Biochemistry2005,44, 8673-8683 8673
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ABSTRACT: A novel Zn(I1)/Pb(I1)/Cd(Il)-responsive operon that consists of genes encoding a Zn(ll)/Pb-
(I) CPx-ATPase efflux pumpaztAd) and a Zn(l1)/Cd(Il)/Pb(ll)-specific SmtB/ArsR family repressazt{R

has been identified and characterized from the cyanobactekineihaenaPCC 7120. In vivo real time
guantitative RT-PCR assays reveal that battRandaztAexpression are induced by divalent metal ions
Zn(ll), Cd(ll), and Pb(ll) but not by other divalent [Co(ll), Ni(ll)] or monovalent metal ions [Cu(l) and
Ag()]. The introduction of a plasmid containing treezt operon into a Zn(ll)/Cd(ll)-hypersensitive
Escherichiacoli strain GG48 functionally restores Zn(ll) and Pb(ll) resistance with a limited effect on
Cd(ll) resistance. Gel mobility shift assays aamdR 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, designatedotBB site, that binds zn(ll), Cd(ll), and Pb(ll)
with a high affinity. Optical absorption spectra of Co(ll)- and Cd(ll)-substituted AztR&i@d NMR
spectroscopy of'3Cd(l)-substituted AztR reveal that the s@@N site in AztR is a CadC-like distorted
tetrahedral §N,O) metal site. The first metal-coordination shell in the AztBN site differs from other
o3N family members that sense Cd(I1)/Pb(ll) and thoSerepressors that sense Zn(11)/Co(ll). Our results
reveal that thex3N site in AztR mediates derepression of #rmtoperon in the presence of Zn(ll), as well

as Cd(ll) and Pb(ll); this might have provideshabaenawith an evolutionary advantage to adapt to
heavy-metal-rich environments, while maintaining homeostasis of an essential metal ion, Zn(ll).

Zinc is one of the most important biologically essential systems have been proposed to operate in a wide range of
trace elements in all kingdoms of life. Zinc functions as a microbial systems. ZntA, a member of the Zn(I1)/Cd(11)/Pb-
cofactor in over 300 enzymes spanning all six classes of (ll)-transporting CPx-ATPase subgroup, belongs to a sub-
enzymes that function in a wide variety of metabolic family of a large family of cation-transport membrane
processesl(—3). Genetic and structural studies over the past proteins (CPx-ATPases)6). Another subgroup of this
decade have provided considerable insight into zinc homeo-superfamily is Cu(l)/Ag(l)-transporting ATPases, which have
stasis in living cells. Just like other essential metal ions, zinc been found in both eukaryotes and bacterie8). The CPx-
homeostasis in cells is governed by two important processestype ATPases are characterized by a -CPx- sequence found
Under conditions of limiting metal ion concentrations, the in the sixth transmembrane helix which is thought to function
uptake of essential metal ions from the environment and as the major allosteric effector of ATPase activity and a metal
transfer to cellular compartments for optimal metalloprotein specificity determinant of each subfamily of ATPasé} (
activity is induced, with the intracellular metal ion concentra- The mechanism of metal recognition and metal specificity
tion maintained at an appropriate level through detoxification, in CPx-ATPases is still largely unknown. However, it is
efflux, or sequestration of excess metal under metal-repleteknown that Cu(l)/Ag(l)-responsive CPx-ATPases usually
conditions. have one to six “CxxC" metal-binding domains (MBDs) in

In Escherichia coliZn(ll) homeostasis is under the control their cytosolic N-terminal domains, whereas all characterized
of two metal-sensitive transcriptional regulators. These are Zn(11)/Cd(11)/Pb(ll)-transporting CPx-ATPases, such B&s
Zur, a Fur-family homologue, and ZntR, a Mer-family coli ZntA or Oscillatoria brevis Bxal, possess just one MBD
activator, which control the transcription of genes encoding domain or His-rich putative metal-binding domaird{-13).
the metallotransporters ZnuAB@nd ZntA, respectively, in Inspection of the full genomic sequence of the cyanobac-
a zinc-regulated fashiori(4, 5). Similar zinc homeostasis  terium AnabaenaPCC 7120 reveals a putative zinc homeo-
stasis system similar to that &. coli (Figure 1). LikeE.
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A all7621 (aztR) alr7622 (aztA)
B o 3N site
™ ol o2
Anabaena PCCT120 AztR 1: MNKHKKEQ--DLDLIQSSDTPTCODT-HLVHLDNVRSSQAQILPTDKAQOMAE IFGVLADTNRIRLLEALA 67
Anabaena PCCT120 alr0831 1: | MIKNHTNCTVEEINVSS-ITPLINEVLSTEKSQRMAEFFSFLGDANRLRILSFLA 54
Synechococcus BCCT942 SmtB li————————o MTEPVLODGETVVCOGTHARIASEL-———— QAIRPEVAQSLAEFFAVLADPNRELRELLSLLA 56
O.bravis BxmR 1:MSPRSAVNGAISQPHQENDTET L,DR}\HL\-"D' SREVGDIGTOVLNTAKAQRMAEFFSLLGDANRLRLVSVLA 70
L monocytogenes CadC li——————————————— ) JEE-KVEKRVKTGLETVEVITISQIFKILSDETRVKIVYALLT 52
5.aureus PI258 CadC 1i—mmmmmmm e : -KVNRIQGDLOTVDISGVSQILKATADENRAKITYALCY 53
S.aureus Czrh 1: MSEQYSEINTODTLERVTEIFKALGDYNRIRIMELLS 36
o5 site
i a3 oR B1 B2 r'-| o5 |-'L|
Anabaena PCCT120 AztR 68: SSELCVCDLAALTEMSESAVCHQLRLLKAMRLVS-YRREGRNVYYSLADSHVINLYRSLVENNTYATGTG 136
Anabaena PCCT120 alr0831 55: TKELCVSDIATLLEMSE SAVSHQLRNLRAMRLY S-YRKQGRHVEYRLHDNHILELYQAVAEHLDEKD 120
Synechococcus PCCT942 SmtB  57:RSELCVGDLAQAIGVSESAVSHQLRSLENLRLVS-YRKQGRHVYYQLODHHIVALYQNALDHLQECR 122
O.bravis BxmR T1:KQELCVCDLAATLGMSE SAVSHOLRAMRAMRLV SSYRKVGROVEYSLLORHVLELYRAVAEHLDEES 137
L monocytogenes CadC 53 :ENELCVCDLANIVEATVAATSHHLRFLEKQGIAN-YRKDGKLVY Y SLANERVRORIKLILLNFEGVGY 119
S.aureus PI258 CadC :DEELCVCDIANILGVTIANASHHLRTLYKQGVVN-FREEGKLALYSLEGDEHIRQIMMIALAHKKEVEVNY 122
S.aureus CzrA 37 VSEASVEHISHQLNLSOSNVSHOLKLLESVHLVEAKR-QGOSMIYSLODIHVATMLEQATHHANHPKESGL106G
BztAlstCXXC 1:MTQTPSLEKTQTLOVGGMDCGSCAKTIEVALQOLHGVTEATVNFTTGKARVSYDAEVLSEKSIYNQIKGLG 70
RztAZndCXXC 1:NVDIVSLOTLQLQISGMDCGSCAKTIEAGVOKI IGVQEASVSFASERLEISYDPQLVNEKTIYDRIQDLG 70
Znthd4-126 1:——-—-NVSGTRYSWEVSGMDCAACARKVENAVROLAGVNQVOVLFATEKLVVDADNDIRAQVESAVOKAGYS 67
10PZA 1:--MLSEQKEIAMOVSGMTCAACAARIEKGLERMPGVTDANVNLATETVNVIYDPAETGTRAIQEKIEKLG 68
Atxl 1:----MAEIKHYQFNVVMTCSGCSGAVNEVLTKLEPDVSKEIDISLEKQLVDVYTTLPYDFILEKIKKTGEE 66
CopZ 1:—————-MEQKTLQVEGMSCQHCVEAVETSVGELDGVSAVHVNLEAGKVOVSFDADEVSVEDIADAIEDQG 64
RztAlstCHXC T1:YTIEQSHQAQSHQQSHSCGGEHDHDHQNHDHNVDIVSLOTLOLQISG 117
BztA2ndCX¥C T1:YTVEEGVETSSNHHTDACGHDHEHHHDHDYSHNHEHSQPINKSKQKQKESDLTSWREWIENRRGQSVILAG 140
Znth44-126 68: LRDEQAADEPQASRLE 83
10PZA 69:YHVVIEGR 76
Atxl 67 : VRSGEQL 73
Cop2 65: YDVAK 69

Ficure 1: The chromosomally encoded Zn(Il)/Pb(l1)/Cd(ll)-responsaz 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 th8N site and then5 site are denoted above the secondary structure assignment derived from
crystallographic studies of CzrA and SmtB&f. (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(l) chaperones. The sequences above are
the first and second N-terminal repeats of AztAAnabaenaPCC 7120, Zn(ll) transporting CPx-ATPase (ZntA) frdtn coli, Bacillus

subtilis Cu(l) transporting CPx-ATPase CopA (10PZ&accharomyces carisiae Cu(l) chaperone Atx1, anB. subtilisCu(l) 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.

coli, this system appears to consist of a single CPx-ATPaseSmtB (16). In contrast to zinc sensors CzrA and SmtB,
(alr7622, denotedaztA here) and a putative ZnuABC CadCs encoded b$. aureusplasmid pl258 and.isteria
homologue ABC transporter (all0833, all0832, and all0831, monocytogenestilize a distinct thiolate-rich metal-sensing
termed AzuABGQ here). In striking contrast t&. coli, there site termedx3N to metalloregulate the expression of a Cd-
are no ZntR or Zur homologues in close proximity to those (11)/Pb(ll) efflux pump, CadA 17) (Figure 1). How metal
genes. Instead, two ArsR/SmtB family repressors are foundions drivea3N site-mediated negative regulation of DNA
just upstream of the gene encoding A¥tf&ll7621) and binding remains unknown.
between open reading frames (ORFs), all0830 and all0832 As a first step in the characterization of the zinc homeo-
(alr0831), respectively. stasis system i\nabaenaPCC 7120, we show here that
The ArsR/SmtB family of transcriptional repressors are the aztARoperon is Zn(l1)/Pb(11)/Cd(ll)-inducible and that
homodimeric, winged helix DNA binding proteins that AztR is a Zn(ll)/Pb(ll)/Cd(ll)-responsive metalloregulator.
repress the expression of their respective operon and inducéAztR utilizes the a3N metal-binding site to sense both
derepression by binding specific metal ions. ArsR/SmtB essential Zn(ll) and toxic Pb(l1)/Cd(ll) ions. The cobalt and
proteins usually harbor one or both of two structurally distinct cadmium optical spectra and tHé3Cd NMR spectrum
metal-binding sites, designate@dN ando5, each of which suggest that thex3N metal-binding site in AztR is a
contain three or four conserved metal ligands (Figure 4). ( tetrahedral §N,O) metal site that is distinct from other
The a5 site-mediated mechanism of regulation of operator/ CadC-like Cd(I)/Pb(ll) a3N and a5 sensor MO sites
promoter binding by Zn(ll) in zinc senso&aphylococcus  specific for Zn(l1)/Co(ll). AztA is a Zn(ll)-translocating CPx-
aureusCzrA and SynechoccocuSmtB is well understood  ATPase, which is induced by Zn(Il)/Cd(Il)/Pb(ll) and confers
structurally and depends critically on a key metal-liganding significant resistance to Zn(Il) and Pb(ll) salts but limited
histidine that corresponds to Hisin CzrA and His'’ in tolerance to Cd(ll) salts in vivo. Our results suggest that the
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particular structural characteristics of the AzéBBN site,
relative to previously characterizedBN anda5 sites, are
ideally suited to effect metalloregulation by Zn(ll) as well
as the larger more thiophilic metal ions Cd(Il) and Pb(ll).
This characteristic may have endowAdabaenawith an
evolutionary advantage by allowing it to adapt to heavy-
metal-rich environments.

MATERIALS AND METHODS

Cell Culture and DNA Manipulations. AnabaemCC
7120 was grown in BG-11 medium at 30 with continuous
illumination from fluorescent lamps as describ&)( LB
or minimal media was used to cultivae coli strains XL-1
blue, BL21(DE3), and GG48AzitB::Cm zntA:Km) (21).
For metal tolerance experiments, thetR gene, theaztA
gene, or the entiraztARoperon was amplified from genomic
DNA of Anabaena&CC 7120. The resulting PCR fragments
were cloned into the pET3a (Novagen) ushidd and EcaRl
sites to create pETAztR and pETAztBglll and EcaRl sites
were used for construction of the pETAZztR/A plasmid which
includes the entiraztARoperon. A PCR-based quick-change
method was employed for substitution of Cys74 to Ser using
PETAZztR as a template (designated pETAzER4S). For

the AztR-LacZ fusion construct, a 593 bp sequence upstream

of AztA, which includesaztRand the entir@ztA/Roperator-
promoter region, was amplified by PCR and fused to a
promoterlessacZ gene 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 froAmabaena
strain PCC 7120 as described previoustp)( Metal salt
solutions were prepared by the addition of 1.0 M zZn(ll),
Cd(l1), Pb(Il), Co(ll), Ni(ll), Cu(ll), and Ag(l) stock solu-
tions, with the concentrations determined by atomic absorp-
tion spectroscopy. Note that although Cu salts were added
to growth media as copper(ll) sulfate, the form of the metal
inside cells is likely to be Cu(l) as indicated.

Real Time Quantitatie RT-PCR (rQRT-PCR). Anabaena
strain PCC 7120 was grown in BG-11 medium at°80for
about 7 days until the optical density reacke@l5 (OD7s),
after which time metal salts [ZnSOCdChL, Pb(OAc),
CoCb, NiCl, CuChk, and AgNQ] 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 amounta@ftRor aztAmMRNAS
induced by metal ions was quantified by rQRT-PCR using
an external standard as described bef@®. (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 subunitnBE)
mMRNA 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.

p-Galactosidase AssaysE. coli GG48 cell cultures
transformed with TOPO-aztO/P were grown at 3G
overnight in 10 mL of minimal medium supplemented with
50 ug/mL ampicillin. Five microliters of each overnight
culture was inoculated into 10 mL of fresh minimal medium.
After incubation fa 3 h (ODsoo ~ 0.4), the indicated total
concentration of metal ion was added to the cultures, and
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the cells were harvedes h later.5-Galactosidase activity
was determined witto-nitrophenyl 3-p-galactopyranoside
(ONPG) as the substrate usingiagalactosidase assay kit
(Invitrogen).

Metal Sensitiity AssaysThe pETAzt and pET3a plasmids
were transformed int&. coli strain GG48 with the trans-
formants cultivated overnight at 37C in LB medium
supplemented with 10@g/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 irkE. coli BL21 transformed with pETAztR and
PETAztR_C74S. Afte 4 h of induction, the cells were
harvested, and AztRs were purified using a modified
procedure based on that described before for Sn2@. (
Following cation-exchange HPLC, size-exclusion chroma-
tography, and anion-exchange HPLC on an Akta-10 purifier,
the purified AztRs were dialyzed again3 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 be 95% by Coomassie-stained 18% Tricine
SDS-PAGE gels. The concentration of AztR was deter-
mined using absorbance at 280 nm, with molar extinction
coefficients ofea,r = 7950 M 1-cm™! andeazirc74s= 7825
M~L.cm ! 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 described2d). 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 (EMSAA)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 3end 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?2@). The DiG-labeled DNA and AztR
monomer concentrations used in this experiment were 1.0
nM and 0.67uM, respectively.

In Vitro Metal-Binding ExperimentdMetal ion-binding
experiments for Co(ll), Cd(ll), and Pb(ll) were carried out
anaerobically at 28C in a Hewlett-Packard model 8452A
exactly as described previoustig 24). For Co(ll) titrations,

a monomer concentration range of-9820 uM was used;

for the Cd(lIl) and Pb(ll) titrations, 4660 uM protein was
used. Buffer H (10 mM Bis-Tris, 0.4 M NacCl, pH 7.0) was
employed for Pb(ll) 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, withKy; and Ky, resolved from these fits.
Anaerobic mag-fura-2 experiments were carried out exactly
as described previously§, 25) using a known concentration

of apoprotein (2650 uM) and mag-fura-2 (Molecular
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Probes; also known as Furaptra, tetrapotassium salty (16 A
18 uM) in buffer S. Following eachth addition of Zn(ll),
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(Il) 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 @5).

113Cd NMR Spectroscop$t3CdCh (1.0 molar equiv) was
added to the wild-type AztR sample which has been dialyzed
against a deuterated HEPES buffer (5 mM Heggs9.35
M NaCl, 10% BO, pH 7.0) in the anaerobic glovebox. The
resulting*3Cd-substituted AztR was concentratecki@50 5000

310t [ ]

2510* [ ]
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AztR mRNA Copies in 10 ng total RNA
3
1

0 1040100 020812 204080 50501010

uM and then loaded anaerobically into a 10 mm (0.d.) NMR L D ;o '

co(ll)
Ni(Il)
cu(l)
Ag(h)

tube for NMR spectroscopy essentially as described previ- Zn(In Cd(n  Po(I
ously (18). The'*Cd NMR resonance frequency of AztR is B Metal Goncentration (uM)
reported relative to 0.1 M Cd(Cip acquired under the same 3.5 10°

solution conditions. .

RESULTS

An analysis of the deduced amino acid sequence of the
alr7622 ORF in the genome &nabaenasp. 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

AztA mRNA Copies in 10 ng total RNA

identity with known Zn(ll)-transporting CPx-ATPases found 0 1040100 020812 204080 50501010
in other cyanobacteria including Bxal (61928 and ZiaA Zn(I) cd()  Pb(l) 5SS 5%
(59%) 26); this similarity is even higher in the eight putative

transmembrane domains and the conserved motifs in all CPx- Metal Concentration (uM)

ATPases. Due to these similarities, these domains have beeffflGURE 2: Quantification of the transcription of the genes encoding

; ; ; ; i#i~in, AZER (A) and AztA (B) in response to the indicated concentrations
proposed to be important in metal ion transporting specificity of metal ions inrAnabaen@CC 7120 cultures. Pregrowfimabaena

(27). The high degree of sequence identity suggests that theépc 7120 cells were treated with zn(ll), Pb(ll), Cd(ll), Co(ll),
function of AztA in Anabaenamight be similar to other Ni(Il), Cu(ll), and Ag(l) heavy metal ions fo2 h at theindicated
divalent transporting CPx-ATPases. However, AztA pos- concentration. Note that Cu was added as copper(ll) sulfate to the

sesses two -DCxxC- metal-binding domains, each of which media at the indicated concentration and is assumed to be Cu(l) in
; g £ (E ; cells, and the background level of Zn(ll) in the growth media is
IS foIIcl).\i/(veddby a .HlshnCh t;notlf (Figure lﬁ)' Ahsmgle D.Cchb 0.7 uM. The absolute amount of mMRNA was calculated from an
Atx1-like domain has been structurally characterized by gyiernal standard as described in Materials and Methods.

NMR spectroscopy in ZntA, with Asp immediately preceding

the first Cys thought to directly coordinate the metal ion and gjte, making it more similar to the Cd(ll)/Pb(ll)-regulated
confer selectivity for Zn(ll) over other cationd?). Up to repressorl.. monocytogene€adcC (7).
this point, multiple CXXC metal-binding sites have been  zn(), Ph(Il), and Cd(ll) Upregulate the Expression of
found only in the Cu(l)/Ag(l) translocating CPx-ATPases aztA/R in Anabaena PCC 7120he in vivo aztA/Rexpres-
(28, 29), while a His-rich domain has been found in arange sjon induced by divalent or monovalent metal ions was
of Zn(I)/Cd(ll) CPx-ATPases]3, 30). These characteristics  qguantified using a real time RT-PCR assay. The expression
make AztA distinct from other Cu(l) or Zn(ll) transporting  of both AztR (Figure 2A) and AztA (Figure 2B) is induced
CPx-ATPases found thus far (Figure 1ap(29, 31, 32). ~2—3-fold upon addition of micromolar amounts of Zn(ll)
AztR shares a high degree of amino acid sequenceto the growth culture [Zn(ll) is 0.ZM in the culture media].
similarity with other cyanobacterial Zn(ll) repressors includ- This expression was stable over a wide range of zZn(ll)
ing the regulators of the expression of ZiaA and Bxal, ZiaR concentrations (Figure 2A), even when the Zn(ll) concentra-
(78%) and BxmR (73%), respectively, as well as SmtB tion was raised to 2@M or more (data not shown). As
(67%), the regulator of themtoperon inSynechococcus  anticipated, Cd(ll) and Pb(ll) are also inducers of AztR and
However, AztR lacks the conserved ligands in the previously AztA expression, with 0.2«M Cd(ll) capable of inducing
characterized zinc-sensing site, in particular, that corre-  aztAmaximally (Figure 2). There is no significant induction
sponding to Hi&7 in SmtB and Hi& in CzrA (16). In of AztA and AztR expression by other divalent [Co(ll), Ni-
contrast, AztR conserves all three key ligands in ¢3N (IN] or monovalent [Cu(l) and Ag(l)] metal ions over the
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azt operon:
; aztR 475 493 aztA
F1:331«—410
F2: 361 +——+440
F3: 391=-—+470
F4: 421+—500
F5: 4571+—530
F 4: TACTTAGCA GTTATCAATCTCAA]

F5:

AztA/R inverted repeat 1(F1/F2) GAACTTTGAATT -AA-GTCTRAGTCCTG
AhztA/R inverted repeat 2 (F4/F5) TACAATTGAATA-GT-TGTTCAATTGTT
BExal inverted repeat ATAATATGAACE-TC-TATTCATACTAT
EZiaA/R inverted repeat AATATCTGAGCA-TA-TCTTCAGGTGTT
SmtA/BE inverted repeat 1 AARCACATGAACA-CGT-TATTCAGATATT

(5]

CATACCTGAATC-AA-GATTCAGATGTT

. kAR R T T T

SmtA/E inverted repeat

Ficure 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 &z operon. Lanes 15 and lanes 610 contained 1 nM free Dig-labeled DNA
fragments F1 to F5 (sequences shown in panel B), respectively, itk ¥8actions. Lanes-610 contained 0.6ZM 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 thetR/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 fragmenthxal zia, andsmtoperator/promoter regions compared to the AztR binding sieztA/RF4/F5.

same concentration range (Figure 2A). SiazéRandaztA noticeable that F1 and F2 fragments also contain an overlap-
expression is induced by the same spectrum of metals in aping imperfect inverted repeat (Figure 3C) that had been
largely parallel fashion, we conclude that #hetR/Aoperon predicted previously to function as a proteidNA binding
is a Zn(I1)/Pb(I1)/Cd(Il)-specific responsive operon and AztR  site for AztR @2); however, these experiments reveal this
and AztA are cotranscribed. is not the case, probably due to two bp substitutions in the
Identification of AztR-DNA Binding Sites in the azt downstream STGAA sequence (Figure 3C). The data reveal
Operator/PromoterPrevious reports suggest that ArsR/SmtB that there is only one AztR binding site in thetoperator/
regulators bind to the operator/promoter regions of the operonpromoter, which agrees with the in vivo expression studies
they regulatei4). We therefore hypothesized that this would that suggest that AztA and AztR are cotranscribed.

also be the case for treztoperon. If this is indeed the case,  yperiments designed to investigate the negative regulation
the 182 bp region between thatRandaztAgenes should ¢ 571 O/p binding effected by inducing metal ions were
contain the regulatory DNA binding site(s) for AztR. ThUS, oo rrieq out by measuring a change in the fluorescence
gel mobility shift assays were employed to map the AztR anisotropy of a 42 bp fluorescein-labeladt O/P fragment

DNA binding site using five overlapping 80 bp fragm_ents upon AztR binding (bps 463504; see Figure 3B)18, 33,
derived from the putativeazt promoter/operator region 34). These experiments reveal that a significant decrease in

et et b e, 4 .t e AZIR_DNA biting iy is achieved when AzRZn
P g ' ’ (1), AztR—Cd(ll), or AztR—Pb(ll) complexes are titrated

capable of forming a single complex with slightly different . .

mobilities with AztR; this suggested that a 50 bp overlapping into free ENA‘ as Erewouslz fourgjd for other ArsR/Sm_trl]S h
region shared by these two fragments contains the primary?en.Sors (data not shown). These data are consistent V\.”t the
sequence for the DNAAztR interaction. Analysis of this inding that Zn(ll), Cd(l!)’ _and Pb(ll) are all negative
overlapping fragment shows that it contained a 12-2-12 "egulators ofaztoperon binding by AztR.

inverted repeat which is similar to those foundsimt zia, The AztA/R Operon Functions as a Zn(1l)/Pb(Il) Resistance
and bxmRbmtA operons 22, 26) (Figure 3C). In addition, Determinant in E. coli The results of the AztRDNA
given that the inverted repeat is offset in F4 vs F5 relative binding experiments are in full agreement with the in vivo
to the ends of the oligonucleotide and distinct mobilities metal inducibility experiments. To confirm that AztR is the
result, AztR likely significantly bends the DNA. It is only regulator for theaztA/Roperon in vivo, a sequence
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Ficure 4: Induction of expression of treztR-lacZusion by heavy
metal ions inE. coli. The metals and concentrations are indicated

[note that the indicated Pb(ll) concentrations may be overestimated
due to some precipitation of lead(ll) phosphate salts in the media;
note also the Cu was added as copper(l) sulfate]. The relative

ONDG activity was generated by comparing {healactosidase

activity before and after exposure to metal ions. The mean and
standard deviation generated from at least three independent

experiments are shown.

including theaztR gene and the operator/promoter region
derived from the region immediately upstream of dmA

gene (see Figure 3) was cloned and fused to a promoterless
lacZ gene, andacZ expression in the presence and absence

of metal ions was determined. Addition of Zn(ll), Cd(ll),
and Pb(Il) in growth media all result in significant transcrip-
tional induction oflacZ gene expression, whereas other
divalent or monovalent metal ions do not (Figure 4). These
experiments confirm that treztRAoperator/promoter region
and AztR itself are necessary and sufficient to confer Zn-
(IN/Pb(IN/Cd(ll) responsiveness to a heterologous reporter
gene and further suggest that taetRAoperon could be
regulated inE. coli by the same panel of metal ions.

To test this, the entiraztRAoperon was cloned into pET3a
(pAztR/A) and transferred into Zn(ll)/Cd(1l)-hypersensitive
E. coli strain GG48 AzitB::Cm zntA:Km) (21). The
expectation was that if AztA indeed functions as a zZn(ll)/
Pb(11)/Cd(ll) efflux pump, significant metal resistance could
be conferred oit. coli GG48. Under these conditions, 200
and 100QuM total Zn(ll) is sufficient to completely inhibit
the growth ofE. coli GG48 and wild-typeE. coli, respec-
tively (Figure 5A). Introduction ofiztR/Ainto E. coli strain
GG48 confers significant Zn(Il) resistance, up to §0d
Zn(Il) (Figure 5A), an extent similar to that previously
achieved withRalstonia metalliduranZntA under the same
conditions [to 90Q«M Zn(11)] ( 35). As expected, the addition
of Pb(ll) salts to pAztR/A-transformed GG48 also leads to
significant Pb(ll) resistance as well (Figure 5B).

In contrast to Zn(ll) and Pb(ll), the addition of Cd(ll) to
the media only confers marginal Cd(ll) resistance in Zn(ll)/
Cd(l)-hypersensitiveE. coli GG48, with complete growth
inhibition occurring at 3«M total Cd(ll), relative to 1Q«M
in the vector-transformed control cells (Figure 5C). Note that
wild-type E. coli W3100 can grow in Cd(ll) concentrations
as high as 70M, and transformation of GG48 witR.
metalliduransCadA, a Cd(Il)/Pb(ll)-specific efflux pump,
gives significantly greater Cd(ll) resistance, up to 400
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Ficure 5: Introduction of theazt operon into Zn(ll)/Cd(ll)-
hypersensitiveE. coli GG48 confers significant resistance to Zn-
(IN/Pb(1N) toxicity but limited resistance to Cd(ll) salts. (A) Zn(ll)
resistance, (B) Pb(ll) resistance, and (C) Cd(ll) resistance, all at
the indicated concentrations added [note that the Pb(ll) concentra-
tions indicated may be overestimated due to some precipitation of
lead(Il) phosphate salts in the growth media]. Representative data
derived from measurements made in triplicate are showrEfor
coli strain GG48 AzntA AzitB) 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).

(35). These results suggest that while Cd(ll) is a significant
inducer of theazt operon in bothAnabaenasp. (Figure 2)
andE. coli (Figure 4), Cd(Il) may not be an efficient substrate
for AztA, consistent with our previous findings thAna-
baenahas very low Cd(ll) resistanc@8). As expected from
the metal inducibility profiles, there are no significant
changes in Cu(l) and Ag(l) 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&zntAknockoutE. coli strain,
consistent with the idea that, like ZntA . coli, the azt
operon is involved in Zn(ll) homeostasis Anabaenasp.
strain PCC 7120 by effluxing Zn(ll) across the plasma
membrane.

Metal-Binding Properties of Anabaena AzfRhe in vivo
induction experiments make the prediction that AztR would
bind zZn(ll), Cd(ll), and Pb(ll) directly in order to effect
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FiGure 6: Anaerobic titration of Zn(ll) 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 NacCl, pH
7.0, 40uM monomer AztR or C74S AztR, and 16uM mag-fura-
2. Absorbance was at 366 nrl,(O0) and 325 nm @, 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.

metalloregulation of thezt operon in vivo. The mode of
Zn(ll) binding by AztR is of particular interest because AztR
does not harbor am5-sensing site as mentioned (Figure 1B)
(34); in contrast, sequence analysis suggests that AztR
contains a CadC-like:3N site, with the residue correspond-
ing to Cys11 inS. aureupl258 CadC perhaps replaced by
a His residue (His24 or His27); His24 in AztR is analogous
to His18 in SynechococcuSmtB that has been postulated
to donate a ligand to the3N site in that protein {6, 25).

We note, however, that Cys11 is a weakly associated ligand
to the Cd(ll) ion in CadC and is excluded altogether from
the trigonal-pyramidal Pb(ll) complexL{, 36) and is not
required for metalloregulation in vitrdlL) or in vivo (37).

(A) Zn(ll) Binding to AztRZn(ll) is spectroscopically
silent, making it difficult to directly monitor Zn(ll) 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(I) binding to AztR via a simple competition assay.
Mag-fura-2 forms a 1:1 complex with Zn(Il) with léz, of
5.0 x 10 M~(38), which results in a significant shift in
the absorption maximum from 366 to 325 nm. As shown in
Figure 6 (open symbols), Zn(ll) does indeed bind to AztR
with the expected stoichiometry of 2 Zn(ll) per AztR
homodimer; however, their affinities are vastly different. The
first equivalent of Zn(ll) added binds to AztR with an affinity
far greater than mag-fura-Kf,; > 10 M~1) since there is
no competition with the indicator dye up to 1 mol dimer
equiv of Zn(Il) (40uM). After this point, the remaining Zn-
(I1) site on the AztR homodimer and mag-fura-2 have similar
affinities, with complete saturation of mag-fura-2 occurring
upon addition 038 uM more Zn(ll) [58uM total Zn(11)],
which equals the sum of the concentrations of remaining
monomer sites (2&M) and maga-fura-2 (18.@M). The
solid curve through the data to a stepwise Zn(ll)-binding
model givesKzn, = 2.3 x 10" ML, This is consistent with
strong negative homotropic cooperativity, which has been
also observed in other ArsR/SmtB regulatot§)(

As expected, mutagenesis of the propos&N ligand
Cys'* to serine reduces the affinity of both Zn(ll)-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((1l) (Figure
6, filled symbols). The solid line returnsz, < 5.0 x 10°
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Ficure 7: Optical absorption spectra of Co(ll)-saturated AztR. (A)
Co(ll)-saturated AztR (solid line), Co(ll)-saturate@N site ofS.
aureuspl258 CadC (large dashed ling)7), and Co(ll)-substituted
a3N site of SynechococcuSmtB (dashed line)25). (B) Co(ll)
binding isotherm generated from an anaerobic titration of Co(ll)
to wild-type AztR. The isotherm was plotted ago vs [Co(ll)}/
total AztR monomer. The solid line represents a simultaneous,
nonlinear, least-squares fitting curve generated by Dynafit Médth

> 1.9 x 100 M1 andKcez = 4.5 x 1P M1, The value forKco:
represents a lower limit given the high protein concentration used
in this experiment. Inset: Zn(ll) displacement titration of Co(ll)-
saturated AztR. Solution conditions: 10 mM HEPES, 0.4 M NacCl,
pH 7.0, and 145:M AztR. The isotherm was plotted asgso VS
[Zn(Ih)]/total AztR monomer. The solid line has no physical
meaning and is indicative of essentially stoichiometric displacement
of Co(ll) by added zn(ll).

M~1L, an upper limit under these conditions. Cys74 corre-
sponds to the most important functional thiolate ligand in
the Cd(Il)/Pb(Il)-sensing3N site of CadCsX7). Consistent
with these in vitro data, transformation B&f coli GG48 with
the pAztR/A encoding mutant C74S AztR confers little Zn-
(1) resistance above that of vector-transformed control cells
(Figure 5A), revealing that this propose@N metal site in
AztR is the sole functional metal-sensing site in vivo.

(B) Co(ll) Binding to AztRAlthough in vivo studies show
that Co(ll) is not a strong inducer of treztARoperon, the
UV —visible absorption spectrum of the Co(ll)-substituted
AztR provides an excellent tool to determine the coordination
sphere for Zn(ll) in vitro 89). The UV—visible absorption
spectral profile of Co(ll)-substituted AztR (Figure 7A)
reveals intense absorption in the near-ultraviolet (320 nm),
which reports on contributions from the S> Co(ll) 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 thes[*A, — 4T41(P)] d—d electronic transition
envelope characteristic of tetrahedral or distorted tetrahedral
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Ficure 8: Anaerobic Cd(ll)-AztR binding isotherm generated H.0 at pH 7.0 and 25C.

from optical spectra of AztR obtained on increasing concentrations

of Cd(ll). The plot was generated froeas; vs total [Cd(ll)]/total spectra at 240 nm plotted as a function of Cd(ll)/Azt&

AztR homodimer ratio. The solid line represents a nonlinear, least- molar ratio. Consistent with Zn(1l) and Co(ll) titration results,

squares fitting curve generated by Dynafit Wit > 2.0 x 10" ' AzR pinds to Cd(1l) with a stoichiometry o£2 Cd(ll) per

M~1andKcgy = 1.4 x 102 ML, Kcq; represents a lower limit given . ) N

the high protein concentration used, whlles,is likely meaningless ~ AZtR_homodimer; however, the molar absorptivities and

and simply reflects the fact that the second Cd(ll) ion binds weakly affinities of the two bound Cd(ll) ions are not equivalent.

V(\:/ith an (?'t[gggl)n;)mardag‘soégtiVity- ASGS] text f0|r detallsset: . The solid curve through the experimental data, which reflects
orrecte -bound AztR- apo-AztR] optical spectrum o ; . ; } i )

Cd(ll)-saturated wild-type AztR. Solution conditions: 10 mM a.no'nllnear least squa_lres fit to a two-step sequentlal_ metal

HEPES, 0.4 M NaCl, pH 7.0, and 45iM AztR. binding model (as carried out above), clearly shows this. The

molar absorptivity for the first bound Cd(ll) is 17000

metal coordination geometrytQ). Although the spectra of ~ M~*-cm™* (Figure 8), consistent witk3 cysteine thiolate
Co(ll)-saturated AztR is quite similar to two tetrahedral, Cd(ll) coordination bonds in the3N metal in AztR; in
tetrathiolate Co(ll) coordination profiles published previously contrast, the second Cd(ll) ion binds with strong negative
(39, 41), the d—d ligand field envelope is moved to the blue cooperativity and a lower apparent molar absorptivity than
relative to the highly distorted,$3N of CadCs{7)andto the first Cd(ll) ion. As expected, the molar absorptivity of
the red when compared to the proposeN@ o.3N complex the Cd(Il) complex decreases 46000 M 1-cm™tin C74S

in SmtB (Figure 7A) 24). In addition, the spectrum of the AztR (data not shown).

a3N metal complex of Co(ll)-substituted ZiaR closely  The23Cd(Il) NMR spectrum of*Cd(ll)-substituted AztR
matches that of Co(ll)-substituted AztR4); ZiaR contains js compatible with the optical absorption spectra of Cd(ll)-
a His residue analogous to His27 in AztR. Since increasing and Co(ll)-substituted AztR (Figure 9:3Cd(ll)-substituted
cysteine thiolate coordination typically moves thediligand AztR is characterized by a singl&"3Cd(ll) resonance
field absorption envelope_: to lower energy, th_e absorption positioned at 609 ppm, as anticipated for a tetrahedsal S
spectrum of Co(l)-AztR is most consistent with ag(l¥ (N/O) cadmium complex44—46). It is interesting to note
O) first coordination shell, provided of course that the 4 this resonance is slightly upfield of the unusual, highly

coordination geometries are largely similar in the comparison yiciorted $S. aureu _
- : . PI1258 CadC complex)(= 622 ppm)
set @2). As expected from the Zn(ll) binding studies above (18 and downfield of the putative 8 complex that

EIZ:(I)%ILIJ)rebiGr‘I)(;ii(riO(tHO)-tshL:at;S?fllElu:[seit((ja(-(:ggti ﬁgf[RS{]?)?/\'}JI’I]t)S inaloss of oaracterizes C11G. aureupl258 CadC ¢ = 590 ppm)
9 : (17); the simplest interpretation of these data is that one of

Co(ll) binds to AztR with a molar ratio of 2 Co(ll) to 1 the two His in the N-terminal region of AztR (His24 or
AztR dimer (Figure 7B). However, as found for zZn(ll) ‘o7 O - :
(Figure 6), the affinity of the first Co(ll) is higher than the His27; F|gure_1ET) donates a ligand to the qul) on.
second with the continuous line through the data fit to a  (P) Pb(ll) Binding to AztRThe Pb(ll) absorption spectra
stepwise Co(Il)-binding model, defined Bt > 1.9 x 107 of Pb(ll)-substituted AztR and C74S AztR are shown in
ML andKco ~ 4.5 x 10°F ML, As expected, Zn(ll) titrated ~ Figure 10. Two intense S— Pb(Il) LMCT or Pb(ll) —~ S~
into a Co(ll)-saturated AztR leads to a significant bleaching MLCT are observed. This spectrum is essentially identical
of the absorption spectrum of Co(ll)-AztR (Figure 7B, inset); to the Pb-S; and Pb-S; complexes of wild-typeS. aureus
this reveals that Zn(Il) and Co(ll) occupy the same tetrahedral PI258 CadC and HIV-CCHC zinc-binding domaih7( 47),
metal-binding site. fully consistent with the trigonal-pyramidal complex formed

(C) Cd(ll) Binding to AztRUV —visible absorption spectra by three thiolate ligands. Pb(H)AztR binding isotherms
of wild-type apo-AztR titrated with Cd(ll) (Figure 8, inset) ~appear to saturate at approximately 1 molar equiv of Ph(lI)
show that formation of a Cd(HjAztR complex resultsina  to 1 AztR homodimer, consistent with negative cooperativity
strong absorption a+237 nm. This intense absorption is of Pb(Il) binding as well. As expected, substitution of Cys74
attributable to S —Cd(ll) ligand-to-metal charge transfer with Ser destroys the trigonal-pyramidal complex, with only
transitions witheoqo ~ 5500-6000 M t-cm™® per Cd-S apoprotein absorption observed in the ultraviolet region
bond (7, 43). Shown in Figure 8 are corrected absorption (Figure 10).
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DISCUSSION

In this paper, we report the identification and characteriza-
tion of a novel Zn(Il)/Pb(I)/Cd(ll) efflux operon from
AnabaendCC 7120. This operon consists of a heavy-metal
transporting CPx-ATPase designated AztA and an ArsR/

Biochemistry, Vol. 44, No. 24, 2008681

The AztR metal-sensing chelate adopts a distorted tetra-
hedral geometry (Figure 7), and®Cd 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 othew3N metal-sensing sites, the
absorption spectrum of Co(ll)-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 §N metal coordination complex. Attempts to
measure one-bond coupling betwé&ad and®N imidazole
nitrogens in**N-labeled AztR $2) or three-bond coupling
from 113Cd to imidazole protons in unlabeled AztB3j have
thus far been unsuccessful under solution conditions where
a subset of one-bon#3Cd—°N couplings are observable
in the 1*Cd-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(ll) ioniJcq-n is smaller than in
the a5-sensing site of CzrA; however, even in that case, only
one of the three anticipatéd®Cd—'°N couplings is readily
observed. In contrast to Zn(Il), Cd(ll), and Co(ll), Pb(ll)
probably adopts a tris-thiolato coordination complex (Figure
10) 7).

What makes AztR an apparently better sensor of Zn(ll)

SmtB family repressor designated AztR. The transmembranerelative to CadCs? Although this is not known with certainty,

domain of AztA shares high identity with other well-
characterized Zn(ll)-transporting CPx-ATPasgE3 @6). The

an N-terminally derived His (His24 or His27) in place of a
Cys in the first coordination shell to create gNSvs S

metal-sensing repressor AztR shares high sequence similaritycomplex would likely make the relative affinities of Zn(ll)

with SmtB-like zinc-sensing repressors found in other
cyanobacteria, includingynechococcuSmtB @8), Syn-
echocystiZiaR (26), andO. brevis BxmR (22). However,
AztR differs from these in one major way: it lacks th&
zinc-specific binding site that is required for allosteric
regulation of O/P binding by SmtB38, 48) and ZiaR 26).
This makes AztR a closer structural and functional homo-
logue of the well-characterized Cd(Il)/Pb(ll)-sensing repres-
sor, CadC (Figure 1). On the other haSgnechocystigiaR

is capable of binding Zn(Il) and Co(ll) to boti3N anda5
sites (L4), and introduction of nonliganding mutations in one

and Cd(ll) more similar than differens4); this might enable
AztR to form more stable complexes with Zn(ll) that
compete well with the abundance of low molecular weight
competitors in the cell. Alternatively, in the event of His

N¢ 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 vivbhese studies will be

or the other site appears to reduce metal-induced DNA interesting because Cysll in CadC (which we propose is

dissociation 26).

Zn(ll), Cd(ll), and Pb(ll) are significant transcriptional
inducers of theaztoperon, both in the native ho&nhabaena
(Figure 2) and inE. coli (Figure 4). Interestingly, the
induction of both AztR and AztA by Cd(Il) and Pb(ll) makes
this operon different from other zinc-inducible operons
including thezia, smt andczr operons 15, 26, 49). Theazt
operon is also distinct from treadoperon ofS. aureupl258
since there is a significant induction by Zn(lIl) over a wide
concentration rangé(, 51). Introducing a plasmid contain-
ing the entireazt operon to a Zn(I)/Cd(ll)-hypersensitive
E. coli GG48 functionally restores zinc tolerance to near
wild-type E. coli 3100 levels but provides only moderate
Cd(ll) tolerance in this system. These in vivo data reveal
that this Zn(11)/Pb(I1)/Cd(ll)-responsive operon functions as
an effluxing transporter with a preference for zinc in the host
Anabaenahowever, Ph(Il) and Cd(Il) also induce tlzet
operon.

structurally analogous to His24 or His27 in AztR) is not
required for Cd(Il) sensing in viva3() 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 ion$p). SynechochoccuSmtB, S. aureus
CzrA, andMycobacterium tuberculosimtR are three ArsR/
SmtB family members that have evolved to sense biologically
required borderline metals including Zn(ll), Zn(I1)/Co(ll),
and Ni(ll)/Co(ll), respectively, in their native hosts. The
metal-sensing sites in each of these systems are a pair of
symmetry-related interhelical, interprotomer metal chelates,
designatedab, formed by a mixture of histidines and
carboxylates and devoid of cysteine residugs, @5, 34,

56). This site likely resists distortion to accommodate larger
metal ions including Cd(ll) and Pb(ll) and is not well-

matched to coordinate these softer, more thiophilic metal
ions. In fact, recent studies suggest that the substitution of
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even one liganding residue with another non-native metal

ligand reduceKz, by =10*fold, thereby explaining the
extraordinary evolutionary pressure to conserve all fobir

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, ina3N-based ArsR/SmtB sensors that have

been structurally characterized§ 57), the N-terminal

domain in the apoprotein is unstructured. The implication is

that this cysteine-riclt3N 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(ll) vs Pb(ll). 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(l)-sensing vs Zn-
(I)-sensing MerR family metal sensors (CueR and ZntR)

are consistent with this ide&§). 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(l) to Zn(ll), Cd(ll), and Pb(ll), with specificity

apparently largely achieved by changing the coordination

number and ligand set in each cads8,(59). A similar

argument has been made for Cu(l)- vs Zn(ll)-specific metal-
binding domains found in copper(l) metallochaperones and

metal efflux pumps, with Cu(l) binding with the bis- or tris-

thiolate complex and Zn(ll) forming complexes that recruit

a “harder” carboxylate ligand into the complex?} (see
Figure 1C).
These studies witAnabaenaztR establish that the3N

metal site in ArsR/SmtB metal sensors is not confined to

sensing only toxic metal ions Cd(ll) and Pb(ll) but is fully

capable of sensing Zn(ll) 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(ll) and Pb(Il)

ions that play no biological role. Our ongoing investigations

of the function and regulation of a compani@b 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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