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The solution structure of the N-terminal region (151
amino acids) of a copper ATPase, CopA, from Bacillus
subtilis, is reported here. It consists of two domains,
CopAa and CopAb, linked by two amino acids. It is found
that the two domains, which had already been sepa-
rately characterized, interact one to the other through a
hydrogen bond network and a few hydrophobic interac-
tions, forming a single rigid body. The two metal binding
sites are far from one another, and the short link be-
tween the domains prevents them from interacting. This
and the surface electrostatic potential suggest that each
domain receives copper from the copper chaperone,
CopZ, independently and transfers it to the membrane
binding site of CopA. The affinity constants of silver(I)
and copper(l) are similar for the two sites as monitored
by NMR. Because the present construct “domain-short
link-domain” is shared also by the last two domains of
the eukaryotic copper ATPases and several residues at
the interface between the two domains are conserved,
the conclusions of the present study have general valid-
ity for the understanding of the function of copper
ATPases.

The mechanisms regulating the homeostasis of essential
metal ions in living organisms has been the subject of many
investigations in the recent past (1-5). Attention was particu-
larly directed toward the reactive and potentially toxic copper,
and specific copper uptake and intracellular copper trafficking
pathways have been identified (6—11). A critical element of this
fascinating machinery for copper homeostasis is represented by
the P-type copper-transporting ATPases (12-16). A peculiar
feature of this kind of ATPases is that the cytoplasmic N
terminus contains one or more domains with a MXCXXC met-
al-binding motifs, depending on the degree of evolution of the
organism, i.e. superior organisms contain up to six domains,
whereas in bacteria up to two domains are present (17). The
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solution structures, with and without copper(I), of single do-
mains of both bacterial and eukaryotic ATPases have been
recently solved (7, 18-20). They all display the same overall
structure, formed by two a-helices and four B-strands arranged
in a classical “ferredoxin-like” BaBBaB-fold. The two cysteines
of the CXXC motif are exposed on the surface of the protein
readily accessible for binding the metal ion. Moreover, cyto-
plasmic copper chaperones such as Hahl in humans, Atx1 in
Saccharomyces cerevisiae, and CopZ in Bacillus subtilis and
Enterococcus hirae bacteria, which deliver copper(I) to AT-
Pases, share the same MXCXXC metal binding motif and the
same BapPap-fold (21-24). In addition, interaction between the
N-terminal region of the copper ATPase Ccc2 from S. cerevisiae
and Atx1 as well as of the bacterial homologues, the copper
ATPase CopA and the chaperone CopZ from B. subtilis, was
demonstrated by yeast and bacterial two-hybrid assays, respec-
tively (25-27). Complex formation of either Atx1 or CopZ with
one N-terminal domain of either Ccc2 or CopA was also con-
firmed and characterized by in vitro NMR studies (28, 29).

The functional role of the multiple domains needs further
investigation. Several studies are available on the human AT-
Pases, called also Menkes and Wilson proteins (30—-32) because
their genetic alteration is responsible of these disease, but none
of all these studies completely addressed the role and the
inter-correlation of the various domains in the process of copper
binding.

To gain further information on this machinery we have,
therefore, determined the solution structure of the N-terminal
region of the copper ATPase CopA from B. subtilis, which
contains two soluble metal binding domains. The solution
structures of the two isolated domains are available (19, 33). In
the present study a protein segment of 151 amino acids, which
contains the 2 metal binding domains and 4 other amino acids
at the C terminus (CopAab hereafter), was expressed. A muta-
tion in position 46 (S46V) was introduced to have a folded
protein construct (33), and the solution structure was solved in
its apo form. The interaction with copper(I) and silver(I) has
been also investigated. The structural features found here for
this system most likely hold for all two domain pumps and for
the two domains closest to the membrane when the domains
are more than two.

EXPERIMENTAL PROCEDURES

Cloning and Purification—The plasmid for the expression of the
N-terminal region of CopA from B. subtilis was prepared as previously
described (19). The single amino acid substitution was introduced using
the QuikChange™ site-directed mutagenesis kit from Stratagene. Se-
quencing of the engineered DNA fragments was achieved using an
automatic sequencer ABI 377. The expression and purification of the
protein were performed as previously described (19). The **C-, *N-, and
1°N-labeled proteins were obtained by growing the cells in the labeled
Silantes media Escherichia coli OD2-CN and OD2-N (Silentes GmbH),
respectively.

Sample Preparation—As a precaution against possible disulfide for-
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TABLE 1
Acquisition parameters for NMR experiments performed on apoCopAab from B. subtilis
CA and CB represent carbon alpha and carbon beta, respectively.
Acquired data points (nucleus) Spectral width
Experiments n® Reference
t to t3 Fy Fy Fy
ppm

['H, 'H] NOESY® 1024(*H) 2048(*H) 15 15 64 57
['H, 'H] TOCSY® 1024(*H) 2048(*H) 15 15 64 58
H, »N HSQC* 512(*°N) 1024(*H) 40 15 16 59
1H, 3C HSQC* 256(13C) 2048(*H) 70 14 16 59
CBCA(CO)NH? 136(**C) 56('°N) 2048('H) 88 40 12 16 60
CBCANHY 136(13C) 56(*°N) 2048(*H) 88 40 12 16 60
HNCO“ 80(**C) 40(*°N) 1024(*H) 16 40 12 8 60
HN(CA)CO? 80(**C) 40(*°N) 1024(*H) 16 40 12 16 60
(H)CCH TOCSY“ 272(*3C) 96(13C) 1024(*H) 88 88 12 4 61
CC(CO)NH TOCSY“ 128(*°C) 48(*°N) 1024(*H) 88 40 12 16 62
15N-Edited ['H,'H] NOESY® 368(*H) 64(**N) 1024(*H) 15 40 15 16 63
13C-Edited [*H,'H] NOESY* 320(*H) 80(*3C) 1024(*H) 15 80 15 8 63
HNHA® 256(*H) 40(**N) 1024(*H) 15 40 15 16 35
HNHB? 128(*H) 32(*°N) 1024(*H) 15 40 15 32 45

“ Number of acquired scans.

® Data acquired on a 800- or 600-MHz spectrometers.

¢ Data acquired on a 700-MHz spectrometer.

< Data acquired on a 500-MHz spectrometer equipped with cryoprobe.

mation due to the presence of CXXC motifs, the samples were prepared 34

in a Vac atmosphere nitrogen chamber at room temperature. Protein
concentrations were determined using a calculated extinction coeffi-
cient of 5360 M~ ! cm ™!, Circular dichroism spectra were collected on a
Jasco J-810 spectropolarimeter with a fused quartz cuvettes with a
0.1-cm path length (Merck).

The NMR samples of the apo protein were in 20 mM sodium phos-
phate buffer, pH 7, 90% H,0, 10% D,0. The final protein concentration
ranges between 1 and 1.5 mM in the presence of 2 mm dithiothreitol.
Approximately 0.6 ml of sample was loaded into high quality NMR
tubes that were capped with latex serum caps in the Vac Atmospheres
chamber.

NMR Experiments and Structure Calculations—The NMR spectra
were acquired on Avance 800, 700, 600, and 500 Bruker spectrometers
operating at proton nominal frequencies of 800.13, 700.13, 600.13, and
500.13 MHz, respectively. All the triple resonance (TXI 5-mm) probes
used were equipped with Pulsed Field Gradients along the z axis. The
500-MHz machine was equipped with a triple resonance cryoprobe.

The NMR experiments recorded on '*C,®N- and '”N-enriched and
unlabeled samples are summarized in Table I. All three-dimensional
and two-dimensional spectra were collected at 298 K, processed using
the standard Bruker software XWINNMR), and analyzed through the
XEASY program (34).

The backbone assignment was performed using the three-dimen-
sional spectra CBCANH, CBCA(CO)NH, HN(CA)CO, HNCO, and
HN(CA)CO (CA and CB represent carbon alpha and carbon beta, re-
spectively). The assignment of the aliphatic side chain resonances was
performed through the analysis of three-dimensional CC(CO)NH and
(H)CCH TOCSY" spectroscopy together with '*N-edited NOESY-HSQC
and '*C-edited NOESY-HSQC spectra. Distance constraints for struc-
ture determination were obtained from **N-edited and **C-edited three-
dimensional NOESY-HSQC experiments and from two-dimensional
NOESY (see Table I). ®J ., coupling constants, determined through
the HNHA experiment, were transformed into backbone dihedral ¢
angles through the Karplus equation (35). Backbone dihedral ¢ angles
for residue (i-1) were also determined from the ratio of the intensities of
the day(i-1,i) and dy,(i,i) NOEs obtained from the *N-edited NOESY-
HSQC spectrum. The elements of secondary structure were determined
on the basis of the chemical shift index (36), of the *Jyy, coupling
constants, and of the backbone NOEs.

An automated CANDID (37) approach combined with the fast DY-
ANA torsion angle dynamics algorithm was used to assign the ambig-
uous NOE cross-peaks and to have a preliminary protein structure.
Structure calculations were then performed through iterative cycles of
DYANA (38) followed by restrained energy minimization (REM) with
AMBER 5.0 (39) applied to each member of the family. The quality of

! The abbreviations used are: TOCSY, total correlation spectroscopy;
NOESY, nuclear Overhauser effect (NOE) spectroscopy; HSQC, hetero-
nuclear single quantum coherence; REM, restrained energy minimiza-
tion; r.m.s.d., root mean square deviation.

T T T
20 40 60 80 100 120 140

Residue number

Fic. 1. r.m.s.d. per residue to the mean structure of apoCo-
pAab (residues 3-144) from B. subtilis for the backbone (filled
squares) and all heavy atoms (open circles).

the structures was evaluated using the programs PROCHECK-NMR
(40) and AQUA (40). The figures were generated with the program
MOLMOL (41).

Relaxation Measurements and Analysis—Relaxation experiments
were collected at 298 K on a 1.5 mm sample on a Bruker Avance 600
spectrometer operating at proton nominal frequencies of 600.13 MHz.
5N R,, R,, and steady-state heteronuclear NOEs were measured with
the gradient-enhanced, sensitivity-enhanced pulse sequences as de-
scribed by Farrow et al. (42). R, were measured using refocusing times
(Tepme) of 450 us in the Carr-Purcell-Meiboom-Gill (CPMG) detection
scheme. All experiments use the “water flipback” scheme to suppress
the water signal without its saturation. A recycle delay of 3 s was used
for R, and R,. The steady state heteronuclear 'H,”N NOE was obtained
by recording spectra with and without proton saturation. In the case of
reference spectra without proton saturation, a relaxation delay of 6 s
was employed, whereas a delay of 3 s before the proton saturation was
employed for spectra with proton saturation. The latter was achieved
with a train of 120° 'H pulses at 20-ms intervals.

1024 X 256 data points were collected for each map using 8 scans for
each experiment. A spectral window of 40 ppm in the F1 (**N frequency)
dimension and of 16 ppm in the F2 (*H frequency) dimension were used.
Quadrature detection in F1 was obtained by using the TPPI method.
Integration of cross-peaks for all spectra was performed by using the
standard routine of the XWINNMR program.

Relaxation rates R; and R, were determined by fitting the cross-peak
intensities measured as a function of the delay within the pulse se-
quence to a single exponential decay. Errors on the rates were esti-
mated through a Monte Carlo approach. Heteronuclear 'H,'>N NOE
values were calculated as the ratio of peak volumes in spectra recorded
with and without 'H saturation. The heteronuclear 'H,**N NOE values
and their errors were estimated by calculating the mean ratio and the
S.E. from the available data sets.
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TaBLE II
Statistical analysis of the REM family and the mean structure of apoCopAab from B. subtilis

REM indicates the energy minimized family of 30 structures; <REM> is the energy-minimized average structure obtained from the coordinates

of the individual REM structures.

REM (30 structures) <REM>
RSM violations per experimental distance constraint (A)*
Intraresidue (565) 0.0162 = 0.0020 0.0153
Sequential (914) 0.0088 = 0.0014 0.0097
Medium range® (742) 0.0154 = 0.0012 0.0151
Long range (1082) 0.0111 = 0.0016 0.0110
Total (3303) 0.0127 = 0.0007 0.0125
¢ (80) (degree) 0.6697 = 0.2665 0.939
Y (72) (degree) 0.1603 = 0.2616 0.0
Average number of violations per structure
Intraresidue 18.26 + 2.83 15
Sequential 9.33 = 1.97 8
Medium range® 19.36 = 2.25 18
Long range 15.03 = 3.53 13
Total 62.00 = 5.00 54
¢ 1.86 = 0.99 2
v . 0.33 = 0.53 0
Average No. of NOE violations larger than 0.3 A 0 0
Total NOE square deviations (A?) 0.65 = 0.06 0.65
Average torsion deviations (radian® 0.02 = 0.01 . 0.02
r.m.s.d. to the mean structure (5-143) (A) 0.57 = 0.11 A (BB)
0.95 = 0.09 (HA)
Structural analysis®
% of residues in most favorable regions 75.1 78.3
% of residues in allowed regions 22.2 17.8
% of residues in generously allowed regions 2.5 3.1
% of residues in disallowed regions 1.1 0.8
H-bond energy (kJ mol %) 2.93 = 0.05 2.92
Overall G-factor —0.25 £ 0.02 —0.24
Experimental restraints analysis? R
% completeness of experimentally observed NOE up to 4 A cut-off distance 70.5% 66.2%
% completeness of experimentally observed NOE up to 5 A cut-off distance 49.8% 46.4%

“ The number of experimental constraints for each class is reported in parenthesis.

® Medium range distance constraints are those between residues (i,i + 2), (i,i + 3), (i,i + 4), and (i,i + 5).

¢ As it results from the Ramachandran plot analysis. For the PROCHECK statistics, an average hydrogen bond energy in the range of 2.5-4.0
kJ mol~! and an overall G-factor larger than —0.5 are expected for a good quality structure.

< As it results from AQUA analysis.

An estimate of the overall tumbling correlation time and the local
correlation times for the NH vector of each residue were derived from
the measured R,/R, ratios. In this analysis care was taken to remove
from the input the relaxation data of those NHs that have exchange
contributions to the R, value or which are exhibiting internal motions
producing low H,'"”N NOE values.

NMR Titration of the Apo Protein with Cu(I) and Ag(I)—Titrations of
15N-labeled apo protein with copper(I), added as [(CH;CN),CulPFg, or
silver(I), added as AgNOj,, both solved in acetonitrile, were performed
by monitoring the 'H,'»N HSQC spectral changes upon the addition of
increasing amounts of metal ions. Aliquots were added in a Coy cham-
ber under a nitrogen atmosphere at 298 K using a Hamilton syringe to
deliver small amounts of metal solution to the labeled samples in NMR
tubes. The starting '°N-labeled protein samples were 1.0 or 0.5 mM in
concentration. The additions range from 0.2 or 0.1 mMm to 3.0 or 2.0 mMm
in Cu(I), and from 0.2 to 1.6 mm in Ag(I). The metal-bound content was
checked through atomic absorption measurements. Three-dimensional
NOESY N HSQC experiments were recorded on silver(I) samples with
protein/metal concentration ratios of 3:1.

Coordinates—The atomic coordinates and structural constraints
have been deposited in the Protein Data Bank (accession code 1P6T).

RESULTS

CopAab construct contains 2 domains with 40% identity and
2 MXCXXC copper binding motifs separated by 68 amino acids.
In vivo this construct is followed by eight transmembrane hel-
ices and by the ATP binding and the Actuator domains (30).
CopAab construct is structurally characterized in the demetal-
ized form.

NMR Structure of ApoCopAab—The resonance assignment
was accomplished by the analysis of triple and double reso-
nance experiments (Table I). 147 of the expected 151 °N back-
bone amide resonances were observed and assigned. The amide
resonances are missing for residues Met-1, Leu-2, Ala-18, and

Fic. 2. 30 lowest energy structures of apoCopAab (residues
3-144) from B. subtilis, shown as a tube with a radius propor-
tional to the backbone r.m.s.d. value of each residue. 3,,-helix
and a-helices are in black, and B-strands are in white.

Ala-86, as they were not determined in the separated domains
(19, 33). In total the resonances of 92% of carbon atoms, 96% of
nitrogen atoms, and 95% of protons were assigned. These val-
ues compare well with those found for the separated domains
(19, 33). The 'H, '3C, and !°N resonance assignments of apo-
CopAab can be found as Supplementary Table 1.

Chemical shift index analysis (36) on Ha, CO, Ca, and CpB
resonances, the 3Jynm, coupling constants, the day(i-1,i)/
dy,(3,1) ratios (43), and the NOEs patterns indicated the pres-
ence of eight B strands and four « helices, ordered in two
consecutive BaBBaf motives, with a 3,,-helix between strands
B2 and B3, as in the separated domains (19, 33). 5099 NOE
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Fic. 3. Van der Waals contacts at
the domain-domain interface of apo-
CopAab from B. subtilis. The interact-
ing residues are shown in red. The cys-
teine ligands are shown in yellow.
Backbone amide resonances experiencing
chemical shift differences between the
separated domains and the complete N-
terminal region are mapped in green on
the backbone of the structure. Hydrogen
bonds at the domain-domain interface of
apoCopAab are represented as black
dashed lines.

cross-peaks were assigned and integrated, providing 4102
unique upper distance limits, of which 3303 are meaningful.
152 angle constraints, 80 ¢ and 72 i, were experimentally
determined and used in the structure calculations. After REM
on each of the 30 conformers of the family, the r.m.s.d. to the
mean structure (for residues 5-143) of the conformers of the
family is 0.57 = 0.11 A for the backbone and 0.95 + 0.09 A for
all heavy atoms; the penalty is 0.65 + 0.06 A2 for distance
constraints and 0.02 = 0.01 radian® for angle constraints.
These values compare well with those of the separated domains
(19, 33). The r.m.s.d. values per residue to the mean structure
of the REM family are shown in Fig. 1. The copper binding
loops are the most disordered regions besides the N and C
termini. The first in sequence cysteines for each binding site,
Cys-17 and Cys-85, are disordered and span variable confor-
mations, whereas the second copper binding cysteines, Cys-20
and Cys-88, located in helices a1 and a3, respectively, have a
well defined conformation, identical in both domains. The lat-
ter feature is conserved among the apo forms of the metal
binding domains of ATPases for which the structure is avail-
able (18-20). The statistical analysis of the REM family and
the average structure are reported in Table II.

The protein is organized in two domains with the same
ferredoxin-like fold but spatially oriented in different ways
(Fig. 2). The two domains are linked through only two residues,
Val-72 and Thr-73, which connect the last B-strand of the first
domain (B4) and the first g-strand of the second domain (B5).
The two domains are closely packed to form a single rigid
molecule. There are two interacting regions between the two
domains, one involving residues 11-12 and 72 with residues
119-122 and the other involving residues 9-10, 57, and 61
with residues 103-104 (Fig. 3). The interdomain interaction
surface is experimentally well determined by 22 interdomain
QNOESs. The final structure indicates am H-bond network at
the interdomain region, involving the following pairs: He2 Gln-
11/0€2 Glu-122, backbone NH GIn-11/N82 Asn-119, and Hé2
Asn-104/0€l Gln-61. Hydrophobic contacts are limited to the
interactions between Met-10 and Ala-103 and between Val-72
and the side chain of Lys-121, thus indicating that hydrophobic
interactions do not play a relevant role in the interdomain
contacts. All the residues located in the domain-domain-inter-
acting area experience sizeable chemical shift variations with
respect to the separated domains (shown in green in Fig. 3). On

50509

Val 72 Lys 121

GIn 11

Asn 119

Cys 85

the contrary, residues located close to the copper binding site of
the two domains have small or negligible chemical shift differ-
ences, indicating that no perturbation is produced by the pres-
ence of the other subunit and that no subunit-subunit interac-
tion is present on this side of the structure, in accordance with
the structural data (Fig. 3). The solvent accessibility of the
residues at the domain interface shows a dramatic decrease
when passing from the isolated domains to the entire construct.

Dynamic Properties of ApoCopAab—Backbone mobility in
the subnanosecond time range is homogeneous along the entire
polypeptide sequence as it results from °N relaxation proper-
ties determined through N R;, R,, and 'H,'”’N NOE meas-
urements (data are reported in Supplementary Fig. 1). Only
eight residues (94-98 and 125-127) have R, values larger than
the average, thus suggesting conformational exchange pro-
cesses on the ms-us time scale. Moreover, the C- and N-termi-
nal protein segments display negative NOEs values that sug-
gest a flexibility in the subnanosecond time scale. The average
values of R;, R,, and 'H,'>N NOE, excluding the N- and C-
terminal stretches and, as far as R, is concerned, the above 8
residues, are 1.14 + 0.19s™ 1, 13.04 + 1.98s !, and 0.80 + 0.11,
respectively. The small range of these values indicate a homo-
geneous dynamic behavior of the molecule in the subnanosec-
ond time scale. From the Ry/R; ratio the overall tumbling
correlation time (7,,) was calculated to be 11.3 = 1.1 ns. This
value is consistent with the molecular mass of this protein
according to the Stokes-Einstein relation (44), and it is almost
twice that found for the two isolated domains (29, 33). This
result indicates that the two domains are rigidly held one with
respect to the other.

Interaction of ApoCopAab with Metal Ions—The interaction
of apoCopAab with copper(I) and silver(I) ions was studied
through NMR titrations by monitoring chemical shift varia-
tions of the amide resonances in 'H,'®N HSQC experiments.
Initial additions of copper(I) (up to a copper/protein ratio equal
to 0.5) to a 1.0 mM solution of apoCopAab produce a significant
line broadening, in some cases beyond detection, of some amide
resonances close to each metal binding site (i.e. Thr-16, Thr-84,
Ala-21, Ala-89, and the Cys ligands), whereas the majority of
amide resonances remains unperturbed. Further additions of
copper(I) up to copper/protein ratio equal to 1.0 (i.e. 0.5 eq/
metal binding site) cause the appearance of new NH peaks
(Thr-16, Thr-84, Ala-21, and Ala-89) with chemical shift values
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Fic. 4. 'H,">N HSQC spectra (700 MHz, 298 K) of apoCopAab in the presence of 0, 0.5, and 1.5 eq/metal binding site of Cu(I) and
Ag(I). The initial protein concentrations are 1 and 0.5 mm for Cu(I) and Ag(I) titrations, respectively.

very close to those observed in the Cu(I) form of each isolated
domain (Fig. 4). This might indicate that the two domains bind
copper(l) with a similar affinity. Furthermore, it appears that
Cu(D) binding to both metal binding sites is occurring with
slow/intermediate exchange rates on the NMR time scale. Fur-
ther additions of copper(I) (up to a copper/protein ratio equal to
3.0, i.e. 1.5 eq/per metal binding site) determine the disappear-
ance/broadening of most of NH signals in the 'H,’>N HSQC
spectra (Fig. 4). These effects exclusively originate from copper
binding and are reversible; when copper is removed with a very

high affinity copper(I) ligand such as bathocuproine disulfon-
ate, the spectra of the apo form are completely recovered. When
the titration with copper(I) is performed using half-concentra-
tion of protein with respect to the first titration, the resonances
in the 'H,**N HSQC spectrum of CopAab with a copper/protein
ratio equal to 3.0 are largely conserved even if with weaker
intensity with respect to the spectra of the apo form. Therefore,
the line broadening of the backbone NH resonances is not only
copper-dependent, but also protein concentration-dependent.
Line broadening up to the complete disappearance of the
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Fic. 5. Some residues involved in
the domain-domain interactions are
shown for both apoCopAab (gray)
and the isolated apoCopAa and apo-
CopAb domains (black).

15NH signals can be due to molecular aggregation induced by
the coordination properties of copper(l), which prefers a three/
four-coordination state. A similar phenomenon was observed in
the case of Cu(I)CopZ from E. hirae (24). Because aggregation
does not occur within separated domains upon copper binding,
the interaction probably occurs between different domains.

A further titration was performed using Ag(I), which adapts
a similar coordination state and for this reason is sometimes
used as a substitute of copper(I) (20). The *H,**N HSQC spectra
performed during the titration show that NHs resonances close
to both metal binding sites, with characteristic shifts of the apo
form, disappear with the concomitant formation of new peaks,
which are due to the silver(I)-bound form (Fig. 4). The latter
form is characterized by chemical shifts very similar to those
found for the copper(I)-bound form of the two isolated domains.
No significant line broadening occurs (Fig. 4). The analysis of
the 'H,N HSQC together with a three-dimensional NOESY-
HSQC experiment shows that the chemical shifts of the back-
bone NHs of all residues belonging to the interdomain interac-
tion region are not strongly affected by the presence of silver(I)
(Fig. 4), suggesting that the binding of the silver(I) does not
determine significant relative structural rearrangements of the
two domains.
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Fic. 6. Electrostatic potential sur-
faces of apoCopAab orientated in
such a way to show the copper bind-
ing sites. The positively and negatively
charged and neutral amino acids are rep-
resented in blue, red, and white, respec-
tively. The Cys ligands are also shown
in yellow.

During the titration of the apo protein with silver(I), the
variation in the normalized intensities of the signal of Ala-21 of
the first domain and of Ala-89 of the second domain were
followed with respect to [Ag(D]. At a 1:1 [Ag(D]/[CopAab] ratio,
the first domain is metalized for about 60%, whereas the second
domain is metalized for about 40%. The metal binding site of
the first domain results completely saturated at a 2:1 [Ag(D)]/
[CopAab] ratio, whereas the other domain required a slight
excess of silver(I) to obtain a fully metalized state. This behav-
ior provides evidence that the first domain has an affinity
constant >10* M~ !, whereas the second has a slightly lower
affinity.

DISCUSSION

A comparison between the structure of apoCopAab with that
of the two separated domains shows an essentially identical
overall fold and length of secondary structure elements, with
global backbone r.m.s.d. values with the first and second iso-
lated domains of 1.2 and 1.5 A, respectively. All the secondary
structure elements and loops are well superimposed. However,
the apoCopAab structure experiences meaningful differences
with respect to the isolated apoCopAa and apoCopAb struc-
tures, specifically in the side chain conformation of some resi-
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dues at the interdomain interface, Met-10, Gln-11, Gln-61,
Asn-119, and Glu 122 (Fig. 5). From the isolated domains to the
double domain construct Met-10 moves from the interior of the
protein core toward the interaction surface in the vicinity of
Ala-103, and GIn-61 moves to approach the side chain of Asn-
104 to form a H-bond with it. The side chains of the other
residues display structural rearrangements to favor the do-
main-domain interactions (Fig. 5).

Gln-11 forms hydrogen bonds with Asn-119 and Glu-122,
which connect the two domains. Sequence analysis of the fifth
and sixth domains of all mammal copper transporting ATPases
indicates that these two domains are always connected by a
short stretch formed by only a few amino acids and that a Gln
residue is always conserved in the sequence position corre-
sponding to Gln-11 for the fifth domain, and Asp and Glu
residues are always conserved in place of Asn-119 and Glu-122
for the sixth domain (17, 19). Therefore, it may be suggested
that a hydrogen bond network, which connects the fifth and
sixth domains, is conserved also in the superior organisms in
humans and constitutes a key structural element for the do-
main interactions.

The solution structure of apoCopAab as well as its dynamic
properties show that the two domains are closely packed to
form a single rigid molecule, with both metal binding sites
easily accessible. Therefore, considering that a functional rela-
tion between CopA and CopZ from B. subtilis has been recently
detected in vivo (27) and protein-protein interaction has been
characterized in vitro (29), it is reasonable to conclude that the
protein partner CopZ can release copper(I) to both metal bind-
ing sites independently. The partner protein-protein interac-
tion was shown to occur between the negatively charged sur-
face of CopZ and the positive surface of the second domain of
CopA (29). Both domains of apoCopAab have an accessible
positively charged region (Fig. 6); thus, both have the possibil-
ity of interacting with the partner CopZ.

Interaction with Metal Ions and Related Biological Implica-
tions—The copper:protein stoichiometry of the Wilson and the
Menkes copper binding N-terminal domains was extensively
characterized (46—48). A recent paper (49) reports that each
domain is capable to bind copper or silver but that the array of
six tethered domains binds four equivalents of Cu(I) to produce
a monomer containing four Cu(I) ions in a solvent-shielded
environment. According to the authors (49), this suggests that
a tertiary structural reorganization of the domains makes in-
terdomain copper(I) interactions possible. These conforma-
tional changes may act in vivo as a trigger for the translocation
of the protein from the trans-Golgi network to the plasma
membrane or to a vacuolar compartment (50, 51). Further-
more, the N-terminal region of the Wilson protein is shown to
interact with the ATP binding domain (52). In the copper-
bound form such interaction is weakened, determining an in-
crease in affinity of ATP for the ATP binding domain (52), thus
triggering the copper translocation process. A similar func-
tional role for the N-terminal domains has been also proposed
for other ATPases (53, 54).

The present studies and the interaction of CopAab with
copper(l) and silver(I) together with the solution structure of
the apo form and its dynamic properties suggests that the two
domains, which both have positively charged, solvent-exposed
patches, are organized to receive copper independently one
from the other from its copper chaperone partner, CopZ, to
start the metal transfer process. Our data fit within a model
proposed for the function of the Wilson protein in vivo (51, 55),
where the binding of copper to the domains closest to the
transmembrane segments is the first step of the copper trans-
port cycle, sufficient for the basic activity and for the delivery of

Solution Structure of the N-terminal Region of CopA

copper to the multicopper oxidase target. When the copper
concentration increases, other metal binding sites become oc-
cupied, thus inducing conformational changes that determine
the translocation process of the Wilson protein from the trans-
Golgi network to the plasma membrane. This model could also
explain the reason why eukaryotic organisms have developed a
higher number of domains that are needed to activate the
protein translocation process, whereas the bacterial ATPases
have only one or two domains since they do not have internal
organelles, and therefore, translocation processes are not re-
quired. It has been also observed that, in copper(I) ATPases
with multiple copper binding domains, those closest to the
transmembrane region appear to be functionally more impor-
tant than those closest to the N terminus for the copper trans-
port function (50, 56). Our data show that the two domains
close to the transmembrane region do not interact with each
other and that there are no significant conformational changes
upon metal binding. They presumably transfer copper to resi-
dues within the channel for subsequent translocation across
the membrane without playing an important role in the protein
translocation process.
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