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ABSTRACT: A novel Zn(II)/Pb(II)/Cd(II)-responsive operon that consists of genes encoding a Zn(II)/Pb-
(II) CPx-ATPase efflux pump (aztA) and a Zn(II)/Cd(II)/Pb(II)-specific SmtB/ArsR family repressor (aztR)
has been identified and characterized from the cyanobacteriumAnabaenaPCC 7120. In vivo real time
quantitative RT-PCR assays reveal that bothaztRandaztAexpression are induced by divalent metal ions
Zn(II), Cd(II), and Pb(II) but not by other divalent [Co(II), Ni(II)] or monovalent metal ions [Cu(I) and
Ag(I)]. The introduction of a plasmid containing theazt operon into a Zn(II)/Cd(II)-hypersensitive
Escherichiacoli strain GG48 functionally restores Zn(II) and Pb(II) resistance with a limited effect on
Cd(II) resistance. Gel mobility shift assays andaztR O/P-lacZ induction experiments confirm that AztR
is the metal-regulated repressor of this operon. In vitro biochemical and mutagenesis studies indicate that
AztR contains a sole metal-binding site, designated theR3N site, that binds Zn(II), Cd(II), and Pb(II)
with a high affinity. Optical absorption spectra of Co(II)- and Cd(II)-substituted AztR and113Cd NMR
spectroscopy of113Cd(II)-substituted AztR reveal that the soleR3N site in AztR is a CadC-like distorted
tetrahedral S3(N,O) metal site. The first metal-coordination shell in the AztRR3N site differs from other
R3N family members that sense Cd(II)/Pb(II) and thoseR5 repressors that sense Zn(II)/Co(II). Our results
reveal that theR3N site in AztR mediates derepression of theaztoperon in the presence of Zn(II), as well
as Cd(II) and Pb(II); this might have providedAnabaenawith an evolutionary advantage to adapt to
heavy-metal-rich environments, while maintaining homeostasis of an essential metal ion, Zn(II).

Zinc is one of the most important biologically essential
trace elements in all kingdoms of life. Zinc functions as a
cofactor in over 300 enzymes spanning all six classes of
enzymes that function in a wide variety of metabolic
processes (1-3). Genetic and structural studies over the past
decade have provided considerable insight into zinc homeo-
stasis in living cells. Just like other essential metal ions, zinc
homeostasis in cells is governed by two important processes.
Under conditions of limiting metal ion concentrations, the
uptake of essential metal ions from the environment and
transfer to cellular compartments for optimal metalloprotein
activity is induced, with the intracellular metal ion concentra-
tion maintained at an appropriate level through detoxification,
efflux, or sequestration of excess metal under metal-replete
conditions.

In Escherichia coli, Zn(II) homeostasis is under the control
of two metal-sensitive transcriptional regulators. These are
Zur, a Fur-family homologue, and ZntR, a Mer-family
activator, which control the transcription of genes encoding
the metallotransporters ZnuABC1 and ZntA, respectively, in
a zinc-regulated fashion (1, 4, 5). Similar zinc homeostasis

systems have been proposed to operate in a wide range of
microbial systems. ZntA, a member of the Zn(II)/Cd(II)/Pb-
(II)-transporting CPx-ATPase subgroup, belongs to a sub-
family of a large family of cation-transport membrane
proteins (CPx-ATPases) (6). Another subgroup of this
superfamily is Cu(I)/Ag(I)-transporting ATPases, which have
been found in both eukaryotes and bacteria (7, 8). The CPx-
type ATPases are characterized by a -CPx- sequence found
in the sixth transmembrane helix which is thought to function
as the major allosteric effector of ATPase activity and a metal
specificity determinant of each subfamily of ATPases (9).
The mechanism of metal recognition and metal specificity
in CPx-ATPases is still largely unknown. However, it is
known that Cu(I)/Ag(I)-responsive CPx-ATPases usually
have one to six “CxxC” metal-binding domains (MBDs) in
their cytosolic N-terminal domains, whereas all characterized
Zn(II)/Cd(II)/Pb(II)-transporting CPx-ATPases, such asE.
coli ZntA or Oscillatoria breVis Bxa1, possess just one MBD
domain or His-rich putative metal-binding domain (10-13).

Inspection of the full genomic sequence of the cyanobac-
teriumAnabaenaPCC 7120 reveals a putative zinc homeo-
stasis system similar to that ofE. coli (Figure 1). LikeE.

† This work was supported by grants from the National Institutes of
Health (GM042569) and the Robert A. Welch Foundation (A-1295) to
D.P.G.

* To whom correspondence should be addressed. E-mail: giedroc@
tamu.edu. Tel: 979-845-4231. Fax: 979-845-4946.

‡ Department of Biochemistry and Biophysics, Texas A&M Uni-
versity.

§ Department of Biology, Texas A&M University.

1 Abbreviations: ABC, ATP-binding cassette;azt, Anabaenazinc
transport;azu, Anabaenazinc uptake; mag-fura-2, 2-[6-[bis(carboxy-
methyl)amino]-5-(carboxymethoxy)-2-benzofuranyl]-5-oxazolecarboxy-
lic acid; MBD, metal-binding domain (based on the fold of the yeast
copper chaperone Atx1); O/P, operator/promoter; ONPG,o-nitrophenyl
â-D-galactopyranoside.

8673Biochemistry2005,44, 8673-8683

10.1021/bi050450+ CCC: $30.25 © 2005 American Chemical Society
Published on Web 05/27/2005



coli, this system appears to consist of a single CPx-ATPase
(alr7622, denotedaztA1 here) and a putative ZnuABC
homologue ABC transporter (all0833, all0832, and all0831,
termed AzuABC1 here). In striking contrast toE. coli, there
are no ZntR or Zur homologues in close proximity to those
genes. Instead, two ArsR/SmtB family repressors are found
just upstream of the gene encoding AztA1 (all7621) and
between open reading frames (ORFs), all0830 and all0832
(alr0831), respectively.

The ArsR/SmtB family of transcriptional repressors are
homodimeric, winged helix DNA binding proteins that
repress the expression of their respective operon and induce
derepression by binding specific metal ions. ArsR/SmtB
proteins usually harbor one or both of two structurally distinct
metal-binding sites, designatedR3N andR5, each of which
contain three or four conserved metal ligands (Figure 1) (14).
TheR5 site-mediated mechanism of regulation of operator/
promoter binding by Zn(II) in zinc sensorsStaphylococcus
aureusCzrA andSynechoccocusSmtB is well understood
structurally and depends critically on a key metal-liganding
histidine that corresponds to His97 in CzrA and His117 in

SmtB (16). In contrast to zinc sensors CzrA and SmtB,
CadCs encoded byS. aureusplasmid pI258 andListeria
monocytogenesutilize a distinct thiolate-rich metal-sensing
site termedR3N to metalloregulate the expression of a Cd-
(II)/Pb(II) efflux pump, CadA (17) (Figure 1). How metal
ions driveR3N site-mediated negative regulation of DNA
binding remains unknown.

As a first step in the characterization of the zinc homeo-
stasis system inAnabaenaPCC 7120, we show here that
the aztARoperon is Zn(II)/Pb(II)/Cd(II)-inducible and that
AztR is a Zn(II)/Pb(II)/Cd(II)-responsive metalloregulator.
AztR utilizes the R3N metal-binding site to sense both
essential Zn(II) and toxic Pb(II)/Cd(II) ions. The cobalt and
cadmium optical spectra and the113Cd NMR spectrum
suggest that theR3N metal-binding site in AztR is a
tetrahedral S3(N,O) metal site that is distinct from other
CadC-like Cd(II)/Pb(II) R3N and R5 sensor N3O sites
specific for Zn(II)/Co(II). AztA is a Zn(II)-translocating CPx-
ATPase, which is induced by Zn(II)/Cd(II)/Pb(II) and confers
significant resistance to Zn(II) and Pb(II) salts but limited
tolerance to Cd(II) salts in vivo. Our results suggest that the

FIGURE 1: The chromosomally encoded Zn(II)/Pb(II)/Cd(II)-responsiveazt operon AztA/R in AnabaenaPCC 7120. (A) Schematic
representation of the operon. (B) Sequence alignment of AztR with other ArsR/SmtB family metalloregulatory transcriptional repressors.
The proposed metal-binding ligands in theR3N site and theR5 site are denoted above the secondary structure assignment derived from
crystallographic studies of CzrA and SmtB (16). (C) Sequence alignment of two metal-binding domain (MBD)/His-rich domains in the
N-terminal region of AztA with analogous domains associated with two CPx-ATPases and two Cu(I) chaperones. The sequences above are
the first and second N-terminal repeats of AztA inAnabaenaPCC 7120, Zn(II) transporting CPx-ATPase (ZntA) fromE. coli, Bacillus
subtilisCu(I) transporting CPx-ATPase CopA (10PZA),Saccharomyces cereVisiaeCu(I) chaperone Atx1, andB. subtilisCu(I) chaperone
CopZ. Potential metal-binding residues Glu (colored green), Asp (purple), His (blue), and Cys (red) are color-coded according to residue
type in panels B and C.
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particular structural characteristics of the AztRR3N site,
relative to previously characterizedR3N andR5 sites, are
ideally suited to effect metalloregulation by Zn(II) as well
as the larger more thiophilic metal ions Cd(II) and Pb(II).
This characteristic may have endowedAnabaenawith an
evolutionary advantage by allowing it to adapt to heavy-
metal-rich environments.

MATERIALS AND METHODS

Cell Culture and DNA Manipulations. AnabaenaPCC
7120 was grown in BG-11 medium at 30°C with continuous
illumination from fluorescent lamps as described (20). LB
or minimal media was used to cultivateE. coli strains XL-1
blue, BL21(DE3), and GG48 (∆zitB::Cm zntA::Km) (21).
For metal tolerance experiments, theaztR gene, theaztA
gene, or the entireaztARoperon was amplified from genomic
DNA of AnabaenaPCC 7120. The resulting PCR fragments
were cloned into the pET3a (Novagen) usingNdeI andEcoRI
sites to create pETAztR and pETAztA.BglII andEcoRI sites
were used for construction of the pETAztR/A plasmid which
includes the entireaztARoperon. A PCR-based quick-change
method was employed for substitution of Cys74 to Ser using
pETAztR as a template (designated pETAztR-C74S). For
the AztR-LacZ fusion construct, a 593 bp sequence upstream
of AztA, which includesaztRand the entireaztA/Roperator-
promoter region, was amplified by PCR and fused to a
promoterlesslacZgene in pBlue-TOPO vector (Invitrogen),
with the resulting plasmid (TOPO-aztO/P) transformed into
TOP10 cells after being confirmed by DNA sequencing.
Genomic DNA and total RNA were isolated fromAnabaena
strain PCC 7120 as described previously (22). Metal salt
solutions were prepared by the addition of 1.0 M Zn(II),
Cd(II), Pb(II), Co(II), Ni(II), Cu(II), and Ag(I) stock solu-
tions, with the concentrations determined by atomic absorp-
tion spectroscopy. Note that although Cu salts were added
to growth media as copper(II) sulfate, the form of the metal
inside cells is likely to be Cu(I) as indicated.

Real Time QuantitatiVe RT-PCR (rQRT-PCR). Anabaena
strain PCC 7120 was grown in BG-11 medium at 30°C for
about 7 days until the optical density reached≈0.5 (OD750),
after which time metal salts [ZnSO4, CdCl2, Pb(OAc)2,
CoCl2, NiCl2, CuCl2, and AgNO3] were added into growing
cultures at the indicated concentrations. After incubation for
2 h, cells were collected by centrifugation and then used for
RNA isolation. The absolute amount ofaztRor aztAmRNAs
induced by metal ions was quantified by rQRT-PCR using
an external standard as described before (23). Quantitative
RT-PCR was performed with Gene amp 7900HT, using the
One step Real time RT-PCR kit (Qiagen). Total RNA (10
ng) was used in each reaction. RNase P subunit B (rnpB)
mRNA was employed as a positive control in all samples.
The integrity of amplification of target fragments was
confirmed by melting curve analysis of PCR products and
DNA sequencing.

â-Galactosidase Assays. E. coli GG48 cell cultures
transformed with TOPO-aztO/P were grown at 30°C
overnight in 10 mL of minimal medium supplemented with
50 µg/mL ampicillin. Five microliters of each overnight
culture was inoculated into 10 mL of fresh minimal medium.
After incubation for 3 h (OD600 ≈ 0.4), the indicated total
concentration of metal ion was added to the cultures, and

the cells were harvested 5 h later.â-Galactosidase activity
was determined witho-nitrophenyl â-D-galactopyranoside
(ONPG) as the substrate using aâ-galactosidase assay kit
(Invitrogen).

Metal SensitiVity Assays.The pETAzt and pET3a plasmids
were transformed intoE. coli strain GG48 with the trans-
formants cultivated overnight at 37°C in LB medium
supplemented with 100µg/mL ampicillin. Cultures were then
diluted 1:50 into 10 mL of fresh LB media supplemented
with the indicated concentration of heavy metal salts. The
optical density of the resulting cultures was determined at
600 nm after incubation for 8 h.

Protein Purification. Wild-type and C74S AztR were
expressed inE. coli BL21 transformed with pETAztR and
pETAztR_C74S. After 4 h of induction, the cells were
harvested, and AztRs were purified using a modified
procedure based on that described before for SmtB (24).
Following cation-exchange HPLC, size-exclusion chroma-
tography, and anion-exchange HPLC on an Akta-10 purifier,
the purified AztRs were dialyzed against 3 L of buffer S
(10 mM HEPES, 0.4 M NaCl, pH 7.0) in an anaerobic
Vacuum Atmospheres glovebox. Final protein purity was
determined to beg95% by Coomassie-stained 18% Tricine-
SDS-PAGE gels. The concentration of AztR was deter-
mined using absorbance at 280 nm, with molar extinction
coefficients ofεAztR ) 7950 M-1‚cm-1 andεAztRC74S) 7825
M-1‚cm-1 at 280 nm determined by amino acid analysis
carried out by the Texas A&M University Protein Chemistry
Laboratory. The number of free thiols in AztRs was
determined by using an anaerobic DTNB colorimetric assay
as described (24). Typical preparations of wild-type AztR
have 3.8 free thiols (4 expected), with 2.7 (3 expected)
obtained for the C74S AztR.

Electrophoretic Mobility Shift Assays (EMSAs).A 200 bp
region between AztR and AztA ORFs was divided into five
overlapping DNA fragments of 80 bp to create EMSA probes
F1-F5 (see Figure 3), with about 50 bp overlapping on either
end. The 3′-end of each DNA fragment was labeled with
digoxigenin (DiG) using the DiG-Gel shift kit (Roche
Applied Science) with the EMSA assay carried out as
described previously (22). The DiG-labeled DNA and AztR
monomer concentrations used in this experiment were 1.0
nM and 0.67µM, respectively.

In Vitro Metal-Binding Experiments.Metal ion-binding
experiments for Co(II), Cd(II), and Pb(II) were carried out
anaerobically at 25°C in a Hewlett-Packard model 8452A
exactly as described previously (18, 24). For Co(II) titrations,
a monomer concentration range of 95-120 µM was used;
for the Cd(II) and Pb(II) titrations, 40-60 µM protein was
used. Buffer H (10 mM Bis-Tris, 0.4 M NaCl, pH 7.0) was
employed for Pb(II) titrations, and buffer S was used for
other metal ions. The absorption spectrum for each trial was
measured before and following each aliquot of metal ion
solution. The titration curves were generated by subtraction
of the initial spectrum (apoprotein) from subsequent ones
and corrected for dilution and background subtraction as
described previously. All binding curves were fit with a two-
step metal-binding model assuming a nondissociable AztR
homodimer, withKM1 and KM2 resolved from these fits.
Anaerobic mag-fura-2 experiments were carried out exactly
as described previously (16, 25) using a known concentration
of apoprotein (20-50 µM) and mag-fura-2 (Molecular
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Probes; also known as Furaptra, tetrapotassium salt) (16-
18 µM) in buffer S. Following eachith addition of Zn(II),
the spectra were collected from 240 to 900 nm, and the
corrected absorbance at 366 and 325 nm was monitored and
plotted as a function of total Zn(II) concentration. The metal
concentration was checked by atomic absorption spectros-
copy for each titration. The resulting binding curves at 366
and 325 nm were subjected to a simultaneous nonlinear least-
squares fit to a simple competition model as described
previously (25).

113Cd NMR Spectroscopy. 113CdCl2 (1.0 molar equiv) was
added to the wild-type AztR sample which has been dialyzed
against a deuterated HEPES buffer (5 mM Hepes-d18, 0.35
M NaCl, 10% D2O, pH 7.0) in the anaerobic glovebox. The
resulting113Cd-substituted AztR was concentrated to≈750
µM and then loaded anaerobically into a 10 mm (o.d.) NMR
tube for NMR spectroscopy essentially as described previ-
ously (18). The113Cd NMR resonance frequency of AztR is
reported relative to 0.1 M Cd(ClO4)2 acquired under the same
solution conditions.

RESULTS

An analysis of the deduced amino acid sequence of the
alr7622 ORF in the genome ofAnabaenasp. strain PCC
7120 reveals that this gene encodes a putative CPx-ATPase,
which we denote AztA. Hydropathy plot analysis predicts
that AztA possesses eight transmembrane domains, as well
as two soluble N-terminal metal-binding domains (MBDs)
predicted to face the cytosol (data not shown). The amino
acid sequence C-terminal to the N-terminal metal-binding
domain in AztA exhibits a high percentage of sequence
identity with known Zn(II)-transporting CPx-ATPases found
in other cyanobacteria including Bxa1 (61%) (23) and ZiaA
(59%) (26); this similarity is even higher in the eight putative
transmembrane domains and the conserved motifs in all CPx-
ATPases. Due to these similarities, these domains have been
proposed to be important in metal ion transporting specificity
(27). The high degree of sequence identity suggests that the
function of AztA in Anabaenamight be similar to other
divalent transporting CPx-ATPases. However, AztA pos-
sesses two -DCxxC- metal-binding domains, each of which
is followed by a His-rich motif (Figure 1C). A single DCxxC
Atx1-like domain has been structurally characterized by
NMR spectroscopy in ZntA, with Asp immediately preceding
the first Cys thought to directly coordinate the metal ion and
confer selectivity for Zn(II) over other cations (12). Up to
this point, multiple CXXC metal-binding sites have been
found only in the Cu(I)/Ag(I) translocating CPx-ATPases
(28, 29), while a His-rich domain has been found in a range
of Zn(II)/Cd(II) CPx-ATPases (13, 30). These characteristics
make AztA distinct from other Cu(I) or Zn(II) transporting
CPx-ATPases found thus far (Figure 1C) (12, 29, 31, 32).

AztR shares a high degree of amino acid sequence
similarity with other cyanobacterial Zn(II) repressors includ-
ing the regulators of the expression of ZiaA and Bxa1, ZiaR
(78%) and BxmR (73%), respectively, as well as SmtB
(67%), the regulator of thesmt operon inSynechococcus.
However, AztR lacks the conserved ligands in the previously
characterized zinc-sensingR5 site, in particular, that corre-
sponding to His117 in SmtB and His97 in CzrA (16). In
contrast, AztR conserves all three key ligands in theR3N

site, making it more similar to the Cd(II)/Pb(II)-regulated
repressor,L. monocytogenesCadC (17).

Zn(II), Pb(II), and Cd(II) Upregulate the Expression of
aztA/R in Anabaena PCC 7120.The in vivoaztA/Rexpres-
sion induced by divalent or monovalent metal ions was
quantified using a real time RT-PCR assay. The expression
of both AztR (Figure 2A) and AztA (Figure 2B) is induced
≈2-3-fold upon addition of micromolar amounts of Zn(II)
to the growth culture [Zn(II) is 0.7µM in the culture media].
This expression was stable over a wide range of Zn(II)
concentrations (Figure 2A), even when the Zn(II) concentra-
tion was raised to 20µM or more (data not shown). As
anticipated, Cd(II) and Pb(II) are also inducers of AztR and
AztA expression, with 0.2µM Cd(II) capable of inducing
aztAmaximally (Figure 2). There is no significant induction
of AztA and AztR expression by other divalent [Co(II), Ni-
(II)] or monovalent [Cu(I) and Ag(I)] metal ions over the

FIGURE 2: Quantification of the transcription of the genes encoding
AztR (A) and AztA (B) in response to the indicated concentrations
of metal ions inAnabaenaPCC 7120 cultures. PregrowthAnabaena
PCC 7120 cells were treated with Zn(II), Pb(II), Cd(II), Co(II),
Ni(II), Cu(II), and Ag(I) heavy metal ions for 2 h at theindicated
concentration. Note that Cu was added as copper(II) sulfate to the
media at the indicated concentration and is assumed to be Cu(I) in
cells, and the background level of Zn(II) in the growth media is
0.7 µM. The absolute amount of mRNA was calculated from an
external standard as described in Materials and Methods.
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same concentration range (Figure 2A). SinceaztRandaztA
expression is induced by the same spectrum of metals in a
largely parallel fashion, we conclude that theaztR/Aoperon
is a Zn(II)/Pb(II)/Cd(II)-specific responsive operon and AztR
and AztA are cotranscribed.

Identification of AztR-DNA Binding Sites in the azt
Operator/Promoter.Previous reports suggest that ArsR/SmtB
regulators bind to the operator/promoter regions of the operon
they regulate (14). We therefore hypothesized that this would
also be the case for theaztoperon. If this is indeed the case,
the 182 bp region between theaztRandaztAgenes should
contain the regulatory DNA binding site(s) for AztR. Thus,
gel mobility shift assays were employed to map the AztR
DNA binding site using five overlapping 80 bp fragments
derived from the putativeazt promoter/operator region
(Figure 3). As shown in Figure 3A, a gel mobility shift
experiment identified two fragments, F4 and F5, that were
capable of forming a single complex with slightly different
mobilities with AztR; this suggested that a 50 bp overlapping
region shared by these two fragments contains the primary
sequence for the DNA-AztR interaction. Analysis of this
overlapping fragment shows that it contained a 12-2-12
inverted repeat which is similar to those found insmt, zia,
andbxmR/bmtAoperons (22, 26) (Figure 3C). In addition,
given that the inverted repeat is offset in F4 vs F5 relative
to the ends of the oligonucleotide and distinct mobilities
result, AztR likely significantly bends the DNA. It is

noticeable that F1 and F2 fragments also contain an overlap-
ping imperfect inverted repeat (Figure 3C) that had been
predicted previously to function as a protein-DNA binding
site for AztR (22); however, these experiments reveal this
is not the case, probably due to two bp substitutions in the
downstream 5′-TGAA sequence (Figure 3C). The data reveal
that there is only one AztR binding site in theaztoperator/
promoter, which agrees with the in vivo expression studies
that suggest that AztA and AztR are cotranscribed.

Experiments designed to investigate the negative regulation
of azt O/P binding effected by inducing metal ions were
carried out by measuring a change in the fluorescence
anisotropy of a 42 bp fluorescein-labeledazt O/P fragment
upon AztR binding (bps 463-504; see Figure 3B) (18, 33,
34). These experiments reveal that a significant decrease in
AztR-DNA binding affinity is achieved when AztR-Zn-
(II), AztR-Cd(II), or AztR-Pb(II) complexes are titrated
into free DNA, as previously found for other ArsR/SmtB
sensors (data not shown). These data are consistent with the
finding that Zn(II), Cd(II), and Pb(II) are all negative
regulators ofazt operon binding by AztR.

The AztA/R Operon Functions as a Zn(II)/Pb(II) Resistance
Determinant in E. coli. The results of the AztR-DNA
binding experiments are in full agreement with the in vivo
metal inducibility experiments. To confirm that AztR is the
only regulator for theaztA/Roperon in vivo, a sequence

FIGURE 3: In vitro analysis of AztR binding ability to the operator/promoter region of the AztA/R operon. (A) Mapping the AztR/DNA
binding fragment in the operator/promoter region of theazt operon. Lanes 1-5 and lanes 6-10 contained 1 nM free Dig-labeled DNA
fragments F1 to F5 (sequences shown in panel B), respectively, in 15µL reactions. Lanes 6-10 contained 0.67µM purified wild-type
apo-AztR. Lane 11 shows the same binding reaction as in lane 10 except for addition of a 100-fold excess of unlabeled F5. (B) Summary
of the individual 80 bp Dig-labeled DNA fragments in theaztR/Aoperon. The sequences of fragments F4 and F5 are also given, with bold
letters indicating the central part of a 12-2-12 inverted repeat in fragments F4 and F5. (C) The 12-2-12 inverted repeat sequences derived
from theaztA/RF1/F2 fragment,bxa1, zia, andsmtoperator/promoter regions compared to the AztR binding site inaztA/RF4/F5.
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including theaztRgene and the operator/promoter region
derived from the region immediately upstream of theaztA
gene (see Figure 3) was cloned and fused to a promoterless
lacZ gene, andlacZ expression in the presence and absence
of metal ions was determined. Addition of Zn(II), Cd(II),
and Pb(II) in growth media all result in significant transcrip-
tional induction of lacZ gene expression, whereas other
divalent or monovalent metal ions do not (Figure 4). These
experiments confirm that theaztRAoperator/promoter region
and AztR itself are necessary and sufficient to confer Zn-
(II)/Pb(II)/Cd(II) responsiveness to a heterologous reporter
gene and further suggest that theaztRAoperon could be
regulated inE. coli by the same panel of metal ions.

To test this, the entireaztRAoperon was cloned into pET3a
(pAztR/A) and transferred into Zn(II)/Cd(II)-hypersensitive
E. coli strain GG48 (∆zitB::Cm zntA::Km) (21). The
expectation was that if AztA indeed functions as a Zn(II)/
Pb(II)/Cd(II) efflux pump, significant metal resistance could
be conferred onE. coli GG48. Under these conditions, 200
and 1000µM total Zn(II) is sufficient to completely inhibit
the growth ofE. coli GG48 and wild-typeE. coli, respec-
tively (Figure 5A). Introduction ofaztR/Ainto E. coli strain
GG48 confers significant Zn(II) resistance, up to 800µM
Zn(II) (Figure 5A), an extent similar to that previously
achieved withRalstonia metalliduransZntA under the same
conditions [to 900µM Zn(II)] ( 35). As expected, the addition
of Pb(II) salts to pAztR/A-transformed GG48 also leads to
significant Pb(II) resistance as well (Figure 5B).

In contrast to Zn(II) and Pb(II), the addition of Cd(II) to
the media only confers marginal Cd(II) resistance in Zn(II)/
Cd(II)-hypersensitiveE. coli GG48, with complete growth
inhibition occurring at 30µM total Cd(II), relative to 10µM
in the vector-transformed control cells (Figure 5C). Note that
wild-type E. coli W3100 can grow in Cd(II) concentrations
as high as 700µM, and transformation of GG48 withR.
metalliduransCadA, a Cd(II)/Pb(II)-specific efflux pump,
gives significantly greater Cd(II) resistance, up to 400µM

(35). These results suggest that while Cd(II) is a significant
inducer of theazt operon in bothAnabaenasp. (Figure 2)
andE. coli (Figure 4), Cd(II) may not be an efficient substrate
for AztA, consistent with our previous findings thatAna-
baenahas very low Cd(II) resistance (23). As expected from
the metal inducibility profiles, there are no significant
changes in Cu(I) and Ag(I) resistance in pAztR/A-trans-
formed GG48 relative to vector-transformed control cells
(data not shown). Taken together, these data show that the
aztRAoperon complements a∆zntAknockoutE. coli strain,
consistent with the idea that, like ZntA inE. coli, the azt
operon is involved in Zn(II) homeostasis inAnabaenasp.
strain PCC 7120 by effluxing Zn(II) across the plasma
membrane.

Metal-Binding Properties of Anabaena AztR.The in vivo
induction experiments make the prediction that AztR would
bind Zn(II), Cd(II), and Pb(II) directly in order to effect

FIGURE 4: Induction of expression of theaztR-lacZfusion by heavy
metal ions inE. coli. The metals and concentrations are indicated
[note that the indicated Pb(II) concentrations may be overestimated
due to some precipitation of lead(II) phosphate salts in the media;
note also the Cu was added as copper(I) sulfate]. The relative
ONDG activity was generated by comparing theâ-galactosidase
activity before and after exposure to metal ions. The mean and
standard deviation generated from at least three independent
experiments are shown.

FIGURE 5: Introduction of theazt operon into Zn(II)/Cd(II)-
hypersensitiveE. coli GG48 confers significant resistance to Zn-
(II)/Pb(II) toxicity but limited resistance to Cd(II) salts. (A) Zn(II)
resistance, (B) Pb(II) resistance, and (C) Cd(II) resistance, all at
the indicated concentrations added [note that the Pb(II) concentra-
tions indicated may be overestimated due to some precipitation of
lead(II) phosphate salts in the growth media]. Representative data
derived from measurements made in triplicate are shown forE.
coli strain GG48 (∆zntA ∆zitB) transformed with the pET3a vector
(open circles), pETAztR/A (filled squares), and pETAztR/A_C74S
AztR (filled triangles). Also shown are data obtained for the wild-
type E. coli control (open squares).
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metalloregulation of theazt operon in vivo. The mode of
Zn(II) binding by AztR is of particular interest because AztR
does not harbor anR5-sensing site as mentioned (Figure 1B)
(34); in contrast, sequence analysis suggests that AztR
contains a CadC-likeR3N site, with the residue correspond-
ing to Cys11 inS. aureuspI258 CadC perhaps replaced by
a His residue (His24 or His27); His24 in AztR is analogous
to His18 inSynechococcusSmtB that has been postulated
to donate a ligand to theR3N site in that protein (16, 25).
We note, however, that Cys11 is a weakly associated ligand
to the Cd(II) ion in CadC and is excluded altogether from
the trigonal-pyramidal Pb(II) complex (17, 36) and is not
required for metalloregulation in vitro (17) or in vivo (37).

(A) Zn(II) Binding to AztR.Zn(II) is spectroscopically
silent, making it difficult to directly monitor Zn(II) binding
to AztR. Therefore, the indicator dye mag-fura-2 was mixed
with purified AztR and titrated with zinc in an anaerobic
environment in order to determine stoichiometry and affinity
of Zn(II) binding to AztR via a simple competition assay.
Mag-fura-2 forms a 1:1 complex with Zn(II) with aKZn of
5.0 × 107 M-1(38), which results in a significant shift in
the absorption maximum from 366 to 325 nm. As shown in
Figure 6 (open symbols), Zn(II) does indeed bind to AztR
with the expected stoichiometry of 2 Zn(II) per AztR
homodimer; however, their affinities are vastly different. The
first equivalent of Zn(II) added binds to AztR with an affinity
far greater than mag-fura-2 (KZn1 . 1010 M-1) since there is
no competition with the indicator dye up to 1 mol dimer
equiv of Zn(II) (40µM). After this point, the remaining Zn-
(II) site on the AztR homodimer and mag-fura-2 have similar
affinities, with complete saturation of mag-fura-2 occurring
upon addition of≈38 µM more Zn(II) [58µM total Zn(II)],
which equals the sum of the concentrations of remaining
monomer sites (20µM) and maga-fura-2 (18.0µM). The
solid curve through the data to a stepwise Zn(II)-binding
model givesKZn2 ) 2.3 × 107 M-1. This is consistent with
strong negative homotropic cooperativity, which has been
also observed in other ArsR/SmtB regulators (16).

As expected, mutagenesis of the proposedR3N ligand
Cys74 to serine reduces the affinity of both Zn(II)-binding
sites on AztR to affinity far less that mag-fura-2 since C74S
AztR is a poor competitor with mag-fura-2 for Zn((II) (Figure
6, filled symbols). The solid line returnsKZn , 5.0 × 105

M-1, an upper limit under these conditions. Cys74 corre-
sponds to the most important functional thiolate ligand in
the Cd(II)/Pb(II)-sensingR3N site of CadCs (17). Consistent
with these in vitro data, transformation ofE. coli GG48 with
the pAztR/A encoding mutant C74S AztR confers little Zn-
(II) resistance above that of vector-transformed control cells
(Figure 5A), revealing that this proposedR3N metal site in
AztR is the sole functional metal-sensing site in vivo.

(B) Co(II) Binding to AztR.Although in vivo studies show
that Co(II) is not a strong inducer of theaztARoperon, the
UV-visible absorption spectrum of the Co(II)-substituted
AztR provides an excellent tool to determine the coordination
sphere for Zn(II) in vitro (39). The UV-visible absorption
spectral profile of Co(II)-substituted AztR (Figure 7A)
reveals intense absorption in the near-ultraviolet (320 nm),
which reports on contributions from the S- f Co(II) LMCT
transitions, and therefore is indicative of cysteine coordina-
tion (39); in the low-energy region, three well-resolved
absorption bands positioned at 595, 655, and 755 nm are
assignable to theγ3[4A2 f 4T1(P)] d-d electronic transition
envelope characteristic of tetrahedral or distorted tetrahedral

FIGURE 6: Anaerobic titration of Zn(II) into a mixture of mag-
fura-2 and purified wild-type AztR (open symbols) or C74S AztR
(filled symbols). Conditions: 10 mM HEPES, 0.4 M NaCl, pH
7.0, 40µM monomer AztR or C74S AztR, and 16.7µM mag-fura-
2. Absorbance was at 366 nm (9, 0) and 325 nm (b, O). The
solid line represents a simultaneous, nonlinear, least-squares fitting
curve generated by Dynafit to a two-step sequential binding model.
See text for details.

FIGURE 7: Optical absorption spectra of Co(II)-saturated AztR. (A)
Co(II)-saturated AztR (solid line), Co(II)-saturatedR3N site ofS.
aureuspI258 CadC (large dashed line) (17), and Co(II)-substituted
R3N site of SynechococcusSmtB (dashed line) (25). (B) Co(II)
binding isotherm generated from an anaerobic titration of Co(II)
to wild-type AztR. The isotherm was plotted asε650 vs [Co(II)]/
total AztR monomer. The solid line represents a simultaneous,
nonlinear, least-squares fitting curve generated by Dynafit withKCo1
g 1.9 × 107 M-1 andKCo2 ) 4.5 × 105 M-1. The value forKCo1
represents a lower limit given the high protein concentration used
in this experiment. Inset: Zn(II) displacement titration of Co(II)-
saturated AztR. Solution conditions: 10 mM HEPES, 0.4 M NaCl,
pH 7.0, and 145µM AztR. The isotherm was plotted asε650 vs
[Zn(II)]/total AztR monomer. The solid line has no physical
meaning and is indicative of essentially stoichiometric displacement
of Co(II) by added Zn(II).
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metal coordination geometry (40). Although the spectra of
Co(II)-saturated AztR is quite similar to two tetrahedral,
tetrathiolate Co(II) coordination profiles published previously
(39, 41), the d-d ligand field envelope is moved to the blue
relative to the highly distorted S4 R3N of CadCs (17) and to
the red when compared to the proposed S2NO R3N complex
in SmtB (Figure 7A) (24). In addition, the spectrum of the
R3N metal complex of Co(II)-substituted ZiaR closely
matches that of Co(II)-substituted AztR (14); ZiaR contains
a His residue analogous to His27 in AztR. Since increasing
cysteine thiolate coordination typically moves the d-d ligand
field absorption envelope to lower energy, the absorption
spectrum of Co(II)-AztR is most consistent with an S3(N/
O) first coordination shell, provided of course that the
coordination geometries are largely similar in the comparison
set (42). As expected from the Zn(II) binding studies above
(Figure 6), Co(II)-substituted C74S AztR results in a loss of
Co(II) binding to theR3N site (data not shown).

Co(II) binds to AztR with a molar ratio of 2 Co(II) to 1
AztR dimer (Figure 7B). However, as found for Zn(II)
(Figure 6), the affinity of the first Co(II) is higher than the
second with the continuous line through the data fit to a
stepwise Co(II)-binding model, defined byKCo1 > 1.9× 107

M-1 andKCo2 ≈ 4.5× 105 M-1. As expected, Zn(II) titrated
into a Co(II)-saturated AztR leads to a significant bleaching
of the absorption spectrum of Co(II)-AztR (Figure 7B, inset);
this reveals that Zn(II) and Co(II) occupy the same tetrahedral
metal-binding site.

(C) Cd(II) Binding to AztR.UV-visible absorption spectra
of wild-type apo-AztR titrated with Cd(II) (Figure 8, inset)
show that formation of a Cd(II)-AztR complex results in a
strong absorption at≈237 nm. This intense absorption is
attributable to S- -Cd(II) ligand-to-metal charge transfer
transitions withε240 ≈ 5500-6000 M-1‚cm-1 per Cd-S
bond (17, 43). Shown in Figure 8 are corrected absorption

spectra at 240 nm plotted as a function of Cd(II)/AztRdimer

molar ratio. Consistent with Zn(II) and Co(II) titration results,
AztR binds to Cd(II) with a stoichiometry of≈2 Cd(II) per
AztR homodimer; however, the molar absorptivities and
affinities of the two bound Cd(II) ions are not equivalent.
The solid curve through the experimental data, which reflects
a nonlinear least-squares fit to a two-step sequential metal-
binding model (as carried out above), clearly shows this. The
molar absorptivity for the first bound Cd(II) is 17000
M-1‚cm-1 (Figure 8), consistent with≈3 cysteine thiolate-
Cd(II) coordination bonds in theR3N metal in AztR; in
contrast, the second Cd(II) ion binds with strong negative
cooperativity and a lower apparent molar absorptivity than
the first Cd(II) ion. As expected, the molar absorptivity of
the Cd(II) complex decreases to≈5000 M-1‚cm-1 in C74S
AztR (data not shown).

The113Cd(II) NMR spectrum of113Cd(II)-substituted AztR
is compatible with the optical absorption spectra of Cd(II)-
and Co(II)-substituted AztR (Figure 9).113Cd(II)-substituted
AztR is characterized by a single113Cd(II) resonance
positioned at 609 ppm, as anticipated for a tetrahedral S3-
(N/O) cadmium complex (44-46). It is interesting to note
that this resonance is slightly upfield of the unusual, highly
distorted S4 S. aureuspI258 CadC complex (δ ) 622 ppm)
(18) and downfield of the putative S3O complex that
characterizes C11GS. aureuspI258 CadC (δ ) 590 ppm)
(17); the simplest interpretation of these data is that one of
the two His in the N-terminal region of AztR (His24 or
His27; Figure 1B) donates a ligand to the Cd(II) ion.

(D) Pb(II) Binding to AztR. The Pb(II) absorption spectra
of Pb(II)-substituted AztR and C74S AztR are shown in
Figure 10. Two intense S- f Pb(II) LMCT or Pb(II) f S-

MLCT are observed. This spectrum is essentially identical
to the Pb-S3 and Pb-S3 complexes of wild-typeS. aureus
pI258 CadC and HIV-CCHC zinc-binding domain (17, 47),
fully consistent with the trigonal-pyramidal complex formed
by three thiolate ligands. Pb(II)-AztR binding isotherms
appear to saturate at approximately 1 molar equiv of Pb(II)
to 1 AztR homodimer, consistent with negative cooperativity
of Pb(II) binding as well. As expected, substitution of Cys74
with Ser destroys the trigonal-pyramidal complex, with only
apoprotein absorption observed in the ultraviolet region
(Figure 10).

FIGURE 8: Anaerobic Cd(II)-AztR binding isotherm generated
from optical spectra of AztR obtained on increasing concentrations
of Cd(II). The plot was generated fromε237 vs total [Cd(II)]/total
AztR homodimer ratio. The solid line represents a nonlinear, least-
squares fitting curve generated by Dynafit withKCd1 . 2.0 × 107

M-1 andKCd2 ) 1.4× 102 M-1. KCd1 represents a lower limit given
the high protein concentration used, whileKCd2 is likely meaningless
and simply reflects the fact that the second Cd(II) ion binds weakly
with an altered molar absorptivity. See text for details. Inset:
Corrected [Cd(II)-bound AztR- apo-AztR] optical spectrum of
Cd(II)-saturated wild-type AztR. Solution conditions: 10 mM
HEPES, 0.4 M NaCl, pH 7.0, and 45.7µM AztR.

FIGURE 9: 113Cd NMR spectroscopy of113Cd-substituted AztR wild-
type protein. The chemical shift is reported relative to 0.1 M Cd-
(ClO4)2. Conditions: 5 mM HEPES-d18, 0.35 M NaCl, and 10%
H2O at pH 7.0 and 25°C.
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DISCUSSION

In this paper, we report the identification and characteriza-
tion of a novel Zn(II)/Pb(II)/Cd(II) efflux operon from
AnabaenaPCC 7120. This operon consists of a heavy-metal
transporting CPx-ATPase designated AztA and an ArsR/
SmtB family repressor designated AztR. The transmembrane
domain of AztA shares high identity with other well-
characterized Zn(II)-transporting CPx-ATPases (13, 26). The
metal-sensing repressor AztR shares high sequence similarity
with SmtB-like zinc-sensing repressors found in other
cyanobacteria, includingSynechococcusSmtB (48), Syn-
echocystisZiaR (26), andO. breVis BxmR (22). However,
AztR differs from these in one major way: it lacks theR5
zinc-specific binding site that is required for allosteric
regulation of O/P binding by SmtB (33, 48) and ZiaR (26).
This makes AztR a closer structural and functional homo-
logue of the well-characterized Cd(II)/Pb(II)-sensing repres-
sor, CadC (Figure 1). On the other hand,SynechocystisZiaR
is capable of binding Zn(II) and Co(II) to bothR3N andR5
sites (14), and introduction of nonliganding mutations in one
or the other site appears to reduce metal-induced DNA
dissociation (26).

Zn(II), Cd(II), and Pb(II) are significant transcriptional
inducers of theaztoperon, both in the native hostAnabaena
(Figure 2) and inE. coli (Figure 4). Interestingly, the
induction of both AztR and AztA by Cd(II) and Pb(II) makes
this operon different from other zinc-inducible operons
including thezia, smt, andczr operons (15, 26, 49). Theazt
operon is also distinct from thecadoperon ofS. aureuspI258
since there is a significant induction by Zn(II) over a wide
concentration range (50, 51). Introducing a plasmid contain-
ing the entireazt operon to a Zn(II)/Cd(II)-hypersensitive
E. coli GG48 functionally restores zinc tolerance to near
wild-type E. coli 3100 levels but provides only moderate
Cd(II) tolerance in this system. These in vivo data reveal
that this Zn(II)/Pb(II)/Cd(II)-responsive operon functions as
an effluxing transporter with a preference for zinc in the host
Anabaena; however, Pb(II) and Cd(II) also induce theazt
operon.

The AztR metal-sensing chelate adopts a distorted tetra-
hedral geometry (Figure 7), and113Cd NMR and optical
absorption experiments are consistent with three cysteine
thiolate donor atoms, proposed to be Cys21 from the
N-terminal region and Cys72 and Cys74 (Figure 1B). Cys74
is clearly a critical metal ligand (Figures 5A and 10). The
fourth ligand to the tetrahedral chelate is not yet known, but
when compared with otherR3N metal-sensing sites, the
absorption spectrum of Co(II)-substituted AztR as well as
the 113Cd NMR chemical shift suggests that one of the two
His in the N-terminal region (His24 or His27) conserved
among ZiaR, SmtB, and BxmR provides the fourth ligand,
creating an S3N metal coordination complex. Attempts to
measure one-bond coupling between113Cd and15N imidazole
nitrogens in15N-labeled AztR (52) or three-bond coupling
from 113Cd to imidazole protons in unlabeled AztR (53) have
thus far been unsuccessful under solution conditions where
a subset of one-bond113Cd-15N couplings are observable
in the 113Cd-substituted CzrA homodimer of similar molec-
ular weight (A. Alphonse-Ignatius and D. Giedroc, unpub-
lished observations). This suggests that if His24 or His27 is
directly ligated to the Cd(II) ion,1JCd-N is smaller than in
theR5-sensing site of CzrA; however, even in that case, only
one of the three anticipated113Cd-15N couplings is readily
observed. In contrast to Zn(II), Cd(II), and Co(II), Pb(II)
probably adopts a tris-thiolato coordination complex (Figure
10) (17).

What makes AztR an apparently better sensor of Zn(II)
relative to CadCs? Although this is not known with certainty,
an N-terminally derived His (His24 or His27) in place of a
Cys in the first coordination shell to create a S3N vs S4

complex would likely make the relative affinities of Zn(II)
and Cd(II) more similar than different (54); this might enable
AztR to form more stable complexes with Zn(II) that
compete well with the abundance of low molecular weight
competitors in the cell. Alternatively, in the event of His-
Nε coordination, the His side chain can reach further than
Cys, particularly in a highly distorted metal complex; this
specific coordination bond might stabilize the chelate and
help to drive allosteric coupling in this system. We are
currently characterizing His substitution mutants of AztR,
with both liganding (i.e., Cys) and nonliganding substitutions
to test these ideas in vitro and in vivo. These studies will be
interesting because Cys11 in CadC (which we propose is
structurally analogous to His24 or His27 in AztR) is not
required for Cd(II) sensing in vivo (37) or in vitro (17, 36).

In all organisms, the detoxification of nonessential and
toxic heavy metal ions usually shares the same or similar
mechanisms of regulation, sequestration, and transport as
essential metal ions (55). SynechochoccusSmtB,S. aureus
CzrA, andMycobacterium tuberculosisNmtR are three ArsR/
SmtB family members that have evolved to sense biologically
required borderline metals including Zn(II), Zn(II)/Co(II),
and Ni(II)/Co(II), respectively, in their native hosts. The
metal-sensing sites in each of these systems are a pair of
symmetry-related interhelical, interprotomer metal chelates,
designatedR5, formed by a mixture of histidines and
carboxylates and devoid of cysteine residues (16, 25, 34,
56). This site likely resists distortion to accommodate larger
metal ions including Cd(II) and Pb(II) and is not well-
matched to coordinate these softer, more thiophilic metal
ions. In fact, recent studies suggest that the substitution of

FIGURE 10: Optical absorption spectrum of Pb(II)-saturated AztR
(solid line) compared to apo-AztR (dashed line). Inset: Pb(II)
binding isotherm generated from Pb(II) optical spectra plotted as
ε340 vs [Pb(II)]/total AztR monomer. The solid line represents a
nonlinear least-squares fitting curve generated by Dynafit to a
single-site binding model withKPb ) 1.4 × 106 M-1. Solution
conditions: 10 mM Bis-Tris, 0.4 M NaCl, pH 7.0, and 52.7µM
AztR.
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even one liganding residue with another non-native metal
ligand reducesKZn by g104-fold, thereby explaining the
extraordinary evolutionary pressure to conserve all fourR5
site metal ligands; thus it appears that this chelate may be
thermodynamically and functionally optimized for this panel
of biologically essential metal ions (M. Pennella and D.
Giedroc, submitted for publication).

In contrast, inR3N-based ArsR/SmtB sensors that have
been structurally characterized (16, 57), the N-terminal
domain in the apoprotein is unstructured. The implication is
that this cysteine-richR3N site near the periphery of the
homodimer readily accommodates ions of different ionic radii
and small changes in the coordination number and geometry,
e.g., Cd(II) vs Pb(II). Such a metal-sensing site might be
more amenable to evolutionary optimization, via ligand
substitution, e.g., Cys for a His, in moving from CadC to
AztR, that readily expands resistance to other toxic heavy
metal ions. Recent structural data on Cu(I)-sensing vs Zn-
(II)-sensing MerR family metal sensors (CueR and ZntR)
are consistent with this idea (58). In MerR proteins, a metal-
binding loop that bridges a small region of the dimer interface
has evolved to sense a wide range of thiophilic metals ions,
from Cu(I) to Zn(II), Cd(II), and Pb(II), with specificity
apparently largely achieved by changing the coordination
number and ligand set in each case (58, 59). A similar
argument has been made for Cu(I)- vs Zn(II)-specific metal-
binding domains found in copper(I) metallochaperones and
metal efflux pumps, with Cu(I) binding with the bis- or tris-
thiolate complex and Zn(II) forming complexes that recruit
a “harder” carboxylate ligand into the complex (12) (see
Figure 1C).

These studies withAnabaenaAztR establish that theR3N
metal site in ArsR/SmtB metal sensors is not confined to
sensing only toxic metal ions Cd(II) and Pb(II) but is fully
capable of sensing Zn(II) in non-native and native host
backgrounds. This characteristic of AztR may have endowed
Anabaenawith having an evolutionary advantage to adapt
to a broader range of heavy-metal environments by employ-
ing what is fundamentally a zinc-inducible efflux system to
achieve detoxification of extremely toxic Cd(II) and Pb(II)
ions that play no biological role. Our ongoing investigations
of the function and regulation of a companionR5 site
repressor, designated AzuR (alr0831; see Figure 1B), in
Anabaenawill provide us with additional insight into the
biological contributions that these two distinct metal-binding
sites play in what appears to be a simple zinc homeostasis
system.
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