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ABSTRACT:. The Wilson disease copper-transporting ATPase plays a critical role in the intracellular
trafficking of copper. Mutations in this protein lead to the accumulation of a toxic level of copper in the
liver, kidney, and brain followed by extensive tissue damage and death. The ATPase has a novel amino-
terminal domain £70 kDa) which contains six repeats of the copper binding motif GMTCXXC. We
have expressed and characterized this domain with respect to the copper binding sites and the conformational
consequences of copper binding. A detailed analysis of this domain by X-ray absorption spectroscopy
(XAS) has revealed that each binding site ligates copper if-thexidation state using two cysteine side
chains with distorted linear geometry. Analysis of copper-induced conformational changes in the amino-
terminal domain indicates that both secondary and tertiary structure changes take place upon copper binding.
These copper-induced conformational changes could play an important role in the function and regulation
of the ATPase in vivo. In addition to providing important insights on copper binding to the protein, these
results suggest a possible mechanism of copper trafficking by the Wilson disease ATPase.

Wilson disease (WND)is a major genetic disorder of induced protein translocation was first characterized in the
copper metabolism in humans)( The disease is character- related copper-transporting P-type ATPase from Menkes
ized by the toxic accumulation of copper in various organs disease®). The mechanism by which this translocation event
but primarily in the liver, kidney, and brain. The gene occurs is not understood.

responsible for the disease resides on chromoso_me 13 and Although similar to other cation-transporting ATPases, the
has been shown to code for a copper-transporting p-type\wND ATPase has a novel amino-terminal domain (WCBD)
ATPase (ATP7B) 2, 3. The gene is expressed at a high containing six copies of the motif GMTCXXC which are
level in the liver and kidney, with a lower level being responsible for ligating copper. Between one and three copies
detected in the lung and placen®.(Recent immunohis-  of this motif are also present at the amino terminus of
tochemical studies have shown that the WND ATPase is pacterial proteins responsible for the transport of metals such
localized to the trans-Golgi network under steady-state gs zinc, cadmium, and mercury)( The precise function of
conditions 4, 5. The subcellular distribution of the ATPase this large domain in vivo remains unknown; however, our
can be altered by increasing copper levels. Under elevatedresyits suggest a larger role for this domain beyond just
copper levels, the ATPase undergoes a reversible, copperyinding copper. Previously, it has been shown that the
mediated relocalization to both the plasma membrane and aycBD is able to bind six copper atoms in addition to an

cytoplasmic vesicular compartment which is localized toward
the hepatocyte canalicular membrade §). This copper-
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array of transition metals, with varying affinitie8,(9). More
importantly, copper binding to the WCBD was shown to be
cooperative in competitiof?Zn binding studiesg). Despite
these studies, very little is known about the copper binding
sites in the WCBD or how the binding of copper affects its
structure.

Menkes disease (MNK) is another genetic disorder of
copper metabolism which is caused by mutations in a copper-
transporting p-type ATPase (ATP7A) which shares a high
degree of homology with the WND proteinl@12).
Structural studies on the copper binding domain from the
MNK ATPase have been carried out, but it is unclear if these
results are representative of the entire domain. These studies
have shown that the binding of copper to the second copper
binding domain does not significantly alter its structut8)(
These results are similar to those derived from NMR studies
of the fourth copper binding domain from the MNK ATPase
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with silver bound 14). The structures of the apo and silver- the protein was again precipitated with TCA and resolubi-
(N-bound proteins are virtually identical, and linear ligation lized in 0.5 M Tris 6 M urea. The protein was then refolded
geometry with two cysteine residues is also observed. Linearby dialysis against modified refolding buffer (50 mM T+is
copper coordination has also been observed in the entireacetate, pH 8.0, 20% glycerol) and then refolding buffer
copper binding domain from the MNK ATPase5j; without glycerol. The protein concentration was determined
however, the copper stoichiometry in this study was not by the BCA protein assay (Pierce) and then analyzed for
specified. We report a detailed structural analysis of the entire metal content by NAA.

WCBD using various stoichiometries of copper by circular ~ Preparation of Samples for XAS and CBusion protein
dichroism (CD) and X-ray absorption spectroscopy (XAS). and WCBD containing various amounts of copper were
This study has revealed that each binding site in the domainprepared as follows. DTT was added to act as a reductant in
ligates copper int-1 oxidation state using two cysteine side samples of apo-GST-WCBD or apo-WCBD to a final
chains accompanied by both secondary and tertiary structuralconcentration of 1 mM and incubated on ice for 30 min.
changes in the WCBD upon copper binding. These propertiesThe required amount of copper (using Cup®@as then
may have biochemical implications for the function of the added to achieve the desired final molar ratio of metal/protein

WCBD in vivo. and incubated at room temperature for at least 30 min; the
DTT present served to reduce the Cu(ll) to the Cu(l)
EXPERIMENTAL PROCEDURES oxidation state. A 15-fold molar excess of metal was usually

used to achieve full reconstitution of the protein with metal.

Expression and PurificationThe cDNA encoding the  The unbound metal and DTT were then removed by
WCBD which was previously expressed using pGEX-4T-2 o iansive dialysis against 25 mM ammonium acetate pH 7.5

(8) was subcloned into pGEX-6P-2 (Pharmacia) and ex- (25 mM Tris-HCI, pH 8.0, for CD samples). The protein

pressed irE. coli strain BL21(DE3) after induction with  ¢4ncenration was again confirmed by the BCA protein assay,
IPTG. The fusion protein was present in the soluble fraction 5,4 metal content was assessed by NAA. Al dialysis buffers
and in inclusion bodies. Fusion protein which localized to |y purged with argon before use, and dialysis was
inclusion bodies was solubilized in 6 M urea and refolded, horformed in sealed containers. Typical concentrations of
essentially as described previousti6). Refolded fusion 554 fsion protein used in this procedure were between 1
protein was combined with the soluble fraction. The resulting 54 5 mg/mL. XAS samples were lyophilized by first flash-

mixture was made 1% in Triton X-100 and applied 10 a freezing them using a dry ice/acetone bath and then lyo-

gl_utathione Sepharose {1B column previously equilibrated philizing them for 4 days on a Freezemobile 25XL lyo-
with TEND-T (20 mM Tris-HCI, pH 8.0, 130 mM NaCl, 1 philizer (Virtis).

mM I_EDTA' > mM D_TT' 1% Triton X-lOO). The fusion EXAFS Data Collection and Analysi§he lyophilized
protein was eluted with TEND-U (20 mM Tris-HCI, pH 8.0, proteins were packed into EXAFS sample cells @@ x

130 mM NaCl, 1 mM EDTA, 5 mM DTT 6 M urea). 5 jm) x-ray absorption spectra were collected between
Fractions containing fusion protein were combined and g799 ‘and 9726 eV at beamline X9B of the National
applied to a Q-Sepharose fast flow column, equilibrated with Synchrotron Light Source (NSLS) at Brookhaven National

TEND-U. The fusion protein was eluted with a linear salt | 3pqratory. The protein data were collected in the fluores-
gradient (136-250 mM NaCl). Peak fractions were analyzed ance mode at 120 K by using a flat Si(220) double-

by SDS-PAGE, and those containing fusion protein were ryqta| monochromator and a 13-element Ge detector. The

pooled and refolded as above. Protein concentration wWasy,onochromator was calibrated using the edge energy of
determined using the BCA protein assay (Pierce) and metalCopper foil at 8980.3(3) eV.

content L_lsing NAA. The identity of th_e expressed protein  The treatment of raw EXAFS data to yietds discussed
was confirmed by seven rounds of amino-terminal sequenc-;,, qetail in review articles X7, 18. The SSExaf program
Ing. was used to extragt from A, by using a cubic spline
Remaal of GST MoietyThe GST moiety was removed  function, including preliminary base line correction and
from the fusion protein by incubation with PreScission correction of fluorescence data for thickness effects and
protease. One unit of PreScission protease (Pharmacia)/mgjetector response. General procedures for analysis using the
of fusion protein was added to the protein solution, and the programSSExaf have been presented in other pap&gs. (
reaction mixture was incubated at’€ for 16-48 h. The The refinements reported were kiy data, and the function
progress of the cleavage reaction was monitored by-SDS  minimized wasR = {3ké(y. — ¥)N}¥2, where the sum is
PAGE. Once the reaction was judged complete, the mixture over N data points between 2 and 14 A
was passed over a glutathione affinity column to remove free  Single-scattering EXAFS theory allows the total EXAFS
GST and the protease (the protease is supplied as a fusiogpectrum to be described as the sum of shells of separately
with GST). The flow-through contained the purified WCBD. modeled atoms, e.g.:
Metal Remeoal. Metal removal from the fusion protein
as well as the WCBD was achieved as follows: A solution  x.= SnAf(K)K r 2 exp(20%K%) sin (Xr + a(K))]
containing the fusion protein or the WCBD was made 0.5
M in -ME and incubated at 4C for 6—8 h. Following this wheren is the number of atoms in the shetl= [87°m«(E
incubation, the proteins were rapidly precipitated by the — Eo + AE)/h?]Y2, ando? is the Debye-Waller factor @0).
addition of TCA to a final concentration of 10%, followed The amplitude reduction factof) and the shell-specific edge
by centrifugation at 30apfor 15 min at 4°C. The protein shift (AE) are empirical parameters that partially compensate
pellet was resolubilized in 0.5 M Tris bgse&M urea, 0.5 M for imperfections in the theoretical amplitude and phase
B-ME with shaking at £C overnight. After resolubilization,  functions @1). Phase and amplitude functions were theoreti-
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cally calculated using a curved-wave formalis22)( A A
variation of FABM (fine adjustment based on models) was 1000
used here in the analysis procedure with theoretical phase 0
and amplitude function2@). In each shell, two parameters 100
were refined at one timer @ndn or 0?), while A and AE g 00
values were determined by using a series of crystallographi- ]
cally characterized model complexes, namely, [CudSG),] ‘;3 o
[Cu(Im)s]2*, and [Cy(TMEDA),(OH),]2*. The followingA 4000
and AE values were used for our fits: for N/O, 0.21 and S0
9.9; for S, 0.57 and 6.0; for Cu, 0.70 and 1.8. The fitting B
results indicate the average methgjand distances, the type Wavelength (nm)
and the number of scatterers, and the Debialler factors B
which can be used to evaluate the distribution of-Ggand 8
bond lengths in each shell. The EXAFS goodness of fit LI A
criterion applied here is LS '
2 0 <
€= [N/ Z(ze = 21050 IN 5 T
as recommended by the International Committee on Stan- =0
dards and Criteria in EXAFS4, 25 wherev is the number -15
of degrees of freedom, calculatedias Nigp — Nyar, Nigp iS 20 Bl
the number of independent data points, Bladis the number 250 260 270 280 290 300 310 320 330 340 350
of variables that are refined\iy, is calculated adNig, = . Wavelength (o)

2AKARIT + 2, andogaa is the estimated uncertainty of the
data (usually set at 1p6). The use ok? as the criterion for
the goodness of fit allows us to compare fits using different
numbers of variable parameters.

Conformational Analysis of WCBD by C3amples for
CD analysis containing various stoichiometries of copper
were prepared as described above and analyzed on a Jasco
J-720 spectropolarimeter. For analysis of changes in second-
ary structure, samples were loaded into a 0.1 cm path length c 1 2 3 4 5 6
CD cell, and spectra were recorded from 300 to 190 nm. # of Cu(l) bound to WCBD
For analysis of changes in tertiary structure, samples wererigure 1: Copper-induced conformational changes in the WCBD
loaded inb a 2 cmpath length CD cell and spectra recorded as monitored by CD spectroscopy. Samples of apo-WCBD were
from 400 to 250 nm. The spectra were corrected for the reconstituted with the indicated ratio of copper as determined using

contribution of the buffer and noise reduced, and the data NVAA and the BCA protein assay. Spectra were recorded as
ted t | llintici - h fw described under Experimental Procedures. (A) Secondary structure
were converted to molar ellipticity using the software egion. (B) Tertiary structure region. (C) Molar ellipticity in the

supplied with the spectrometer. Molar ellipticity values per WCBD as a function of the number of Cu(l) bound per protein:
residue were calculated by dividing the molar ellipticity by molar ellipticity at 260 @), 290 @), and 330 #) nm.

the number of residues in the WCBD (649 residues). The

Molar Ellipticity

concentration of the protein solution was 149. samples. Last, there is a progressive loss in ellipticity 380
nm as more copper is bound. Ellipticity in this region can
RESULTS be attributed to the presence of disulfide bonds which are

CD Spectral AnalysisSamples of the WCBD containing ~ Present in the absence of bound cop#).(As copper is
two, four, or six bound copper atoms were prepared by the Pound. the cysteine residues become involved in copper
addition of copper to the apo-WCBD as described previously, l19ation and therefore are unavailable for disulfide bond
and CD spectra were obtained. Addition of increasing formation, resulting in a deprease_ in the elllp'qcny at_ 330
amounts of copper to the WCBD resulted in a progressive "M The WCBD contains six additional cysteine residues
increase in secondary structure (Figure 1A). The magnitudeWNich are not part of the GMTCXXC repeats. The absence
of the change is greatest between the apo-WCBD and theof any ellipticity at 330 nmin the fylly reconstituted samples
2:1 complex and to a lesser extent from the 4:1 complex to SU9gests that these residues exist as free sulfhydryls.
the 6:1 complex. The increase in secondary structure upon copper binding

These secondary structure changes are paralleled by drastiindicates that the structure of the WCBD may be stabilized
changes in the tertiary structure as well (Figure 1B,C). In as copper becomes bound. The 2:1 and 4:1 copper complexes
the aromatic region, large changes in magnitude and lineare nearly identical in secondary structure, but their tertiary
shape are observed with increasing copper content. Forstructure spectra are very different. This implies that the
example, the ellipticity at 260 nm increases on going from structural organization of the WCBD is being altered as each
the apo-WCBD to the 2:1 complex and becomes negative metal-binding domain becomes progressively occupied with
from the 2:1 complex to the 4:1 and 6:1 complexes. The copper. These tertiary structure changes could be the basis
ellipticity also increases at 290 nm as copper ions are addedfor the cooperative binding of copper which has been
with the largest change occurring between the 2:1 and 4:1observed in competitiofPZn blotting experiments§].
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Ficure 2: Normalized Cu K-edge XANES spectra of WCBD and 5 Ty
Cu(l)—thiolate model compounds. Cu(SRJCu(SGoHi3),] ~, Cu-
(SR): [Cu(SGHs)3]?~; the ratio of Cu to protein= 2:1 (dotted
line), 3:1 (dashed line), and 5:1 (dotted and dashed line).

Analysis of X-ray Absorption Spectroscopic Dafeo
determine if the conformational changes induced by Cu(l)
binding as detected by CD are reflected in the copper
coordination environments, XAS spectra at the Cu K-edge
were obtained for three samples of WCBD with Cu:protein
stoichiometries of 2:1, 3:1, and 5:1. The copper content for
each sample was determined by metal analysis. All three
samples exhibit a near-edge absorption (XANES) feature at
8983.5(3) eV, consistent with the-*¢lp transition of a Cu-

() center (Figure 2)Z8, 29. Previously reported data on
structurally characterized synthetic Cu(l) complexes show
that the shape of this 8983.5(3) eV transition varies as a
function of Cu(l) geometry; digonal sites have intense and 3
well-resolved peaks, while tetrahedral sites have a feature r' (A)

that is more amorphous. For all the WCBD samples, there Fcure 3: EXAFS of WCBD with the indicated ratio of copper to
is a resolved peak at 8983.5(3) eV, but with an intensity protein. (A)k-space spectra. (BJ-space spectra.

that is somewhat weaker than those of digonal Cu(l) thiolate
compounds but stronger than those of corresponding trigonalTable 1: EXAFS Analysis of WCBD with 2:1 (Top), 3:1 (Middle),
complexes. The intermediate nature of the XANES feature @nd 5:1 (Bottom) Cu to Protein Ratfos

FT Magnitude

suggests that the Cu(l) site in WBCD is distorted from the Cu-S Cu-X

ideal linear geometry of a two-coordinate Cu(l) center with  fitno. n r(A) o n r (A) 72 2 % 100

a S—Cu—S angle between 12Gand 180. It is interesting o1

to note that the shape of the XANES feature appears 217 0.011 5.7

independent of Cu stoichiometry, implying that all the Cu- 2.17 0.007 2.6
2.17 0.002 5.3

() sites of the protein are quite similar. 515 0008 INO 207 —0.001 s
The analysis of the EXAFS data for the three samples 517 0007 1S 560  0.060 6
supports the conclusions derived from the XANES data and 217 0007 1Cu 256 0.033 3.0

provides useful metrical information. Figure 3 shows the 31

OO WNPEF
NNDNEFEDNW

experimental data and corresponding Fourier-transformed 217 0.012 5.9
spectra of WCBD with 2:1, 3:1, and 5:1 Cu-to-protein ratios. 217 0.007 3.3
2.17 0.003 5.4

All three samples give rise to very similar spectra, suggesting

that the geometry of the Cu sites is not perturbed dramatically 517 0007 1S > 60 0.060 35

with different amounts of copper bound to WCBD. 217 0007 1Cu 255 0.030 3.7
Ther'-space spectra for all samples exhibit a prominent 51

215 0.008 1N/O 2.05 —0.002 2.7

OO WNPE
NNNEFENW

feature centered at = 1.8 A and a minor peak at = 2.3 219 0012 4.9
A(r ~r + 0.4 A). As summarized in Table 1, the best fit 2.19  0.008 33
2.19 0.003 6.2

for these features in all samples consists of one shell of two
S scatterers at 2.1& 0.01 A (fit 2). Single-shell fits with
one or three S atoms afforded poorer goodness-of-fit values 218 0.008 1Cu 254 0.023 3.2
(fits _1 and _3)' The CuS distance of 2'1_8 As m_ost_ 2 Fourier transform rangk = 2—14 A%, back-transform range
consistent with the presence of a two-coordinate Cu binding = 1—2 g A.

site in WCBD. Linear mononuclear two-coordinate Cu{l)
thiolate complexes have been found to have-Sudistances  intermediate CuS distances of 2.162.20 A (33—35). As

of 2.14-2.15 A (30, 31, while three-coordinate complexes a result of this comparison, the €8 distance of 2.18-
have Cu-S bonds of 2.262.28 A (32—35). Bent two- 0.01 A in WCBD matches those found in Cufthiolate
coordinate Cu sites, found in Cufijhiolate clusters, possess clusters with bent two-coordinate sites and strongly suggests

2.17 0.009 1N/O 2.08 —0.001 3.4
219 0.008 1S 2.78 0.027 3.2

OO WNPEF
NNNEFENDW
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that the Cu(l) sites in WCBD have a distorted digonal bridges, similar to the G{u-SR), site found in cytochrome
geometry. c oxidase (Cu-Cu ~ 2.5 A) (39). We were unable to fit

The appearance of a weak featurerat= 2.3 A in the such a copper scatterer at 2.5 A in our data analysis of

r'-space spectra raises the possibility of additional scatterers’VBCD and thus do not have evidence for the formation of

in the copper coordination environment. However, attempts such copper clusters in this 'protein. o
to add another shell of scatterers to the S shell at %18 Nevertheless, our CD studies have shown that the binding

0.01 A did not improve the one-shell fit (Table 1, fits-8). of copper to the \.NCBD does indeed trigger a series of
Furthermore, the added scatterer, whether it be O/N, S Orsecondary and Fert_lary structural changes in the domain. Our
Cu was aséociate d with negati\}e or unreasonably' Ia'rgeEXAFS results indicate that these structural changes are not
Debye—WaIIer factors. Similar results were obtained with centered around the copper binding sites, since the EXAFS
various back-transforrﬁ ranges (ej.= 1-2.5 and 2.8 spectra (Figure 3) clearly show that the coordination environ-

. ment around the copper atoms does not change upon the
A). We attempted to introdeca S scatterer at 2.4 A by PP ge up

S A binding of successive copper atoms. It is likely that the
analogy to Atx1, but this distance lengthened to-26 ligation of copper by WCBD results in structural changes

in the course of the refinement. Thus, it is unlikely that a 5rq,nd the metal binding site which are transmitted to other
third scatterer is present in the copper coordmatlon sphere.partS of the molecule through the protein backbone. These
Last, there are weak outer sphere features imthe 3-5 = gyptle changes could then lead to more substantial tertiary
A region which may arise from trace Cu metal contamination. structure changes elsewhere in the domain as is observed in
the CD spectra (Figure 1B). Alternatively, the observed
DISCUSSION structural changes could result from the disruption of

The XAS and CD studies of the WCBD with substoichio- disulfide bonds which are present in the absence of metal.

tri s of h ided ith of detail dThe WCBD contains 18 cysteine residues, 12 of which are
MELNC amounts ot copper have provided a wealth ot detalled ¢, nseryeq. |n the absence of copper, some of these may form
structural information on this unique domain. All copper

. ) X disulfide bonds. The presence of ellipticity at 330 nm in the

atoms appear to be ligated by two sulfur residues in a cp gpectra of the apo-WCBD strongly suggests the presence
distorted linear arrangement with a €8 distance of 2.17 ¢ gisulfide bonds. The progressive loss of this feature as
2.19 A. A Cu-S distance of 2.16 A has also been found in copper binds suggests that these disulfide bonds are dis-

an EXAFS study of the related Menkes disease protein rypted, leading to the structural changes observed in the
(MNK) (15) which has the same copper binding sequence gomain.

motif (MTCXXC) as the WCBD, suggesting similar Cu(l) ~ These conformational changes may also play a key role
coordination environments for the two proteins. In contrast, in the in vivo regulation of the ATPase. A hypothetical model

a different copper coordination environment has been js presented in Figure 4 which is supported by the structural
reported for Atx1, the copper chaperone protein found in data presented here as well as several functional studies on
yeast which also has the same copper binding sequence motifthe ATPase. In this model, the Wilson disease ATPase
Atx1 has two sulfur scatterers at 2.25 A and a third sulfur (WND) resides in the TGN under normal physiological
scatterer at 2.40 A, implicating a three-coordinate copper conditions where it pumps copper into the TGN lumen. When
site 36). The third sulfur scatterer was originally proposed unoccupied with copper, the amino-terminal domain would
to be the methionine residue in the conserved sequence, buinteract with other cytosolic loops of the protein, preventing
this residue is found to be quite distant from the linear the transport of copper. The binding of copper triggers
digonally coordinated metal center in the recent crystal- conformational changes in the WCBD which disrupt its
lographic study of the Hg derivative of Atx137). An interaction with the rest of the protein and initiate the
alternative suggestion for the third sulfur scatterer is the transport cycle. When the cytoplasmic concentrations of
sulfur of the glutathione present in the Atx1 sample prepara- COPper rise, additional copper binding sites become occupied,
tions for the EXAFS studies. Our samples of WCBD were leading to further conformational change. The binding of
prepared in the presence of a thiol reductant, DTT, but our COPPer to these additional sites may occur in a cooperative
data analysis does not indicate the presence of a third sSmanner §). These conformational changes may act as a
scatterer in the Cu coordination sphere and strongly suggestd/99er for the translocation of the protein from the TGN to
that the Cu(l) environments of WCBD and Atx1 differ. the plasma membrane as well as a vacuolar compartrr_lent.
Cox17, another copper chaperone protein but one with aAt the plasma membrane, the WND ATPase would function
copper binding sequence different from that of Atx1 and to expel excess copper from the hepatocyte. Copper pumped
WCBD, also shows a CuS distance of 2.26 A, indicating into a vacuole hy the WND ATPase could be excreted by

a three-coordinate copper binding sitag), There thus the hepatocyte via an alternate pat_hway. A recent study has
. — shown that these vacuoles are localized toward the canalicular
appears to be a range of possible Cu(l) binding modes for

this group of proteins membrf_;me and may pro_vide a route for _the excretion of
' copper into the bile by fusing with the canalicular membrane

The EXAFS analyses for MNK and Cox17 provide some (5). As the cytoplasmic concentration of copper decreases,
evidence for copper cluster formation. For MNK, an outer the N-terminal domain becomes progressively unoccupied,
sphere feature at = 2.3 A could be fit with a copper  and the ATPase is recycled to the TGN.
scatterer with a CaCu distance of 2.6 AL4). For Cox17, Several studies have made it clear that in both the Menkes
a Cu-Cu distance of 2.7 A was foun®®). These results  and Wilson disease proteins, not all the metal binding repeats
suggest that the individual copper sites in these proteins mayare needed to allow transport activitg, (6, 4Q. These
come together and form dinuclear cores with single atom observations suggest that the remaining repeats may have
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Ficure 4: Hypothetical model for the function of WND in vivo.

Under normal conditions, the WND protein is localized in the trans-
Golgi network (TGN). When not occupied with copper, the metal
binding domain interacts with the cytosolic loops of the ATPase.
Binding of copper to the metal binding repeats closest to the

Biochemistry, Vol. 39, No. 7, 2000L.895

of two separate gene products which carry out the same
essential function.
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translocation of the ATPasél). These authors have also

shown that the first four metal repeats could be eliminated
without loss of copper-induced relocation; mutation of the

remaining two metal repeats abolished its response to copper.

This study did not address the effect of these mutations on
copper transport activity.
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