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ABSTRACT: Arabidopsis thalianaHMA2 is a Zn2+ transporting P1B-type ATPase required for maintaining
plant metal homeostasis. HMA2 and all eukaryote Zn2+-ATPases have unique conserved N- and C-terminal
sequences that differentiate them from other P1B-type ATPases. Homology modeling and structural
comparison by circular dichroism indicate that the 75 amino acid long HMA2 N-terminus shares the
âRââR folding present in most P1B-type ATPase N-terminal metal binding domains (N-MBDs). However,
the characteristic metal binding sequence CysXXCys is replaced by Cys17CysXXGlu21, a sequence present
in all plant Zn2+-ATPases. The isolated HMA2 N-MBD fragment binds a single Zn2+ (Kd 0.18 µM),
Cd2+ (Kd 0.27 µM), or, with less affinity, Cu+ (Kd 13 µM). Mutagenesis studies indicate that Cys17,
Cys18, and Glu21 participate in Zn2+ and Cd2+ coordination, while Cys17 and Glu21, but not Cys18, are
required for Cu+ binding. Interestingly, the Glu21Cys mutation that generates a CysCysXXCys site is
unable to bind Zn2+ or Cd2+ but it binds Cu+ with affinity (Kd 1 µM) higher than wild type N-MBD.
Truncated HMA2 lacking the N-MBD showed reduced ATPase activity without significant changes in
metal binding to transmembrane metal binding sites. Likewise, ATPase activity of HMA2 carrying
mutations Cys17Ala, Cys18Ala, and Glu21Ala/Cys was also reduced but showed a metal dependence
similar to the wild type enzyme. These observations suggest that plant Zn2+-ATPase N-MBDs have a
folding and function similar to Cu+-ATPase N-MBDs. However, the unique Zn2+ coordination via two
thiols and a carboxyl group provides selective binding of the activating metals to these regulatory domains.
Metal binding through these side chains, although found in different sequences, appears as a common
feature of both bacterial and eukaryotic Zn2+-ATPase N-MBDs.

P1B-type ATPases transport transition metal ions (Ag+,
Cu+, Cu2+, Zn2+, Cd2+, Pb2+, Co2+) across biological
membranes using the energy of ATP hydrolysis (1-3).
Found in almost all organisms, from archaea to humans, these
ATPases are key components of metal homeostasis mech-
anisms (2, 4, 5). Their importance is highlighted by Menkes
and Wilson’s diseases which are caused by mutations in the
coding sequence of the two human Cu+-ATPases (5, 6).
While other eukaryotes have only two Cu+-ATPase isoforms
(1, 3), plants contain eight or nine genes coding for diverse
P1B-type ATPases, i.e., Zn2+-ATPases and Cu+-ATPases (4).
Inhibition of these genes’ expression leads to significant
imbalances in Zn2+ and Cu+ homeostasis (7-11). In
particular, the unique presence of Zn2+-ATPases in plants
illustrates the distinct strategies used by these organisms for
transition metal distribution and emphasizes the importance
of their characterization. Biochemical studies of one of these
Zn2+-ATPases,Arabidopsis thalianaHMA2, have shown
that it drives Zn2+ efflux out of the cell (8). Following the
classical E1/E2 Albers-Post mechanisms, the enzyme is
activated by cytoplasmic Zn2+ and Cd2+ with low apparent
affinities (0.1-0.2 µM) and transports the metal upon ATP
hydrolysis and formation of a phosphorylated intermediate.
A number of structural features are common to plant Zn2+-

ATPases (4). Their distinct cytoplasmic N- and C-terminal
sequences are of particular interest since they are likely
involved in metal binding and regulation of transport
(4, 12, 13).

Most P1B-type ATPases have 8 transmembrane helices
(TM) (1, 3, 6, 14). Conserved residues in TMs H6, H7, and
H8 form the transmembrane metal binding domain (TMBD1)
and provide signature sequences that predict the correspond-
ing metal specificity (1, 15-18). The large cytoplasmic loop
between TMs H6 and H7 is responsible for ATP binding
and hydrolysis. This segment encompasses the nucleotide
binding (N) and phosphorylation (P) domains (19). A smaller
cytoplasmic loop located between H4 and H6 forms the
actuator (A) domain (20). In addition to the TMBD, most
P1B-type ATPases have regulatory cytoplasmic metal binding
domains located in the N-terminus (N-MBD), C-terminus
(C-MBD), or both (1, 5, 12). Typical N-MBDs present in
Cu+-ATPases are 60-70 amino acid long domains with
conserved CysXXCys sequences (2, 5, 21). The high-
resolution structures of Cu+-ATPase N-MBDs show a
characteristicâRââRâ fold (21-23). These are homologous

† This work was supported by NSF Grant MCB-0235165 (J.M.A.).
* To whom correspondence should be addressed. E-mail: arguello@

wpi.edu. Phone: (508) 831-5326. Fax: (508)-831-5933.

1 Abbreviations: C-MBD, C-terminal metal binding domain; N-
MBD, N-terminal metal binding domain; TM, transmembrane helices;
TMBD, transmembrane metal binding domain;∆N-HMA2, N-terminus
truncated HMA2 lacking the first 75 amino acids; TCEP, tris(2-
carboxyethyl)phosphine hydrochloride; DTT, dithiothreithrol; AAS,
atomic absorption spectroscopy; CD, circular dichroism.

7754 Biochemistry2007,46, 7754-7764

10.1021/bi7001345 CCC: $37.00 © 2007 American Chemical Society
Published on Web 06/06/2007



to well-characterized Cu+-chaperones such as human Atox1,
yeast Atx1, and bacterial CopZ (21, 24, 25). In vitro,
N-MBDs bind various transition metals (Cu+, Ag+, Zn2+,
Cd2+) (26, 27). In vivo, N-MBDs receive Cu+ from the
corresponding chaperones via ligand exchange (28-30). Cu+

binding to Cu+-ATPase N-MBDs appears to regulate enzyme
activity (31-33). Truncation of Cu+-ATPase N-MBDs or
removal of their metal binding capability by site-directed
mutagenesis results in reduced enzyme activity with small
or no changes in metal dependence for ATPase activation.
Studies using modelArchaeoglobus fulgidusCu+- and Cu2+-
ATPases CopA and CopB have shown that N-MBDs control
the enzyme turnover rate by affecting the rate limiting
conformational change associated with metal release/dephos-
phorylation (33, 34). Lutsenko and co-workers have shown
that Wilson’s disease protein N-MBDs interact with the ATP
binding domain in a Cu+-dependent manner (35). Moreover,
in the cases of Menkes and Wilson’s disease proteins, at least
one N-MBD domain is required for the targeting of these
proteins to the plasma membrane and a vesicular compart-
ment respectively (5, 36, 37).

While the N-MBDs present in Cu+-ATPases are well-
characterized, distinct N- and C-terminal sequences present
in eukaryote (plant) Zn2+-ATPases have received little
attention (12, 13, 38). Characterization of their molecular
function and in planta physiological roles is relevant since
they likely regulate metal transport rate and protein targeting.
Recently, we characterized the 244 amino acid long C-
terminus metal binding domain (C-MBD) ofA. thaliana
Zn2+-ATPase HMA2 (12). Truncation of the C-MBD results
in ≈50% decrease in HMA2 activity without significantly
altering Zn2+ or Cd2+ K1/2 for ATPase activation. This
suggests an auto stimulatory mechanism by which cytoplas-
mic metal binding to C-MBD drives faster transport. HMA2
C-MBD binds three Zn2+ with high affinity. Two of these
sites coordinate Zn2+ with four His while the remaining site
is formed by three His and a Cys. Thus, the C-MBDs present
in plant Zn2+-ATPases appear to have a unique architecture
and consequent selectivity.

Plant Zn2+-ATPases also have relatively well conserved
N-termini. These approximately 70 amino acid long segments
appear similar to the typical N-MBDs observed in Cu+-
ATPases and bacterial Zn2+-ATPases (Figure 1). However,
in plant Zn2+-ATPases the metal binding CysXXCys se-
quence is replaced by the invariant CysCysXXGlu sequence
(X ) Ser, Thr, Pro, Ala), an amino acid sequence that leads
to metal coordination by thiol and carboxy groups. Interest-
ingly, the N-MBDs present in bacterial Zn2+-ATPases,
Escherichia coliZntA and Listeria monocytogenesCadA,
have the characteristicâRââRâ fold and conserved CysXX-
Cys sequence but contain a neighboring Asp or Glu residue
that is also involved in metal binding (39, 40) (Figure 1B,C).
However, the relevance of these acidic residues for metal
selectivity and affinity has not been tested.

This work describes the characterization of the N-MBD
present inA. thalianaHMA2. The metal binding properties
of the isolated wild type (wt) N-MBD and mutated domains
carrying single replacements of residues in the Cys17CysThr-
SerGlu21 sequence were determined. In addition, the Zn2+

dependent ATPase activities of N-terminus truncated HMA2
(∆N-HMA2), and of HMA2s containing point mutations in
the N-terminal metal binding sequence, were characterized.

Findings from these experiments suggest the participation
of the three conserved residues, a Glu and two Cys, in metal
coordination providing a distinct selectivity to the plant Zn2+-
ATPase N-MBDs. As in the case of HMA2 C-MBD, metal
binding to the HMA2 N-MBD controls enzyme turnover
without affecting transport selectivity.

EXPERIMENTAL METHODS

Cloning and Expression of HMA2 Constructs.The yeast
expression vector pYES2/CT carryingA. thaliana HMA2
containing a C-terminal Strep-tag (WSHPQFEK) was pre-
pared as previously described (12). N-terminus truncated
HMA2 (∆N-HMA2) lacking the N-terminal first 75 amino
acids, starting at Val76, and containing a C-terminal Strep-
tag was amplified from a previously prepared HMA2-
pPRIBA1/Strep construct by using the oligonucleotides 5′-
GCGGTACCAAAAATGGTAACCGGAGAACCAA and 3′-
GCGTTTAAACTTATTTTTCGAACTGC. The amplicon
was ligated into theKpnI and PmeI sites of the yeast
expression vector pYES2/CT (Invitrogen, Carlsbad, CA).

Cys17Ala, Cys18Ala, Ser20Ala, Ser20Cys, Glu21Ala, and
Glu21Cys HMA2 mutants were amplified using the 5′
oligonucleotides C17A, 5′-CAACGGTACCTCCGATGTA-
CAAGCAATTCC; C18A, 5′-ATTTGCGCTACATCGGAG-
GTACCGTTGAT; S20A, 5′-ATTTGCTGTACAGCGGAG-
GTACCGTTGAT; S20C, 5′-ATTTGCTGTACATGCG-
AGGTACCGTTGAT; E21A, 5′-ATTTGCTGTACATCG-
GCGGTACCGTTGAT; E21C, 5′-ATTTGCTGTACTTC-
GTGTGTACCGTTGAT; and the complementary 3′ primers
using HMA2-pYES2/Strep as a template. The resulting linear
mutant HMA2-pYES2/Strep amplicons were treated with
DpnI and transformed intoE. coli TOP10 cells (Invitrogen).
Sequences were verified by automated DNA sequencing
(MacrogenUSA, Rockville, MD). Isolated wt and mutant
HMA2 coding plasmids were then transformed into yeast
strain INVSc1MATR his3∆1 leu2 trp1-289 ura3-52 (Invit-
rogen) by electroporation of cells at 1.5 kV, 25µF, 200Ω.
Expression of HMA2 constructs in yeast was performed as
previously described except the cells were grown in 2% Gal
containing induction media for 12 h instead of 8 h (8).

Cloning, Expression, and Purification of HMA2 N-MBD.
A cDNA coding for the first 75 amino acids of HMA2, from
Met1 to Arg75, was amplified by using the oligonucleotides
5′-GCAGGTACCGCGTCGAAGAAGATG and 3′-TCGCTC-
GAGCCTCACATTTGCTTCTAACTG and HMA2 cDNA
as a template. The resulting amplicon was cloned into the
KpnI and XhoI sites of the bacterial expression vector
pPRIBA1 (IBA, Göttingen, Germany) (N-MBD-pPRIBA1).
This introduces a Strep-tag into the C-terminal end of the
protein. E. coli BL21(DE3)pLysS cells were transformed
with this vector. Cys17Ala, Cys18Ala, Ser20Ala, Ser20Cys,
Glu21Ala, and Glu21Cys N-MBD mutants were amplified
using the oligonucleotides listed above and N-MBD-
pPRIBA1 as a template. The resulting linear N-MBD-
pPRIBA1 amplicons were treated withDpnI and transferred
into E. coli BL21Star(DE3)pLysS (Invitrogen) cells. Se-
quences were verified by automated DNA sequencing
(MacrogenUSA).

N-MBD expression was induced with 0.1 mM isopropyl-
â-D-thiogalactopyranoside for 4 h. Purification of N-MBDs
was performed using Strep-tag affinity chromatography, as
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previously described for the C-MBD of HMA2 (12). Purified
proteins were concentrated to 2 mg mL-1 using an Amicon

Ultra-15 Centricon (Millipore, Billerica, MA) and stored in
100 mM Tris, pH 8.00, 150 mM NaCl, and 1 mM Tris(2-

FIGURE 1: Dendrogram of plant Zn2+-ATPase N-MBDs, bacterial ZntA-like Zn2+-ATPase N-MBDs, CadA-like Zn2+-ATPase N-MBDs,
and typical Cu+-ATPase N-MBDs (A). The 60-75 amino acid N-MBD sequences were fromYersinia pestisQ74R56 (1);E. coli P37617
(2); Serratia proteamaculansA0IN11 (3);Y. pseudotuberculosisQ66FX0 (4);Erwinia carotoVora Q6CZ01 (5);Photorhabdus luminescens
Q7MZZ6 (6);Salmonella entericaQ571IQ1 (7);Bacillus haloduransQ9KFC7 (8);L. monocytogenesQ60048 (9);Streptococcus thermophilus
Q70C63 (10);Staphylococcus epidermisQ8CQH7 (11);B. pseudofirmusP30336 (12);B. haloduransQ9K5Q2 (13);Lactococcus lactis
Q0GU07 (14);L. monocytogenesP58414 (15);Oceanobacillus iheyensisQ8ETI5 (16);Staphylococcus aureusQ6GIX1 (17);Streptococcus
agalactiaeQ3D1P4 (18);Stenotrophomonas maltophilaQ9JRM2 (19);Streptococcus suisQ301Y7 (20);AnabaenaVariabilis Q3ME37
(21);Aspergillus fumigatusQ4WQF3 (22);Arabidopsis thalianaQ9SH30 (23);Neurospora crassaQ7SGS2 (24);Lactobacillus acidophilus
Q5FlK1 (25);Archeoglobus fulgidusO297777 (26);B. subtilisO32221 (27);Homo sapiensQ04656 (28);H. sapiensP35670 (29);Helicobacter
pylori Q48271 (30);A. thalianaQ9SZW4 (31);Thlaspi caerulescensQ70LF4 (32);A. halleri Q3ZDL9 (33);Medicago truncatulaQ1SYW8
(34); M. truncatulaQ1T1H3 (35);Oryza satiVa AP004278 (36):A. halleri Q70Q04 (37);Ostreococcus tauriQ01EZ3 (38);A. thaliana
Q9SZW5 (39);A. thalianaO64474 (40);O. satiVa Q8H384 (41). Multiple alignment of plant Zn2+-ATPases N-MBDs (B), bacterial ZntA-
like Zn2+-ATPases N-MBDs (C), bacterial CadA-like Zn2+-ATPases N-MBDs (D), and typical Cu+-ATPases N-MBDs and Cu+-chaperones
(E). Positions of the last amino acid in the shown sequence are indicated. Conserved amino acids in the CysCysXXGlu and CysXXCys
regions are indicated in bold. The conserved carboxyl residue participating in metal binding in bacterial Zn2+-ATPases (C and D) is also
highlighted in bold. Accession numbers for the different proteins are indicated after the name.
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carboxyethyl)phosphine hydrochloride (TCEP) at-80 °C.
Protein concentration determinations were performed in
accordance to Bradford (41) using bovine serum albumin as
a standard.

Yeast Membrane Preparation.Membranes from HMA2
expressing yeasts were prepared as previously described with
slight modifications in cell disruption (8, 12). Briefly, the
cells were disrupted in a bead beater (BioSpec, Bartlesville,
OK) with 8 × 30 s homogenization with 30 s intervals using
10 mL of 0.5 mm glass beads and 15 mL cells in 10 mM
Tris (pH 7.4), 250 mM Suc, 10 mM ascorbic acid, 1 mM
phenylmethylsulfonyl fluoride, 1µg mL-1 leupeptin, and 1
µg mL-1 aprotinin. SDS-PAGE was carried out in 10%
acrylamide gels (42). Heterologous proteins in the membrane
preparations were detected by electroblotting the gels onto
nitrocellulose membranes and immunostaining with Strep-
Tactin horseradish peroxidase antibody (IBA). The relative
expression level of each protein was evaluated as previously
described (12, 34). Briefly, equal amounts of each membrane
preparation were subjected to a 1:2 serial dilution. These
were blotted onto a nitrocellulose membrane and immun-
ostained, and integrated density values were quantified using
AlphaImager software (Alpha Innotech Corp., San Leandro,
CA).

ATPase Assays.Zn2+ dependent ATPase activity deter-
minations were performed as previously described (8, 12).
The assay media contained 50 mM Tris, pH 7.5, 3 mM
MgCl2, 3 mM ATP, 20 mM cysteine, 1 mM dithiothreithrol
(DTT), 0.01%n-dodecyl-â-D-maltopyranoside (DDM), and
40 µg mL-1 protein (membrane preparation). The concentra-
tions of ZnCl2 were varied as indicated in Figure 5. The
reaction was incubated 10 min at 30°C and inorganic
phosphate determined in accordance to Lanzetta et al. (43).
ATPase activity measured in the absence of metal was always
<10% of Vmax and was subtracted from plotted values.
Curves of ATPase activity vs Zn2+ concentration were fit to
V ) Vmax[Zn2+]/([Zn2+] + K1/2). The reported standard errors
for Vmax andK1/2 are asymptotic standard errors reported by
the fitting software (Kaleidagraph, Synergy, Reading, PA).
Plotted data points are the mean( SE of at least three
experiments performed with independent membrane prepara-
tions.

Characterization of Metal Binding Stoichiometry and
Metal Affinity of Wild Type and Mutant N-MBDs.Total metal
binding capacity was measured by atomic absorption spec-
troscopy (AAS) (AAnalyst 300, Perkin-Elmer, Foster City,
CA) as previously described (8). Briefly, 100 µM wt or
mutant N-MBDs in 20 mM HEPES, pH 7.0, 150 mM NaCl,
1 mM TCEP were incubated with 1.0 mM of indicated metals
at 4 °C for 30 min. Replacement of TCEP with ascorbic
acid had no effect on the observed result. TCEP was not
included in the media in the case of Cu2+ binding determina-
tions. Excess metal and TCEP was removed by passage
through a Sephadex G-10 column (Sigma, St Louis, MO),
and samples were digested by incubation in concentrated
HNO3 for 1 h at 80 °C and then overnight at room
temperature. After digestion, 1.5% H2O2 was added to the
samples. Background metal levels in blank samples lacking
metals or protein the were<10% of those detected in metal-
N-MBD samples.

N-MBD Zn2+ and Cd2+ binding affinities were determined
by metal titrations of N-MBDs in the presence of mag-fura-2

(Molecular Probes, Eugene, OR) (44). 10 µM protein was
titrated with 1 mM Zn2+ or Cd2+ in the presence of 20µM
mag-fura-2 in 10 mM BisTris, pH 7.0, 1 mM TCEP buffer,
and the absorbance change at 366 nm was monitored. Free
metal concentrations were calculated fromKI ) [I.Me2+]/
[I free][Me2+], where I is mag-fura-2, Me is the metal ion, and
KI is the association constant of mag-fura-2 for each metal.
An extinction coefficient of 29900 M-1 cm-1 at 366 nm for
metal-free mag-fura-2 andKI of 8.0 × 106 M-1 for Zn2+

and 3× 107 M-1 for Cd2+ were used in determinations of
free mag-fura-2 and free metal levels (44). The metal-
protein Kd and the number of metal binding sites (n) in
N-MBD were calculated fromν ) n[metal]f/Kd(1 + ([metal]f/
Kd)), whereν is the molar ratio of metal bound to protein
(45). As above, reported errors forKd andn are asymptotic
standard errors provided by the fitting software (Origin,
OriginLab, Northampton, MA). Plotted data points are the
mean( SE of at least three experiments performed with
independent protein preparations.

N-MBD Cu+ binding affinities were determined by
monitoring the changes in N-MBD intrinsic fluorescence
during metal titrations. Metal titrations were carried out in
10 mM BisTris, pH 7.0 containing either 1 mM TCEP or
10 mM ascorbic acid. The reaction was incubated for 2 min
to reach equilibrium. Intrinsic tyrosine fluorescence was
measured after excitation at 290 nm. Fluorescence intensities
were measured at the maximum of the spectra (295 nm),
which were scanned from 280 to 400 nm. The data were fit
to (F -F0)/(Fmax - F0) ) [metal]/(Kd + [metal]), whereF0

is the fluorescence in the absence of metal,Fmax is the
fluorescence obtained at saturating metal concentrations, and
F is the fluorescence at each metal concentration. Titration
of buffer alone (10 mM BisTris, pH 7.0 containing either 1
mM TCEP or 10 mM ascorbic acid) with either Zn or Cu
did not result in significant changes (<2%) in the back-
ground.

Circular Dichroism Spectroscopy.Wild type and mutant
N-MBDs were passed through a Sephadex-G-10 column
(Sigma) equilibrated with 20 mM phosphate, pH 7.5, 100
mM NaF, and 1 mM TCEP. Proteins were diluted to a 10
µM concentration and placed in a 1 mmquartz cuvette.
Circular dichroism (CD) data were recorded on an Aviv
60DS spectrometer with a 25 nm bandwidth, and data were
collected every 1 nm at 25°C. Background spectra obtained
with buffer alone were subtracted from all recorded spectra.
The data were analyzed in the Dichroweb site (http://
www.cryst.bbk.ac.uk/cdweb/html/home.html) using K2d analy-
sis algorithm (46-48).

Multiple Alignment and Homology Modeling of HMA2
N-MBD. N-MBD sequence comparison was performed by
means of CLUSTALW (49). The resulting guide tree was
visualized with TreeView (50). A suitable template for
homology modeling of HMA2 N-MBD,Helicobacter pylori
CopZ 1yg0, was identified by performing a Fasta search (51)
in the Protein Data Bank repository of protein structures.
HMA2 N-MBD structures were modeled using SWISS-
MODEL (52, 53) and were visualized with PyMol (Delano
Scientific, Palo Alto, CA).

RESULTS

Zn2+-ATPases have been identified in a number of plants
including A. thaliana, A. halleri, Oryza satiVa, Thlaspi
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caerulescens, Zea mays, andSorghum bicolor(4). Sequence
alignment of plant Zn2+-ATPase N-termini shows that these
share significant homology (50-80%) (Figure 1A, B). Based
on the higher sequence homology of the entire Zn2+-ATPases
with bacterial Zn2+/Cd2+-ATPases (34-41%) compared to
the bacterial Cu+-ATPases (23-36%) we expected a high
similarity of these domains to either type of bacterial Zn2+-
ATPase N-MBDs, ZntA-like and CadA-like (39, 40). How-
ever, plant Zn2+-ATPase N-termini appear quite different
from their bacterial homologues (homology<21%). Plant
Zn2+-ATPase N-termini appear to form another cluster of
N-MBDs that is closer to the well-characterized Cu+

chaperones and Cu+-ATPase N-MBDs (25-35% homology).
This unexpected observation is well described by a dendro-
gram based only in the 60-70 amino acid sequences of the
N-MBD domains (Figure 1A). Distinct from these subgroups,
plant Zn2+-ATPase N-termini lack the characteristic metal
binding CysXXCys sequence (Figure 1B-D). Instead, they
contain invariant CysCysXXGlu sequences (X) Ser, Thr,
Pro, or Ala) (Figure 1B). This suggests that plant Zn2+-
ATPases, conserving the folding of other P1B-type ATPase

N-MBDs, might have developed a distinct metal coordination
perhaps better suited to bind their physiological substrate.

The probable folding of HMA2 N-terminus and the
structural location of its putative metal binding sequence were
explored by homology modeling (Figure 2A). The Cu+-
chaperone fromHelicobacter pylori, CopZ, was identified
as the protein of known structure (1yg0) with the highest
degree of identity (32%) with HMA2 N-MBD. The modeling
of HMA2 N-MBD adopting theâRââR fold of H. pylori
CopZ reported quality parameters (-3 < structureZ-scores
< -1 and 0.6> rms Z-scores> 1.7) in agreement with a
good fitting to the template structure (54, 55). The model
shows that the CysXXCys and CysCysXXGlu motifs coin-
cide when both structures are overlapped (Cys12 and Cys15
of H. pylori CopZ, with Cys18 and Glu21 of HMA2
N-MBD) (Figure 2A, B). Consequently the Cys17CysThr-
SerGlu21 region appears solvent accessible and arranged to
receive metal from the media or from a hypothetical partner
molecule via ligand exchange. The similarities among these
metal binding sites are further highlighted when Glu21 is
changed to Cys. In this situation, the predicted structure of

FIGURE 2: Structural aspects of HMA2 N-MBD. (A) Homology modeling of HMA2 N-MBD (right) using the structure ofHelicobacter
pylori CopZ (1yg0) as template (left). Amino acids relevant to metal binding are indicated in both structures. (B) Superposition of the metal
binding region of 1yg0 and the Glu21Cys mutated N-MBD. The coincidence of Cys residues is indicated. (C) Circular dichroism analysis
of N-MBD (s) and N-MBD ofA. fulgidusCopA (- - -). Secondary structure elements are indicated in the inset. a. h.,R-helix; b. s.,â-sheet;
and r. c., random coil. The values are given in percentages.
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HMA2 N-MBD mimics that of CopZ Cu+-binding site
(Figure 2B). To further validate this model, comparative CD
analysis was performed. HMA2 N-MBD (amino acids 1 to
75) was expressed inE. coli and purified by affinity
chromatography (≈ 90% purity, data not shown). Its CD
spectrum was compared to that ofA. fulgidusCopA N-MBD.
CopA is a typical Cu+-ATPase, and the role of Cu+ binding
to its N-MBD has been established (33, 56). Supporting the
molecular modeling, both protein fragments yielded almost
identical spectra resulting from a similar secondary structure
(Figure 2C).

Metal Binding to N-MBD.The functional role of HMA2
N-MBD is likely defined by its selectivity and affinity for
the ATPase activating metals. In turn, these characteristics
are established by the particular residues involved in the
metal coordination. In order to identify these functional
determinants, metal binding to isolated wt N-MBD and
N-MBD carrying point mutations Cys17Ala, Cys18Ala,
Ser20Ala, Ser20Cys, Glu21Ala, and Glu21Cys was mea-
sured. CD analysis showed that the substitutions have no
significant effect on the N-MBD secondary structure (data
not shown). Table 1 shows that wt N-MBD binds Zn2+ and
Cd2+ with a stoichiometry of one metal/N-MBD. Interest-
ingly, wt N-MBD also binds Cu+ (measured in the presence
of TCEP), but not Cu2+ or Co2+. N-MBDs carrying mutations
Cys17Ala, Cys18Ala, or Glu21Ala did not bind Zn2+ or
Cd2+. Keeping in mind that these determinations were
performed at saturating (1 mM) metal,>1000 times over
the metal-N-MBD Kd (see below Table 2), the lack of
binding indicates the likely participation of these side chains
in the coordination of these metals. Analysis of metal binding
to the Glu21Cys N-MBD revealed that, among the binding
ligands, an oxygen atom seems to be essential. This mutant,
although able to bind Cu+, could not bind Zn2+ or Cd2+ (at
least with an affinity to be detected in our experimental
setting). Considering Cu+ binding by the N-MBD, results
showed that Cu+ coordination appears different from that
of Zn2+ and Cd2+. While Cys17Ala and Glu21Ala mutants
were unable to bind Cu+, the Cys18Ala mutation did not
affect Cu+-N-MBD interaction, suggesting Cu+ coordination
by Cys17 and Glu21 in the wt HMA2 N-MBD. Conversely,
the Glu21Cys mutant was able to bind Cu+, although in this
case likely via Cys18 as proposed in Figure 2B. Finally, as
expected from the sequence variability in the Ser20 position
(Figure 1A), replacements Ser20Ala and Ser20Cys had no
significant effects on N-MBD metal binding stoichiometry
(Table 1). Thus, the described alterations in metal binding
are not due to unspecific structural perturbation introduced
by mutations in the region.

N-MBD affinities for Zn2+ and Cd2+ were determined by
titration of the isolated domain in the presence of fluores-
cence indicator mag-fura-2. In these experiments, mag-fura-2
forms 1:1 indicator/metal complexes of knownKd and the
concentration of free indicator can be spectrophotometrically
monitored (57). This allows the calculation of free metal and
metal-protein complex levels in the system. Figure 3A and
Figure 3B show the titration of wt N-MBD with Zn2+ in the
presence of mag-fura-2. The analysis indicates that the
domain binds the metal with high affinity (Kd 0.18µM). This
is comparable to theK1/2 for Zn2+ activation of ATPase
activity, a parameter associated with metal binding to the
TMBD (8). Similarly, HMA2 N-MBD has high affinity for
Cd2+ (Table 2). As expected, no divalent metal binding to
Cys17Ala, Cys18Ala, Glu21Ala, and Glu21Cys mutated
N-MBDs was apparent in these experiments (Table 2). The
affinities of Ser20Ala or Ser20Cys mutants for Zn2+ or Cd2+

do not significantly differ from those of wt N-MBD, again
suggesting that this residue does not participate in metal
binding (Table 2). In our measurements we have considered
the possible coordination of Zn2+ by the reducing agent
TCEP. We measured the affinity of TCEP for Zn2+ and Cd2+

through a competitive metal titration assay using mag-fura-2
as the metal indicator. Our results showed that TCEP has a
Ka of 2.3× 103 and 1.7× 103 for Zn2+ and Cd2+ respectively
in 10 mM BisTris, pH 7.0 buffer. Therefore we concluded

Table 1: HMA2 N-MBD Metal Binding Stoichiometry
Determination by AAS

metal bound/N-MBD

Zn2+ Cd2+ Co2+ Cu+ Cu2+

N-MBD 0.99( 0.10a 1.20( 0.21 0.01( 0.01 1.03( 0.15 0.14( 0.01
Cys17Ala ndb 0.15( 0.03 0.1( 0.04 0.16( 0.07 0.15( 0.08
Cys18Ala 0.21( 0.05 0.16( 0.05 nd 0.93( 0.15 0.12( 0.05
Ser20Ala 1.05( 0.07 1.20( 0.10 0.23( 0.05 1.04( 0.20 0.11( 0.01
Ser20Cys 0.83( 0.15 1.08( 0.13 nd 1.04( 0.23 0.04( 0.01
Glu21Ala nd 0.09( 0.02 0.17( 0.06 0.25( 0.06 nd
Glu21Cys 0.2( 0.01 nd 0.20( 0.03 1.00( 0.32 0.23( 0.20

a Values are the mean( SE (n ) 3). b Not detected (under
background levels).

FIGURE 3: Zn2+ binding to wt N-MBD. (A) Representative mag-
fura-2 spectra in the presence of N-MBD and increasing Zn2+

concentrations. The arrow shows the decrease in OD366 nm with
increasing Zn2+ concentrations. (B) Determination of wt N-MBD
Kd for Zn2+. The data were fitted usingn ) 0.97( 0.08 andKd )
0.18 ( 0.05 µM. Values are the mean( SE (n ) 3).
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that the affect of TCEP on metal binding to HMA2 N-MBD
was not significant (resulting in a 3-5% change inKa of
HMA N-MBD for Zn2+ or Cd2+).

Cu+ binding to the N-MBD was monitored by changes in
the intrinsic fluorescence of the purified protein. HMA2
N-MBD presents a Tyr residue (Tyr10) proximal to the metal
binding site (Figure 1A). Although the conformational
change within the N-MBD associated with metal binding
might be relatively small (40), this influences Tyr10 such
as changes in its fluorescence report the metal binding. Figure
4 shows the binding of Cu+ and Zn2+ to N-MBD as detected
using this approach. Wt N-MBD can bind both Cu+ and
Zn2+, showing a clear preference for binding Zn2+ with
approximately ten times more affinity (Table 3). A lower
affinity of HMA2 N-MBD for Zn2+ was obtained measuring
changes in the intrinsic fluorescence as compared with that
observed by titration in the presence of mag-fura-2 (Tables
2 and 3). This apparent difference is likely associated with
the parallel equilibrium of metal-mag-fura-2 system and
intrinsic errors in each method. In relation to Cu+ binding
to HMA2 N-MBD, it was shown above that the Glu21Cys
mutant can bind Cu+ (Table 1). However, this likely occurs
through Cys17 and Glu21 in the wt N-MBD and Cys18 and
Glu21Cys in the mutant protein mimicking the CysXXCys
site in Cu+-ATPases. Supporting this alternative coordination
are the different affinities for Cu+ that were observed in these
proteins. It was determined that Glu21Cys N-MBD binds
Cu+ with 10-fold higher affinity than the wt N-MBD (Figure
4). It is arguable then that this higher affinity is associated
with removal of the carboxyl, introduction of the thiol, or
better coordination geometry.

Effect of N-MBD Truncation and Mutation of ConserVed
Residues on HMA2 ATPase ActiVity. Previous studies have
shown significant functional effects of metal binding to N-
and C-MBDs present in P1B-type ATPases (12, 31-33, 35,
58, 59). To assess the functional role of HMA2 N-MBD,
the Zn2+-dependent ATPase activity of HMA2,∆N-HMA2

(lacking the N-MBD), and various mutated HMA2 was
measured. Truncation of N-MBD resulted in a 56% decrease
in Vmax without significant changes in its metal dependence
(Figure 5A and Table 4). A similar decrease ofVmax (36-
60%) was also observed in the ATPase activities of HMA2
carrying the individual mutations Cys17Ala, Cys18Ala,

Table 2: HMA2 N-MBD Zn2+ and Cd2+ Kd and Binding
Stoichiometry Estimated by Mag-fura-2 Titration

Zn2+ Cd2+

n Kd (µM)a n Kd (µM)

N-MBD 0.97( 0.08b 0.18( 0.05 1.00( 0.12 0.27( 0.07
Cys17Ala ndc nd nd nd
Cys18Ala nd nd nd nd
Ser20Ala 0.93( 0.14 0.20( 0.05 0.72( 0.18 0.18( 0.06
Ser20Cys 0.75( 0.08 0.20( 0.07 1.02( 0.10 0.12( 0.03
Glu21Ala nd nd nd nd
Glu21Cys nd nd nd nd

a Parameters are those obtained by fitting the titration of N-MBD
and mag-fura-2 with increasing Zn2+ or Cd2+ as shown in Figure 3.
b Values are the mean( SE (n ) 3). c Not detected (under background
levels).

Table 3: HMA2 N-MBD Zn2+ and Cu+ Kd Estimated by Intrinsic
Fluorescence Measurements

Kd (µM)a

Zn2+ Cu+

N-MBD 1.02( 0.31 13.89( 3.68
Glu21Cys ndb 1.22( 0.59

a Values are the mean( SE (n ) 3). b Not detected (under
background levels).

FIGURE 4: Determination ofKd of metal binding to N-MBD.
N-MBD was titrated with Zn2+ (b) or Cu+ (0), and the changes in
the intrinsic tyrosine fluorescence were monitored. Similarly,
Glu21Cys substituted N-MBD was titrated with Cu+ (O). Fitting
parameters are reported in Table 3.Fmax/F0 ) 2.4-2.8. Values are
the mean( SE (n ) 3).

FIGURE 5: Expression and ATPase activity of HMA2,∆N-HMA2,
and N-MBD mutated HMA2. (A) Zn+2 dependent ATPase activity
of wt HMA2 (O), ∆N-HMA2 (b), and Cys17Ala (0), Cys18Ala
(9), Ser20Ala (]), Ser20Cys ([), Glu21Ala (4), and Glu21Cys
(2) mutants. Values are the mean( SE (n ) 3) normalized to
relative protein expression levels. Fitting parameters are listed in
Table 3. (B) Expression levels of wt HMA2 and various constructs.
Dot immunoblots of two dilutions of each protein preparation are
shown.

7760 Biochemistry, Vol. 46, No. 26, 2007 Eren et al.



Glu21Ala, and Glu21Cys. On the other hand, both Ser20Ala
and Ser20Cys mutants showedVmax similar to that of wt
HMA2 (Figure 5A and Table 4). It is relevant that no
significant change in metalK1/2 for ATPase activation was
detected in any of the HMA2 mutants, suggesting that
N-MBD controls enzyme velocity without affecting metal
binding to the TMBD (Table 4).

We have previously shown that Cu+ (as well as various
divalent transition metals) can activate HMA2 ATPase
activity (Cu+ dependent ATPase activity is 40% of that
measured in the presence of Zn2+) (8). Similar relations were
observed among the Cu+-dependent and Zn2+-dependent
activities of wild type protein and enzymes carrying muta-
tions Cys18Ala and Glu21Ala (data not shown).

DISCUSSION

Most P1B-type ATPases have cytoplasmic metal binding
domains in their N- and/or C-termini that regulate enzyme
activity (5, 12, 31-34, 58, 59). Cu+-ATPases and most
bacterial Zn2+-ATPases have 60 to 70 amino acid long
N-MBDs that are characterized by aâRââRâ fold and the
CysXXCys signature sequence. The thiol groups of both
conserved Cys participate in metal coordination (22, 23, 27,
60, 61). On the other hand all eukaryote (plant) Zn2+-
ATPases possess a unique conserved CysCysXXGlu se-
quence in their N-termini that appears to provide a novel
metal coordination environment. Toward understanding the
function of plant Zn2+-ATPase N-termini, we investigated
HMA2 N-terminus metal binding capabilities, the involve-
ment of conserved residues in metal coordination, and its
role in the enzyme ATPase activity.

Metal Binding Capability of N-MBD.AAS analysis and
metal titration studies showed that HMA2 N-MBD can bind
Zn2+ and Cd2+ with a stoichiometry of one metal per
N-MBD. It was also observed that under saturating conditions
HMA2 N-MBD binds one Cu+. This is not surprising since
Cu+-ATPase N-MBDs and Cu+-chaperones bind a variety
of non-substrate metal ions (Cu2+, Zn2+, Cd2+, Co2+, Hg2+,
etc.) (26, 27, 29, 62). However, HMA2 N-MBD has ten times
higher affinity for Zn2+ and Cd2+ compared to that for Cu+.
Consequently, although binding metals with relatively low
affinity (compared to<10-10 M affinities described for Cu+-
ATPases and Cu+-chaperones) (63-66), HMA2 N-MBD can
differentiate its activating metals (Zn2+ and Cd2+) from
relatively similar divalent transition metals (Co2+ and Cu2+)
and monovalent Cu+.

HMA2 N-MBD binds Zn2+ and Cd2+ with quite similar
affinities in the submicromolar range (Table 2). This is
distinct from the observed metal dependence of HMA2

ATPase activity and associated transport. In this case, HMA2
appears to interact with Cd2+ with 3-4-fold higher affinity
than for Zn2+ (8). This difference is in agreement with the
idea that metal binding to the TMBD required for ATPase
and transport activities is independent of metal binding to
regulatory N-MBDs (12, 31, 33). On the other hand, theKd

of metal-N-MBD in HMA2 appear higher than those
observed forE. coli ZntA N-MBD using similar determi-
nation methods (compare HMA2Kd ) 0.18µM with ZntA
Kd ) 0.025µM for the Zn2+-N-MBD complex) (44). These
dissimilarities are likely associated with the structural dif-
ferences of their metal binding sites. As discussed below,
although these are constituted by two thiols and a carboxyl
in both enzymes, the coordinating amino acids are distinc-
tively arranged.

Structural Characteristics of HMA2 N-MBD.The sequence
similarity, good fit obtained in the homology modeling, and
the CD analysis strongly support the idea that HMA2
N-MBD shares theâRââR structure of other N-MBDs
including those from bacterial Zn2+-ATPases (23, 25, 40).
This modeling also showed that the arrangement of metal
binding sequences CysCysXXGlu within HMA2 N-MBD is
similar to that of CysXXCys present in the homologous
domains of other P1B-type ATPases and Cu+-chaperones.
Thus, although they might bind various specific metals or
receive them from alternative metal trafficking molecules
(no Zn2+ chaperone has been identified), similar structural-
functional roles might be expected for all N-MBDs. That is,
they might control enzyme turnover through similar intramo-
lecular domain-domain interactions driven by metal binding.

The described results indicate that plant Zn2+-ATPases
N-MBDs coordinate both, Zn2+ and Cd2+, with two con-
served Cys and a Glu. Considering the homologous bacterial
Zn2+-ATPases, Banci and co-workers have shown that even
though most of these proteins have the conserved CysXXCys
sequences in their N-MBD, metal coordination is likely
accomplished with the participation of a carboxyl group from
an Asp or a Glu residue (39, 40). In a group of bacterial
Zn2+-ATPases that includesE. coli ZntA, the metal coor-
dinating Asp residue is located prior to the conserved Cys
residues (AspCysXXCys) (40). Alternatively, a subset in-
cluding L. monocytogenesCadA employs a conserved Glu
located between theR-helix 2 andâ-sheet 4 of their N-MBD
to coordinate Cd2+ together with the two thiols in the
CysXXCys sequence (39). It is apparent that plant Zn2+-
ATPase N-MBDs have developed an alternative strategy (i.e.,
amino acid sequence) to accomplish Zn2+ binding, however
they have maintained the same coordinating atoms and
comparable geometry to achieve similar selectivity. Interest-
ingly, although the third type of Zn2+ binding sequence
CysCysXXGlu is found mainly in plant Zn2+-ATPases,
examples of this can also be found in bacterial proteins
(Oscillatoria breVis Q8L158, FlaVobacterium johnsoniae
Q1XX99, andShewanella putrefaciensQ2ZQU0). However,
in these, the carboxyl group is provided by an Asp residue
rather than Glu in the eukaryote proteins.

HMA2 N-MBD mutagenesis and metal binding studies
also showed that Cu+ and Zn2+ are differentially coordinated
during binding to this domain. Cys17, Cys18, and Glu21
are likely involved in Zn2+ binding, whereas only Cys17 and
Glu21 coordinate Cu+. This is in agreement with previous
work showing that the CysXXCys coordinates Cu+ in a linear

Table 4: Kinetic Parameters of Wt HMA2,∆N-HMA2, and
Mutated HMA2 Zn2+ Dependent ATPase Activitya

K1/2 (µM) Vmax (µmol/mg/h)

HMA2 0.10( 0.02 5.18( 0.27
∆N-HMA2 0.09( 0.02 2.29( 0.12
Cys17Ala 0.09( 0.02 3.30( 0.14
Cys18Ala 0.12( 0.02 3.41( 0.13
Ser20Ala 0.09( 0.03 4.94( 0.30
Ser20Cys 0.08( 0.02 5.19( 0.24
Glu21Ala 0.11( 0.02 2.93( 0.11
Glu21Cys 0.08( 0.03 2.08( 0.17

a Values are the mean( SE (n ) 3).
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fashion (23, 60), whereas Zn2+ appears tetrahedrically
coordinated by two sulfydryl, a carboxyl, and an external
group, possibly a H2O molecule (40). Although HMA2
N-MBD coordinates nonsubstrate Cu+, the presence of Glu
residue probably increases its affinity for Zn2+. A central
importance has been given to the carboxyl group to confer
selectivity to Zn2+-ATPase N-MBDs (39, 40). However,
while the carboxyl group appears necessary for Zn2+ binding
by the HMA2 CysCysXXGlu site, its role with bacterial
CysXXCys has not been explored. In any case, it should be
kept in mind thatin ViVo the selective binding of activating
metals to these N-MBDs might not only be determined by
the metal coordination but also by specific interaction of
chaperones or other metal binding molecules.

Functional Role of N-MBD.In order to determine how
the N-MBD affects the enzyme activity, we analyzed the
metal dependent ATPase activity of the∆N-HMA2 and
HMA2 carrying mutations in the metal coordinating residues
Cys17, Cys18, and Glu21. Both types of structural modifica-
tions resulted in≈50% reduction in the enzymesVmaxwithout
significantly altering the metal dependence for activity. This
is, the metalk1/2 for activation or the relativeVmax obtained
in the presence of various metals (Zn2+, Cd2+, or Cu+) did
not change. Therefore, although the N-MBD is required for
maximum enzyme turnover rate, it would not influence the
metal binding to TMBDs and the resulting transport selectiv-
ity. The similar enzyme kinetics observed in∆N-HMA2 and
proteins carrying point mutations also suggest that the
decrease in enzyme activity is dependent on the removal of
the N-MBD metal binding capability rather than on non-
specific misfolding of the protein. This concept is further
supported by high activities observed in proteins carrying
mutations in Ser20 that do not affect the N-MBD metal
binding.

Effects similar to those described for HMA2 lacking the
N-MBD metal binding capabilities have been observed in
studies of other P1B-type ATPases including bacterial Zn2+-
ATPases (31-34, 58, 59, 67). These data contribute to a
hypothetical common mechanism of transport regulation via
domain-domain interactions. Related to this, HMA2 C-
MBD also regulates the enzyme turnover rate (12). Interest-
ingly, truncation of both N-MBD and C-MBD results in a
similar decrease inVmax when either of the domains is
truncated, indicating that these domains might function in a
coordinated manner; i.e., removal of either component leads
to system disfunction (12).

In summary, HMA2 N-MBD appears as a metal binding
regulatory domain that is required for maximum enzyme
turnover rate. This domain selectively binds Zn2+ and Cd2+

by coordination through conserved Cys and Glu residues.
These observations indicate that plant Zn2+-ATPase N-MBDs
bind the activating metal in a fashion similar to bacterial
Zn2+-ATPases, but using the distinct CysCysXXGlu se-
quence.
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