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presumed that the metal coordination in all proteins that share
the motif is essentially the same. NMR data on a Ag(l) derivative
of the recombinant metal-binding repeat 4 (MBR4) of MNKp
suggested that the Ag(l) ion was linearly coordinated by the two
Cys residues of the GMTCXXC motif, while XAS data on
Hg(ll) derivatives of Atx2? and the bacterial mercury transport
protein MerP® also indicated 2-coordination. However, a recent
EXAFS study of Atx1 reconstituted with its native metal, Cu(l),
indicated three S ligands rather than the expected 2-coordination
for Cu(l),*? even though the NMR structural data on the related
MBR4 placed the methionine ligand in a noncoordinating position,
pointing away from the metal site. Here we communicate XAS
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Copper is an integral cofactor for numerous enzymes that play

key roles in various cell processes, including oxidative metabo-

lism, neurotransmitter and neuropeptide biosynthesis, free-radical

detoxification, iron uptake, and maturation of connective tissue.

Copper deficiency within the cells leads to cerebral degeneration,
connective tissue and vascular defects, poor temperature control
and other pathologies. Menkes disease is the best known exampl

of inborn copper deficiency in humah&he disease phenotype
is associated with mutations within the Menkes disease®géne

that encodes a membrane protein with homology to the large

family of cation-transporting P-type ATPaseshe Menkes

disease protein (MNKp) has high sequence homology to the other
human copper-transporting P-type ATPase, the Wilson’s disease,

protein (WNDp)$8 mutations of which lead to vast depositions
of copper in a number of tissues, primarily in liver, brain, and
kidney. The molecular mechanism by which these two proteins
maintain the fine-tuned balance of copper in the cell is still poorly
understood.

The most prominent feature in the structures of MNKp and
WNDp is the presence of a large cytoplasmic N-terminal domain
composed of six repetitive metal-binding segments ~6f0

residues, each of which includes a conserved metal-binding motif,

GMTCXXC, capable of binding a single Cu(l) i8This putative

(N-MNKp), complexed with its native ligand, copper, which
resolves this dilemma. The N-MNKp was metalated in vivo and
then purified in its copper-bound forti\We demonstrate for the
first time that the metal-binding repeats in the N-terminal domain
of the Menkes disease protein bind Cu(l) in a novel 2-coordinate
all-sulfur ligand environment.

The metal-binding repeats were occupied by Cu which was
present in its reduced, Cu(l), form as evidenced by the lack of
EPR signal at 77 K. EXAFS dataindicated an all-sulfur

fsostructura® environment for all Cu(l) atoms. The Fourier

transform (Figure 1) exhibited a large peak at 2.1 A with a minor
shoulder at~2.5 A (phase-corrected). The EXAFS (Figure 1,
inset) could be well fit by two sulfur atoms at a distance of 2.16
+0.01A, adistance typical of 2-coordinate Ct{(§ complexed? 22
Since the NMR data on the Ag(l) complex of MBR4 (see above)
showed the presence of the conserved threonine and Fesine

(12) Pufahl, R. A.; Singer, C. P.; Peariso, K. L.; Lin, S.; Schmidt, P. J.;
Fahrni, C. J.; Culotta, V. C.; Penner-Hahn, J.9€iencel997, 278 853—

(13) Lin, S. J.; Pufahl, R. A.; Dancis, A.; O’'Halloran, T. V.; Culotta, V.
C. J. Biol. Chem.1997, 272 9215-9220.

(14) Gitschier, J.; Moffat, B.; Reilly, D.; Wood, W. I.; Fairbrother, W. J.
Nat. Struct. Biol.1998 5, 47—54.

(15) Steele, R. A.; Opella, S. Biochemistry1l997, 36, 6885-6895.

(16) The N-MNKp domain was overexpressedHEscherichia colias a
fusion with maltose-binding protein (MBP) as described eaflitne purity
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metal-binding sequence is also present in the human copperAA-5), yielding 650uM Cu.

chaperone, HAH1, which has been implicated in the selective
metalation of MNKp!®!! and in Ccc2 and Atx1, the yeast
analogues on MNKp and HAH1, respectivély3It has thus been
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Figure 1. Experimental vs simulated Fourier transform and EXAFS
(inset) for N-MNKp with multiple site occupancy(= 4). The Fourier
transform of thek®-weighted EXAFS data was corrected for the-€3i
phase shift. Solid lines represent experimental data; dashed lines represe
the best fit with two S at 2.16 Ao = 0.0044 &), EXCURV98
simulation.
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Figure 2. Cu K-edges for N-MNKp and model complexes: 2-coordinate
model compound [N(§H7)4][Cu(SCiaH13)7] (thick);21-3°Cu(l)~N-MNKp
(medium); 3-coordinate model compound [(}e)sCu(l)]* (thin).28

the GMTCXSC motif within coordinating distance of the metal
centert* we tested whether the weak shoulder to the high-R side
of the main peak in the Fourier transform could be fit by an
oxygen atom at a longer distance. Only minor improvements to
the fit were obtained, and because of the low intensity of this
feature, equally good fits could be obtained with a variety of
scattererg* Thus, while weak association of a third scatterer
cannot be excluded, its identity is indeterminate.
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eV peak observed for N-MNKp is lower than that of a 2-coor-
dinate model compound in which Cu is linearly coordinated by
S'222put is significantly more intense than what is observed for
the 3-coordinate [Cu(imid)".28 This would be consistent with a
small distortion from 2-coordination, perhaps via decreasing the
S—Cu—S angle from 188 or weak association of an additional
scatterer at a longer distante.

Our XAS results described here thus clearly demonstrate the
existence of a biscysteinate Cu(l) structure in N-MNKp and, to
our knowledge, provide the first example of such a structure in
a metalloprotein. The results also differ notably from those of
Cu(l)—Atx1 recently reported by Pufahl et #lThe latter study

resented evidence for a 3-coordinate Cu(l) environment com-
I'Bosed of two S scatterers at 2.25 A and a more distant S at 2.40
A. The authors concluded that a third coordination position was
available for exogenous thiol coordination. They proposed a
mechanism for copper transfer from Atx1 to Ccc2 involving a
3-coordinate associative intermediate, where the third S ligand
was provided by a docked apo-Ccc2 molecule. While our results
on the Cu(l) environment in N-MNKp are not inconsistent with
this mechanism, they provide no supporting evidence for any
3-coordinate S-ligated intermediate. It is also clear that the
mechanism of metal translocation from the cytosolic proteins to
the membrane is not identical in yeast and mammalian cells.
Unlike the human copper-transporting ATPases, the yeast copper-
transporting ATPase Ccc2 has only two metal-binding repeats at
the N-terminus, implying a simpler (probably 1:1) interaction
between chaperone and ATPase. On the other hand, both of the
human copper-transporting ATPases MNKp and WNDp have six
metal-binding repeats, and site-directed mutagenesis of the
conserved cysteine residues in the N-WNDp has revealed that at
least three repeats must be preserved for funéfidinese data
require a more complex translocation mechanism.

Two alternative mechanisms seem possible to explain the
unidirectional transport of copper from the chaperone to the
ATPase. If the copper-binding coordination in ATPase and
chaperones is indeed identical, statistical arguments alone could
explain why a multidomain structure is necessary for vectorial

These conclusions are further supported by edge data. Cutransport, since a Cu(l) ion [or copper chaperone loaded with

K-absorption edges for N-MNKp and two model complexes are
shown in Figure 2. The data for N-MNKp reveal an intense peak
at 8984 eV, assigned to the 4s 4p,, transition in Cu(l)

complexeg>2" Previous studies on model compounds have

Cu(l)] dissociating from the ATPase istimes more likely to
reassociate with the apomultimer than with a monomeric apochap-
erone, whera is the number of domains present. The functional
requirement for at least three domains would then suggestst

shown a correlation between the intensity of the 8984-eV peak equal or exceed 3 for efficient vectorial copper transport. The
and the coordination number and/or site symmetry of the Cu(l) alternative (more plausible) explanation presumes that the spatial
center. Thus, 2-coordinate Cu(l) exhibits the most intense peakarrangement of the subdomains is critical for funcéibRurther
which is progressively attenuated with an increase in coordination mechanistic interpretations must await structural information on

number or distortion from planarifi?=?” The intensity of the 8984-
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Cu—Cu, 2.59 A, 0.013 A 8.94. The goodness of fit parametEr,is defined
for each program as follows:
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n

K8(data — modef)¥n (1)

Fexcurves =

These results show that the only outer-shell EXAFS contribution that gives
results consistent between both programs is aCu interaction at 2.60 A.
This may suggest some interaction exists between individual copper binding
domains of MNKp. A plot showing the EXCURV98 simulation with the-€u
Cu interaction included is provided as Figure S1 in the Supporting Information.
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the mode of interaction of the subdomains and the symmetry of
subdomain packing.
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