11040 Biochemistry2003,42, 11040-11047

Functional Roles of Metal Binding Domains of th&chaeoglobus fulgidus
Cut-ATPase CopA

Atin K. Mandal and José. Arguello*

Department of Chemistry and Biochemistry, Worcester Polytechnic Institute, 100 Institute Road,
Worcester, Massachusetts 01609

Receied May 15, 2003; Resed Manuscript Receéd July 1, 2003

ABSTRACT: COpA, a thermophilic membrane ATPase fréxnchaeoglobus fulgidysirives the outward
movement of Ct or Ag* [Mandal et al. (2002)). Biol. Chem. 2777201-7208]. This, as other g
ATPases, is characterized by a putative metal binding sequef® (% in its sixth transmembrane
fragment and cytoplasmic metal binding sequences in its-ldhid COOH-terminal ends @AMC?3° and
C®HHC®4). Using isolated CopA, we have studied the functional role of these three putative metal
binding domains. Replacement of transmembrane Cys residues by Ala results in nonfunctional enzymes
that are unable to hydrolyze ATP. However, the CPQ\PA substituted enzyme binds ATP, indicating

its correct folding and suggesting that enzyme turnover is prevented by the lack of metal binding to the
transmembrane site. Replacement of C-terminal Cys by Al&-{€A) has no significant effect on ATPase
activity, enzyme phosphorylation, apparent binding affinities of ligands, erE2lequilibrium. In contrast,
replacement of Cys in the N-terminal metal binding domain (N-MBD¥ {®) leads to 40% reduction

in enzyme turnover. Thed3%A enzyme binds Ct, Ag™, and ATP with the same high apparent affinities

as the wild-type CopA. Evidence that N-MBD disruption has no effect on theBE2Lequilibrium is
provided by the normal interaction of ATP acting with low affinity and the unaffected i@ vanadate
inhibition observed in the €3%-substituted enzyme. However, replacemer’ 3\ slowed the
dephosphorylation of the E2P(metal) form of the enzyme, suggesting a reduction in the rate of metal
release. Other investigators have shown the Cu-dependent interaction of isolated N-MBDs from the Wilson
disease Cu-ATPase with the ATP binding cytoplasmic domain [Tsivkovskii et al. (ZD@ipl. Chem.

276, 2234-2242]. Therefore, the data suggest a regulatory mechanism in which the Cu-dependent N-MBD/
ATP binding domain interaction would accelerate cation release, the enzyme rate-limiting step, and
consequently Cutransport.

Archaeoglobus fulgiduSopA is a thermophilic membrane Various structuratfunctional characteristics differentiate
ATPase that selectively drives the outward transport of Cu Pg-ATPases from other P-type ATPases, most notably the
or Ag™ (1). CopA belongs to the | subfamily of P-type presence of several metal binding domaias(-8, 10, 14).
ATPases Z). P-type ATPases transport ions against their By similarity with other P-type ATPases, it can be assumed
concentration gradient using the energy provided by ATP. that metal binding sites involved in transport are located in
Their catalytic cycle is characterized by the conformational the transmembrane regiob5-20). The sixth transmembrane
transitions (E1= E2) and the formation of a phosphoester segment (H6) of CPx-ATPases is characterized by putative
intermediate in their DKTGT consensus sequeres). metal binding sequences (CPC, CPH, CPS, TPC, or SPC)
Enzymes in the B subgroup transport heavy metals (Cu  that appear to be involved in determining enzyme specificity
Ag*, Zr?t, Cd*, PB¥, Co*) (2, 6). Found in archaea,  (Arguello, unpublished results). Experimental evidence sup-
prokaryotes, and eukaryotes, these are critical for transitionports the idea that these “CPx sequences” are required for
metal homeostasis and in mechanisms of biotoleraéee ( enzyme function, probably participating in metal binding or
8). Their relevance is evident when considering that muta- transport. Mutation of CPE~ CPA in the Caenorhabditis
tions of the two human CuATPases are responsible for  elegansCu-ATPase yielded a protein unable to rescue a Cu-
Menkes and Wilson disease§, (9, 10). Similarly, the  ATPase-deficient yeast mutamtécc?d (21). Similar results
abundance of CPx-ATPases in plants (eight genes in theyere observed when the CPH SPH mutation was
Arabidopsis thalianagenome) speaks of fundamental and jntroduced inEnterococcus hira€opB 2). Mutation of
complex_ roles for these proteins in plant micronutrient metal Cys in the CPC oEscherichia coliCopA, a Cu-ATPase,
metabolism {1-13). resulted in loss of copper resistance, transport, and phos-
phoenzyme formation2@). However, the participation of

T This work was supported by National Institutes of Health Grant these residues on metal coordination has not been shown.
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Many CPx-ATPases also have N-terminal metal binding ... ... Transmembrane Metal Binding
domains (N-MBDs) (2, 5—7, 10, 14, 24). These domains crres
are approximately 6670 amino acids long and contain the ?
metal binding consensus sequences CXXC. Different, less 4
frequent His-rich binding domains are present in other 5, ﬁ

T
Ay
PR
subtypes of CPx-ATPase25). N-MBDs carrying the CXXC \__L - be:
consensus sequence appear in five to six repeats in mam() \.) k&%c?ﬁ'*‘“c’“

malian proteins. However, most CPx-ATPases have only N-MBD: C?AMC

two, one, or no N-MBD. The absence of N-MBDs in many

of these proteins suggests a regulatory rather than an essenti

role for these domains in the catalytic mechanism of CPx- Intracellular

ATPases. N-MBDs are homologous to a number of metal Cytoplasmic metal binding domains

chaperone protein24), can bind CETI’ Cur7, Zre*, and Cd” Ficure 1: Schematic representation of the membrane topology and
(26-29), and exchange metals with the related chaperonesiocation of putative metal binding domains A fulgidusCopA.
through a simple equilibriumKeq ~ 1) (30). The NMR o o o
structure of the fourth N-MBD of the Menkes protein clearly Characterizing the distinct kinetics in the presence of Cu
points out the similarities between these domains and metalo” Ag”, we explained that although CopA binds Cwith
chaperones31). Metal binding to the N-MBDs is required 15 times higher apparent affinity, Agirives a faster turnover
for targeting of Menkes and Wilson’s proteins from the trans- because the E2P(Ag) form undergoes a faster dephospho-
Golgi network to the plasma membrane and a vesicular rylation than the E2P(Cu) form. We now present studies
compartment, respectively3?2—36). Studies directed to  Where we took advantage of this CopA preparation, site-
identify the effects of metal binding to N-MBDs on the directed mutagenesis, available assays, and kinetic analysis
enzyme structure and metal transport have postulated dif-to characterize the role of the different metal binding domains
ferent roles depending on observed alterations in catalysis,in the catalytic cycle of a CPx-ATPasA. fulgidus CopA
transport, or particular partial reaction. Several reports have has a CPC metal binding sequence in its HE{C*) and
indicated that mutation of metal binding Cys or removal of W0 apparent cytoplasmic metal binding domains, in its;NH
N-MBDs (truncated proteins) leads to a reduced enzyme and COOH-terminal ends fGAMC* and C>HHC™)
activity as determined by transport or ATPase assays (  (Figure 1). Replacement of transmembrane Cys removes
39). In the case of enzymes with several N-MBDs, such as €nzyme activity and phosphoenzyme formation by ATP in
the Menkes Cu-ATPase, mutations of different subsets of the presence of metals. However, it does not produce
these lead to either decrease or no change in the enzyméignificant changes in the enzyme structure and allows the
Vimax (37, 40). In other cases, depending on the experimental binding of nucleotides. These data suggest a role of trans-
system, the decrease in activity has been associated with anémbrane Cys in the catalytic metal binding. The study of
reduction GO), increase $9), or no Changeza 37, 38) in COpA Cytoplasmlc MBDs -|ndlcates that the N-MBD regu-
metal affinity. Phosphorylation experiments have suggested!ates enzyme turnover while the C-MBD does not appear to
that mutation of all six Menkes protein N-MBDs renders an have a functional role. Most importantly, different from
enzyme with an apparent tendency to favor a vanadate-Previous reports, our data reveal that the N-MBD regulates
sensitive E2 conformation. Concerning nucleotide binding, €nzyme function not by affecting ligand interaction or E1
replacement of Cys in the three N-terminal N-MBDs of <> E2 equilibrium but by modifying the rate of enzyme
Menkes Cu-ATPase does not affect the low-affinity interac- dephosphorylation.
tion of ATP with the enzyme4(0). However, in a different
experimental system, Lutsenko and collaborators have shownEXPERIMENTAL PROCEDURES
that the isolated N-MBDs from Wilson protein interact with Site-Directed Mutagenesis and Protein Expressién
the isolated cytoplasmic loop of the enzymé&l)( The fulgidus CopA cDNA cloned into the pCRT7/NT-TOPO/
presence of Cuidecreases the interaction, and this leads to His vector (Invitrogen, Carlsbad, CA) was used as template.
a reduction in the affinity of the isolated cytoplasmic loop Site-directed mutagenesis was performed using the Quick-
for nucleotides. Thus, despite these contributions using change site-directed mutagenesis kit (Stratagene, La Jolla,
different approaches, no consensus or integrated view hasCA). Primers were designed to introduce the following
emerged on the molecular mechanism by which metal modifications: (G8%A, C382A, (C3825, (880387 (C273%,
binding to N-MBDs affects CPx-ATPase activity. C75L75, and C730.75L75A  Mutations were confirmed by
We recently described the heterologous expression, solu-DNA sequencing. BL21Star(DE3)pLysiS. coli cells (In-
bilization, and purification of CopA, a thermophilic Cu vitrogen, Carlsbad, CA) carrying the vector pSJS1240
ATPase fromA. fulgidus(1). We determined the kinetic ~ encoding for rare tRNAs (tRN#AGA/AGG and tRNA®-
parameters that define P-type ATPases: interaction of ATP AUA) (42) were used for expressing the substituted proteins
with high and low affinity, maximum phosphorylation levels, after induction with 0.75 mM isopropy$-p-thiogalactopy-
turnover number, and inhibition by micromolar vanadate. We ranoside.
also recognized the enzyme specificity for‘Cand Agd', Enzyme PreparatiarEnzyme was prepared as described
the only metals that drive CopA ATPase activity. By before (). Briefly, membranes were isolated from cells
expressing the wild-type (WT) CopA or the indicated mutants
! Abbreviations: DDM, dodecyf-p-maltoside; DTT, dithiothreitol; and treated with 0.75% dodeg§io-maltoside (DDM). The

N-MBD, N-terminal metal binding domain;; Finorganic phosphate; ~ Solubilized proteins were isolated by affinity chromatography
WT, wild type. using a Nf-nitrilotriacetic acid column. The proteins were

C
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finally stored in 25 mM Tris, pH 8.0, 100 mM sucrose, 50
mM NacCl, 0.01% DDM, and 1 mM dithiothreitol (DTT) at
—80 °C.

Functional AssaysMetal-dependent ATPase and phos-
phorylation assays were performed as described eatler (

The time course of enzyme dephosphorylation was examined
in samples phosphorylated in a medium containing 50 mM

Tris, pH 7.5 (20°C), 1 mM MgCh, 25uM [y-32P]ATP, 100
uM AgNO3; 0.04 mM EGTA, 20 mM cysteine, 0.01%
asolectin, 0.01% DDM, 400 mM NaCl, 20% dimethyl
sulfoxide, and 0.05 mg/mL purified enzyme. After 30 s, ice-
chilled 5 mM (final concentration) EDTA was added to the

medium, and the samples were further incubated for 3 and

6 s at 0°C.
Limited Proteolysis of WT and Mutant CopArypsin

treatment of WT and mutated enzymes was performed as

described by Argello and Kaplan43). Briefly, protein (0.75
mg/mL) was treated with the enzyme:trypsin ratio indicated
in the figures in a medium containing 20 mM Tris, pH 7.5,
0.01% asolectin, 0.01% DDM, and 3 mM Mg@Glind in the
presence of 3 mM ATP or 3 mM AMP. After 20 min at 37
°C, proteolysis was stopped by the addition of 1 volume of
electrophoresis sample buffer. SBBAGE was carried out
according to Laemmli44) in 10% acrylamide gels. Protein

Mandal and Argello
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Ficure 2: Effect of replacement of Cys at N-MBD, C-MBD, and
CPC sites on CopA ATPase activity. Assays were performed at
saturating metal concentrations, 108 Ag* (white bars) or Cti
(black bars). 2.5 mM DTT was included in the Cu(l)-containing
assay mixture. Bars are the mean SE of three experiments

bands were observed by staining the gels with CoomassiePerformed with independent enzyme preparations.

Brilliant Blue.

Data Analysis Curves of ATPase activity vs Ag Cu',
or ATP concentrations were fit to = Vmal/(L + Ky,
whereL is the concentration of the variable ligand. ATPase
activity vs vanadate curves were fit t0= (Vmax — Vmin)/[1
+ (I/K12)] + Vmin, Wherel is the concentration of inhibitor,
K1 is the inhibitor concentration that produces half the
inhibitory effect, andVmi, is the activity at maximum
inhibition. The reported standard errors @, Km, and
K1, are asymptotic standard errors reported by the fitting
program.

RESULTS

Effect of Cys Replacement in Putai Metal Binding
Domains on CopA ATPase Adgty. CopA has three putative

(23). Replacement of Cys in cytoplasmic metal binding sites
had different effects on enzyme activity. While substitution
C7™LA had no effect on maximum enzyme activity,
replacement of Cys in the N-terminal site’{C°A) led to a
significant reduction in the ATPase activity (60% of Cu
activated and 40% of Agactivated) (Figure 2). The mutant
lacking both cytoplasmic metal binding sites?(€>751.754)

had a reduction in activity similar to that of the?’€%A
mutant (not shown).

Functionality of Proteins Carrying Substitutions in Trans-
membrane CysTransmembrane Cys appear to be essential
for CopA ATPase activity. Enzymes carrying replacements
in these Cys were unable to hydrolyze ATP and could not
form a phosphorylated intermediary in the presence of ATP
and metals (not shown). These effects might be due to the

metal binding domains (Figure 1). The transmembrane metalparticipation of these Cys in metal coordination or to

binding domain (€*PC®) and the N-MBD (C’AMC?) are

unspecific structural alterations that prevent binding of

similar to those observed in most CPx-ATPases. The putativeligands (other than metals) or required conformational

metal binding sequence’@HHC>*in the C-terminus of the
protein is unique tAA. fulgidusCopA. To explore the role

transition. Consequently, it is relevant to verify that the
substituted enzymes are properly folded and able to perform

of these Cys in the catalytic function of CopA, they were metal-independent ligand interaction or conformational tran-
replaced by site-directed mutagenesis. Proteins carryingsitions. In this direction, attempts to study metal-independent
single C%A, C382A, and C®2S and double &°3A replace-  enzyme phosphorylation by inorganic phosphatg \(fere
ments were designed to study the transmembrane bindingunsuccessful, since conditions could not be established for
site. Substitutions €3%A, C’>17>A, and C"3075L7°A were sjgnificant back door phosphorylation of WT CopA. An
engineered to characterize the cytoplasmic sites while alternative approach was then sought to obtain information
ensuring their metal binding capacity was removed. Theseon the status of the 43%A mutant. The peptide pattern
proteins were expressed ki coli, solubilized, and purified resulting from limited proteolysis of P-type ATPases is
(95% pure as indicated by Coomassie Brilliant Blue staining dependent on the enzyme conformatid, (46). This has
of the SDS-PAGE gel). proved to be a useful tool for the qualitative characterization
Figure 2 shows that enzymes carrying replacements of of conformational transitions, interaction with ligand, and
transmembrane Cys were inactive even in the presence ofoverall structural integrity. Using this methodology, the
100uM metal, 50 times over the CWKy, and 4 times over  interactions of WT and &%38A mutant CopA with the
the Ag" Ky, observed for WT CopAX) (see also Figure 4).  enzyme ligands were examined (Figure 3). Partial trypsin
This is in agreement with previous studies reporting the lack digestion of WT CopA in the absence of ligands yielded a
of transport capability in enzymes carrying similar mutations particular pattern characterized by the presence of significant
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Ficure 3: ATP-mediated protection of trypsin digestion of WT
and CG80:38A-substituted CopA. SDSPAGE of proteins treated
with trypsin (1:50 trypsin:enzyme ratio for WT and 1:25 trypsin:
enzyme for mutant) in the absence and in the presence of 3 mM
ATP or 3 mM AMP for 20 min at 37C.

ATPase activity (% of maximum)

~60 kDa bands. The presence of ATP in the media largely 0
prevented enzyme digestion indicating the interaction of the 0 10 20 30 40 50
enzyme with the nucleotide. As expected, digestion in the

presence of AMP yielded a pattern analogous to that obtainedFIGURE 4 Cu* dependence of ATPase activity of WT and &A

' . s : B

in the absence Of.nUCIGOtI.de' AIthOUgh t.h &TA CopA and C5175A-substituted CopA. The ATPase activity was measured
was less susceptible to digestion, trypsin treatment of thej, the presence of the indicated Caoncentrations and 2.5 mM
mutated protein revealed the cleavage protection by ATP DTT. Data were fitted usind/max = 100% and the following
(but not AMP), suggesting that the replacement PEA parametersKy, = 2.9+ 0.7uM for WT CopA (@), Ky, = 3.3+
does not affect nucleotide binding to the enzyme. Trypsin 0.6 for CG7=A (O), andKy, = 3.6 + 0.3 for C'°L">A CopA ().

. 100% activities were 10811, 4-5, and 9-11 umol mg* h™* for
treatment of WT and mutated enzymes in the presence OfWT, C2730, and C5L754, CopA., respectively. Points are the mean

other ligands (vanadate, metals) produced patterns similary sg of three experiments performed with independent enzyme
to those in the absence of ligand, and consequently, thispreparations.

approach did not report their interaction with CopA (data

not shown). In summary, data from Figures 2 and 3 and activation. Identical results were observed wher Agtiva-
phosphorylation experiments indicate thaf%®A CopA tion was measured (not shown). Furthermore, since the
can interact with ATP but is unable to be phosphorylated, apparent affinity for metals was not affected and thex
probably because the transmembrane metal transport sitbserved in the presence of Cand Ag" was proportionally

Cu” (uM)

cannot bind metals. reduced (Figure 2), the participation of the N-MBD in the
Functional Role of Cytoplasmic Metal Binding Domains enzyme selectivity mechanism appears unlikely.
The ATPase activity of &:3%-, C"5L7A-, and CG7:30.75L75A- As in other P-type ATPases, ATP interacts with CopA

substituted enzymes suggests that while the N-MBB-(C  with two apparent affinities, in the micromolar and submil-
AMC3% might play a regulatory role in the enzyme catalytic limolar range ). Taking into account the catalytic cycle of
cycle, the putative C-MBD (CGHHC™ is not necessary  P-type ATPases, the high-affinity interaction would report
for enzyme activity. Furthermore, the CopA C-terminal on the status of the ATP binding sité¢7 48). In our studies,
amino acid sequence aligns poorly with the well-character- to evaluate the effect of the?C%A mutation on the ATP
ized N-MBD of other CPx-ATPases or with Cu chaperones binding site, the ATP dependence of phosphoenzyme forma-
(not shown), suggesting that probably this is not a functional tion under nonturnover conditions was measured. Figure 5
domain. Nevertheless, we further characterized fhe€A- shows that the mutation did not affect the maximum
substituted enzyme to discard other masked functional phosphoenzyme level obtained at saturating ATP concentra-
effects. For instance, Figure 4 shows that th&1CA tions nor the ATPK, for enzyme phosphorylation. This
mutation had no effect on the enzyme apparent affinity for suggests that the mutation did not modify the ATP/enzyme
Cu'. Similarly, no changes were observed in the ATP and interaction or the structure of the ATP binding site.
Ag*t dependence of ATPase activity, vanadate inhibition, or ~ Removal of the metal binding capacity of the N-MBD does
maximum phosphoenzyme levels (not shown). These datanot seem to affect the interaction of the enzyme with metals
suggest that, independently of the metal binding capacity of at the transport/activation site or nucleotides at the phos-
the C*HHC">* sequence, this does not appear to influence phorylation site. To explore the possibility that the mutation
the enzyme function. might affect the main conformational transitions £1E2
Replacement €A had a significant effect in the CopA  (40), the dependence of ATPase activity on ATP and the
ATPase activity (Figure 2). Since reduc®gl.x is observed inhibition by vanadate under turnover conditions were
at saturating concentrations of all substrates, this effect isstudied. These two parameters appear to be good reporters
not likely to be due to alterations in ligand binding. However, of alterations of this equilibrium4@), since ATP acts with
since previous reports have suggested that ligand interactionsow affinity, accelerating the E2— E1 transition, and
might be affected by metal binding to N-MBB37—40), we vanadate binds the E2 form of the enzyn#g. (Figure 6
investigated the dependence of the activity on metals andshows that ATP activated WT and?©E%A-mutated CopA
ATP. Figure 4 shows that the reduction Wpax is not in an identical manneK, = 0.27+ 0.15 mM for WT and
associated with changes in the metal dependence since WT0.22+ 0.07 mM for G73%). Similarly, vanadate inhibited
and C73%A CopA show similar Cu K, for ATPase both enzymes to the same extent with indistinguishabig IC
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Ficure 5: Phosphorylation by ATP of WT and?CG3%-substituted
CopA. The phosphoenzyme level of W®) and G73%A (O) was

measured at different concentrations of ATP as indicated. 100%

phosphoenzyme levels were 6.0.9 nmol/mg. Data were fitted
using maximum phosphoenzyme 100% and the following
parameters:K,, = 16.6 + 1.5 uM for WT CopA; K, = 16.5+
1.3 uM for C?72%A-substituted CopA. Points are the meanSE
of n = 3 experiments.

120 T

ATPase activity (% of maximum activity)

ATP (mM)

Ficure 6: ATP dependence of ATPase activity of WT ant]-€A-

substituted CopA. ATPase activity was determined in the presence

Mandal and Argello

ATPase activity (% of maximum activity)

0.1 1 10 100

Vanadate (uM)

FIGURE 7: Vanadate inhibition of WT and 43%-substituted
CopA. ATPase activity of WT @) and G73%A(0O) CopA was
determined in the presence of 1@81 Ag* and varied concentration
of vanadate as indicated. Vanadate data were fitted U&iag=
100% and yielded the following parametenéyn = 1 £+ 3%, Kyj2
=21.24+ 3.7uM for WT and Ky, = 17.3+ 4.6 uM for C27:3%A,
100% activities were 1611 and 4-5 umol mg-* h~1 for WT CopA
and C73%A CopA, respectively. Points are the mean of three
experiments performed with independent enzyme preparations.
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of 100uM Ag™ and ATP varied as indicated. Data were fitted using Ficure 8: Dephosphorylation rate of WT and?@G%A-mutated

a constanpax = 100% and an AT, of 0.27 &+ 0.1 mM for
WT CopA (@) and 0.224+ 0.07 for G73%A CopA (O). 100%
activities were 16-11 and 4-5 umol mg* h= for WT CopA and
C?7:30A CopA, respectively. Points are the meanSE of three

experiments performed with independent enzyme preparations.

(Figure 7). Thus, the data suggest that N-MBD does not

affect enzyme function by modifying the E* E2 equilib-
rium.

Reduction of an enzym¥nax Observed under saturating

CopA. Phosphoenzyme levels were measured at different time
intervals after addition of 5 mM EDTA to WT&) and C73%A

(©) mutant enzymes phosphorylated for 30 s in the presence of
100 uM Ag* and 25uM ATP. No curve fitting was attempted.
100% phosphoenzyme levels were 60(9 nmol/mg. Points are
the meant SE of three experiments performed with independent
enzyme preparations.

rylation of the E2P form of the enzyme. Considering the
effect of C7:3% replacement on CopAlmax We studied the

substrate concentrations is likely associated with a decreasalephosphorylation kinetics of the mutated protei??.%-
of the rate constant of the rate-limiting step. In previous substituted and WT CopA enzymes were phosphorylated in

studies of CopA, we observed that differences in g«
generated by Cuand Ag" could be linked to the distinct
catalytic steps associated with metal releale This was

the presence of ATP and Agand phosphoenzyme levels
were measured after stopping phosphorylation by adding
EDTA to the media to complex Mg. Figure 8 shows a

followed by analyzing the subsequent forward dephospho- slower forward dephosphorylation for thé’€%A-substituted
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CopA. This significant reduction in the dephosphorylation catalytic/transport site. A simple interpretation is that these
rate might explain the observed effects ®ja. Most Cys participate in metal coordination during transport. While
significantly, this finding supports a plausible regulatory this is probable, it does not imply that these are the only
mechanism in which, upon metal binding, N-MBD increases amino acids involved in this function. A minimal model of
enzyme turnover by allowing a faster metal release and the transmembrane metal binding site should meet several
consequent enzyme dephosphorylation. An additional aspectrequirements. It should explain the different metal selectivity
of these data is the apparent biphasic nature of the dephosebserved in ATPases with the same CPC sequence in H6.
phorylation kinetics of the €% mutant. A possible source  For instance, specificity for Cu(and Ag" in some cases)
of this behavior might be a probable dimer structure of has been established for Menkes prot8&ir),(Wilson proteins
solubilized CopA, as observed for other P-type ATPaS6s ( (56), E. coli CopA (23), and A. fulgidusCopA (1), while
51). the selectivity for ZA" (and divalent metals Cd and PB*)
has been observed i coli ZntA (52, 53), Staphylococcus

DISCUSSION aureus(p1258) CadA %7), Listeria monocytogeneSadA

CPx-ATPases are a subgroup of P-type ATPases respon{39), andBacillus subtilisCadA &8). All of these proteins
sible for the transport of heavy metals across biological carry the same CPC sequence in H6. Thus, it is logical to
membranes. The most intriguing aspect of these enzymes isassume that amino acids likely located in other transmem-
their interaction with metals. For instance, while typical brane segments also participate in metal coordination at the
P-type ATPases (Ca-ATPase, Na,K-ATPase, etc.) have well-transport sites. From a different perspective, it can be
defined unique specificities for single cations transported in considered that the metal transport site binds cytoplasmic
a given direction, CPx-ATPases have broader specificities, metals with high affinity and then through a conformational
being able to transport two or three different metals. In this change opens to the extracellular media (or organelle) while
manner, some of them can transport@u Ag*, while others decreasing its affinity for the metal. This can be better
are activated by Z1, C#t, and PB* (1, 23, 52, 53). It can accomplished by coordination through amino acid side chains
also be considered that they transport heavy metals, substrate different transmembrane segments, as is the case in the
that are not free in the intracellular milie®4, 55). The well-characterized Ca- and Na,K-ATPasé&§+20).
interaction of CPx-ATPases with metals is further compli-  The Cytoplasmic Metal Binding Sites of CPx-ATPages
cated by the presence of more than one metal binding sitesingular characteristic of CPx-ATPases is that many of them
in most enzymes of this subfamily. Despite this complexity, have additional metal binding domains located in their
a detailed description of the metaénzyme interactions is  N-terminal cytoplasmic end, N-MBDs. Although it is ap-
necessary for understanding CPx-ATPase physiological rolesparent that there are different types of N-MBDs, the most
and mechanism of ion transport. The primary structure and frequent ones are characterized by a CXXC sequence.
membrane topology of CPx-ATPases suggest the presencdiverse studies have explored the role of N-MDBs on CPx-
of two types of metal binding sites: a site located in the ATPase 23, 24, 26—41). Studies of Menkes and Wilson
transmembrane region and one or more sites in the cyto-proteins using functional complementation indicate that
plasmic N-terminal end of most CPx-ATPases. Toward results (cell survival) depend on the number and position of
understanding these different metal binding sites, we havealtered N-MBDs and the type of modification (mutation or
studied their role in a CuATPase using as a model the truncation). Studies on the molecular effects of mutations at
thermophilic CopA fromA. fulgidus We recently developed = N-MBDs have shown reductions Mmax depending on the
expression and purification protocols that yield large amounts system under study and the extent of modification of
of a pure soluble form of this enzym#)( This allows us to N-MBDs (23, 37, 38, 40). Alterations in metal and nucleotide
measure a number of functional variables under controlled affinities have been reported in addition to the reduction of
conditions. Vimax (23, 37—40). However, modification of these parameters

The Transmembrane Metal Binding Site of CPx-ATP.ases would not be the cause of the observed decreaséin
As in most CPx-ATPases, iA. fulgidusCopA a putative  since this is measured at saturating ligand concentrations.
transmembrane metal binding is defined, at least in part, by We have used a simple protein, CopA, with a single
two Cys in H6 (C® and C®). Studies of homologous functionally relevant MDB to examine its role in enzyme
proteins using functional complementation and transport function. The highly purified preparations of this enzyme
assays have indicated the essential role of these Cys forfand mutants under study) allow us to measure enzyme
function 21—-23). Although complementation assays do not activity and to analyze different ligand interactions with the
provide quantitative information on the extent of functional protein, the EX= E2 equilibrium, and the kinetics of some
alteration, transport measurements have shown that enzymepartial reactions. We assumed that replacemefit*&
lacking one of the transmembrane Cys are unable to transportemoves the metal binding capacity from CopA N-MBD and
metals. Our data show that enzymes mutated at thesemeasured the effect of this modification on enzyme function.
positions have no ATPase activity and they are not phos- We observed that lack of metal binding to the N-MBD had
phorylated by ATP in the presence of Cor Agt. Most no effect on the metal activation of CopA. This reveals
importantly, these alterations do not appear to be associatedmportant mechanistic aspects. First, the metal binding at
with unspecific alterations in the enzyme structure. It is cytoplasmic sites does not affect binding at the transport sites
apparent that enzymes lacking metal binding capacity in the and, of course, does not participate in transmembrane
transmembrane region can still bind ATP and undergo transport. Second, the independent metal binding to transport
conformational changes produced by nucleotide binding. sites also dispels the possibility that the transported ion would
Thus, although indirectly, the evidence suggests that enzymede “delivered” through the N-MBD into the transmembrane
mutated at Cy8° and Cy$®? would not bind metal at the  transport path in a two-step process.
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We also explored the possibility that the N-MBD might 9.

regulate the interaction of the enzyme with ATP or the
distribution of enzyme between the E1 and E2 states during
turnover @0, 41). Our data show that CopA binds ATP with
high affinity independently of metal binding to the N-MBD
and, similarly, metal binding to N-MBD does not signifi-
cantly affect the equilibrium among major enzyme confor-
mations.

An enzymeVmax is primarily determined by the rate-
limiting step of its catalytic cycle. In previous studies, we
observed that metal release from their transport site appears
to be the rate-limiting step in CopAL). This is evident from

the different dephosphorylation rates observed for E2P(Ag) 13

and E2P(Cu). In turn, this leads to the differ¥ptxobserved

in the presence of these two metals (Agy Cu"). Keeping

this in mind, we analyzed the effect of thé’€%A mutation

on the enzyme dephosphorylation rate. As expected, the
mutated enzyme dephosphorylated at a slower rate which
explains the observed reduc¥glax. Our findings point out

a regulatory mechanism in which metal binding to the
cytoplasmic N-MBD influences the rate of metal release and
consequently the rate of transport. Clearly, this model
requires conformational changes in the N-MBD upon metal
binding that lead to structural modifications in the trans-
membrane metal binding domain. Interestingly, Lutsenko and
co-workers showed that the Wilson N-MBDs interact with
the enzyme’s large cytoplasmic loop in a Cdependent
manner 41). The structuratfunctional linkage between the
ATP binding and the metal transport sites, via transmembrane
helixes extending into the cytoplasmic domain, has been
shown for other P-type ATPase&8 59, 60). It is then
possible to postulate that the metal binding to N-MBDs
reduces its interaction with the ATP binding domain, this
structural modification is communicated to the metal trans-
port site via transmembrane segments, and this leads to a
faster metal release and enzyme turnover.

22.
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