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ABSTRACT: ZntA from Escherichia colibelongs to the B-ATPase transporter family and mediates
resistance to toxic levels of selected divalent metal ionstype ATPases can be divided into subgroups
based on substrate cation selectivity. ZntA has the highest selectivity for falowed by Z#™ and

CdP*; it also shows low levels of activity with Cti, Ni?*, and C@&". It has two high-affinity metal-
binding sites, one each in the N-terminus and the transmembrane domains. Ligands to the transmembrane
metal site in ZntA include the cysteine residues of the consée&C** motif in the sixth transmembrane

helix. Pro393 is invariant in all P-type ATPases. For ZntA homologues with different metal ion selectivity,
the cysteines are replaced by serine, histidine, and threonine. To test the effect on activity and metal ion
selectivity, single alanine, histidine, and serine substitutions at Cys392 or Cys394 in ZntA were
characterized, as well as double substitutions of both cysteines by histidine or serine. P393A was also
characterized. C392A, C394A, and P393A lost the ability to bind a metal ion with high affinity in the
transmembrane domain. Histidine and serine substitutions at Cys392 and Cys394 resulted in loss of binding
of PI?* at the transmembrane site, indicating that both cysteines of the CPC motif are required for binding
P+ with high affinity in ZntA homologues. However, C392H, C392S, C394H, C394S, C392S/C394S,
and C392H/C394H could bind other divalent metal ions at the transmembrane site and retained low but
measurable activity. Interestingly, these mutants lost the predominant selectivity?foashCd+ shown

by wtZntA. Therefore, conserved residues contribute to metal selectivity by supplying ligands that bind
metal ions not only with high affinity, as for Ph, but also with the most favorable binding geometry that
results in efficient catalysis.

ZntA from Escherichia coliis a member of the P-type  hydrophilic segments that are the sites for ATP binding and
ATPase cation transporter superfamili).(These pumps  hydrolysis and the acylphosphate intermediate formation and
form an acylphosphate intermediate following ATP hydroly- breakdown €, 2). The third domain is membrane-bound and
sis during the catalytic cycle together with cation translo- has eight membrane-spanning helices; our earlier work on
cation across membranes. They have been divided intoZntA has shown that this domain has a single high-affinity
phylogenetically distinct group£). One of these, 8-type metal-ion-binding siteZ0). P,g-type ATPases can be further
ATPases, found in archaea, bacteria, and eukarya, includingsubdivided into different subgroups based on sequence
humans, transports soft metal ions such && PAn?*, CcPt, alignment and putative metal selectivit@lj; these are
Co?*, C#t, Cu', and Ag" (2—14). The Re-type pumps are  selective for ZA*/P?*/C®+, Cut/Ag*, Ci#*, Co*t, and as
important for maintaining homeostasis of essential soft metals yet unassigned metal ions. The molecular basis of metal ion
such as cobalt, copper, and zinc in organisms. They alsoselectivity in Rg-type pumps is not yet clearly understood,
confer resistance to toxic metals such as cadmium, lead, andhough insights are emerging from biochemical and structural
silver in bacteria and plants. In vivo, ZntA confers resistance studies 19, 20, 22, 23).

to toxic concentrations of divalent cations, such as™Pb The metal-binding site in the N-terminal domain for pumps
2+ + i ; ;
Zn?*, and Cd", by active efflux of these metal ions outside selective for transporting Cuand Ag" or Zr?*, PE*, and

the cytoplasm#, 9). _ _ . Cd?* has the cysteine-containing motif GXXCXXG,(7,
PlB—typt_e ATPas_es contain three dpmams. The .flrst s a g 11-13). Pumps selective for 2n and C&* have, in

hydrophilic N-terminal segment containing one to six metal- 5 ition, ‘a conserved acidic residue, an aspartic acid or a

binding sites 2, 15—19). A second domain contains the large glutamic acid, that has been shown to be a metal-binding
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XXC, in the N-terminal domain. One or more cysteines from A
this motif is required for binding P but not C&* or Zr?*

at the N-terminal site in ZntA; this motif is thus present in

pumps that are highly selective forP{19). The N-terminal

site in Cl#*-selective pumps is a histidine-rich motif, (M,H)- MDCAAC
XXMDH(S,G)XM (7, 14). A different histidine-rich motif,

(HX)n, is present in a few homologues of unknown function.

Putative Cé"-selective pumps do not have a metal-ion-

binding N-terminal domain 10). ZntA, which is highly

selective for PH, Cd?™, and Z#, is able to bind C#r, Ni2*, B

and C@, in addition to PB", Cc?*, and Zr#*, with similar
affinity at the N-terminal site ¥9). These observations
suggest that metal selectivity at the N-terminal site is o
achieved by specific conserved residues that regulate metal
binding geometry as well as affinity.

No structural studies have been reported yet for the metal-
binding site in the transmembrane domain. While the
N-terminal metal binding site is important for the physi-
ological role of these pumps, it is not essential for activity. zm - TORALIFLYVA gi‘éﬁ‘::mﬂ“m
Mutant versions of the pumps in which the N-terminal site
is knocked out or completely deleted show somewhat “ORF  *!DPVRFLAVWVA ~TPC PLLIAVPVATIGATSLARRRGI
decreased activity but the same metal selectivity as the wild- TORF ! DPIRMAVIVVA  TPC PLIAFAFIGHERAMMEAGL
type versions. Unlike the N-terminal site, the transmembrane Ficure 1: Panel A provides a schematic representation of ZntA

. . L . showing the location of the two metal binding sites, in the
site is essential for activity of the pum@@). The different  \terminal and the transmembrane domains. The cylinders represent

subgroups of B-ATPases have distinct patterns of conserved the eight transmembrane domains. The positions of the CPC motif
polar residues in the transmembrane segments; these magnd Asp714 are indicated. Panel B presents a sequence alignment
be the primary ligands for the transmembrane metal site orof TM6 in different subgroups of j8-ATPases, showing the
residues present in the secondary shell. Transmembrane heli ?&aﬁ'ogsaér/ltﬂgrﬁiﬁ&%ﬂﬁé%&éﬁé@%ﬂtE'J?ﬁ"’s asneollec-tive

six in all Pg-type ATPases contains the conserved residues, for zn2t, Ce*, and PB*; ESCopA, Copﬁ from E‘_) colli and EH-

(C,S, T)P(C,H) (Figure 1). The motif is strictly conserved as CopA, CopA fromEnterococcus hiragrepresent pumps selective
CPC for pumps that are selective for transporting Ag™; for Cut and Ag™; E*CopB, CopB fronE. hirag andA*CopA, CopA

or Zr?*, P+, and Cd*. In pumps selective for Gt and from A. fulgidus represent pumps selective forusCoaT, CoaT

. - from Synechocysti®#CC6803, and*"THMAL, an ATPase from
+
Cu?", the conserved motifs are SPC and CPH, rQSpecuve'y‘Arabidopsis thalianarepresent pumps believed to be selective for

A subgroup of Rs-type ATPases with unknown cation  cg+; CGORF andR*ORF, putative ATPases froforynebacterium
selectivity has a TPC motif2(). The cysteine residues glutamicum(accession number, NP599727) avidsorhizobium loti

flanking the invariant proline are necessary for overall (accession number, NP107067), respectively, belong to a distinct
activity. In Cut-ATPases fronE. coli and Archaeoglobus subgroup of Rs-type ATPases with unknown cation selectivity.
fulgidus site-specific mutagenesis of the two cysteines
resulted in complete loss of overall activitgy 26). A
similar result was obtained when the cysteines in &"€d
ATPase fronListeria monocytogene€adA, were modified

by the thiol-reactive reageritl-ethylmaleimide 27). A recent
study reported that while the C354A mutant of the
monocytogene€adA had no ATPase activity, the C356A
mutant showed decreased levels of ATPase activity, though
neither mutant showeth vivo activity (28). In ZntA, the
C392A/C394A double mutant lost the ability to bind metal
ions and was completely inactiv(). Thus, either or both
cysteine residues in TM6 in these subgroups provide ligands
to the metal ion in the transmembrane cation-binding site;
this metal binding site is essential for the function of the

CDGA!

”Coph 3 ATERAVIVMVIT  CPH ALGLATPLVVAVSTSLAAKSGL

but the activity with these metal ions was much lower
compared with wtZntA. Double serine and histidine mutants
showed lower levels of activity than the individual mutants.
The behavior of PB was surprisingly different; the serine
and histidine mutants lost the ability to bind¥hindicating

that both cysteines of the CPC moatif are essential for binding
P, Substitution of the invariant Pro393 with alanine
resulted in no overall activity with any metal and the inability

to bind metal at the transmembrane site. These results support
the hypothesis that conserved residues in the transmembrane
site in Rg-type ATPases contribute to metal selectivity by
affecting optimal metal-binding geometry and in turn ATP
hydrolysis and metal transport for most of the transported

pulm%.]. wudv. the i ; ¢ h individual cvstei cations. For PH, selectivity is achieved by conserving
n this study, the importance ot each individual CySIeINe o i, a5 that selectively bind this cation.

residue in metal ion binding was evaluated. More impor-
tantly, the effect of altering the individual cysteines to serine ExpERIMENTAL PROCEDURES

and histidine as observed in the €oand Cd" pumps,

respectively, on metal selectivity in ZntA was examined.  Construction of the C392A, C392S, C392H, C394A,
Individual alanine substitutions at both Cys392 and Cys394 C394S, C394H, C392H/C394H, C392S/C394S, and P393A
had no activity and lost the ability to bind a metal ion at the Mutants All the mutants were generated using the Quick-
transmembrane site. The serine and histidine mutants werechange Site-Directed Mutagenesis kit (Stratagene). The
able to bind ZA", Ct, Ni?*, Cot, and Cd" with affinity following oligonucleotides (from Integrated DNA Technolo-
similar to wtZntA and had both in vivo and in vitro activity, gies, Coralville, IA) were used:
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C392A, B-CTG CTG CTG ATT GGCGCC CCG TGT
GCG TTA G-3 and 3-C TAA CGC ACA CGG G3C GCC
AAT CAG CAG CAG-3

C392S, 5CTG ATT GGC TCC CCG TGT GCG TTA
GTG ATA TCA ACG CC-3 and 5-GG CGT TGA TAT
CAC TAA CGC ACA CGG GGA GCC AAT CAG-3

C392H, 3-CTG ATT GGCCAC CCG TGT GCG TTA
GTG ATA TCA ACG CCT G-3 and 5-C AGG CGT TGA
TAT CAC TAA CGC ACA CGG GTG GCC AAT CAG-
3

C394A, B-G ATT GGC TGC CCGGCT GCG TTAGTG
ATA TCA ACG CCT G-3 and 3-C AGG CGT TGA TAT
CAC TAA CGC AGC CGG GCA GCC AAT C-3

C394S, 5G ATT GGC TGC CCG TT GCG TTAGTG
ATA TCA ACG CC-3 and 3-GG CGT TGA TAT CAC
TAA CGC AGA CGG GCA GCC AAT C-3

C394H, 3-CTG CTG ATT GGC TGC CCQCAT GCG
TTA GTT ATC TC-3 and 3-GA GAT AAC TAA CGC
ATG CGG GCA GCC AAT CAG CAG-3

P393A, 5-CTG ATT GGC TGCGCG TGT GCG TTA
GTG ATA TCA ACG CCT G-3 and 5-C AGG CGT TGA
TAT CAC TAA CGC ACA CGC GCA GCC AAT CAG-3

Dutta et al.

using anti-His antibody (Invitrogen).

Free Thiol Quantitation.The number of free thiols in
native and denatured, metal-free proteins was quantified
using a standard DTNB assay as described before to ensure
that proteins stayed reduced for the duration of the metal-
binding experimentX9, 30).

Measurement of Metal-Binding Stoichiometry and Affinity
of the Cys392 and Cys394 MutanBffers and water used
in these experiments were deoxygenated by flushing with
argon and passed through Chelex 100 (Sigma) to remove
extraneous metal salts. Metal-binding stoichiometry was
measured using ICP-MS as described bef&8. (Reduced
apoprotein was prepared by treating purified proteins with
2mM DTT and 5 mM EDTA at £C for 1 h, followed by
removal of DTT and EDTA by passage over two consecutive
Sephadex G-25 columns equilibrated in 10 mM Bisis,
pH 7.0, containing 0.5 mM DDM, under anaerobic condi-
tions. For stoichiometry measurements, the apoprotein was
incubated with different metal salt solutiong fbh at 4°C
in 10 mM Bis-Tris, pH 7.0, containing 0.5 mM DDM,
followed by removal of excess metal ions using Sephadex
G-25 columns. Samples were digested with concentrated

" The altered bases for the desired mutations are indicatednitric acid and diluted, and metal content was determined
in boldface. In some cases, silent base changes (underlinedpy ICP-MS (metal standards for ICP-MS were from VWR).

were used to create aBcOoRV restriction site for rapid

The affinity for PI3*, Zn**, and Cd" was determined at

identification of the desired mutations. The sequences of the20 °C by competition titration with the metal indicator mag-
mutant genes were verified by automated DNA sequencing fura-2 (Molecular Probes) in 10 mM BisTris, pH 7.0, and
(Wayne State University). They were cloned in the pBAD/ 0.5 mM DDM as described previouslg§, 20). Mag-fura-2

Myc-His C or pBADMyc-His A vector (Invitrogen) and
expressed in strain LMG19%iftA:cat) as previously de-

forms a 1:1 complex with divalent metal ions; the metal-
free form has an absorbance maximum at 366 nm, which

scribed for ZntA; in the first vector, the proteins are expressed changes t6~325 nm when metal is bound. The decrease in

with a carboxyl terminal histidyl tag, while in the latter

absorbance at 366 nm as increasing amounts of metal ion

vector, the proteins are expressed without any affinity tag Was bound to the indicator in competition with the protein

(20, 24).
Sensitiity to Soft Metal SaltsStrain LMG194¢ntA:cat)

in which the entirezntAgene is deleted is highly sensitive

was recorded. Titration was performed with reduced, anaero-
bic proteins.
The affinity of wtZntA and the mutant proteins for

to the presence of metal salts in the growth medium; this different metal ions (P, Zr**, Cd**, Ci¥*, Co**, and NF*)
sensitivity can be complemented by plasmids carrying the was also determined by fluorescence titration of the reduced

wtzntAgene (9). The sensitivity of LMG194, as well as
LMG194(zntA:cal) transformed with plasmids containing
recombinant, His-taggedtzntAand the individual mutants

apoproteins with metal salt solutions in a Perkin-Elmer LS55
spectrofluorimeter. In this experiment, EDTA was used as a
competitor of the proteins for the metal ions. Aliquots of

at Cys392 and Cys394 to metal salts was measured agnetal salt solutions were added to a mixture of reduced
described earlier1@). Cells were grown in a basal salts apoprotein and-5 xM EDTA in 10 mM Bis-Tris, pH 7.0,
medium containing lead acetate, zinc chloride, or cadmium and 0.5 mM DDM at 20°C. Following each addition, the

chloride at different concentrations. Cell growth at 37

was measured by monitoring the absorbance at 600 nm.

solution was mixed well, and the reduction in the intrinsic
tryptophan fluorescence emission spectrum was recorded

Purification of Non-His-Tagged Proteins for Metal Binding ~ (excitation wavelength, 290 nm). The dilution following each

addition of metal salt solution was taken into account when

Studies Proteins were purified without any affinity tag.
Proteins without an affinity tag were expressed in strain fitting the data.

LMG194(zntA:cat) and purified using a Talon-affinity ATPase and Acylphosphate Adty Assays.The metal-
column (BD Biosciences Clontech) as described earlier; this ion-dependent ATPase activity reported here was determined
method takes advantage of the intrinsic metal affinity of the using a coupled assay with pyruvate kinase and lactate
proteins as long as at least one high-affinity site is intact dehydrogenase as described earlier but with the following
(20, 29). Purity of the proteins and the absence of the His modification @4). Purified non-His-tagged proteins were

tag were confirmed by SDS-PAGENd Western blotting ~ thawed and incubated with 2 mM dithiothreitol (DTT) at 4
°C for 1 h, followed by removal of the DTT using Sephadex

G-25 column chromatography. The reduced proteins were
ethyl)methane AN-ZntA: a mutant of ZntA with residues-2106 used within 36-60 min for activity measurements. Assays
deleted; DDM, n-dodecylf-p-maltoside; DTNB, 5,5dithiobis(2- were at pH 7 and 37C. In some assays, the thiolate form

nitrobenzoic acid); EDTA, ethylenediaminetetraacetic acid; EXAFS, - of cysteine was added to the assay buffer at a concentration
extended X-ray absorption fine structure; ICP-MS, inductively coupled . . .
plasma mass spectrometry; SDS-PAGE, sodium dodecy! sulfate poly-€dual to that of the metal ion (1 M cysteine at pH 7.0 is

acrylamide gel electrophoresis. equivalent to 44.7 mM of the thiolate form of cysteine).

1 Abbreviations: Bis-Tris, bis(2-hydroxyethyl)amino-tris(hydroxym-
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Ficure 2: Resistance to Pb, Zn?*, and Cd" salts by the wild-type strain LMG1948), the zntAdeleted strain LMG194ftA:cat) (x),
and the deleted strain transformed with plasmids containing wtZD)AG392A @), C392S (J), C392H @), C394A ), C394S 4), and
C394H (n). Cells were grown at 37C in a 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.

Protein concentrations were determined using the bicincho-(C392H, C392S, C394H, and C394S) were able to provide
ninic acid reagent with bovine serum albumin as standard. partial resistance to 2h and Cd*, though the activity

Phosphorylation of the purified proteins with-f?PJATP
was carried out as described earlier for 20 s atG#wvith
10uM [y-32P]ATP (29). Acylphosphate formation using?P]-

Pi was carried out with 1Q:g of purified proteins and
20 uM [32P]Pi with or without the appropriate metal salt
solution at 30uM concentration for 10 min at 37C (20).

was much less compared with wtZntA (Figure 2B,C).
Figure 2 shows growth of the different strains after 24 h; a
similar trend was observed at 30 h of growth (not shown).
The P393A mutant was unable to confer resistance to any
concentration of PB, Zn*t, and Cd" (data not shown).

Activity of the Purified Cys392 and Cys394 Mutarfsr

The reactions were stopped with 10% TCA. For blank  the serine and histidine substitutions at Cys392 and Cys394,
samples, the stop solution was added before the addition ofievels of expression of the mutant proteins with or without

[y-32P]ATP or B2P]Pi.
To test whether prebinding metal ion to ZntASN-ZntA,

histidyl tags were similar to that of wtZntA, for the alanine
substitutions, the levels were slightly lower. P393A was

a mutant that lacks the N-terminal domain and the N-terminal expressed to only-510% of wtZntA levels. The ATPase
metal-binding site, in the absence of nucleotides results in activity was measured for wtZntA and the mutants for the
inactivation of the protein, assays were performed as follows metal ions PB", Zrn2*, Cc*, Ci?*, Ni2*, and C8*. The assay

(32). Using the same protocol used to prepare samples forprotocol was modified to remove DTT from the enzyme prior

stoichiometry measurements with ICP-MS, ZntA aki-
ZntA were bound to different metal ions. wtZntA binds two
metal ions, whileAN-ZntA binds a single metal ion, with
high affinity (20). Following removal of all unbound or

to the assays to ensure that none of the metal ions, especially
Cw?*, was reduced during the assay. As we have reported
before, PBY, Zr?t, or CP* salts can stimulate the ATP
hydrolysis activity of wtZntA, with PB" displaying the

weakly bound metal ions using consecutive Sephadex G-25highest activity 24). By the modified assay, three other
columns, the ATPase activity was assayed using the coupleddivalent metal ions (Cif, Ni2*, and C8") were also shown

assay system, except that no additionatPEn?>*, or CcP*
was added. Approximately 4M (final concentration)
wtZntA or AN-ZntA bound to different metal ions was added

to weakly stimulate the ATPase activity of wtZntA. Table 1
shows that for wtZntA the activity with Cti or Ni?" is just
slightly lower than that of C#, while C&* has the lowest

to the assay buffer, and the assay was initiated with the ATPase activity of the six cations. We reported previously

addition of ATP.

RESULTS

The in Vo Resistance Aatity of the Cys392 and Cys394
Mutants to PB", Zr**, and Cd" in the Growth Medium.
The sensitivity of thezntAdeleted strain, LMG194tA:
cat), to toxic levels of metal salts in the growth medium can
be complemented bwtzntA The ability of the individual

that thiolates of cysteine in the assay medium increase the
ATPase activity of ZntA 4-8-fold with PIZ+, Zr?*, and Cd*
(Table 1); the activity in the presence of thiolates is probably
a more accurate representation of the in vivo activa (
Thiolates increased the activity with €oand N+ 2—3-

fold. By comparison of the activity due to various metals,
especially in the presence of thiolates, it is clear that ZntA
is highly selective for one group of substrates{RZn?",

mutations at Cys392, Cys394, and P393A to confer resistanceand Cd") over the other (Ctf, Ni**, and C@") (Table 1).

to LMG194ntA:caf) against toxic levels of Ph, CPt,

It should be noted that th&,'s in Table 1 are apparehty,’s,

and Zri#* in the growth medium was tested. The C392A and Which take into account the total metal ion concentration in

C394A were not able to confer resistance again3t P+,
and Cd" (Figure 2A-C) and were indistinguishable in their
growth profile from the zntAdeleted strain. Also, the

the buffer. This is in contrast to the association constants
for metal binding Ky's in Table 3, which take into account
only the free metal ion concentration in the buffer.

conservative histidine and serine substitutions at Cys392 and The alanine substitutions at Cys392, Cys394, and Pre393

Cys394 were unable to confer any resistance té"Pb

C392A, Cys394A, and P393Ashowed no measurable

(Figure 2A). However, the serine and histidine mutants activity with any cation. PH’, the best substrate for ZntA,
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Table 2. Stoichiometry of Metal Bound to tRECPC% Mutants Using ICP-MS

lead cadmium zinc cobalt nickel copper
WEZntAP 1.84+0.1 2.2+ 0.0 1.9+ 0.0 2.1+£0.3 1.9+ 0.3 1.8+ 0.4
C392A 1.0+ 0.01 1.0+ 0.01 1.0+£0.1 1.0+ 0.04 1.2+ 0.02 1.1+ 0.1
C392H 1.0+:0.1 2.0+0.1 1.94+0.01 2.2+ 0.01 2.3+ 0.06 2.3+ 0.0
C392S 1.6+ 0.0 1.9+ 0.0 2.0£0.0 2.0+ 0.04 2.1+ 0.0 2.2+ 0.1
C394A 0.9+ 0.0 1.0+ 0.1 0.94+0.2 1.0£ 0.06 1.0+:0.01 0.8+£0.1
C394H 1.0+:0.0 2.0+0.2 1.8+ 0.0 2.0+ 0.07 1.9+ 0.03 1.8+ 0.07
C394S 0.9-0.1 1.8+ 0.1 1.8£0.1 1.8+ 0.04 1.94:0.01 2.0+ 0.0
C392H/C394H 1.6 0.2 2.0+ 0.3 2.1+ 0.2 1.7+ 0.2 1.9+ 0.02 2.1+ 0.2
C3925/C394S 1.80.1 1.84£0.2 2.0+:0.3 1.7£0.2 0.94+0.2 2.0+0.4
P393A 0.9+0.1 1.0+ 0.1 0.8+ 0.1 0.9+ 0.1 0.9+ 0.1 1.0+ 0.01

aSamples were prepared as described in Experimental Procebléresn ref20.

metals in the transmembrane domain. All the mutants,
including the serine and histidine substitutions, showed a
stoichiometry of one with lead, confirming that they had lost
the ability to bind lead at the transmembrane site (Table 2).
On the other hand, the stoichiometry for the serine and
histidine single and double mutants for the other five metals
cadmium, zinc, cobalt, nickel, and copper, was-128,
indicating that they were capable of binding these metals at
both the transmembrane and the N-terminal sites. However,
the serine double mutant C392S/C394S showed a stoichi-
ometry of 1 with N?*.

Activity of wtZntA with Metal Bound in the Absence of

NucleotidesFor stoichiometry measurements using ICP-MS, o -
g . - . Ficure 3: ATPase activity with purified wtZntA andN-ZntA

ZntA and the mutants were incubated with metal ions in the using pre-metal-bound protein in the absence of any metal salt
absence of any nucleotides followed by removal of excess sojutions at 37C and pH 7.0. wtZntA and\N-ZntA were bound
metal ions, as well as weakly bound metal ions, by column to different metal ions as described in the Experimental Procedures.
chromatography. It is possible that ZntA has a low-affinity Excess metal ions were then removed. Approximateli(final
metal-binding site in the transmembrane domain, in addition concentration) metal-bound protein was incubated in the assay
to the hiah-affinity sit hich i tial f Il activit buffer with 2.5 mM MgC}, for 5 min before starting the reaction
0 the hig "’_" Inity site, which is essential for overall activity - it the addition of 2.5 mM ATP. Reactions were carried out for
of the protein. We therefore tested whether the metal-bound10 min. From left to right, the bars denote protein bound to no
sample prepared for ICP-MS measurements retained activitymetal, PB*, Zr?*, C?*, Co?, Cl?*, and N,
in the absence of any extra metal ions. Samples of ZntA

200 |- |

100 |

Activity, nmoles/(mg protein.min)

(=]

wtZntA AN-ZntA

and AN-ZntA, a truncation mutant of ZntA that lacks the E 4+ M2" NE E-M%" (1)
N-terminal domain and has only the single metal-binding

L ) K,E
site in the transmembrane domain, were prepared exactly as EMZ 4 M2 <2 E-(M2+)2 @)

for the stoichiometry measurements. ZntA had 2 equiv of
bound metal ion, andAN-ZntA had 1 equiv. The samples K
(~4 uM final concentration of protein) were then assayed | +M?"—1-M?" (3)
for ATPase activity without the addition of any extra soft \yhere E is the protein and | is the indicator, mag-fura-2.
metal ion to the assay buffer (Figure 3); they showed ATPase The association constants of mag-fura-2 fof ZICc+, and
activity with different metal ions. Control experiments were pp+ ysed in these fits were determined previously; they were
carried out to ensure that the metal remained bound to thes 2 « 107, 2.5 x 107, and 3.1x 108 M1 for Zn?*, C®+,
protein during the incubation in the assay buffer, prior to ang pB*, respectively 20, 35). Figure 4A-F shows the
the start of the assay by addition of ATP. This shows that decrease in absorbance at 366 nm versus the metal ion
ZntA tightly bound to metal ions in the absence of nucle- concentration and the fits to the data for the Cys392 and
otides retains overall activity. Cys394 single mutants (similar sets of data were obtained
Affinity of Zr#t, Pk?*, and Cd* for the Transmembrane  for P393A, C392H/C394H, and C392S/C394S). Consistent
Site in the32CPC** Mutants Using Mag-fura-2Since the  with the ICP-MS data, C392A, C394A, and P393A showed
histidine and serine substitutions at residues 392 and 394only one binding site for Z&, Cc?*, and PB"; attempts to
were capable of binding metals yet had low overall activity fit the data for these proteins to two binding sites resulted
relative to wtZntA, their metal binding affinity was deter- in a second association constant in the molar range. Fdr Zn
mined. Competition titration with the metal ion indicator and and Cd", the serine and histidine mutants showed two
chelator mag-fura-2 was carried out with purified, reduced binding sites, as previously observed for wtZntA as well.
mutant proteins as described in detail earliE9, 20). The Table 3, section A, summarizes the association constants
data was fitted to a one- or two-binding-sites model as obtained for the metal binding sites for the Cys392, Cys394,
described previously20) using the software Dynafit3@); and the P393A mutants; the values for wtZntA are also
the affinity of the buffer Bis-Tris for metal ions was taken included. The association constants obtained with the mutants
into account 84). are similar to those obtained for wtZntA for all three cations,
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Ficure 4: Plot of the absorbance change at 366 nm when increasing concentrations of metal salt solutions were added to mag-fura-2 and
the Cys392 and Cys394 mutants in 10 mM Bis-Tris and 0.5 mM DDM, pH 7.0, antC20(A) C392A; (B) C392H; (C) C392S; (D)

C394A; (E) C394H; (F) C394S &) PB*+; (O) Zn?t; (®) Cd*t. Data were fitted as described in the Results section. The protein and
indicator concentrations used were as follows: ()1, 11, and 1%M C392A for PE¥*, Zn?*, and Cd", respectively, with~15 uM
mag-fura-2; (B)~19, 8, and 10uM C392H for PB*, zZr?t, and C@", respectively, with~20 uM mag-fura-2; (C)~18, 11, and

10 uM C392S for PB*, Zr?*, and Cd", respectively, with~20 uM mag-fura-2 for PB" and Z#* and 154M for Cd?>*; (D) ~18, 12,

and 11uM C394A for PB*, Zn?*, and Cd*, respectively, with~16 uM mag-fura-2 for PB" and Zr#™ and 8uM for Cd?*; (E) ~13, 7,

and 154M C394H for PB*, Zn?*, and Cd", respectively, with~12 uM mag-fura-2 for PB" and Cd* and 16uM for Zn?*; (F) ~11, 8,

and 12.5uM C394S for PB", Zn?*, and Cd", respectively, with~13 uM mag-fura-2 for PB* and C&+ and 15uM for Zn2*,

0 10 20 60 0 8

indicating that the affinity for either the N-terminal site or ions as well. Changes in fluorescence intensity at 340 nm
the transmembrane site is not significantly altered by the were plotted versus different divalent metal ion concentration
substitutions. in Figure 5B. It should be noted that in this equilibrium
Affinity of the Two Metal Sites in wtZntA and f{éCPC* titration experiment, the degree of fluorescence quenching
Mutants Using Tryptophan Fluorescence QuenchifigtA is saturated at a metal concentration equal to the sum of the
has six tryptophan residues, of which Trp52 is located in EDTA concentration and twice that of the wtZntA concen-
the N-terminal domain close to the N-terminal metal binding tration, indicating that there are two metal sites on wtZntA,
site in primary sequence. The other five are distributed over supporting our stoichiometry measurements done under
the rest of the protein sequence. Metal binding to the isolatednonequilibrium conditions. The data were fitted to the two-
N-terminal domain produces20—25% quenching of the  site metal-binding model as noted above using Dynafit. For
fluorescence due to Trp52 (S. J. Dutta and B. Mitra, the fitting, the affinity of the buffer Bis-Tris for metals was
unpublished observations). Metal binding to the transmem- taken into account3d), as well as the affinity of EDTA
brane site iInAN-ZntA, a ZntA mutant that lacks the (~5 uM) for the different metal ions3g). Table 3, section
N-terminal domain, produces-10—-15% quenching of B, lists the association constants obtained for the two sites
fluorescence due to one or more of the other five tryptophan in wtZntA for six different cations using this method. wtZntA
residues since Trp52 is missing in this muta@)( The has the highest affinity for Pb and Cd*, followed by
smaller degree of fluorescence quenching upon metal binding~10-fold lower affinity for Cd*, Zn?*, Ni?*, and C&".
to the transmembrane site is possibly because the majority Using similar titrations, we determined the association
of the five tryptophan residues iRN-ZntA are not affected  constants of thé®°CPCG® mutants for PB", CP*, Zn?*,
by cation binding to the transmembrane site. Nevertheless,Cl?*, Co*t, and NP (Table 3, section B). Figure 6 shows
it is clear that metal binding to both the N-terminal and data for the single cysteine mutants. Similar data was
transmembrane sites in isolated ZntA fragments producesobtained for P393A, C392H/C394H, and C392S/C394S (not
quenching of the native fluorescence of distinct tryptophan shown). As observed with the titration experiments using
residues. This intrinsic fluorescence quenching provides amag-fura-2 as an indicator and also the ICP-MS data, C392A,
useful tool to measure the affinity of different divalent metal C394A, and P393A lost the ability to bind a second metal
ions to both sites in full-length wtZntA and tH&CPC* ion. Also, none of the mutants were able to bind a second
mutants. Figure 5A shows a titration of wtZntA with PI?" ion. The serine and histidine substitutions at Cys392
increasing concentrations of zinc chloride in the presence and Cys394 could bind two 2h, Ccft, Ni?t, Ci?*, and Cé*
of ~5uM EDTA as a metal ion competitor; the fluorescence cations, with the exception of C392S/C394S, which could
was gquenched-40—-45%. Similar decreases in tryptophan only bind one Ni*. The association constants for all the
fluorescence emission were observed for other divalent metalmutant proteins obtained by this method foPRICP*, and
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Table 3. Association Constants for the Binding of Different Metal lons to wtZntA and the Mutants at Cys392 and®Cys384

A. Using Competition Titration with Mag-fura-2

lead cadmium zinc

WtZntAb (1.3+£0.1) x 10° (1.3£0.1) x 108 (1.1£0.1) x 1C8

(4.5+0.01)x 1° (5.0+0.2) x 1 (5.0+0.1) x 1¢?
C392A (1.7 0.01) x 1¢° (1.5+0.03)x 108 (1.3+0.01)x 108
C392H (4.7+0.3) x 1@ (1.24+0.01)x 1¢® (1.4+0.01)x 1¢®
(2.8+£0.01)x 1¢® (2.1+0.01)x 1¢®
C392S (4.4-0.4) x 10 (1.3+£0.01)x 1¢® (1.6+0.01)x 1¢°
(2.2+0.01)x 1C¢® (3.2+0.02)x 1¢®

C394A (2.2+£0.3) x 10° (1.14+0.01)x 1¢® (2.3+0.1)x 1¢°
C394H (1.3+ 0.01) x1C° (1.140.01)x 1C® (1.54+0.01)x 1C®
(5.04+0.01)x 1¢® (4.24+0.06)x 1¢°
C394s (2.0£ 0.01)x 1@ (1.7£0.01)x 1 1.7+ 0.01)x 1¢®
(3.44+0.01)x 1¢° (3.6+0.02)x 1¢°
C392H/C394H (6.1 0.6) x 10° (2.6+0.46)x 1C° (2.6+0.07)x 1¢°
(2.94+0.27)x 1¢° (8.14+0.58)x 1¢°
C392S/C394S (1.8 0.20)x 1@ 27+£11)x 10 (2.6+0.03)x 1C¢
(1.3+0.01)x 1¢® 6.0+ 0.21)x 1¢°
P393A (6.14 0.62) x 1P (2.640.01)x 1C® (2.640.23)x 1C®

B. By Direct Fluorescence Quenching
lead cadmium zinc cobalt nickel copper
WEZntA (6.84+0.01)x 10° (4.04+0.01)x 10° (4.0£0.01)x 10® (1.9+£0.05)x 10°® (4.0+£0.01)x 10® (2.0+0.01)x 1C°

(4.1+1.3)x 10°

(1.34 0.01) x 108

(2.44 0.02) x 108

(6.7+ 0.01) x 107

(2.4+ 0.40)x 10P

(2.94 0.04) x 10°

C392A (1.8£0.01)x 10° (1.94+0.01)x 10° (2.74+0.01)x 10° (4.3+0.01)x 10° (3.1+0.01)x 10° (2.04 0.01)x 10°
C392H (2.3£0.01)x 10° (2.8+£0.01)x 10 (2.4+£0.01)x 10¢ (1.94£0.23)x 10 (2.940.41)x 10 (2.7 0.01)x 10°
(1.4+0.05)x 10° (8.6+£2.5x 10®  (2.6+£0.01)x 10 (5.3+1.1)x 10  (2.6+ 0.01)x 10°
€392S (2.2:0.01)x 10° (2.1+0.01)x 10¢ (2.4+0.02)x 10¢ (1.54+0.04)x 10® (2.6+0.16)x 10* (1.840.10)x 10°
(2.64+0.03)x 10° (4.0+£0.01)x 10® (7.3+£2.6)x 10/  (3.84+0.05)x 10° (2.340.15)x 10°
C394A (9.0£0.19)x 10° (2.44+0.01)x 10° (2.44+0.01)x 10° (3.84+0.03)x 10° (2.44+0.13)x 10° (3.94 0.09)x 10°
C394H (21+£0.01)x 10 (2.04+0.01)x 10 (1.3+£0.01)x 10* (5.9+1.1)x 10¢  (2.7+0.01)x 10° (2.440.01)x 10°
(36+£0.02)x 10° (1.7+£0.01)x 10° (6.1+0.01)x 107 (2.7+£0.15)x 1¢° (5.6 0.01) x 10°
C394S (2.1£0.01)x 10° (2.7+0.01)x 08  (1.94+0.09)x 10° (1.940.19)x 10® (2.9+0.01)x 10® (1.8 0.15)x 10°
(6.2+£0.48)x 10° (4.8+0.69)x 10° (7.8+0.37)x 107 (6.5+1.8)x 108  (7.4+ 2.4) x 10°
C392H/C394H  (1.4:0.01)x 10° (4.0+0.06)x 10° (1.6 0.01)x 10® (1.3+0.02)x 107 (1.440.01)x 10° (1.6 0.06)x 10°
(3.6+£0.05)x 10° (1.5+0.01)x 10° (1.5+0.06)x 107 (8.3+0.39)x 1¢° (1.5+ 0.16)x 10°
C392S/C394S  (4.6:0.25)x 10° (5.7+2.5)x 108 (4.7+£2.1)x 10¢ (5.9+2.7)x 10/ (1.54+0.03)x 10° (1.0 0.02)x 10°

(3.1 0.05) x 10°

(8.3+ 3.6) x 10P

(4.3+ 0.01)x 107

(6.1+0.8) x 10

aUnits are in M™. Protein samples were prepared as described in Experimental Procedures. Data were fitted usin@Dymidfitlie assumption
of two binding sites, except for C392A, C394A, and P393A, where only one binding site was assumed in the fit. This was also true for C392H,
C392S, C394H, and C394S withPbFor these, fitting the data using a two-binding-site model yielded an unrealistically low value for the second
association constaritFrom ref29,

Zn?* were similar to that of wtZntA and support the data stimulated ATPase activity. Interestingly, both the N-terminal
obtained by titration with mag-fura-2. With €q C/#*, and and the transmembrane metal sites in ZntA have similar
Ni%*, the same trend was observed; the mutations did notaffinity for these different metal ions, which does not
affect the affinity for these metal ions to a significant extent correlate with the metal selectivity displayed by the pump
though the C392S/C394S mutant showed slightly lower (19, 20). It is evident that metal selectivity does not depend
affinity for Cu?* (Table 3, section B). on ionic size, and the charge is invariant among divalent
cations. In this work, mutants of the transmembrane metal-
binding residues were characterized in order to examine how

P.e-type ATPases are highly selective for the metal ions specific metal ligands affected metal selectivity.
that they transport. Though only a fewgRype ATPases Pig-type ATPases have a conserved (C,S,T)P(C,H) motif
have been biochemically characterized with respect to metalin transmembrane segment six, with the central proline
selectivity, it is apparent that pumps with confirmed selectiv- invariant in all P-type pumps. Pumps specific foPRiCd,
ity for P?*, CcP*, Zn?*, Cu#*, Cut, and C8" belong to Zn?*, and Cu have the CPC motif, whereas those specific
separate subgroups defined by sequence alignment. It igor Ci#* and Cé* have a CPH and SPC motif, respectively.
expected that these subgroups contain strictly conservedThe CPC motif in ZntA was changed to APC and CPA to
residues within each that confer metal ion selectiviy-P ~ €valuate the importance of each cysteine in metal selectivity
type ATPases contain metal binding sites in a hydrophilic and activity. It was also changed to SPC, CPS, HPC, CPH,
domain located at the N-terminus, or alternatively at the HPH, and SPS to test whether the selectivity could be
C-terminus, and in the transmembrane domain. Both typeschanged to that of C6 or Ci**. The motif was changed to
of metal sites appear to have distinct conserved ligands thatCAC to examine the importance of the conserved Pro393.
possibly confer metal selectivity. We show in this study that  Purified C392A and C394A (with an APC and a CPA
wtZntA displays much higher selectivity for P C#*, and motif, respectively) showed no metal-stimulated ATPase
Zn?t, over Cd", Ni?*, and C@8", with respect to metal-ion-  activity or acylphosphate formation activity with ATP. The

DISCUSSION
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Ficure 5: Panel A shows a decrease in fluorescence emission of in loss of binding.

1
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wtZntA when increasing concentrations of zinc chloride were added

to the protein in 10 mM BisTris, 0.5 mM DDM, and:8M EDTA,
pH 7.0, and 20C. The excitation wavelength was 290 nm. Panel

B shows plots of the relative change in fluorescence emission of

wtZntA (~8—13 uM) at 340 nm as a function of the added metal
salt concentration for different metal ions®) Pk**; (O) Zn?*;
(O) Ccé*; (m) Co?*™; (a) CLT; (a) Ni?t. The data was fitted as
described in the Results section. The scale onytais is in
arbitrary units.

Dutta et al.

C392A and C394A in ZntA were unable to bind a metal
ion at the transmembrane site with high affinity, under both
equilibrium (for titration with metal ions) and nonequilibrium
(ICP-MS measurements) conditions. Thus each of the
residues flanking the proline is a ligand to the metal; even
with one ligand missing, the transmembrane metal binding
site is lost, and all activity is lost. The transmembrane site
is thus essential for activity, unlike the N-terminal site; when
the latter was knocked out or replaced by the corresponding
domain from the Wilson CttATPase, the resulting trans-
porter was still functional X9, 31, 37).

C392H, C394H, C392S, C394S, and the serine and
histidine double mutants have no activity with?Ppeither
in vitro or in vivo. They are unable to bind Pbat the
transmembrane site. The oxygen of the serine hydroxyl side
chain and the nitrogen from imidazole side chain of histidine,
both relatively “hard” ligands, appear to be not suitable for
binding PB* in ZntA. We have shown that a strictly
conserved aspartate residue in the middle of the eighth
transmembrane segment in ZntA, Asp714, is a metal-binding
ligand (29). Both this aspartate and its conservative replace-
ment, glutamate, could bind Pbwith high affinity. There-
fore, a carboxylate side chain is a suitable ligand fot'Pb
but a hydroxyl side chain is not. From these observations, it
is clear that the CPC motif is strictly essential for the
selectivity toward PH in Pig-type ATPases; even conserva-
tive substitutions are not tolerated. Binding of?Plat the
N-terminal site of ZntA is also different from that of other
metal ions and possibly requires at least three cysteine
residues 19, 38). A recent EXAFS study suggests that in
thiol-rich environments in proteins, Pbbinds with three-
coordinate geometry whereasZrbinds with four-coordi-
nate geometry39). Also, replacement of one of the cysteine
ligands by a serine considerably weakened binding éf Pb
relative to Zi" in metal-regulated transcription factory.

In ZntA, it is possible that binding of Pb has been
optimized for thiol-rich environments at both the N-terminal
and transmembrane sites and involves three-coordinate
geometry; substitution of even one of the three ligands results

C392H, C394H, and C392H/C394H were able to bind
Cd?t, Zr?t, C2*, Ni?t, and Cé* at the transmembrane site;
the affinity for these metal ions is relatively unchanged from
that of wtZntA. Thus, the imidazole side chain is a suitable
ligand for these cations. Interestingly, these mutants did not
show an increased affinity for Ctu Despite the unaltered
affinity for metal ions however, these mutants showed large
reductions in metal-dependent ATP hydrolysis rates. The

mutants were also completely inactive in vivo. These results double mutant with the HPH motif shows lower activity with

are similar to those reported earlier for GATPases from
E. coliandA. fulgidus(25, 26). However, a recent study of
CadA from L. monocytogeneseported that the C356A
mutant (corresponding to a CPA motif) showed in vitro
ATPase activity but no in vivo activity, in contrast to the
C354A mutant (APC motif)Z8). Given the close homology
of Cut-ATPases and especially ZntA with CadA, the result

only Zrt and Cd*™ compared with the single histidine
mutants, whereas its activity with Ni, Ci#t, and Cé" is
relatively unchanged. Thus, histidine substitutions at residues
392 and 394 destroy the predominant selectivity of wtZntA,
and possibly other B-type pumps, toward Pb, Zn?*, and
Cd?*. This is achieved through drastically lower binding
affinity for Pb?* but apparently more subtle effects in binding

with the CadA C356A mutant is unexpected. One reason geometry for Z&" and Cd", which are bound with unaltered
for this different result could be that the ATPase assay on affinity. Though Cd*-specific ATPases have a CPH motif

CadA, carried out or50 membranes, is complicated by

in TM6, C394H did not show any enhanced selectivity for

endogenous ATPase activity, varying levels of expression Cl?.

of the different mutants, and inhibitory effects of Tcn
the endogenous activity.

The single serine substitutions at Cys392 and Cys394 were
able to bind Cd&", Zn*", CW/", Ni?", and C&" at the
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Ficure 6: Plot of the changes in fluorescence emission intensity at 340 nm (excitation 290 nm) when increasing concentrations of metal
salt solutions were added to the Cys392 and Cys394 mutants in 10 mM Bis-Tris, 0.5 mM DDM5and EDTA, pH 7.0, and 20°C:

(A) C392A (~13 uM for Zn?*, Ni?*, Cc#*, Cl#*, and C8" and~19 uM for PR?*); (B) C392H 8 uM for Zn?*, 14 uM for Ni?* and

Cc?t, and~18 uM for Pb?t, Ci#t, and C8"); (C) C392S 18 uM for Pb?** and Cd"; ~15 uM for Cd?*, Zn?*, Ni2", and Cé"); (D)

C394A (~15 uM for P?*; ~9 uM for Cd?*; ~6 uM for Zn?*, Ni2*, C/**, and C@"); (E) C394H 15 uM for P?*, CcPt, and Cd;
~10-12 uM for Ni%*, Co?t, and Zi#"); (F) C394S ¢11—14 uM for Zn?*, P, Ni2*, and C8*; ~15—-17 uM for Cd?* and C@"); (@)

PET; (O) CP*; (a) CU2T; (a) Ni2t; (W) Zn?™; (O0) Co?*. Data were fitted as discussed in the Results section.

transmembrane site with similar affinity to wtZntA. However, toward Cd" and C3" can only be achieved by changing
the double serine mutant, SPS, had a 10-fold lower affinity these residues simultaneously together with those of the CPC
for Ci?™ and was unable to bind i at the transmembrane  motif.
site. With respect to metal-dependent ATPase activity, the While optimal metal-binding geometry appears to be an
serine mutants were similar to the histidine substitutions with important parameter in determining selectivity, the results
decreased activity for all the metal ions relative to wtZntA, reported here for Py show that for some metal ions, certain
with the double mutant SPS showing lower activity with all residues are simply not suitable ligands for high-affinity
the metals compared with the single serine mutants and nobinding. Mutants with these substitutions lose the ability to
activity with Ni*. The hydroxyl oxygen of the serine side bind these cations with affinity high enough to effectively
chain may not be a suitable ligand for these metal ions; compete with weak ligands in the assay buffer. Thus, both
possibly, the presence of at least one cysteine residuebinding affinity and optimal binding geometry play a role
compensates for the serine in the single serine mutants. Serinén metal selectivity in bs-type ATPases. In this context,
substitutions at residues 392 and 394 destroyed the selectivitynutagenesis studies of the Cuansporters frond. fulgidus
of wtZntA toward PB*, Zn?*, and Cd*. They did not show E. coli, and yeast Ccc2p should be mentioned. For these
any increased selectivity for €owith respect to binding  pumps, the cysteines of the CPC motifs were mutated not
affinity or activity, though in putative Co-ATPases, the  only to alanines but also to CPS, SPC, and CPH. The CPS
conserved motif is SPC. mutant in CopA fromA. fulgidusdid not show any ATPase
P393A, with a CAC motif, was only expressed to 10% of activity (26). The CPH mutant in CopA fror&. coli had no
wtZntA levels. This is possibly due to structural perturbations ATPase, acylphosphate formation, or in vivo resistance
in transmembrane helix 6 caused by the loss of this proline. activity (25). This is in contrast to the histidine and serine
The purified protein showed no activity and was unable to mutations at Cys392 and Cys394 in ZntA, which had both
bind a second metal ion unlike wtZntA, though it was still in vivo resistance activity to Zn and Cd and in vitro
able to bind a cation in the N-terminal domain. This suggests ATPase activity with most cations. Metal binding was not
that even though both cysteine residues were present, thaneasured for either of the CopA mutants, so it is not evident
optimal geometry for cation binding at the transmembrane why they were completely inactive. One possibility is that
site was lost. Our observations with P393A in ZntA are in Cu' behaves in the same way as?’Ploes with the serine
contrast to those reported for the corresponding mutation,and histidine mutants in ZntA. Just as for?Pbthe CPC
P355A, in CadA fromL. monocytogenesvhich retained motif may be strictly required for binding CuOn the other
some activity 28). hand, it is also possible that Cus bound tightly by the
The results reported here with tFRBCPC®* mutants lend mutants, but with a geometry that does not support efficient
additional support to our earlier conclusion that metal-binding catalysis. Metal-binding measurements would help to answer
geometry plays an important role in addition to affinity in this question.

determining metal selectivity in these transport@@.(This The metal-binding studies reported here, both by ICP-MS
may be the reason why the C392S and C394H mutants do(nonequilibrium conditions) and by metal titration (equilib-
not show increased selectivity for &oand Cd", respec- rium conditions), show that wtZntA has two high-affinity

tively. Co?™- and C@d'-selective ATPases have conserved metal-binding sites; one of these is in the membrane.
residues besides the SPC and CPH motifs that may be ligandMeasurements of metal-binding rates at the N-terminal site
to the metal ion10, 14, 21). Itis likely that higher selectivity =~ show that metal ions have very high on rates and slow off
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rates B8). It is likely that this is true for the transmembrane 2.

site also. It was suggested based on studies of mutations of
the CPC motif in yeast Ccc2p and CadA frdmmonocy-
togeneghat these proteins have two metal binding sites in
the transmembrane domain with each cysteine from the CPC
motif contributing to a different metal site. While both the
SPC and CPS mutants in Ccc2p showed no in vivo or
ATPase activity, only the SPC mutant showed phosphory-
lation by ATP @1). In CadA, the APC mutant showed no
ATPase activity, but the CPA mutant di2lg). Metal binding

was not directly studied for either of these two proteins or
their different mutants, so the metal affinity of these sites is
not known. Results reported here and earlier for ZntA
strongly suggest that only one metal ion is bound to the
transmembrane site in ZntA with high affinity. The discrep-
ancy between our results and those reported for Ccc2p and
CadA can be explained by the following hypothesis. During
the actual reaction cycle of ZntA and related pumps, a single
metal ion is bound to the transmembrane site in thst&e. 8
In the E state, metal ion release from this site to the
periplasm is accompanied by metal transfer to it from the
N-terminal metal site. The N-terminal site in ZntA can
interact with the transmembrane site (S. J. Dutta and B.
Mitra, manuscript in preparation). During this metal transfer/
metal release process in the #ate, it is likely that the
cysteines of the CPC motif behave differently, with one
accepting the incoming metal ion from the N-terminal site
while the other is in the process of releasing the outgoing
metal ion. In this study, we have used the high-affinity
transmembrane metal site in the &ate to investigate the
basis of metal selectivity.

ConclusionsP;s-type ATPases have a strictly conserved
(C,S,T)P(C,H) maotif in the sixth transmembrane segment.
The identity of the residues flanking the proline depends on
the metal selectivity of different subgroups ofgRype
ATPases. In ZntA and its homologues that are selective for
PB**, Zn?*, and Cd*, the motif is CPC. Conservative and
nonconservative mutations at each of the two cysteines were
characterized. All the mutants were competent in catalyzing
acylphosphate formation in the reverse direction, indicating
they were properly folded proteins. The alanine substitutions
lost all metal-dependent activity and could not bind a metal
ion at the transmembrane site, indicating the importance of
each cysteine as a ligand to the metal ion. Serine and histidine
substitutions lost the ability to bind P indicating that the
cysteine residues are strictly necessary for bindirg Rlith
high affinity at the transmembrane site. Mutants with serine
and histidine substitutions retained the ability to bindZn
CdP*, Cuw?t, Ni2t, and C8" with high affinity but showed
large decreases of in vivo metal resistance and in vitro ATP
hydrolysis activity and loss of selectivity to Znand Cd".

The P393A mutant showed no activity and could not bind
any metal ion at the transmembrane site, though it retained
both cysteine residues. These observations indicate that metal,
selectivity in Rg-type ATPases is achieved by selection of
metal ligands that give rise to high binding affinity and, even

more importantly, optimal binding geometry. 21.
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