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ABSTRACT. ZntA, a Rp-type ATPase, confers resistance specifically t§"PBn?*, and Cd in Escherichia

coli. Inductively coupled plasma mass spectrometry measurements show that ZntA binds two metal ions
with high affinity, one in the N-terminal domain and another in the transmembrane domain. Both sites
can bind monovalent and divalent metal ions. Two protekis;ZntA, in which the N-terminal domain

is deleted, and C59A/C62A-ZntA, in which the N-terminal metal-binding site is disabled by site-specific
mutagenesis, can only bind one metal ion. Because C59A/C62A-ZntA can bind a metal ion at the
transmembrane site, the N-terminal domain does not block direct access of metal ions to it from the
cytosol. A third mutant protein, C392A/C394A-ZntA, in which cysteines from the conserved CPC motif
in transmembrane helix 6 are altered, binds metal ions only at the N-terminal site, indicating that both
these cysteines form part of the transmembrane site. The metal affinity of the transmembrane site was
determined iMAN-ZntA and C59A/C62A-ZntA by competition titration using a metal ion indicator and

by tryptophan fluorescence quenching. The binding affinity for the physiological substrafes PE#,

and Cd*, as well as for the extremely poor substrates?'Cii?*, and C&*, range from 16-101° M1,

and does not correlate with the metal selectivity shown by ZntA. Selectivity in ZntA possibly results
from differences in metal-binding geometry that produce different structural responses. The affinity of
the transmembrane site for metal ions is of similar magnitude to that of the N-terminal site [Liu J. et al.
(2005) Biochemistry 445159-5167]; thus, metal transfer between them would be facile.

P-type ATPases transport metal ions across membranes Most, but not all, s-type ATPases have a soft-metal
against a concentration gradient by utilizing the energy binding domain at the N-terminus, a feature that is distinctive
liberated from ATP hydrolysis. During the reaction cycle, of this particular subgroup of P-type ATPasds-8, 16—
they form an acyl phosphate intermediate in which the 19). Co**-transporting ATPases are unusual in that they do
y-phosphate of ATP is transferred to an invariant aspartic Not have a metal-binding N-terminal domai).(Different
acid residue. R-type ATPases, also known as “heavy metal” Pis-type ATPases have a variable number of these metal-
or CPX-type ATPases, constitute one of five subgroups of Pinding sites in the hydrophilic N-terminal domain, ranging
P-type ATPases. They transport “soft” metal ions across TOM one to six 2—3, 20). The N-terminal domain of ZntA,
membranesmetal ions that are relatively large and easily ~120 residues long, binds a single soft-metal ion with high

: _ : ffinity (Figure 1) (L9). Zr?* is bound at a solvent-exposed
polarized (—3). Pis-type ATPases are widespread and found al . ; ;
in organisms from bacteria to humans; they maintain site, with the two Cys residues and either one or both

: X arboxylate oxygens of the Asp residue of the conserved
homeostasis of essential trace metals and are part ofg 62 . S .
. . . SGMDCAACS®? motif supplying ligands to the metal ion
resistance mechanisms to purely toxic metals. They have

. (Figure 1) @1). Mutagenesis studies indicate that thé'Rb
+ +— . . . . . . .
been shown to transport metal ions such & PAr**, Cc? binding site at the N-terminal domain requires additional

(4-6), Co*(7), Cu" (8-13), CiF(14), and Ag (15). ligand(s) from the less prevalefiCCX(D/E)XXC3 motif
Menkes and Wilson diseases in humans are caused byrigyre 1) 09). Studies from a number of laboratories have
mutations in two Cl-transporting Bs-type ATPases&-— shown that the N-terminal domain is not essential for function
10). In Escherichia coli resistance to toxic concentrations (22—26). However, the presence of a functional N-terminal
of Zn?*, Ccf*, and PB" is mediated by ZntA, a B-type  metal-binding domain serves to increase the overall rate of
ATPase that transports these metal ions out of the cytoplasmthe transporter.

(5-6). Metal ion specificity and selectivity in ZntA remains

unchanged when the N-terminal metal site is abs2ay. (
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g’*‘ IA) used for constructing the C59A/C62A-ZntA mutant were
c 5'-GTC-AGC-GGC-ATG-GACGCC-GCG-GCCGCT-
2 GCG-CGC-AAG-GTA-G-3and 3-C-TAC—CTT-GCG-CGC-
R @ AGC-GGC-CGC-G5C-GTC-CAT-GCC-GCT-GAC-3
L Those used for constructing the C392A/C394A-ZntA mutant

MD3°CAA®2C — were B-CTG-ATT-GGCGCC-CCGGCT-GCG-TTA-GTG-
! ATA-TCA-ACG-CCT-G-3 and 5-C-AGG-CGT-TGA-TAT-
CAC-TAA-CGC-AGC-CGG-GGC-GCC-AAT-CAG-3; the
altered bases for the mutations are indicated in boldface.
Silent base changes (underlined base in the oligonucleotides)
! indicate restriction sites that were used to rapidly identify
Ficure 1: Schematic representation of ZntA showing the location the presence of the desired muFe_ltlonS. The entire sequence
of the two metal-binding sites, M1 and M2, in the N-terminal Of the mutant genes was verified by Automated DNA
domain and in the transmembrane domain, respectively. The partsequencing. The mutant genes were cloned in the pBAD/
enclosed in a dotted box represents fid-ZntA construct. The Myc-His C expression vector (Invitrogen) and expressed in
pOSitiOl’lS of all nine Cysteine residues in ZntA are shown. strain |_|\/|G194tntACa‘t)7 with a hexahlsudyl tag at the

) carboxy terminus, as previously described for Zng&)(or

the fourth. trans_membrane segment ig- Rnd R-type in pBAD/Myc-His A, without a histidy! tag.
ATPases, including SERCAL, the CeATPase from sar- Sensitiity to Soft-Metal SaltsThe sensitivity of LMG194,

coplasmic reticulum. The two residues flanking the proline | \,1946nta:caf) in which the entirentAgene is deleted,
are believed to supply ligands to soft-metal site(s) in the o\ || as LMG194{ntA:cat) transformed with plasmids

membrang;_ mytations of these cysteines result in completepZmA, PC59A/C62A-ZNtA, or AN-ZntAl to metal salts was
loss of activity in copper-transporting ATPas@s€27). The  o4qred using a basal salts medium, pH 7.5, from which

number of high-affinity metal-binding sites in the ransmem- ;. sait5 ere omitted2@). Cells were grown overnight
brane segment ofig-type ATPases, or their binding affinity 54 then diluted 50-fold in the same medium but containing

for different metals, is not known. In this study, our goal etq) salts as follows. For C59A/C62A-ZntA, the growth

yvazs tg\ ch%racten;e the tralnsmemIqranehmital-b]!fr_]qmg{c St®medium contained 10M lead acetate, 5AM zinc chloride,
In ZntA, and most importantly, examine whether affinity for - 5\ cadmium chloride; growth at 37C was monitored

different metal ions is responsible for metal selectivity in by measuring the absorbance at 600 nm at fixed time

ZntA and other Estype ATPase'_s. - o intervals. For the C392A/C394A-ZntA mutant, cell growth
We show thaWiZntA has two high-affinity metal-binding a4 monitored after 24 h in medium containing 3D uM

sites, one in the N-tgrmingl domain and gnother in the 054 acetate,-91004M zinc chloride, or 6-5 «M cadmium
transmembrane domain (Figure 1). Both sites are able ot oige.

access and bind metal ion independently of each other. The e
transmembrane metal-binding site is essential because defect&&ﬂ'&ﬁi@ﬁ?ﬂiQiS;jﬁ;cheﬁgrﬁ(J ?fn%?ﬁ:::eig?egggjﬁ;

in this site result in an inactive protein unable to catalyze . é .
metal ion-dependent ATP hydrolysis. Metal-binding affinity growing LM6194(z_ntA.cat) Ce.”S tra}nsformed_ W'th_the
appropriate plasmid at 37C in Luria Bertani medium

of the transmembrane site was similar for both substrate and . . . ; .
. .~ __followed by induction with 0.02%-arabinose. Proteins were
nonsubstrate metals, as well as monovalent and divalent ions.

Thus, it appears that metal selectivity in ZntA does not result purified as described earlier, and the purity was checkeq by
from differences in binding affinity; it is likely to be due to sodium dodecy sulfatepolyacrylamide gel electrophoresis

differences in coordination geometry of the metal ions that (28). T_h|s protein preparation was L.Jsed for measurement of
affect ATP hydrolysis. Given that the N-terminal and the m_etal |on-depen_dent ATPase activity using a coupled assay
transmembrane metal sites both have similar metal-bindingWIth pyruvate kinase and lactate dehydrogenas. (For

affinity, metal transfer between them is expected to be facile. 2S:$i/§el r\;vgs]eac?(;isde;tc g s?c];ftt-rr]rllcg'?atleiso’n}?heioltgtlgl":l;%of%rfq-gf
The rate enhancement provided by the N-terminal site could y o

be due to a transfer of metal ion from it to the transmembrane Ei;()if:e;::igc:ggegtr:?\t/:/ci)tzsb\(l)v\i:lee dsztrirr:]nglggnleﬁ: r;gs tt?]g g{g:‘g:g
site, which increases either the rate of binding or the release 9 '

of metal ions from the latter. Formation of the acyl phosphate intermediate in the
forward direction with {-*?P]JATP was assayed for purified

EXPERIMENTAL PROCEDURES proteins as described earlie3Qj. Phosphorylation in the
reverse direction with3fP]Pi was carried out as follows.

Materials. Standard metal stock solutions were purchased p,rified proteins (1Qug) pretreated with 2 mM DTT, were
from Sigma. Buffers and water used in the metal-binding jncubated in 10QL of 50 mM Bis-Tris, pH 7.0, containing

experiments were deoxygenate_d by flushing with argon and 55 dimethyl sulfoxide, 0.2% Triton X100 and 0.1%
passed through Chelex 100 (Sigma) to remove extraneous,gp|ectin at 37C for 5 min, followed by a further incubation
metal salts; the estimated final metal content of buffers was ¢4, 10 min after the addition of 30M metal salt solution.
<50 nM. Standards for inductively coupled plasma mass The reaction was initiated with 9 mMm MgEhnd 20uM
spectrometry (ICP-MS) were from VWR.
Construction of C59A/C62A-ZntA and C392A/C394A-  Abbreviat DDM: rdodecyl? toside: ANZNA

i imle reviations: . Nh-aoadecylp-b-maltosidae; -LNAD a

ZntA. Both double mutants were generated using the Quick mutant of ZntA with residues-2106 deleted; DTNB: 5,&dithiobis-

change Site-Directed Mutagenesis kit (Stratagene). The z-nitrobenzoic acid); EDTA: ethylenediaminetetraacetic acid; SDS
oligonucleotides (Integrated DNA Technologies, Coralville, PAGE: sodium dodecy! sulfatepolyacrylamide gel electrophoresis.
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[32P]Pi. After 10 min, the reaction was stopped with 10% equilibrated with argon. Reduced apo-protein was prepared
ice-cold TCA containing 1 mM NalPQ,, incubated on ice  as described before and kept under argon for the duration of
for 10 min, and centrifuged for 10 min in a microcentrifuge. the experiment. For competition titration with mag-fura-2
The pellet was washed three additional times with 10% ice- (Molecular Probes), different aliquots of zinc chloride, lead
cold TCA containing 1 mM NakPO, and resuspended in  acetate, cadmium acetate, or cupric chloride were added
100 uL of 25 mM H3PQy, pH 2.4, containing 5% SDS  using a gastight syringe to-20 uM apo-protein and mag-
overnight at room temperature. Aliquots were directly fura-2 in 10 mM Bis-Tris, pH 7.0, in a sealed cuvette under

counted in a scintillation counter. argon. Metal-free mag-fura-2 has an absorbance maximum
Purification of the Non-Histidyl-Tagged Proteins for at 366 nm é = 29 900 M lcm™2), which shifts to 325 nm
Metal-Binding StudiesFor metal-binding studiesytZntA, in the metal-bound form3Q). The stoichiometry and binding

C59A/C62A-ZntA, C392A/C394A-ZntA, andN-ZntA were affinity of metals forAN-ZntA and C59A/C62A-ZntA were
cloned in the pBADMyc-His A expression vector where the  determined by monitoring the absorbance change at 366 nm.
proteins are out-of-frame with the histidyl tag at the carboxy  Relatve Metal Affinity ofAN-ZntA by Monitoring Fluo-
terminus. The proteins were expressed in strain LMG194- rescence Quenchingluorescence studies were carried out
(zntA:cat), and the absence of the histidyl tag was confirmed in a Perkin-Elmer model LS55 spectrofluorimeter. Metal-
by Western blotting using anti-His-tag antibody. The puri- free, reducedAN-ZntA was prepared as described above.
fication protocol was similar to that for the histidyl-tagged Titration with different metal salts was carried out with
proteins until the isolation and detergent solubilization of deoxygenated metal salt and protein solutions under argon
the membranes. The membranes were solubilized withat 20°C in 10 mM Bis-Tris, pH 7.0. Aliquots of metal salt
dodecyl maltoside and the extract incubated for 30 min at 4 solutions were added from a gastight Hamilton syringe to
°C with TALON metal affinity resin (BD Biosciences), reduced protein in a sealed cuvette. Following each addition,
preequilibrated in buffer containing 25 mM Tris, pH 7.0, the solution was mixed well, and the fluorescence emission
100 mM sucrose, 1 mM 2-mercaptoethanol, $500 mM spectrum was collected. Excitation was at 290 nm. The effect
NaCl, 1 mM phenylmethylsulfonyl fluoride, and 0.5 mM of dilution following each addition of metal salt solution was
DDM. The resin was loaded onto a column and washed taken into account.
sequentially with the same buffer containing increasing
concentrations of imidazole. The pure proteins were finally RESULTS
eluted with buffer containing 300 mM imidazole. Imidazole In Vitro and in Vivo Activity of C59A/C62A-ZntAThe
was immediately removed by gel filtration, and the protein- hydrophilic N-terminal domain of ZntA is not essential for
containing fractions were concentrated and storee 2D activity or metal selectivity because a mutant of ZntA in
°C in 25 mM Tris pH 7.0 containing 100 mM sucrose, 50 which this domain was completely deleteiN-ZntA, is
mM KCI, 1 mM phenylmethylsulfonyl fluoride, and 0.5 mM  active, although with 23-fold lower activity thanwtZntA
DDM. SDS-PAGE was used to check the purity of the non- (22). To test whether the difference in activity between
histidyl-tagged proteins. wtZntA and AN-ZntA was solely the result of the absence
Free Thiol QuantitationThe number of free thiols in the  of the N-terminal metal-binding site or due to the deletion
reduced native and denatured proteins was quantified usingof the entire domain, we characterized C59A/C62A-ZntA,
a standard DTNB assay as described befag 1). in which the N-terminal metal-binding site was knocked out
Measurement of Metal-Binding Stoichiometry of ZntA, by site-specific mutagenesis, but the N-terminal domain was
C59A/C62A-ZntA, C392A/C394A-ZntA amdN-ZntA by still present. It was expressed using the same expression
ICP-MS.The purified proteins in DDM were treated with 2 vector used fowtZntA and AN-ZntA and purified using
mM DTT and 5 mM EDTA at £#C for 1 h. DTT and EDTA Ni%*-affinity chromatography as described earli2g,(22).
were then removed by gel filtration with two consecutive C59A/C62A-ZntA shows ATP hydrolysis activity that is
Sephadex G-25 columns under anerobic conditions. Thesignificantly stimulated by P, Zn?", or C" salts @8,
reduced apo-proteins-Q0 «uM) were incubated with 3-fold ~ 22). Table 1 summarizes the kinetic parameters for C59A/
excess molar concentrations of different metal salt solutions C62A-ZntA for the ATPase activity at pH 7.0 and 3C;
for 1 h at 4°C. Excess metal salts were removed by repeatedthe data forwtZntA and AN-ZntA are also included for
cycles of dilution and concentration. Control protein samples comparison. TheVyax for the PB*-, Zr?*-, and Cd*-
were prepared in the same way, except metal salts were notdependent activity for C59A/C62A-ZntA was similarAdN-
added to the incubation mixture. The buffer used in these ZntA and 2-3-fold lower compared tatZntA for Pl?+ and
experiments was 10 mM Bis-Tris, pH 7.0, containing 0.5 Zn?". The apparenK,, values for the mutant protein were
mM DDM,; the counterion present in the buffer was nitrate. similar to that of AN-ZntA. The apparenK,, for PIZ* is
Protein samples were prepared for ICP-MS measurementsslightly lower for wtZntA compared to that of the mutant
by digesting with concentrated nitric acid at 70 for 1 h, proteins. The thiolate form of cysteine in the assay buffer
followed by dilution. ICP-MS measurements were carried increased the ATPase activity aftZntA, although the
out as described earliet9). The reported ICP-MS results  apparentK, values of the metal ions were higher in the
are the average of three replicate experiments performed forpresence of thiolates; this effect was especially striking for
each of two different protein sample preparations. CcP* (28). This effect was observed to hold true for C59A/
Relative Affinity of AN-ZntA and C59A/C62A-ZntA for C62A-ZntA as well (Table 1). The reason thiolates increase
Metal Using Mag-fura-2.The protocol for titration using  the in vitro activity is not known; it is possible that the metal
metal indicators has been described earll€).(Extraneous dithiolate complex is a better substrate. It is expected that
metal ions were removed from the buffers by passing over in vivo metal ions would be chelated to small molecule thiols
a Chelex 100 column. All buffers were deoxygenated and such as cysteine or glutathione.
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Table 1: Kinetic Parameters Obtained for C59A/C62A-ZntA at'@7for the Metal lons PH, Zn?*, and Cd" in the Absence and in the
Presence of the Thiolate Form of Cysteine Present at a Concentration Equal to the Soft-Metal lon Conéentration

ZntAP AN-ZntAP C59A/C62A-ZntA
Vinax apparenip, Vinax apparenk, Vinax apparenin,
PR+ 584+ 30 4.8+ 0.9 319+ 6 11.6+ 0.8 358+ 16 8.9+ 0.4
Zn?* 247+ 13 10.3+ 1.9 81+ 7 9.3+1.2 95+ 8 8.0+ 0.7
CPr 57+ 3 55+1.2 66+ 3 41+0.6 65+ 16 514+ 0.9
PR + thiolate 2500+ 70 166+ 15 1095+ 67 55+ 11 1023+ 32 68+ 5
Zn?" + thiolate 710+ 28 96+ 11 372+ 6 42+ 3 334+ 7 36+ 3
CcP* + thiolate 1025+ 25 252+ 16 388+ 10 52+5 4194+ 19 65+ 12

aThe assay buffer was 100 mM acetic acid, 50 mM Bis-Tris, and 50 mM triethanolamine, pH 7.0. ThaMdigATP concentrations were 5 mM
each. For comparison, data for ZntA aAt-ZntA are also includedVyax values are in nmol/(mg/min) ani, values are iuM.  From ref22.

C59A/C62A-ZntA was similar taAN-ZntA with respect 1
to in vivo activity, as well. We previously showed that strain -
LMG194(zntA:cat), in which the zntA gene is deleted, was %0 B . m =
hypersensitive to lead, cadmium, or zinc salts in the growth 2
media (9). Metal resistance was restored when the strain 208
carried a plasmid bearing thetZntA gene. A plasmid F
containing theAN-zntAgene was also able to restore metal g 04
resistance, although there was a distinct lag in growth rate =
of 6—12 h compared tavtZntA (19). Growth patterns of 5 02
LMG194(zntA::ca) containingC59A/C62A-zntAn a plas- -
mid also showed a similar lag in growth rate compared to W Noiis. 21 IPiAtC o ot puAnass

that of wtZntA in medium containing toxic levels of lead, FiGURE 2: Acyl phosphate formation with purifiestZntA (black

zinc, and cadmium salts (data not shown). Thus, lidth bars) and C392A/C394A-ZntA (grey bars) usingP]-labeled
ZntA and C59A/C62A-ZntA were able to support growth sodium phosphate in the absence and in the presence k30

under toxic metal conditions, but they were at a distinct different metal salt solutions.
disadvantage with respect wZntA.

Characterization of C392A/C394A-ZntAhe double mu- addition of metal ions, suggesting that metal ions were unable
tant, C392A/C394A-ZntA, in which the two conserved to bind to the transmembrane site and shift the equilibrium
cysteines in transmembrane domain 6 were altered toto the B conformation of the transporter. The Eonforma-
alanines, was expressed to a lesser extentwhantA, and tion cannot be phosphorylated by inorganjctiit only by
purified using similar protocols. These two cysteine residues ATP (33).
are believed to supply ligands to the metal center in the Stoichiometry of Metal lon Binding to wtZntA and Dif-
transmembrane site (Figure 1). The purified protein showed ferent Mutants Using ICP-MSFor experiments involving
no ATPase activity. It was unable to complement the lead, metal-binding studies, the proteins were expressed without
zinc, and cadmium sensitivity of the LMG1%#¢A:cat) any affinity tags and purified from detergent-solubilized
strain in vivo. The ability of the protein to form the acyl membrane fractions. The purification protocol took advantage
phosphate intermediate with ATP and inorganic phosphate of the ability of the proteins to bind to metal-charged resin
was examinedwstZntA, in common with all P-type ATPases, as long as they have at least one functional metal-binding
forms a covalent acyl phosphate intermediate as part of thesite. Figure 3 shows an SB®AGE and corresponding
reaction cycle. In the forward direction, formation of the Western blot of purified non-His-taggedZntA, AN-ZntA
intermediate requires the presence of soft-metal ions and ATPand C392A/C394A-ZntA; also shown is purified His-tagged
(33). Phosphorylation in the reverse direction with inorganic ZntA as a control. The non-His-tagged proteins could be
phosphate does not require metal ion binding. We showedeffectively purified by this method to greater than 99%.
earlier thawtZntA could form the acyl phosphate intermedi- The metal-binding stoichiometry ofitZntA, AN-ZntA,
ate with ATP; steady-state levels of acyl phosphate obtained C59A/C62A-ZntA, and C392A/C394A-ZntA was determined
with different metal ions followed the order: €d> Zn?* using ICP-MS. wtZntA could bind both substrate and
> PRt > Cw" > Cc?" > Ni?" with no intermediate  nonsubstrate metal ions with a stoichiometry of 2 (Table 2).
detected for the monovalent ions, Car Agt (30). There We showed earlier that the N-terminal domain of ZntA
was no intermediate detected wit{?P]JATP for C392A/ expressed separately has a single high-affinity metal-binding
C394A-ZntA in the presence of P Zn?*, or C" (data site (19). The results withmtZntA therefore suggested that
not shown). This result suggested that C392A/C394A-ZntA there is only one high-affinity metal-binding site in the rest
was defective in the first half of the overall reaction. To of the protein. This was indeed the case sind¢ZntA, in
eliminate the possibility that the inactivity was simply due which the N-terminal domain with its metal-binding site was
to an incorrectly folded protein, the ability of this mutant to deleted, could bind only one metal ion. This was also true
catalyze the formation of the acyl phosphate intermediate in for C59A/C62A-ZntA, in which the N-terminal domain was
the reverse direction witt¥JP]Pi was tested. Figure 2 shows present, but the metal-binding site was knocked out (Table
that the mutant was competent in forming the intermediate 2). The location of the metal-binding site kN-ZntA and
in the absence of metal ions. However, unlik&ZntA, the in C59A/C62A-ZntA was expected to be in the transmem-
steady-state levels of the intermediate did not decrease uporbrane region, since the CPC motif in the middle of trans-
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1 2 3 4 5 were replotted in Figure 5A as the decrease in absorbance
at 366 nm versus Pb concentration. The data were best
fitted to eq 2.

E+ M* < E-M?" (1)
| — - M [E'M2+] . [I 'M2+]
e E =
— [E(free).l[M 2-i_(freeﬂ [I (free)][M 2+(free).|
[B-M*']
Kg=——"7""(2
[B(free)][M (free).l

Equation 2 describes the association constwﬁ) (of a
single metal ion (M") with AN-ZntA or C59A/C62A-ZntA
(E), as well as the association constaKy{) (0cf mag-fura-2
(1) with metal ion and the association constaig) of the
buffer, Bis-Tris (B) with metal ion. Bis-Tris was chosen as
buffer because it forms a stable and soluble complex with
P and prevents formation of lead oxide and other insoluble
species. The association constakg, for the binding of
— different metal ions to Bis-Tris is knowi34). P+ and Cd"
have somewhat high affinity for Bis-Tris, 24 10* and 1.9
x 10° M™%, respectively; the values for Zhand Cd+ are
FIGURE 3: 10% SDS-PAGE stained with Coomasie Blue showing 240 and 300 MY, respectively. The association constants
purified proteins (upper panel) and the corresponding Western blotfor AN-ZntA were calculated for the different metal ions
with an antibody against the histidyl tag (lower panel). Lanes: 1, ysing the software Dynafit35). The excellent fit of the

molecular weight markers; 2, carboxy-terminal His-taggtithtA; ot i B P i
3, non-His-tagged C59A/C62A-ZntA; 4, non-His-taggeN-ZntA, t'.tratlon %‘?‘t.a In ';Igllge SAD md'gatedptyat under equilib
5, non-His-tagged C392A/C394A-ZntA. rium conditions, botlAN-ZntA and C59A/C62A-ZntA have

a single, tight metal-binding site (M2 in Figure 1), in
membrane helix 6 is believed to provide two ligands to the agreement with the results from ICP-MS experiments. For
metal. This is the case since C392A/C394A-ZntA, which binding to PB", KEb, was calculated to be-5—8 x 10°
has an intact N-terminal metal-binding site, was able to bind M~ for AN-ZntA and C59A/C62A-ZntA (Table 3). Similar
only one metal ion (Table 2), in contrast wiZntA. measurements were carried out fo?Zand Cd", the other

Affinity of Zr#+, Pk?*, Cc?*, and C@#* for the Transmem-  two physiological substrates for ZntA, as well as'Cuvhich
brane Site Using mag-fura-Rurified proteins were reduced we have shown earlier to be a relatively poor substrate for
with DTT and then maintained under anaerobic conditions ZntA (Figure 3B-D) (30). As shown in Table 3, the affinity
following removal of excess reducing agents. The number of Zn?* and Cd* for the transmembrane site was10-fold
of free cysteines was measured by the DTNB assay. ZntA lower, 1-6 x 10® M~%. However, C8&", which is a poor
has a total of nine cysteine residues, with six located in the substrate for ZntA, has a similar affinity for the transmem-
N-terminal domain (Figure 1)AN-ZntA has only three  brane site as Pb, ~2—4 x 10° M~%. The affinity of the
cysteine residues, including the two in the CPC motif. The transmembrane site for the different metal ions was quite
DTNB assay showed that ZntA ameN-ZntA had six and  similar for bothAN-ZntA and C59A/C62A-ZntA.
two free cysteines under nondenaturing conditions, respec- The value of the association constant of mag-fura-2 with
tively. Under denaturing conditions, nine and three free Zn?" (K, in eq 2), determined by fluorescence methods, is
cysteines were obtained for ZntA andN-ZntA, respectively. known, 5x 10" M~ (36). We determined the association
Thus, following reduction of the protein and removal of the constant of mag-fura-2 with 2h, C#*, Plz*, and C@" in
reducing reagent, both proteins were fully reduced under our 10 mM Bis-Tris, pH 7.0 at 20C, by direct metal ion titration
experimental conditions. Of the six cysteines in the N- during which we monitored the absorbance change at 366
terminal domain, four were accessible, a result also obtainednm (data not shown). The affinity of the buffer, Bis-Tris,
earlier for the isolated N-terminal domaith9). was taken into account when fitting the data. Values of the

The affinity of the transmembrane site, M2, was deter- association constant obtained forPZZnCcP*, P, and Cd*+
mined in reduced\N-ZntA and C59A/C62A-ZntA for the  were 5.2x 107, 2.5 x 10/, 3.1 x 1 and 8.4x 10° M1,
metal ions, ZA*, PB*, Cd*, and Cd", by competition respectively. For the fits shown in Figure 5, either these
titration with the metal ion indicator, mag-fura-2. Mag-fura-2 values were used directly, or in some casgsyas treated
forms a 1:1 complex with divalent metals and has been as a variable during the data fitting. Whinwas a variable,
extensively used to measure the affinity of zinc-binding sites. the values obtained for it were within—#-fold of the
On titrating a mixture of mag-fura-2 and protein with aliquots experimentally determined values.
of metal salt, the absorbance at 366 nm due to the metal- Affinity of the Transmembrane Site IAN-ZntA for
free form of mag-fura-2 decreased as increasing amounts ofDifferent Metal lons Using Direct Fluorescence Quenching.
metal ion was bound to protein. Figure 4 shows a typical ZntA has a total of six tryptophan residues, five of which
titration of PBB* with mag-fura-2 andAN-ZntA. The data are located imMAN-ZntA. The fluorescence emission due to
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Table 2: Stoichiometry of Metal Bound tetZntA, AN-ZntA, C59A/C62A-ZntA, and C392/C394A-ZntA Using ICP-MIS
zinc lead cadmium cobalt copper mercury nickel silver
wiZntA 2.2+0.0 1.8+0.1 1.9+ 0.0 2.1+ 0.3 1.8+ 0.4 1.9+ 0.0 1.9+ 0.3 1.9+ 0.3
AN-ZntA 1.0+0.1 0.9+ 0.1 1.0+ 0.1 1.0+ 0.1 1.1+ 0.1 1.0+ 0.1 0.9+0.1 0.9+ 0.0
C59A/C62A-ZntA 1.2+0.1 0.9+ 0.1 0.9+ 0.2 0.9+ 0.1 1.1+0.1 1.0+0.1 1.1+ 0.0 0.8+ 0.1
C392A/C394A-ZntA 1.2:-0.2 1.0+ 0.1 1.0+ 0.0 1.1+ 0.1 1.0+ 0.0 1.0£0.1 1.1+ 0.1 1.0+£0.1

aMetal bound and control samples were prepared as described in Experimental Procedures. The metal content of control sardplés was
of the protein molar concentration (for Zn control samples had 5% Zr?™ contamination). The reported values are averages of three independent

sample measurements for each of two protein preparations.
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FIGURE 4: Representative spectra obtained during titration of 24
uM mag-fura-2 and 1M AN-ZntA with increasing concentrations
of P?* (0—57 uM) in 10 mM Bis-Tris, pH 7.0 and 20C. The

fit to the following equations (using Dynafit) that assumes
a 1:1 binding model for the protein (E) and the buffer, Bis-
Tris (B):
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The affinity of PG and Zr#", the other two substrate metals
for ZntA, as well as C#f, Co?t, and N?*, metal ions that

are very slow substrates for ZntA in vitro, was also
determined using similar titration of the tryptophan fluores-
cence (data not shown). The association constants calculated
from the titration data are summarized in Table 3. The values
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arrows denote the direction of the absorbance changes as increasingbtained for Pb", Zre*, Cc#*, and Cd* by this method were
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4—10-fold lower than the values obtained by competition
titration with mag-fura-2. These lower values arise because
the only other metal ion competitor in these experiments,
Bis-Tris, has a metal affinity that is many orders of
magnitude lower than that of the protein; the effect is most
pronounced for Z#i and Cd", which have weak affinity
for Bis-Tris. Thus, the values obtained by this method
represent lower limits of affinity. However, a comparison
of the affinity of AN-ZntA for different metals showed that
there is no correlation between the affinity for a specific
metal ion and the activity of the protein. €uand N#* had

the highest affinity, although Gt and N?* had extremely
low activity (30). The affinity for PE™ was slightly lower;
PI?* was the best substrate for ZntA (Table 1).2Zmand
Cc?* had 16-100-fold lower affinity than PH, although
the activity was only 2-3-fold lower (Table 1). The affinity
for Co?t, a very weak substrate for ZntA, was significantly
lower for the transmembrane metal-binding sitéMN-ZntA
than for the other metal ions tested (Table 3).

DISCUSSION

Although the N-terminal metal-binding site has been
studied in isolated proteins for both ZntA as well as other

Ficure 5: Plot of the absorbance changes at 366 nm when Pjg-type ATPases, surprisingly little is known about the more
increasing concentrations of metal salt solutions were added to mag-important transmembrane metal-binding site(s) in these

fura-2 and C59A/C62A-ZntA®) or AN-ZntA (O) in 10 mM Bis-
Tris, pH 7.0 and 20°C. Data were fitted to eq 2. (A) Pty (B)
Zn?t; (C) Cckt; (D) CUEt.

these five tryptophan residues is quenched% on binding

transporters. In this study, our goal was to characterize the
transmembrane metal-binding site in ZntA. Additionally, we

wanted to examine the importance of the N-terminal metal-
binding site. We have shown earlier that deletion of the entire

metal ion. This quenching of the tryptophan fluorescence N-terminal domain of ZntA does not completely inactivate

provided a useful intrinsic tool to measure the affinity of
different divalent metal ions. A titration cAN-ZntA with

the transporter or alter its metal selectivi®2( 19). The
activity of the N-terminal-deleted mutaniN-ZntA is 2—3-

increasing concentrations of cadmium chloride is shown in fold lower than that ofvtZntA in vitro (22). In vivo, although
Figure 6A; similar decreases in tryptophan fluorescence wereit is able to complement the Ph Zr?*, and Cd*-sensitivity
observed for other divalent metal ions as well. The change of a zntAdeleted strain, it displays a lag in growth rate
in fluorescence intensity at 340 nm was plotted vs the relative towtZntA in medium containing toxic concentrations
cadmium chloride concentration in Figure 6B. The data were of these salts 19). While these results showed that the
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Table 3: Association Constaat®r the Binding of Different Metal lons to the Transmembrane Metal SitANZntA and C59A/C62A-ZntA

lead zinc cadmium copper cobalt nickel
C59A/CB2A-ZntA  (7.7+£3.3)x 10° (2.2+0.5)x 1¢¢ (1.0£0.2)x 1¢® (4.1+0.8)x 10°° nd nd
AN-ZntAP (48+1.4)x10° (6.1+1.6)x 1 (444+0.7)x 10® (2.2+0.3)x 100 nd nd
AN-ZntA® (1.2+05)x 1®° (1.3+£0.8)x 10/ (3.8+1.2)x 10/ (29+1.1)x10° (3.1+04)x10° (29+2.1)x 10°

aUnits are in ML, Protein samples were prepared as described in Experimental Procedures. The reported values are averages of independent
titrations with different protein preparations. nd, not determiffelding competition titration with mag-fura-2By direct fluorescence quenching.

600 200

- B 00 o
z E | 0
w500 g g
=
g S 150 | /
o 400 8 ’
- 5 [
2 2 ;
] 4 !
g 300 £ 100 y
E) 3
o ('8
o 200 £ /
= ©
© 100 = /

Q !

.
] ] ] 0 ] ] ]
300 350 400 450 500 0 10 20 30 40
Wavelength, nm [c d2+] M

FiGure 6: (A) Decrease in fluorescence emission when increasing concentrations of cadmium acetate were adl@edtcAN-ZntA
in 10 mM Bis-Tris, pH 7.0 and 20C. The excitation wavelength was 290 nm. (B) Changes in fluorescence emission at 340 nm from panel
A (excitation 290 nm) as a function of the added cadmium salt concentration. The data were fitted to eq 3.

N-terminal domain was not strictly necessary for activity and containing the ATP binding and hydrolysis sites do not have
metal selectivity, it was not clear whether the differences additional high-affinity soft-metal binding sites, although it
from wtZntA were due only to the absence of the N-terminal does not preclude residues from these domains from interact-
metal-binding site or whether deletion of the entire domain ing with sites M1 or M2. The ICP-MS results also demon-
had additional effects. In particular, it was necessary to ensurestrate that because bothN-ZntA and C59A/C62A-ZntA
that metal-binding site(s) in the transmembrane region werewere able to bind metal ions at the transmembrane site, M2,
not affected by the absence of the N-terminal domain. this site can access metal ions directly from solution, in the
Therefore, we characterized a different mutant, C59A/C62A- presence and in the absence of the N-terminal domain. Thus,
ZntA, in which the N-terminal domain was intact, but the the N-terminal domain does not block access of the trans-
metal-binding site was altered. C59A/C62A-ZntA closely membrane site to metal ions; the abilityAN-ZntA to bind
resemblesAN-ZntA, both in vitro and in vivo. Thus, the  metal is not due to the exposure of the M2 site to the cytosol
decrease in activity foAN-ZntA is the result of the loss of  resulting from the deletion of the N-terminal domain. This

the N-terminal metal-binding site and not the deletion of the
entire domain. Not surprisingly, the N-terminal domain is
not conserved in all B-type ATPases?, 20). In ZntA, the
N-terminal metal-binding site increases the overall kinetics
of the pump. This small increase in rate gives a competitive

observation also suggests that the N-terminal domain does
not serve a negative regulatory role in ZntA.

Surprisingly, the transmembrane metal site, M2, can bind
both monovalent and divalent metal ions with high affinity.
Under the conditions of the ICP-MS experiments, only metal

advantage in vivo and explains why it has been conservedions that bind with reasonably high affinity are measured.

in the ZntA subgroup of B-type ATPases.
C392A/C394A-ZntA, in which the N-terminal site is

This was also the case for M1, the N-terminal site, as
previously observed with the isolated N-terminal domain,

unaltered, but where the transmembrane site is knocked outand is supported in this study by the results wittZntA
is completely inactive. Since the loss in activity is not due (19). Since both metal sites in ZntA are able to bind a wide
to misfolding of the protein as shown by its ability to be variety of metals, they are both rather nondiscriminating. This
phosphorylated in the reverse direction with inorganic is an unexpected observation, especially for the transmem-
phosphate, the metal-binding site in the transmembranebrane site; we had expected this site to provide metal
domain is essential for activity. specificity and selectivity by not being able to bind nonsub-
ICP-MS measurements owtZntA, AN-ZntA, C59A/ strate metals such as Agat all, and by binding weak
C62A-ZntA, and C392A/C394A-ZntA clearly identified one  substrate metals such as®and NF" with low affinity.
high-affinity site at the N-terminus, M1, and a second in the However, the ICP-MS results suggest that differences in
transmembrane region, M2, with contributions from 392Cys metal affinity do not contribute to metal specificity. We have
and 394Cys in the middle of transmembrane helix 6 (Figure shown earlier that no ATPase activity is obtained withtAg
1). This result shows that the large cytoplasmic domains for ZntA (28); moreover, Ag and Cu cannot form the acyl
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phosphate intermediate with ATB(@). These monovalent
ions are, however, inhibitors of the ATPase activity. Taken

Liu et al.

induces different changes in structure compared t Znd
C?*. These differences in metal-binding geometry may

together, these results suggest that the monovalent ions bingroduce different changes in protein structure that determine
at the same site as the divalent ions but are unable to catalyzevhether ATP will be hydrolyzed to form ADP and the acyl

ATP hydrolysis.
Similar values of metal-binding affinity were obtained for
the transmembrane site in C59A/C62A-ZntA aki-ZntA,

phosphate intermediate. Although®TuCao?*, and N#* bind
with high affinity, they have extremely low acyl phosphate
formation activity @0). Also, possibly, the linear geometry

showing that metal affinity is not affected by the deletion of most likely adopted by monovalent metal ions such a$ Ag
the N-terminal domain. The metal selectivity measured by is incompatible with any reaction taking place. Future studies
the ATPase activity in ZntA does not correlate with metal- will focus on the structures adopted by different metal ions
binding affinity. This lack of correlation between metal at the transmembrane site.
affinity and selectivity in ZntA, and perhaps otherRype Earlier, we reported the affinity of the N-terminal metal-
ATPases, is surprising but not unexpected. It was recently binding site in the isolated N-terminal domain, N1-ZntA,
shown that the nickel-responsive transcription factor, NikR, comprising residues-1111 of ZntA (19, 43). Association
binds a number of divalent metat€c?*, Ni®t, CW¢*, Zré™, constants of~2 x 107, 5 x 107, and 2x 10® M~ were
and Cdt—with high affinity; in fact, it binds Cé&"™ much obtained for PB, Zn?*, and Cd*, respectively, in 10 mM
more tightly than Ni* (37). However, the Ni"-NikR Bis-Tris. These values were relative to 10 mM Bis-Tris, pH
complex is more stable than complexes of NikR with other 7.0 because the affinity of Bis-Tris for metal ions was not
metals. It was suggested that the square planar geometry ofaken into account for the calculation in that study. If the
Ni%* in NikR produces a favorable allosteric effect that affinity of the metal ions for Bis-Tris is used in the
determines stability and leads to selectivity. The SmtB/ArsR calculations as in eq 2 in this study, association constants of
family of metalloregulatory transcription factors also binds ~2.2 x 1(°, 1.3 x 10 and 5.2x 10® M~ are obtained for
a number of metal ions with exceptionally high affini8g. P+, Zn?*, and Cdt for the N-terminal metal-binding site
These unusually high affinities suggest that these proteinsin N1-ZntA. These values are similar to those obtained for
do not operate under themodynamic control, but rather underthe transmembrane site in this study. These metal affinity
kinetic control in the cell, such that affinity would not be values suggest that physiologically ZntA transports metal
expected to play a role in selectivity. In fact, evidence from ions out of the cytoplasm when the metal ion concentrations
the N?*- and Cé*-sensing NmtR repressor fromycobac- in the cytoplasm are in this range.
terium tuberculosishowed that metal-binding affinity is not Given the similarity in metal ion affinity of the M1 and
directly related to transcriptional respon&8), On the other M2 sites, metal transfer between the two sites would be facile
hand, the Cutrresponsive regulator CueR responds to and under kinetic control. Since the presence of the N-
monovalent metal ions in the order Ag Cu™ ~ Au', while terminal site appears to increase the overall rate of ZntA, its
it discriminates against binding divalent transition metals function may be to transfer metal ions to the M2 site,
such as ZA" and Hg" because of constraints in binding resulting in either a faster rate of metal binding to the M2
geometry 40). The conclusion from these different studies site or an accelerated rate of release from this site. Although
is that for metal-responsive transcriptional factors, metal it is not yet known which individual step(s) in the overall
selectivity does not result from differences in thermodynamic mechanism of ZntA is rate-limiting, earlier work with the
affinity for divalent metal ions. Selectivity may result from acyl phosphate formation activity of ZntA suggested that
specific coordination geometry that induces a certain con- metal binding and/or release could be the slow step(s) in
formation of the protein or from the specific nature of the the mechanism3(). Metal binding to the isolated N-terminal
intracellular metal ion concentrations. domain is quite fast, and release is quite sld®)(Rates of
The NMR structure of the N-terminal metal-binding site metal binding and release from the transmembrane site have
in ZntA with Zn?* bound to it shows a tetrahedral coordina- yet to be measured. It has been proposed that in CopA from
tion geometry 21), which is generally favored by 2h and Archaeglobus fulgidisthe N-terminal site accelerates metal
CcP*. Although structural information for the transmembrane ion releaseZ6). It is possible that for soft-metal ions, metal
site is not available, we expect thatZrand Cd* will be release is one of the slow steps, and metal binding to the
bound with a tetrahedral geometry to this site as well. The N-terminal domain induces a strong negative cooperative
geometry of PB', the best substrate for ZntA, bound to the effect on the transmembrane site, accelerating release of
M1 site or the M2 site is not yet known. Biochemical metal on the other side of the membrane.
evidence indicates that Ptbinding at the M1 site is different Conclusion wtZntA has two high-affinity metal-binding
from that of Zr#* (19). It is possible that it binds with trigonal  sites, one in the N-terminal domain and a second in the
geometry, similar to the Cd/Pt*"-regulator CadC, which  transmembrane domain. The N-terminal site is not necessary
binds Cd" with tetrahedral coordination but Pbwith a for activity, although it increases the overall rate of the
trigonal structure 41—42). Ni?* strongly prefers square transporter. The transmembrane site is strictly required for
planar geometry, while Cti is frequently observed in a  activity. Both sites can bind monovalent and divalent soft-
distorted tetrahedral or planar geometry. Thug; idhd C3d* metal ions. The transmembrane site can access metal ions
may have somewhat different geometry of binding to the directly from the cytosol; the N-terminal domain does not
metal sites in ZntA compared to the substrate metald},Zn block metal ions binding to it. The affinity of the transmem-
CdPt, and PB*. Since the C&'-transporting ATPases appear brane site for divalent metal ions was measured; the affinity
to have a conserved (S/T)PC motif instead of the conservedfor the three substrate metal ions?PZn?*, and Cd*, were
CPC motif of the ZntA subfamily in transmembrane helix similar to those of the N-terminal site. Therefore, metal
6, it is likely that C@* binding to the CPC motif in ZntA  transfer between the two sites would be facile. Association
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constants for different divalent metal ions do not correlate 18
with selectivity of metal ions transported. €uand N,
which are extremely poor substrates of ZntA, have the same

affinity as PB*, and slightly higher affinity than Z and 19.

Cc?*. Similar observations have been made recently for
metal-responsive transcriptional regulators. It is likely that
in ZntA, metal selectivity stems from differences in binding  og
geometry of different metal ions, which results in different
structural responses that affect ATP hydrolysis and subse-
quent catalytic steps.
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