 CadC dimer-
DNA complex that is linked to a monomer-dimer equilibrium and
the value reported is the average of three separate experiments. The
dimerization constants for each protein were fixed during the fit to
the values listed in Table 1
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the metallated protein for the cad O/P oligonucleotide,
thus providing a model for de-repression [12]. This is
consistent with in vivo reporter gene fusion assays in the
native host, S. aureus, which showed that expression
from the cad O/P is de-repressed upon addition of Cd(II)
and Pb(Il) to the growth media [7]. Another report
suggests that Bi(III) also induces the release of CadC
from the cad O/P [11]. In this paper, the stoichiometry,
relative affinity and coordination chemistry of the Bi(I1I)
site of CadC is reported. In addition, it is shown that
Bi(III) binding strongly allosterically regulates cad O/P
DNA binding in vitro.

The Bi(III) optical absorption spectroscopy of wild-
type and mutant CadCs, coupled with comparison to
several small molecule Bi(IIl) coordination complexes
{[Bi(GSH)3], [Bi(SME);], [Bi(NAC);], [Bi(DTT)];}, is
most consistent with a coordination model in which four
cysteine residues (Cys7, Cysl1, Cys58 and Cys60) pro-
vide direct coordination bonds to the bound Bi(III) ion
in fully reduced CadC. The actual optical spectrum of
wild-type CadC suggests the presence of a mixture of
Bi(III) complexes (Fig. 2A), likely a population of S;
and S, sites with the Sj site arising from partial oxida-
tion of the protein (Fig. 1; Supplementary material).
Consistent with this, the Bi(III) optical spectrum of a
preparation of CadC that contains ~2.5 free thiols per
CadC monomer (out of five cysteine residues) is char-
acterized only by weak absorption at 350 nm, with no
evidence for the long-wavelength 415 nm transition
diagnostic of S, coordination (data not shown). In
addition, the fact that Cd(II) quantitatively displaces
Bi(IIT) from Bi;-CadC (Fig. 2C) is consistent with the
hypothesis that Cd(II) and Bi(IIlI) share the same
cysteine ligands and that CadC has a lower affinity for
Bi(I1T) than Cd(II).

Finally, we show that the binding of one molar
equivalent of Bi(III) to apo-CadC induces strong allos-
teric regulation of cad O/P DNA binding (Fig. 4A). The
DNA binding isotherms are well described by a model
which links DNA binding affinity to a monomer-dimer
equilibrium, where Kgimer 18 fixed to the value deter-
mined from sedimentation equilibrium ultracentrifuga-
tion (Table 1) [12]. Apo-CadC binds to a cad O/P
oligonucleotide that contains the specific binding site for
CadC, as defined by in vitro footprinting experiments,
with an affinity on the order of 10° M, in a solution
containing relatively high monovalent salt concentration
(0.40 M NaCl) [11, 12]. Under the same conditions,
CadC with one equivalent of Bi(Ill) binds ~165-fold
weaker than does the metal-free form of the protein
(Fig. 4A, Table 2). In previous experiments, the Cd(IT)
and Pb(Il) forms of CadC were shown to bind with a
250- to 340-fold decrease in the K, relative to apo CadC
[12]. From these functional results it appears that neg-
ative regulation of cad O/P binding is stronger for Cd(IT)
and Pb(II) than it is for Bi(IlI), although the results for
all three metals are of the same order of magnitude. This
result is corroborated by in vitro gel mobility shift as-
says, which reveal that Cd(II), Pb(IT) and Bi(III) cause at

least partial dissociation of CadC from a 203-bp cad O/P
containing DNA fragment [11]. These results are con-
sistent with a model where the metal-free form of CadC
associates specifically and with high affinity to the cad O/
P to repress transcription of the operon. In response to
the direct binding of sensing regulatory metals such as
Cd(II), Pb(II) and Bi(IIl) to cysteine thiolates in the
N-terminal “arm” and o3 helix, the DNA binding
affinity is significantly reduced which enables RNA
polymerase to access the promoter, leading to de-re-
pression of transcription and the expression of the gene
encoding the CadA efflux pump.

Functionally, loss of Cys60 is clearly the most detri-
mental to allosteric regulation of DNA binding by
Bi(IIl) (Fig. 4B). C60G CadC is no longer able to
“sense’” Bi(IlI), despite the fact that, by optical spec-
troscopy, Bi(IIl) forms a stable complex with C60G
CadC (Fig. 3). Both Cys7 and Cys 11 are also required
for full negative regulation at the cad O/P (Fig. 4,
Table 2), with the presence of Cys7 more critical than
that of Cysll. These findings are consistent with the
conservation of specific cysteine residues in CadC with
Cys7, Cys58 and Cys60 absolutely conserved in all
known functional CadCs and with Cysl1 only largely
conserved [14]. Although the mechanism for allosteric
regulation is not known, binding of Bi(III) to Cys58 and
Cys60 in the conserved E°’LCVCD®' region (which
overlaps the a3 helix) [14, 25] and to Cys7 and Cysl1 in
the N-terminal “arm” (Fig. 1), together, may induce a
conformational change in the o3 helix of the o3 helix-
turn-ag helix DNA binding motif which affects the
recognition helix (agr), thus disrupting protein-DNA
interactions. Further structural studies are required to
determine the molecular basis for allosteric regulation of
DNA binding by Bi(III), compared to other inducing
metal ions, and, in particular, how Cys60 functions to
play such a critical role in this process.
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