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Conserved Aspartic Acid 714 in Transmembrane Segment 8 of the ZntA Subgroup
of Pig-Type ATPases Is a Metal-Binding Residue
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ABSTRACT. ZntA from Escherichia colis a member of the {8-type ATPase family that confers resistance
specifically to PB*, Zr?*, and Cd salts by active efflux across the cytoplasmic membrang-type
ATPases are important for homeostasis of metal ions such asA&yf, P, Zn?t, Cd#* Cu2*, and

Co*, with different subgroups showing specificity for different metal ions. Sequence alignments- of P
type ATPases show that ZntA and close homologues have a strictly conserved Asp714 in the eighth
transmembrane domain that is not conserved in other subgroups-offfe ATPases. However, in the
sarcoplasmic reticulum CaATPase, a structurally characterized P-type ATPase, the residue corresponding
to Asp714 is a metal-binding residue. Four site-specific mutants at Asp714, D714E, D714H, D714A, and
D714P, were characterized. A comparison of their metal-binding affinity with thattontA revealed

that Asp714 is a ligand for the metal ion in the transmembrane site. Thus, Asp714 is one of the residues
that determine metal ion specificity in ZntA homologues. All four substitutions at Asp714 in ZntA resulted
in complete loss of in vivo resistance activity and complete or large reductions in ATPase activity, though
D714E and D714H retained the ability to bind metal ions with high affinity at the transmembrane site.
Thus, the ability to bind metal ions with high affinity did not correlate with high activity. The metal-
binding affinity of the N-terminal site remained unchanged in all four mutants. The affinities of the two
metal-binding sites imtZntA determined in this study are similar to values reported previously for the
individual sites in isolated ZntA fragments.

P-type ATPases, a family of ATP-dependent cation single or multiple copies of a metal-binding motif, at either
transporters, have been divided into five groups dependingthe N- or the C-terminus. This motif is typically GM(T,D)-
on the specificity of the transported catioh ). Three of CXXC or (M,H)XXMDH(S,G)XM (14). The sixth trans-
these groups, P, P,-, and R-type ATPases, are known to membrane domain of all,Rtype ATPases also contains the
transport metal ions. A subgroup of the-tiype group, the conserved (C,S,T)P(C,H) motif; the residues flanking the
P.s-type ATPases, transports soft metal ions such as Cu invariant proline are necessary for overall activityp£17)
Cwt, Ag', Zr?*t, CP*, PI?f, and C8" (3—14). Pip-type and provide ligands to the metal ion in the transmembrane
ATPases carry out the important task of maintaining cellular cation-binding site 18).
homeostasis of essential metals such as copper, cobalt, and The metal-binding site(s) in the N-terminal domain gf-P
zinc; for example, the two human copper-ransporting type ATPases has (have) been studied for a number of
ATPases, the Menkes and the Wilson disease-associateghroteins. NMR structural analyses of these domains from

proteins, transport copper across membra#es). Pis-type the Menkes protein, the Wilson protein, and ZntA fr@n
ATPases are also important in mediating resistance to toxic -g|i show that these domains all have the same overall

metal ions, such as Ph Cc*, and Ag', by ATP-dependent 5,835 fold (19-21). However, the ligands and binding

efflux; an example is ZntA fromEscherichia coli which geometry are different for different metal ions. The N-
confers resistance specifically to ®bZn?", and Cd" by terminal metal-binding sites in the Menkes and Wilson
active efflux of these metal ions out of the cytoplasin9). proteins bind Cti and Ag" with a linear geometry with the

All P-type ATPases have a large hydrophilic loop that o cysteine residues of the GMEXX C motif providing
contains consensus domains for ATP binding and hydrolysis ligands (L9, 22). On the other hand, the N-terminal domain
and a conserved aspartate residue that is phosphorylategt znta binds z#* with tetrahedral coordination; sulfur
during the catalytlc_ cycle. Features common specmc.;ally'to atoms from the two cysteine residues and oxygen atoms from
Pie-type ATPases include a single polypeptide chain with e aspartate residue of the GMAAC motif provide
eight transmembrane domains. In addition, mogitpe  jigands @0). Thus, while Ct is coordinated in a linear
ATPases have a distinctive hydrophilic segment containing geometry with only two sulfurs, 211 and likely Cd* bind

with tetrahedral geometry and appear to require an additional
T This work was supported by U.S. Public Health Service Grant GM-  acidic residue, which supplies one or two ligands to the metal
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AtHMAZ nvvisitmkg----------- ailalafaghp liwaav laDvgte1lvilnsm 691
LmCadA nitfslvikl ialllvipgw 1t lwia imaDmgat1llvtingl 703
StZntA nitialglka----------—- iflveellgftglwlailaDrgaty lvtanal 726
ZntA nitialglkg -iflvttllgmtg Iw lav laDtgaty Ivtanal 726
Ficure 1: (A) Schematic representation of ZntA showing the

location of the two metal-binding sites, M1 and M2, in the
N-terminal domain and in the transmembrane domain, respectively.
The cylinders represent the eight transmembrane domains. The,
positions of the CPC motif and Asp714 are indicated. (B) Sequence
alignment of TM7 (M5) and TM8 (M6) in B (P, and B) ATPases,
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metal-binding geometry or indirectly through affecting the
positions of the primary metal ligands. A sequence alignment
of the region in ZntA homologues comprising transmembrane
domains 7 and 8 shows that an aspartate residue is strictly
conserved in the middle of the eighth transmembrane domain
in ZntA (Figure 1). Though this aspartate residue is invariant
in ZntA homologues, it is not conserved in any other
subgroup of B:-type ATPases, including the CiAg™, CL2T,

or Ca™-transporting ones. Interestingly, this aspartate residue
is strictly conserved in transmembrane helix 6 ¢f &nd
Ps-type ATPases, which corresponds to helix 8 ig-Bpe
ATPases. In SERCAL1 from sarcoplasmic reticuluma P
type ATPase, this invariant aspartate, Asp800, is essential
for activity (27, 28). This is also true for the f-type
ATPases, for example, N&Kt-ATPase from sheep kidney
and the rat gastric HK"-ATPase, where mutagenesis of
the corresponding Asp808 and Asp826 residues results in
completely inactive enzyme&9, 30). The aspartate residue

is also invariant in the type yeast plasma membrane-H
ATPases §1). In SERCA1, X-ray studies have shown that
Cthe asparate acts as a bridging ligand to botf"Gans in

the membrane 32). However, in the plasma membrane

showing the conserved Asp in the ZntA homologues. The sequencesproton pumps, the aspartate appears to play a role in the

are as follows: SERCA1L, the €aATPase from sarcoplasmic
reticulum; the Na/K+t-ATPase from rat; the HK*-ATPase from
rat; SaCadA, a ZntA homologue fror8taphylococcus aureus
TN554, AtHMA2, and AtHMAS3, ZntA homologues fromrabi-
dopsis thaliana LmCadA, a ZntA homologue fronlisteria
monocytogenesStZntA, a ZntA homologue fromSalmonella
typhimurium and EcZntA, ZntA fromE. coli.

domain of ZntA requires both the GMDCAAC maotif and
the upstream CCCDGAC motif and may involve at least
three cysteines (Figure 123, 24). A consensus of this latter
motif, CCX(D,E)XXC, is conserved in close homologues
of ZntA. These results show that, despite the sequence
homology present in the N-terminal domains of AgCu",
Zn?t, CcP, and PB' transporting Bs-type ATPases and the
overall similarity in protein structure, the metal-binding sites
have different ligands and geometry.

In contrast to the N-terminal domain, the metal-binding
site in the transmembrane region ofsRype ATPases has
not been extensively studied; no structural data for this site
are available to date. Recent work showed that there is a
single metal ion binding site in the transmembrane region
of ZntA (18). Mutagenesis and direct metal-binding studies
have demonstrated that the cysteine residues ofCth€
motif provide ligands to the metal iorl®); however, the
binding geometry or involvement of other ligands to the
metal ion is not known. In addition to the N-terminal site,
the transmembrane site in ZntA also determines specificity
of the transported metal ion, since mutants of ZntA lacking
the N-terminal domain or with a disrupted N-terminal metal-
binding site have the same metal specificity and selectivity
as full-length ZntA (8, 25).

Pis-type ATPases have been divided into six different

conformational change of the pump during cataly§$).(

In this work, we examined the function of the conserved
aspartate residue in the ZntA subgroup. Since the N-terminal
metal-binding site in the ZntA homologues has an acidic
residue as ligand, and also from analogy to SERCAL, it was
likely that Asp714 is a ligand to the metal ion in ZntA. By
characterizing the mutants D714E, D714H, D714A, and
D714P, we show that Asp714 is essential for overall activity
and that it coordinates metal ions in the transmembrane site.
Thus, Asp714 is one of the residues that determine metal
specificity for the ZntA subgroup ofB-type ATPases.

EXPERIMENTAL PROCEDURES

MaterialsBuffers and water used in the metal-binding
experiments were passed through Chelex 100 (Sigma) to
remove extraneous metal salts and deoxygenated by flushing
with argon; the estimated final metal content of buffers was
<50 nM. Mag-fura-2 was from Molecular Probes. Metal
standard solutions were from Sigma. Oligonucleotides were
purchased from Integrated DNA Technologies, Coralville,
IA.

Methods.Construction of the D714B714E D714H, and
D714P MutantsAll four mutants were generated using the
QuickChange site-directed mutagenesis kit (Stratagene) and
the following oligonucleotides: D714A,'55 CTG GCA
GTG CTAGCA CG ACG GGG GCG 3and 3CGC CCC
CGTCGC TGC TAG CAC TGC CAG C 3 D714E, 5G
CTG GCA GTG CTA GCA GAA ACG GGG GCG 3and
5 CGC CCC CGTTTC TGC TAG CAC TGC CAG C 3
D714H, 3 G CTG GCA GTG CT_A GCACAT ACG GGG
GCG3and3CGC CCCCGT AT TGC TAG CACTGC

subgroups on the basis of sequence alignment and/or putativeCAG C 3; D714P, 5G CTG GCA GTG CTA GCACCT

metal ion selectivity Z6); these subgroups are specific for
Zn?t/PR?T/CPt (ZntA homologues), CUAg™, CU#t, Ca?H,

ACG GGG GCG 3and 3CGC CCC CGT A5G TGC TAG
CAC TGC CAG C 3. The altered bases for the mutations

and as yet unassigned metal ions. These different subgroupsre indicated in boldface. In addition, a silent base change

have distinct patterns of conserved residues in the trans-
membrane domains, which may be responsible for metal
selectivity directly by providing ligands for the most optimal

(underlined base in the oligonucleotides) was used to create
aNhd or Acdl restriction site for rapid identification of the
desired mutation. The entire sequence of the mutant genes
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was verified by automated DNA sequencing (Wayne State containing 50 mM Tris, pH 7.0, 0.1% asolectin, 10%
University). The mutant genes were cloned in the pBAD/ glycerol, and 0.2% Triton X-100 and incubated at°&7for
Myc-His C or pBADMyc-His A vector (Invitrogen) and 5 min. The appropriate metal salt solution (@) was then
expressed in strain LMG19%tA:cat) as previously de-  added and the reaction incubated for another 10 min. The
scribed for ZntA 23, 33). The expression levels of all four  reaction was then initiated witk9 uM MgCl, and 10uM
mutants were similar to that aftZntA. [y-32P]ATP. After 20 s at 37C, the reaction was stopped
Sensitiity to Metal SaltsThe sensitivity of LMG194 and ~ with 500 u«L of 10% ice-cold TCA containing 1 mM
LMG194(zntA:caf) in which the entirentAgene is deleted, NaH,PO, and 1 mM ATP. The samples were incubated on
as well as LMG194{ntA:cat) transformed with plasmids ice for 10 min and then centrifuged for 10 min. The pellet
containingwtZntA and the individual mutants at Asp714, Wwas washed four times with 10% ice-cold TCA, 1 mM
to metal salts was measured in a basal salts medium, pHNaH.PQ,, and 1 mM ATP followed by resuspension in acidic
7.5, from which zinc salts were omitte®@4). Cells were buffer (25 mM HPQ,, pH 2.4, 5% SDS) overnight. Blank
grown overnight and then diluted 50-fold in the same samples were obtained by adding stop solution before the
medium containing lead acetate, zinc chloride, or cadmium addition of [y-*P]JATP. Aliquots were used for scintillation
chloride at different concentrations. Cell growth at 37 counting.
was monitored by measuring the absorbance at 600 nm.  Phosphorylation with®P]R was carried out with purified
Purification of wtZntA and Asp714 Mutanté/hen the  proteins (1Qug) pretreated with 2 mM DTT. The proteins
proteins are expressed in pBAByc His C, they are created ~ Were incubated in 10L of 50 mM BisTris, pH 7.0,
with a histidyl tag at the carboxy terminus. The His-tagged containing 25% dimethyl sulfoxide, 0.2% Triton X-100, and
proteins were expressed in LMG194(A:cat) and purified 0.1% asolectin at 37C for 5 min, followed by the addition
as described earlier usingNichromatography and used for ~ of either water or 3«M metal salt solution. Following a
ATP hydrolysis and acyl phosphate formation ass®g.(  further incubation for 10 min, the reaction was initiated with
For metal-binding studiesytZntA and the mutants at 9 MM MgCl, and 20uM [*%P]R. After 10 min, the reaction
Asp714 were expressed in the pBADyc His A vector was stopped W|.th 500L of 10% |ce-cold.TCA containing
(Invitrogen) in strain LMG194{ntA:cat), where the proteins 1 MM NaHPQ,, incubated on ice for 10 min, and centrifuged
are out-of-frame with the His tag at the carboxy terminus. for 10 minin a microcentrifuge. The pellet was washed three
The absence of the His tag was confirmed by Western additional times with 10% ice-cold TCA containing 1 mM
blotting using anti-His-tag antibody. The purification protocol NaH:PQs and resuspended in 1(4. of 25 mM HsPQ,, pH
for the non-His-tagged proteins has been described recently2-4, containing 5% SDS overnight at room temperature.
and takes advantage of the intrinsic metal-binding affinity Aliquots were directly counted in a scintillation counter.
of the proteins as long as at least one metal-binding site is Relatve Affinity of wtZntA and the Asp714 Mutants for
left intact (18). The membranes were solubilized with Metal Using Mag-fura-2The protocol followed for titration
dodecyl maltoside, and the extract was incubated for 30 min Using metal indicators was described earlidg, (23).
at 4°C with TALON metal-affinity resin (BD Biosciences), ~Extraneous metal ions were removed from the buffers by
preequilibrated in buffer containing 0.5 MM DDMhe resin ~ Passing over a Chelex 100 column; buffers were deoxygen-
was loaded on a column and washed sequentially with theated and equilibrated with argon prior to use. Metal-free,
same buffer containing increasing concentrations of imida- reduced protein was prepared by treating2Img of protein
zole and finally eluted with buffer containing 300 mM With 2 mM DTT and 5 mM EDTA at 4°C for 1 h. DTT

imidazole. The protein-containing fractions were concen- and EDTA were removed by passage through two consecu-
trated and stored at70 °C in 25 mM Tris, pH 7.0, tive Sephadex G-25 columns. The reduced protein was stored
containing 100 mM sucrose, 50 mM KCI, 1 mM phenyl- under anaerobic condition and used withir2L h. The
methanesulfonyl fluoride, and 0.5 mM DDM. The purity of reduced state of the protein was confirmed by measuring
the proteins was checked by sodium dodecyl suifate available free cysteines using a standard titration with-5,5
polyacrylamide gel electrophoresis and found to>t89%. dithiobis(2-nitrobenzoic acid) (DTNBJBE). For competition
ATP Hydrolysis and Acyl Phosphate Formation At titration with mag-fura-2, different aliquots of zinc chloride,
Assays.The metal ion-dependent ATPase activity was lead acetate, or cadmium acetate were added using a gastight
determined using a coupled assay with pyruvate kinase andSy"inge to 16-20uM apoprotein and mag-fura-2 (Molecular
lactate dehydrogenase as described bef@®. (When Probes) in 10 mM BisTris, pH 7.0, in a sealed cuvette under
thiolates were present in the assay medium, the thiolate form@gon. The abslorbérllce maximum of metal-free mag-fura-2
of cysteine was added at a soft-metal ion:thiolate ratio of (¢ = 29900 M* cm™” at 366 nm) shifts to 325 nm in the
1:1.” Protein concentrations were determined using the Metal-bound form 7). The stoichiometry and binding

bicinchoninic acid reagent (Sigma) with bovine serum affinity of metal ions for the purified proteins were deter-
albumin as standard. mined by monitoring the absorbance change at 366 nm. The

Phosphorylation of the purified proteins with-f?P]ATP afEnity_ of the differ?nt rrr:etalsl folr t.h% buffer, BisTris, was
was carried out as described earlier with the following f@Ken into account for the calculatioBg).

PP . o ; ; Metal-Binding Stoichiometry of the Asp714 Mutants by
modifications 85); 10 ug of purified protein, pretreated with o S g
; ; ICP-MS. Purified, reduced proteins in 10 mM BisTris, pH
1 mM DTT, was added to 10@L of reaction mixture o :
n 7.0, containing 0.5 mM DDM were prepared as described

! AbDreviati DO, n-dodecyl § toside: DTNB. 5.5 above. They were then incubated with 3-fold excess molar
reviations: , n-dodecyl -p-maltoside; , 5, : : :
dithiobis(2-nitrobenzoic acid); EDTA, ethylenediaminetetraacetic acid; concentrations of different metal salt solutions foh at 4

SDS-PAGE, sodium dodecy! sulfatgolyacrylamide gel electro- - _U”bound metal salts were removed by repe_ated cycles
phoresis. of dilution and concentration. Control apoprotein samples
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Ficure 2: Resistance to Ph, Zn?*, and Cd" salts by the wild-type strain LMG194 (solid circles), thptAdeleted strain LMG194-
(zntA:caf) (open triangles), and the deleted strain transformed with plasmids contait@mgA (solid squares), D714A (open squares),
D714H (solid triangles), D714E (open diamonds), and D714P (open circles). Cells were growtCain3 low-phosphate medium in the

absence and presence of different concentrations of (A) lead acetate, (B) zinc chloride, and (C) cadmium chloride. Cell growth was monitored

after 24 h by measuring the absorbance at 600 nm.

were subjected to the same treatment. The protein sampleS¢heme 1

were digested with concentrated nitric acid, and their metal M*(n)
content was determined by ICP-MS measurements as EA—‘

described earlierlQ).
RESULTS

Resistance Profile of the Asp714 Mutants to Growth in
the Presence of Bb, Zr?", and Cd'. ZntA confers
resistance to wild-typé&. coli strains against toxic levels of
specifically PB*, Cc?*, and Z#* in the growth medium.
The wild-type strain, LMG194, grows well in medium con-
taining toxic levels of these metal salts, burr@Adeleted
strain, LMG194¢ntA:cat), is unable to grow, even after an
extended period of 2430 h. However, a plasmid containing
a copy of thewtzntAgene can complement the defect of the
deletion strainZ3). The Asp714 mutants were tested for their
in vivo activity by transforming plasmids bearing them in
strain LMG194¢ntA::ca). None of the mutants, D714A,

ATP ADP
— EpM”k-& EM?**ATP == E;-P-M?"-ADP -A‘— E—PeM?*

y {

E, - —_—  E,—P-M*

‘7— EyPi —<—== E,P ‘7—
p! M?*(out)

Cc?t, respectively 25). Of the four Asp714 mutants, D714A
and D714P did not show any activity even in the presence
of thiolates. Very low levels of activity were observed with
D714E and D714H in the presence of the thiolate form of
cysteine. The values obtained for D714E were50, 40,
and 25 nmol/(memin) for PlZ", Zn?*, and Cd", respec-
tively; the values for D714H were-30 and 20 nmol/(mg
min) for Zr** and Cd*, respectively; D714H showed no
activity with PIZ+ in the presence of thiolates. These results
are consistent with those obtained from metal-binding

D714E, D714H, or D714P, were able to confer resistance experiments shown below.

to PF*, Zn?*, and Cd" salts (Figure 2). The strains contain-

Acyl Phosphate Intermediate Formation for the Asp714

ing the mutant genes were unable to grow well even after Mutants with[y-32P]ATP. In common with other P-type
30 h; they behaved exactly like the deleted strain, LMG194 ATPaseswtZntA forms an acyl phosphate intermediate in

(zntA::ca). Thus, a single change at Asp714, including the

conservative D714E, completely abolished any growth in vivo.

ATPase Actiity of the Asp714 Mutants. &htA shows
ATP hydrolysis activity that is stimulated by Ph Zn?*, or
Cc?' salts, with the highest activity obtained with#§33).
Three other divalent metal ions, &u Ni?", and C3*, are
extremely weak substrates aftZntA; we have shown

the forward direction with ATP; formation of the intermedi-
ate requires prior binding of metal ions (Scheme3p) 39).
ThoughwtZntA has detectable ATP hydrolysis activity only
with P?*, Zn?*, and Cd", it is able to form the acyl
phosphate intermediate with &o Ni2*, and Cd" as well,
but not with Ag" or Cut (35). Steady-state levels of the acyl
phosphate intermediate are highest witl¥ Cdollowed by

previously that these metal ions are capable of forming the Zn?*, P+, Cl#t, Ni2t, and C8". The Asp714 mutants were
acyl phosphate intermediate with ATP, which can be chasedtested for their ability to form the acyl phosphate intermediate

by cold ATP @5). Thus, this indirect assay indicates that
they are capable of hydrolyzing ATP at low rates. No

with ATP in the presence of Pb Zr?*, C#*, Co?, Ni?t,
and Cd*. None of the mutant proteins were able to generate

significant activity above background levels was obtained any significant amount of acyl phosphate for any of the six

with D714E, D714H, D714A, and D714P, with PbZn?*,
C?*, Cw?", Ni?f, and C@&". Thiolates of cysteine or

metal ions above background levels (Figure 3).
Acyl Phosphate Intermediate Formation for ZntA and the

glutathione have been shown earlier to increase the ATPaseAsp714 Mutants with3f]P;. P-type ATPases can be phos-

activity of wiZntA 4—8-fold (33). It is possible that the metal

phorylated to form the acyl phosphate intermediate in the

thiolate complex is a better substrate; in vivo, metal ions reverse direction with inorganic phosphate, when the protein
are expected to be present as complexes of small moleculas in the E conformation (Scheme 1). Since the protein has
chelators such as cysteine or glutathione. In the presence ofveak affinity for metal ions in the E conformation,
metal ions and the thiolate form of cysteine present at a ratio phosphorylation by inorganic phosphate occurs in the absence

of 1:1, the activities obtained witlwtZntA at 37 °C are
~2500, 800, and 1000 nmol/(mgin) for P, Zn?*, and

of bound metal ions. However, binding of metal ions shifts
the equilibrium to the Econformation and decreases the
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Ficure 3: Steady-state levels of acyl phosphate formation with Wavelength, nm M), uM

purified wiZntA and the Asp714 mutants using-$?PJATP in the FiIGURE 5: (A) Representative spectra obtained during titration of

absence and presence of different metal salt solutiong:{8p a mixture of ~21 uM mag-fura-2 and~16 uM wtZntA with

For each protein, the bars, in order from left to right, represent the increasing concentrations of zinc chloride in 10 mM BisTris, pH

results obtained with Cd, Zn?*, Pi#t, Co**, Cie*, and NP*. The 7.0 and 2C°C. (B) Plot of the absorbance change at 366 nm when

background obtained when no metal ions were present in the assayncreasing concentrations of metal salt solutions were added to mag-

medium has been subtracted. Reactions were carried out for 20 Sura-2 andwtZntA in 10 mM BisTris, pH 7.0 and 20C. Data

at 37°C. were fitted to eqs +4. Solid circles, PH; open circles, Z#; solid
diamonds, C#". The concentrations ofitZntA used were~10,

1 - — 10, and 12uM for PR, zZn?*t, and Cd*, respectively; the

GEmE il 1O corresponding values of mag-fura-2 weré8, 15, and 14(M.

0.8
N-terminal domain and another in the transmembrane domain
0.6 (18, 23). The cysteines of the CPC motif in transmembrane
helix 6 supply ligands to the second metal site (Figurel8). (

0.4 To establish whether Asp714 also acts as a ligand to the
transmembrane metal site, the binding affinity of each of
0.2 the Asp714 mutants for metal ions was measured by competi-
tion titration with a metal ion indicator. The experiments were
performed with purified, reduced proteins. The number of
free cysteines was measured by the DTNB assay for the re-
the Asp714 mutants usingP-labeled inorganic phosphate in the du_ced proteins to ensure that, fO”O.ng reduction of the pro-
absence and presence of different metal salt solutiong:(8p teins and removal of excess reducing reagent, they remained

For each protein, the bars represent the results obtained with nofully reduced during the course of the metal-binding experi-
metal (black bars) and, in order from left to right, CdzZr?t, Pi?*, ments. ReduceditZntA as well as the Asp714 mutants had

Co", G, and NF*. Reactions were carried out for 10 min at*&7. six and nine free cysteines under nondenaturing and denatur-

amount of acyl phosphate formed in the reverse direction. ing conditions, respectively, indicating that the proteins

As shown in Figure AviZntA is phosphorylated by inorganic remained fully reduced during the metal-binding experiments.
phosphate in the absence of metal ions; in the presence of The affinity of the two metal-binding sites was determined
PEZ*, Zr?*, Cd*, Cl2+, Ca*, and NP, there is no acyl for reducedwtZntA and the Asp714 mutants for the metal

phosphate intermediate formed. ?on§, Zrtt, P#t, and Cd*, by titrat?on vyith mag-fura-?. This

To eliminate the possibility that the inactivity of the indicator forms a 1:1 complex with divalent metal ions; the
Asp714 mutants was simply due to incorrectly folded metal-free form of mag-fura-2 has an absorbanc_e maximum
proteins, they were tested for their ability to form the acyl &t 366 nm, which changes 825 nm when metal is bound.
phosphate intermediate with inorganic phosphate. All four Under the experimental conditions, a mixture of mag-fura-2
mutants, D714E, D714H, D714A, and D714P, were com- and reduced protein was titrated with ahqupts of metal salt.
petent in forming the intermediate witf#P]P. in the absence The absorbance at 366 nm decreased as increasing amounts

of metal ions: the steady-state levels of intermediate gener-Of Metal ion were bound to the indicator in competition with
ated were similar to that bytZntA, ~1 nmol/mg of protein the protein. Figure 5A shows a typical titration ofZmwith

(Figure 4). Thus, the overall inactivity of the mutant proteins Mag-fura-2 andviZntA. Figure 5B SZQOWS the ijecrease in
was not due to problems in protein folding or membrane @Psorbance at 366 nm versus'RIZn?", and Cd* concen-

insertion since they are able to catalyze a partial reaction in {ration, obtained withwiZntA for similar titration with all
the reverse direction as well agZntA. It should be noted, three metal salts. The data were fitted simultaneously to eqs

however, that unlikevtZntA the steady-state levels of the 1—4 using the software Dynafié():
intermediate did not decrease upon addition of any of the

[E-P], nmoles/mg protein

0

WiZntA  D714E  D714H  D714A  D714P
Ficure 4: Acyl phosphate formation with purifiedtZntA and

six metal ions for the mutant proteins. These data indicate E+ M2 e E-M2" (1)

that, for the mutant proteins, the step involving metal ion K

binding had been compromised as comparedtntA. E-M2 + M2 = E-(M*%), 2)
Affinity of Zr#t, P?", and Cd* for the Transmembrane K

Site in the Asp714 Mutants Using Mag-furad® earlier | + M2 < |-M2F (3)

work, ICP-MS measurements revealed t&ZntA has two Kg
high-affinity metal-binding sites, one in the hydrophilic B + M*" — B-M%" (4)
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Table 1: Association Constants for Binding of Different Metal lons

to wtZntA and the Asp714 Mutant Proteins Using Competition

Titration with Mag-fura-2

lead

zinc

cadmium

wiZntA (1.340.1) x 10°
(45+0.1) x 10°
(1.3+£ 0.1) x 10°
(4.6+ 0.04)x 10°
D714H (1.3+0.01)x 10°

D714E

D714A (2.6+0.01)x 10°

(1.140.1) x 10°
(5.04 0.1) x 10°
(1.140.1) x 10°
(5.04 0.4) x 10°
(1.340.1) x 10°
(1.040.2) x 10°
(2.6+0.1) x 10°

(1.340.1) x 10°
(5.04 0.1) x 108
(1.34 0.03) x 10°
(5.04 0.4) x 108
(1.34 0.03) x 108
(5.04 0.02) x 108
(1.14 0.01) x 10°

Dutta et al.

D714P (1.3+0.1)x 10° (1.340.01)x 10° (1.1+0.01)x 10

aUnits are in ML, Protein samples were prepared as described in
Experimental Procedures. Data were fitted using Dyndfij (vith the
assumption of two binding sites, except for D714A and D714P, where
only one binding site was assumed in the fit. The reported values are
averages of independent titrations with two different protein prepara-
tions. Fitting the data using a two binding site model yielded an
unrealistically low value for the second association constant. This was
also true for the binding of Pb to D714H.

Absorbaance, 366 nm

Equations 1 and 2 describe the association const&ats (
andKg) of two metal ions (M) withwtZntA (E). Equation
3 describes the association constafy) ©f mag-fura-2 (1)

with metal ion while eq 4 describes the association constant % 10 2 % o s o m 2 %
(Kg) of the buffer, BisTris (B), with metal ion. The value of V], M LU

the association constari;, of mag-fura-2 for Za*, Cd**, FIGURE 6: Plot of the absorbance changes at 366 nm when
and PB" was previously determined in 10 mM BisTris, pH increasing concentrations of metal salt solutions were added to mag-

7.0 at 20°C (18). These values oK, for Zn?*, C®*, and fura-2 and the Asp714 mutants in 10 mM BisTris, pH 7.0 and 20

. . . - “° °C. (A) D714E; (B) D714H; (C) D714A; (D) D714P. Data were
P were 5x 107, 3 x 10/, and 3x 1OB_M ! rgspectlvely, fitted as discussed in the Results section. Solid circle!;Ripen
the value for ZA" has been reported in the literature to be cjrcles, z#*; solid diamonds, Ci. The protein and indicator

5 x 10" M™* (41). For the fits shown in Figure 5B, these concentrations used were as follows: (A)L1, 11, and 1M
values were used either directly in eq 3kgrwas treated as ~ D714E for PB*, Zr?*, and Cd", respectively; the corresponding

; ; e ; values of mag-fura-2 were-14, 12, and 1&M. (B) ~10 uM

g]va”alble dugtng_ thg ?ata.tmtlng' Wf;g(] XV:ZS]: ?dva?igle’ D714H for all three metal ions; the values of mag-fura-2 wete,

€ values obtained for 1t were within—&-fold of the 15, and 15«M for Pb?*, Zn?+, and Cd*, respectively. (C)y~15,
experimentally determined values. The buffer used in these 15, and 11uM D714A for P+, Zn2+, and Cd*, respectively; the

experiments was BisTris, which forms a stable and soluble corresponding values of mag-fura-2 werd5, 24, and 2QuM.
complex with PB* and prevents formation of insoluble lead (D) ~9, 12, and 9uM D714P for PB*, Zr?*, and Cd",
compounds. The association constdty, for the binding respectively; the corresponding values of mag-fura-2 werguM
. ’ . PR o for all three metal ions.

of different metal ions to BisTris is known; the values for

P+, Zn?t, and Cd" are 2.1x 10% 240, and 300 M!,
respectively 88). These values were used in the data fitting.
The excellent fit of the data in Figure 5B indicates that, under

Table 2: Stoichiometry of Metal Bound tetZntA, D714E, D714H,
D714A, and D714P Using ICP-MS

S " . S lead i dmi
equilibrium conditionswtZntA has two tight metal-binding . ea Zine cadmium
sites as described by egs 1 and 2. The data could not be WZNA 18+01 22+00 1.9+£00
. . - : D714E 2.0+02 2.0+ 0.4 1.84+0.2
fitted to a model that assumes a single binding site on the  p7344 1.0+ 001 18+02 1.8+ 0.2
protein. Table 1 shows the association constants obtained D714A 1.1+ 0.1 1.1+0.1 1.1+ 0.1
for the two metal-binding sites iwtZntA. D714P 1.0£0.1 0.9+0.2 1.0+£01

The number of metal-binding sites and their affinity for 2 samples were prepared as described in Experimental Procedures.
the Asp714 mutants were determined by similar titration °From ref18.
experiments with mag-fura-2. The results are shown in Figure
6 for D714E, D714H, D714A, and D714P. The titration data and D714P, with only one high-affinity metal-binding site
for D714E for PB*, Zn?*, and Cd* could be fitted well to present. Data were fitted to eqgs 1, 3, and 4. Attempting to
egs 1-4, indicating that this mutant has two binding sites fit the data to eqs 14 resulted in a second affinity constant
for all three metal ions. The association constants for the with a value in the molar range, indicating that a second
two sites are similar to those obtained fotZntA for all specific metal-binding site is no longer present. On the other
three cations (Table 1). However, for D714A and D714P, hand, binding of ZA" and Cd" to D714H resembled that
the titration data (Figure 6C,D) for the three metal ions were of wtZntA and D714E, in that this mutant bound two of these
best fitted to eqs 1, 3, and 4, which describe a single metal- metal ions with high affinity. The data were fitted to eqs
binding site on the protein. The values Kfg obtained for 1-4, similar towtZntA and D714E, and metal affinities
the binding of the three metal ions to these two mutants were obtained were similar to those wfZntA and D714E (Table
also similar, within error, to those aftZntA. 1).

D714H proved to be especially interesting (Figure 6B).  To support the results obtained with the mag-fura-2
Binding of PB* to this mutant resembled that of D714A titration, the stoichiometry of metal ions bound to the Asp714
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mutants was also determined by ICP-MS measurements.the side chain at residue 714 acting as a metal ligand. The
Values obtained for D714A and D714P weré for all three D714P mutant was characterized becausé-tEansporting
metals, lead, zinc, and cadmium, as also for D714H with ATPases have a conserved proline at the residue correspond-
lead (Table 2). The values for D714E for all three metals, ing to Asp714. Metal-binding studies showed that D714A

and for D714H with cadmium and zinc, were +.3.0. and D714P lost the ability to bind a metal ion at the
transmembrane site, though the N-terminal site was still able
DISCUSSION to bind a metal ion in these mutants. The conservative

mutation D714E could bind all three substrate metal ions

Despite a high level of overall sequence homology- P yith affinity very similar to that ofwtZntA. In D714H, the
type ATPases can be divided into subgroups that are Spec'f'cnitrogen of the imidazole side chain could coordinat&*zn

for different groups of soft metal ion26). This specificity and Cd*, but not PB*; this is likely because Pb, a large

is likely to arise from highly conserved metal-binding sites 5 thigphilic metal ion, usually does not prefer to coordinate

for each subgroup. The metal-binding site(s) in the N- i nitrogen-containing ligands. It is also possible that the
terminal domain of R-type ATPases has (have) different binding geometry of PY at the transmembrane site is

conserved sequences depending on the metal ions transgymewhat different from that of 2h and Cd*, as is true
ported. Pumps transporting @é&g* or PE/Zn?t/Ckt

for the N-terminal site in ZntAZ3). These results clearl
contain the CXXC metal-binding motif. The subgroup 43 y

X P show that Asp714 is a metal-binding ligand in the ZntA
transporting PY, Zr?t, and Cd" has a conserved acidic

. ! g o subgroup of B-ATPases; it may supply one or two oxygen
Asp/Glu metal ligand in addition to the CXXC motif; this  jigands to the metal ion through its carboxylate oxygens.

Asp/Glu can be part of the GXCXXC motif as in ZntA or Together with Cys392 and Cys394, Asp714 is part of the

be located elsewhere as in CadA frdnsteria monocyto- eta|-hinding site in the transmembrane domain. Whether
genes and homologues where a conserved Glu residue isqgitional ligands also exist is not clear at this time, but it

located in the loop between the2 andf2 segments of the  gjqid be pointed out that Zhbinds to the N-terminal site

structure, apart from the GXXCXXC motif4@). Pumps jn 7¢a by coordinating to two cysteines and an aspartate

displaying the highest activity with Pb also contain @ egjque p0). However, clearly, cysteines at positions 392
separate distinct Cys/Asp-containing motif at the N-terminus ;.4 394 or conservative substitutions such as serine or

in addition to the GXDCXXC motif £3). The metal site in - pigtidine are transmembrane metal-binding ligands common
the.N-terrrllnaI domalin of CU-ATPases is histidine-rictLg) to all Pi-ATPase subgroups (Figure 1), whereas Asp714 is
while Co*'-transporting ATPases appear to lack a metal- ique to ZntA homologues and is required for binding the

binding N-terminal domain1(0). substrate metal ions of this subgroup.

Such different groups of conserved metal-binding residues None of the four mutations at Asp714 showed any
are likely to exist for the transmembrane metal-binding site resjstance activity in vivo. It is possible that the absence of
in Pig-type ATPases displaying different metal specificity in vivo resistance activity is due to decreased stability of
as well. A sequence alignment offtype ATPases confirms  the mutant proteins; however, this is unlikely since they
this to be the case, particularly for residues in transmembraneappeared to have stability comparablewZntA in vitro. It
helices 6-8 of these pumps26). In the middle of trans-  should be noted that the level of expression of the mutant
membrane helix 6, all f-type ATPases contain the distinc-  proteins was similar to that oftZntA. Since they could
tive (C,S,T)P(C,H) motif. For CWAg*- or PF*/Zn*"/CcP*- catalyze the partial reverse reaction of forming theé® E
transporting pumps, the motif is CPC, while for the?’Cu  jntermediate with inorganic phosphate as competently as
pumps, itis CPH, and for the €oATPases, itis probably  wtzntA, none of the substitutions at Asp714 lead to any
(S,T)PC. The cysteines flanking the proline supply ligands major structural changes in the transporter, including the
to the metal ion in ZntA, since metal binding to the potentially helix destabilizing substitution, D714P. For
transmembrane site is eliminated when the cysteines arep714A and D714P, the lack of resistance activity, as well
altered to alanine by site-specific mutagenes8).(In this as in vitro ATPase activity, is expected since they are unable
work, our goal was to examine additional transmembrane g pind a metal ion at the transmembrane site. However,
metal-binding residues in the ZntA subgroup o-®/pe D714E and D714H, which were capable of binding all or
ATPases that would distinguish them from the "QAg* some of the substrate metal ions with high affinity, showed
subgroup. Given that an acidic residue, an aspartate, is strictlyng resistance activity, 2550-fold lower ATPase activity
conserved in the center of transmembrane helix 8 for Only Compared tothntA, and were unable to form thelE
the ZntA subgroup, it was likely that this residue supplied intermediate with ATP in an in vitro assay carried out without
ligands to the metal ion in the transmembrane site in addition any thiolates in the medium. IwtZntA, metal binding
to the two cysteines of the CPC motif. induces ATP to be hydrolyzed to ADP and form the acyl

Four different mutants were characterized at residue 714.phosphate intermediate (Scheme 1). The surprising observa-
The conservative mutation D714E was designed to testtion in this work suggests that though D714E and D714H
whether an acidic group at this position was sufficient to can bind metal ions with high affinity, the bound metals are
retain high metal-binding affinity as well as activity. In unable to induce changes in the protein structure that lead
D714H, the imidazole side chain of histidine replacing the to efficient ATP hydrolysis and formation of the acyl
carboxylate oxygens of the aspartate side chain was also bghosphate intermediate. This supports an earlier conclusion
expected to supply ligands to the metal ion; additionally, that optimal metal-binding geometry, and not metal-binding
sequence alignments show that the GATPases contain a  affinity, leads to metal selectivity in ZntAlg). It is likely
histidine at the position corresponding to Asp714. The that, in the ZntA subgroup, Asp714, Cys392, and Cys 394
D714A mutation was chosen to eliminate any possibility of are optimally positioned such that the three substrate metal
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ions, PB*, Zn?*, and Cd", can bind and induce the wtZntA determined in this study are similar to values reported
conformational changes essential for rapid catalysis. Evenpreviously for the isolated sites, suggesting that, in the E1
with one additional methylene group in the side chain for state, the two sites in ZntA do not display cooperativity in
D714E, catalytic competence is lost. Complete loss in activity metal binding.

was observed for the DBOOE and D80ON mutants in SERCA1
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