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ABSTRACT. Extracellular copper regulates the DNA binding activity of the CopY represdéntafrococcus

hirae and thereby controls expression of the copper homeostatic genes encodeddydperon CopY

has a CxCxxxxCxC metal binding motif. CopZ, a copper chaperone belonging to a family of
metallochaperones characterized by a MxCxxC metal binding motif, transfers copper to CopY. The copper
binding stoichiometries of CopZ and CopY were determined by in vitro metal reconstitutions. The
stoichiometries were found to be one copper(l) per CopZ and two copper(l) per CopY monomer. X-ray
absorption studies suggested a mixture of two- and three-coordinate copper in Cu(l)CopZ, but a purely
three-coordinate copper coordination with a-€Zu interaction for Cu(hCopY. The latter coordination

is consistent with the formation of a compact binuclear Ctifhjolate core in the CxCxxxxCxC binding

motif of CopY. Displacement of zinc, by copper, from CopY was monitored with 2,4-pyridylazoresorcinol.
Two copper(l) ions were required to release the single zinc(ll) ion bound per CopY monomer. The
specificity of copper transfer between CopZ and CopY was dependent on electrostatic interactions. Relative
copper binding affinities of the proteins were investigated using the chelator, diethyldithiocarbamic acid
(DDC). These data suggest that CopY has a higher affinity for copper than CopZ. However, this affinity
difference is not the sole factor in the copper exchange; a charge-based interaction between the two proteins
is required for the transfer reaction to proceed. Gain-of-function mutation of a CopZ homologue
demonstrated the necessity of four lysine residues on the chaperone for the interaction with CopY. Taken
together, these results suggest a mechanism for copper exchange between CopZ and CopY.

The intracellular concentration of copper is tightly con- specifically routed to its points of use with the aid of copper
trolled, limiting toxic redox-active copper but providing chaperonesy, 6).

sufficient cofactor for copper-dependent enzymes. Cells  The copoperon ofEnterococcus hiraés responsible for
balance their safety and requirement for copper through the regulation of copper uptake, availability, and export in
carefully controlled import, export, and sequestration mech- his pacterium. The operon consists of four genes that encode
anisms. In eukaryotes, the Ctr family of copper transporters 4 metalloregulated repressor (CopY), a copper chaperone
takes up copper, while in some bacteria, copper uptake iS(CopZ), and two CPx type copper ATPases (CopA and
accomplished by a subclass of P type ATPases, called PlcopB). Copy is a homodimeric repressor that binds to an
type or CPx type ATPasesl{3). Expression and/or inyerted repeat upstream of the translation start gteQopZ
Iocahzatlon of the ATPases is r_egulated by the cel!ular transfers copper to CopY, thereby releasing it from the
concentration of copper4]. Within the cell, copper is  promoter and promoting the expression of all foapgenes

8, 9).
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CopY vetieCnCipgg.CeCxky primer extension by the proofreading polymer&$e. Dpnl
digests were used to remove the parental plasmid before
AMT1 msgnndmC1CvrgepCrCharx transformation into XL-1 blu&scherichia coli The mutants
Acel skedet rCrCdegepCxChtkr were confirmed by automated dideoxynucleotide sequencing.
CsC CoC Cu(l) Titration of CopZ, MNKr2, and MNKr2K4Aliquots
Macl flstqlsh.edesbplvncl (10 uM) of the purified apoprotein (CopZ, MNKr2, or
MT-2 B domain mdpnCsCatggsCtCtgsck MNKr2K4) were titrated with an increasing number of molar
Consensus CxC (4-5)CxC equivalents of Cu(l) as [Cu()Glpr Cu(l)acetonitrile under

anaerobic conditions. The reconstitutions were performed on
Ficure 1. Sequence alignment of proteins that have a CxCxxxx- samples with a reduction state ®95% in accordance with
CxC metal binding motif. These proteins are the copper-regulated the procedure described previously for metallothiongi) (

repressor front. hirae(CopY), the copper-regulated transcription ; : ;
factors fromCandida glabrata(AMT1) and Saccharomyces cer- and ACE1 g3). Briefly, the reduced apoprotein was mixed

evisiae (Acel and Macl), and th&domain of the metallothionein @t PH 2 with copper(l) and water, after which a concentrated
from Homo sapiengMT-2 B-domain). buffer was added (with mixing) to adjust the pH to 8.0.

Potassium phosphate buffers were used in the Cu(l) titrations.
allochaperone-like domains in these proteins have beenA Cu(l) stock solution, stabilized as [CuGlwas prepared
implicated in the binding of heavy metals for regulation or by dissolving CuCl in 0.1 M HCI ath 1 M NaCl under
further processing1(). The yeast Atx1 and the human anaerobic conditions in a LABCONCO anaerobic chamber
HAH1 chaperones have been demonstrated to route coppepr by dissolving Cu(l)acetonitrile in degassed 100% aceto-
to copper ATPaseslb, 16). In contrast, CopZ donates nitrile, followed by dilution into degassed distilled water as
copper(l) to the CopY repressor for induction of tbep a working solution. The titrations were monitored by
operon 0). absorption spectroscopy over the wavelength range of-220

The CopZ-CopY interaction is specific. MNKr2, the 820 nm, although only the 22850 nm range is shown.
second domain at the N-terminus of the human Menkes The broad range was used to ensure that Cuf(lifrogen
ATPase, is structurally similar to CopZ, but is unable to type complexes, which can absorb near 600 nm, were not
transfer copper to CopY9}. CopZ has the samapas being produced during the experiments. All spectra were
global fold as determined for the copper chaperones Atx1 recorded at 23°C in anaerobically sealed screw-topped
and HAH1, the mercury chaperone MerP, and the secondfluorescence cuvettes (Spectrocell) containing a total volume
and fourth metal binding domains of the Menkes copper Of 1.5 mL. After the spectral analysis, the copper concentra-
ATPase {2, 17-19). The conserved MxCxxC metal binding  tion was verified by flame atomic absorption spectroscopy
motif common to these proteins is a widespread feature of in @ Varian A-875 series spectrometer. Copper loading of
proteins involved in metal ion homeostasis and is also a CopZ under native conditions, which results in indistinguish-
feature of the multidomain metallochaperone CCS (copper able preparations of Cu(l)CopZ, has also been described
chaperone for superoxide dismutas®))(In contrast, CopY  previously @2).
features a CxCxxxxCxC metal binding motif, which is In Vitro Copper Transfer to CopYThe Cu(l) proteins,
analogous to those of the yeast copper fist transcription prepared as described above, were mixed with Zn(II)CopY
factors Macl and Acel, as well as those of metallothioneins, in increasing concentrations in 1.5 mL sealed cuvettes. Cu(l)
a ubiquitous class of metal detoxification proteins (Figure transfer was followed by monitoring the increase in Cu@)

1). Copper transfer from CopZ to CopY proceeds from a luminescence at 600 nm, exciting the sample at 295 nm as
MxCxxC metal binding site to a CxCxxxxCxC metal binding reported previously9).

site. It thus differs from the copper transfer processes between  gpectroscopic Analysesbsorption spectra were recorded
the Atx1 and HAH1 chaperones to copper ATPases, which on a Cary U3 U\~ visible spectrophotometer. Luminescence
is a transfer between analogous MxCxxC metal binding spectra were recorded on a Perkin-Elmer LS 50B lumines-
motifs (16, 21). cence spectrometer with a 350 nm band-pass filter and
The copper(l) sites in CopZ and CopY are markedly settings of 5 and 20 nm for the excitation and emission slits,
different with regard to solvent exposure; copper(l) binds to respectively. The samples were maintained at@a both
CopZ on an exposed loop, while copper(l) binds to CopY is instruments.
in a solvent-excluded environmer8)(Key aspects of the PAR-Monitored Zinc Displacemerithe sequential titra-
copper transfer reaction remain to be established. Here wetjo of Copy with Cu(l) results in the displacement of zinc.
present the dissection of the individual metal binding sites 2,4-Pyridylazoresorcinol (PAR) has an absorbance maximum
and demonstrate the importance of charged residues ingt 410 nm, and this absorbance maximum is shifted to 500
specific recognition and transfer of copper from the CopZ upon binding of Zn(1l). PAR was added to the sequential
chaperone to the CopY repressor. titration of CopY. The displaced Zn(ll) binds to PAR, and
MATERIALS AND METHODS the concentration is calculated from the molar extinction

coefficient of 8200 M* cm™* (26).
Protein Purification.CopZ, CopY, MNKr2t and MNKr2K4

were purified to homogeneity by following the previously 1 Abbreviations: MNKr2, second amino-terminal copper binding
published methods9( 22, 23). domain of ATP7A representing amino acids 681; MNKr2K4,

ALY ; PRI E MNKr2 with the four mutations Q38K, R39K, D45K, and N46K;
Site-Directed MutationsThe site-directed mutants were ANES, X-ray absorption near-edge spectroscopy: EXAFS, extended

prepared using the Stratagene QuikChange Kkit. Mismatched;-ray absorption fine structure; UWis, ultraviolet-visible; DDC,
primers with the corresponding mutations were used with diethyldithiocarbamic acid.
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Preparation of Samples for X-ray Absorption Analy3ise 0.4

Cu(l)CopZ X-ray absorption spectroscopy (XAS) samples g o5 l{ A B 1 0.15 £
were prepared with an equimolar Cu(l):protein ratio and a § 02 010 §
final copper concentration of 0.95 mM. The Ag(l)CopZ s 2
sample had a metal:protein ratio of 0.95 and a concentration & 0.1 005 &
of 1.1 mM. The Ag(l)CopZ sample was prepared from the 0.0 ‘ ‘ o<
apoprotein in 0.1% trifluoroacetic acid in preference to 25 2030 00 05 10 L5

mM HCI because of the solubility problems associated with Wavelength (nm) ~ Mol. Equiv of Cu(l)

AgCl. The Cu(l) sample was also prepared from the same Ficure 2: Copper(l) loading of the CopZ chaperone. Cu(l)aceto-
apo-CopZ with a perchlorate salt of Cu(l)acetonitrile to avoid nitrile was titrated into apo-CopZ, and the changes in the-ui¢
any contamination by chloride ions. These samples were SPectra were recorded. (A) Spectra showing the increase at 254

. . : nm due to the formation of a CuS metal to ligand charge
reconstituted in 50 mM potassium phosphate (pH 8.0), andtransfer band. (B) The copper titration curve plotted as the increase

30% (v/v) glycerol was added prior to flash-freezing. The i the level of metal to ligand charge transfer vs the equivalents of
use of these conditions did not affect the titration of CopZ Cu(l) added to apo-CopZ. The results were the same if [Cug)CI]

with Cu(l). Cu(l)CopY samples were prepared anaerobically was used as the copper source. Other details of the experiment are
with a metal:protein ratio of 2 and a final copper concentra- described in Materials and Methods.

tion of 0.8 mM in 100 mM Tris-S@ (pH 7.9) containing
40% (v/v) glycerol. Ultrafiltration did not promote changes
in stoichiometry, and the recovery of protein was greater
than 90%. No excess of reducing agent was added to thes
samples during preparation because of possible interferenc
in XAS data collection and interpretation.

X-ray Absorption Data CollectionCopper and silver
K-edge X-ray absorption spectroscopic data were collecte
at the Stanford Synchrotron Radiation Laboratory (SSRL)
with the SPEAR storage ring containing-5000 mA at 3.0
GeV. The unfocused wiggler beam line 7-3 was used wit

titration into the cupro proteins. CopZ, MNKr2, and
MNKr2K4 were loaded with copper(l) by the reconstitution
ethod described above. Copper was transferred to CopY
rom CopZ and MNKr2K4 in the sealed cuvettes, and
transfer was confirmed by luminescence. A fixed volume
of DDC at varying concentrations was added to the sealed
gcuvette containing the Cu(l) proteins. Cu(l)DDC was quanti-
fied usingAssp and a molar extinction coefficient of 15 000
M~t cm™L. DDC has no absorbance at 450 nm when not
h complexed with Cu(l). All spectra were collected using

the wiggler operating at a field of 1.8 T. A Si(220) double- Varian kinetics software and linear least squares calculated

crystal monochromator was used with an upstream vertical YSing SigmaPlot2000.
aperture of 1 mm, and harmonic rejection was acc:omplishedRESULTS
by detuning one monochromator crystal to approximately
50% off-peak. The incident X-ray intensity was monitored  Cu(l) Titration into CopZ and CopYTo determine the
using an argon (for silver)- or nitrogen (for copper)-filled stoichiometry of metal binding to CopZ and CopY, Cu(l)
ionization chamber, and X-ray absorption was measured aswas quantitatively titrated into the purified proteins. Purified
the X-ray Ko fluorescence excitation spectrum with an array CopZ was denatured, reduced, and refolded in the presence
of 13 germanium detector27). Samples were maintained of metal ions, followed by spectroscopic analysis of metal
at a temperature of approximately 10 K during data collection complex formation. It has previously been shown by circular
using a liquid helium flow cryostat. Eighteen 20 min scans dichroism that the reconstituted CopZ0f and other
were carried out, and the absorption of metal foil standards members of this family 23, 31) regain native secondary
was measured simultaneously by transmittance. The energystructure upon refolding. The Cu(l) titration into apo-CopZ
scale was calibrated with reference to the lowest-energy suggested that it has a metal binding stoichiometry of one
inflection point of the foil, which was assumed to be 8980.3 Cu(l) per molecule of CopZ. The UWvis spectra exhibited
and 25515 eV for copper and silver, respectively. an increasing metal to ligand charge transfer band at 254
Quantitative analysis of the extended X-ray absorption nm until a plateau was reached at equimolar copper (Figure
fine structure (EXAFS) oscillationgk) entailed curve fitting 2). There were no spectral changes in the-6800 nm region
with the EXAFSPAK suite of computer programs (http:// that would have suggested Cu(ll) nitrogen ligands (data not
ssrl.slac.stanford.edu/exafspak.html) on the basis of ab initioshown). Cu(l)CopZ does not display Cufl$ specific
theoretical phase and amplitude functions calculated with the luminescence, suggesting the site is exposed to sol@gnt (
program FEFF version 7.028, 29). No smoothing, Fourier  In contrast, the Cu(l) in the CxCxxxxCxC binding site of
filtering, or related manipulation was performed upon the CopY is shielded from solvent, allowing Cufi lumines-
data. The values for the threshold energy (i.e., energy zerocence, akin to that observed for the proteins with a
for k) were taken to be 9000.0 and 25 525.0 eV for Cu homologous metal binding site, ACE1 and AMZY( 32).
K-edge and Ag K-edge data, respectively. The difference in luminescence enables the transfer of
Competition Experiment3.he relative affinities were de-  copper, from the nonluminescent site in the chaperone CopZ
termined by competition with the copper chelator diethyl- to the luminescent site in the target CopY, to be monitored.
dithiocarbamic acid (DDC). The relative affinities were Hence, the stoichiometry of copper binding to the repressor
calculated as second-order rate constants using a linear leasprotein CopY can be determined with its native Cu(l) source.
squares regression of the observed first-order rate constant®Vith sequential addition of Cu(l)CopZ to CopY, the
plotted as a function of increasing DDC concentrations. The magnitude of the Cu(l)thiolate emission band at 600 nm
chelator diethyldithiocarbamic acid (DDC) was prepared in (excited at 295 nm) increased proportionally until a maxi-
sterile MilliQ water & a 1 M concentrated stock. The mum was reached at a stoichiometry of two Cu(l) atoms
concentrated stock was diluted to working solutions for per CopY (Figure 3).
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EXAFS, best fits, and Fourier transforms are displayed in

8 200 1200 £

§ 150l A B 150 S panels B and C of Figure 4. The spectra are best fit with
2 50 & , ; ) .

8 o three Cu(l}-S ligands at 2.241 A, with no discernible outer-
g 100 jroe g shell EXAFS (e.g., CuCu interactions). Trigonal CuS

3 50 50 3 compounds typically have Ct5 bond lengths close to 2.28
3 0 i o E A, while digonal Cu-S compounds have bond lengths of

~2.15 A 33). The CopZ Cu-S bond length of 2.24 A is
thus only slightly short for a pure trigonally coordinated
cuprous site33). The curve fitting analysis yields a rather

Cu(l)CopZ as a copper donor, copper was titrated into Zn(I)CopY largeo? value of 0.0088 Afor trigonal Cu-S coordination,
and the spectral changes due to the formation of Cu(l)CopY were or 0.0062 & for digonal coordinationo? is the mean-square

recorded. (A) Emission scans from 450 to 600 nm, using excitation
at 295 nm. (B) Plot of emission at 600 nm vs the number of molar
equivalents of Cu(l) added as Cu(l)CopZ. Details of the experiment

are described in Materials and Methods.
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deviation of the bond length, and has contributions from both
Cu—S vibrations ¢.i,?) and from static disorder in individual
Cu—S bond lengths that differ by less than the EXAFS
resolution ¢«a?). Following the methods of George et al.
(34), we estimate a;,2 of 0.0025 & and maximum possible
Oswaf Values of 0.0113 and 0.0043 Hor trigonal and digonal
copper coordination, respectively (and assuming a chemically
homogeneous sample). The total upper boundssfoare
thus 0.0138 and 0.0068%4or trigonal and digonal coordina-
tion, respectively, and ous? estimates, while large, are
within a physically reasonable range. O’Halloran and co-
workers 6) have analyzed the EXAFS of Cu(l)Atx1 and
obtained a best fit with two short metadulfur bonds 2.25
A'in length and one longer bond 2.40 A in length. Although
the qualitative conclusion of three €8 ligands is probably
sound, we note that the EXAFS arising from such-Q&u
bond lengths is nearly 18®ut of phase, and thus close to
cancellation and highly correlated, and furthermore at the
margin of resolvability. In the case of Atx1, the additional
Cu—S bond is potentially added by exogenous thiol added
to reduce Cu(ll) to Cu(l) in dialysis, or the adjacent
methionine in the MxCxxC binding site. Studies using X-ray
crystallography, EXAFS, ané?®Hg NMR of HgAtx1 and
Cu(Atx1 and crystallography of reduced Atx%, (12, 35)
have eliminated the latter. Refinements of the Cu EXAFS
of CopZ using two short and one long €8 bonds resulted

in no significant improvement in the fit relative to a single
Cu—S shell. The NMR structure of CopZ revealed that the
Met group is not within reach of the metal binding cysteine
sulfurs @2). Furthermore, CopZ samples were prepared in
scrupulously sulfur-free buffers.

EXAFS cannot easily discriminate between scatterers of
similar size (atomic number); therefore, another possibility
is that an external chloride is bound. A large number of
Cu(l)(SRYCI complexes have been described in the Cam-

Ficure 4: XANES and EXAFS for Cu(l)CopZ, Ag(l)CopZ, and X .
Cu(l)CopY. (A) Near-edge spectrum of Cu(l)CopZ and Cu(l)CopY bridge Structural Data Base (54 entries). These complexes
plotted with the spectrum of pure digonal and trigonal species. (B) typically have shorter CuS and —Cl bonds than pure

amples. (C) Respecive EXARS and fis hssodiated wih e Fourier 10 /aL€ coordination, with average €6 and C-Cl bond

: ; , lengths of 2.22 and 2.27 A, respectively. The presence of
transforms. Experimenta) and fit (- - ). chloride is difficult to completely discount, even though great

X-ray Absorption StudiesThe metal to ligand charge care was taken to exclude it from all buffers and solutions.
transfer at 254 nm seen in CopZ was assigned to aCurve fitting of the Ag K-edge EXAFS of Ag(l)CopZ gave
copper(l)-sulfur transition. To confirm the cuprous state and less ambiguous support for a digonal site. As with Cu(l),
the identity of the ligands, X-ray absorption studies were Ag(l) has characteristic bond lengths for digonal and trigonal
undertaken on Cu(l)CopZ. The Cu K-edge X-ray absorption coordination, but with somewhat larger differences; a search
near-edge spectra displayed no-18d transition, confirm- of the Cambridge Crystallographic Data Base entries indi-
ing the presence of Cu(l) (Figure 4A). The near-edge cates characteristic bond lengths of 2.55 and 2.37 A for
spectrum also exhibited a smaller than expected peak attrigonal and digonal coordination, respectively. The EXAFS
approximately 8983 eV that would be indicative of purely curve fitting analysis (Figure 4 and Table 1) indicates a best
digonal coordination, which would arise if only the two fit with two sulfur ligands, with an AgS bond length of
cysteine sulfurs where involved in binding. The copper 2.39 A, which is diagnostic of digonal coordination.
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Table 1: EXAFS Curve Fitting Results for CopZ and CdépY

M-S M—M
sample N R(A) 02 (R? N R(A) 02 (A2 AEq (eV) error
CuCopZ 3 2.241(2) 0.0096(2) ~16.9(7) 0.314
AgCopZ 2 2.391(5) 0.0079(2) ~17.2(2) 0.394
CuCopY 3 2.256(4) 0.0072(2) 1 2.685(6) 0.0085(6)  —16.9(7) 0.345

aN is the coordination numbeR is the mean interatomic distana#. is the mean square deviation i AE is the threshold energy shift. The
fit error is defined asY (yexpt — ¥cald?ke/Y xexp?k®] Y2, and the results given are those in which the coordination numbers and -Péklter factors
were simultaneously refined. The values given in parentheses are estimated standard deviations (precision) obtained from the diagonal elements of
the covariance matrix. We note that the accuracy will be larger than these values, and can be assumed to be-@logeAt@nd+0.2 for
coordination numbers.

Lys30: .
Lys29 _

CopZ MNKIr2 MNKr2K4

Ficure 5: Comparison of the positively charged faces of CopZ, MNKr2, and MNKr2K4. The electrostatic surfaces created with GRASP
were overlaid onto the NMR structure of CopZ, MNKr2, and a model of MNKr2Kg, @2, 43, 44). MNKr2K4 was modeled from the
average structure of MNKr2 using SYBYL (Tripos). The residues replaced in MNKr2 to create a charged face resembling that of CopZ in
MNKr2K4 are labeled.

In contrast to the data for CopZ, the X-ray absorption 80
spectra for two Cu(l) atoms per CopY unambiguously
suggest trigonally coordinated Cu(l). The near-edge spectra
confirmed the cuprous oxidation state (Figure 4A), and the
best fit was obtained with three sulfur backscatterers with a
bond length of 2.26 A, which is very close to the ideal for
atrigonal Cu-S bond 83). The Fourier transform exhibited
an additional peak which curve fitting analysis indicated
arises from a copper neighbor a2.69 A (Figure 4B,C).
This coordination is consistent with the CxCxxxxCxC
binding site and the formation of a compact Cpdhiolate
core within CopY.

Transfer SpecificityThe transfer of copper from Cu(l)-
CopZ to Zn(I)CopY is a transient interaction that requires 0
specific recognition. Copper transfer cannot proceed from H
the identically folded domain of the Menkes ATPase, MNKr2 500 600 700
(9). The transfer of copper from the chaperone Atx1 to the
similar structured modules of the CCC2 ATPase in yeast
has been shown to be dependent on charged resi@ags ( Wavelength (nm)

Distinct charged faces exist on the surface of CopZ and Ficure 6: Demonstration of copper transfer to CopY as monitored
MNKTr2, but the orientation of the charges is different in the gyetgfafogfm;ﬂ% &f) aY Cur(é)in'é'ungi?ehé”vev I't?] %%le\)(c éA)Z_i";ﬁzion
latter (19, 22). Sequence and structural alignment between ZFr)](II)CopY preincubgtedr\)/vith CU(MNKI2f — ). (B)pEmission
CopZ and MNKr2 suggests that the differences could prevent gpectra of Zn(1l)CopY preincubated with Cu(l)MNKr2K4 (top) and
an electrostatic interaction between MNKr2 and CopY of Cu(l)MNKr2K4 in the absence of Zn(l)CopY. Details of the

(Figure 5). Site-directed mutagenesis was used to alter theexperiment are described in Materials and Methods.
electrostatic characteristics of MNKr2 so that it would mimic

CopZ. A positively charged face was introduced by replacing Figure 3). Figure 6 demonstrates that the metal moves from
Q38 and R39, and D45 and N46, in the loop regions betweenthe nonluminescent site in the mutated Menkes domain to
ol andp2, and betweefi2 and3, respectively, with lysine  the luminescent environment in CopY. The movement of
residues. Introducing these four lysine residues conferred thecopper from Cu(l)MNKr2K4 to CopY was independently
ability to MNKr2K4 to transfer copper to Zn(ll)CopY. The verified by gel filtration chromatography, as reported previ-
transfer of Cu(l) from Cu()MNKr2K4 to Zn(ll)CopY was  ously for the transfer of copper from Cu(l)CopZ to CopY
monitored using the luminescence assay described above (cf(9). Briefly, Cu()MNKr2K4 was incubated with Zn(ll)-
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Ficure 7: Apparent affinity of CopzZ, CopY, MNKr2, and
MNKr2K4 for Cu(l). The rate of copper extraction from CopZ,
CopY, MNKr2, and MNKr2K4 by the chelator DDC was plotted
vs the concentration of DDC. The rate of reaction correlates to the
affinity of metal binding: CopZ @), MNKr2 (), MNKr2K4 (v),

and CopY Q).

CopY, followed by separation of the two proteins by gel
filtration. In the eluate, MNKr2K4 was metal free, the copper
was associated with CopY, and the zinc was found in the
low-molecular weight fraction. Clearly, copper was quanti-
tatively transferred from Cu(I)MNKr2K4 to zZn(Il)CopY
(data not shown).

Metal Binding Affinities.The relative copper(l) binding
affinities were calculated to support the apparent specificity
of the metal transfer reaction. The copper(l) binding affinity
indicates the specificity of the copper transfer is related to
protein—protein interactions. The similarity of the metal
binding sites in MNKr2 and CopZ argues against an affinity
difference for these two proteins. However, the transfer
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Ficure 8: Measurement of zinc displacement from CopY by
Cu(l)CopZ. The release of zinc from CopY was monitored by the
spectral shift of the absorbance maximum from 412 to 500 nm of
2,4-pyridylazoresorcinol (PAR) upon zinc binding. (A) Visible
spectra. (B) Number of molar equivalents of Zn(ll) displaced vs
the number of molar equivalents of added Cu(l)CopZ.

Zinc Displacement from CopY by Copper{The transfer
of Cu(l) to CopY results in the displacement of zinc from
the protein 9). The release of zinc was monitored by the
spectral shift of the absorbance maximum from 412 to 500
nm of 2,4-pyridylazoresorcinol (PAR) upon zinc binding
(37). Zinc is presumably bound to the CxCxxxxCxC motif
of CopY, which has been shown by EXAFS and the Cu§)
luminescence to be the site for copper insertion. PAR by
itself was unable to extract Zn(ll) from CopY, suggesting
that the bound zinc is poorly accessible or that the binding
affinity of CopY exceeds that of PAR. PAR titration of
copper-induced zinc release by CopY exhibited a stoichi-
ometry of one Zn(ll) per CopY monomer, as evident from
the plateau in absorbance (Figure 8). Two copper(l) ions
displace the zinc quantitatively from this site. Conformational
changes associated with this metal exchange are proposed

characteristics are different. CopY does binds copper in ato be the underlying mechanism by which copper promotes
more cysteine rich site, suggesting an increased copperthe release of CopY from DNA.

binding affinity compared to those of CopZ and MNKr2.
The mutation of MNKTr2 to prepare the lysine rich mutant is
not predicted to alter the structure or the metal binding

DISCUSSION

The copoperon ofE. hiraeregulates cytoplasmic copper

characteristics. Therefore, MNKr2K4 should have an affinity |evels via the encoded CopA copper uptake ATPase and the
for copper similar to that of native MNKr2. The relative CopB copper export ATPase. The repressor CopY regulates
affinities were determined by competition with the copper transcription of thecop operon, and the CopZ copper
chelator diethyldithiocarbamic acid (DDC). The rate at which chaperone accepts copper from CopA and delivers it to
DDC can abstract copper from each protein was used tojntracellular targets, including Cop¥,(38). In growth media
determine the apparent metal binding affinities of CopY, containing 1Q:M copper, thecopoperon exhibits the lowest
CopZ, MNKr2, and MNKr2K4. The CttDDC complex that  observable transcription level§)( Repression is accom-

is formed absorbs at 450 nm, while the Cefprotein plished by binding of Zn(Il)CopY to the promoter. If ambient
complex has no absorbance at this wavelength. Hence, thecopper rises, the operon is induced by the release of CopY
rate of removal of Cu(l) by DDC from the Cu(l)-loaded from the promoter. Release of CopY from the DNA is
protein can be followed by monitoring the increase in effected by the transfer of two copper(l) ions from Cu(l)-
absorbance at 450 nm. The relative affinities were calculated CopZ to CopY, with the concomitant release of the zi@ic (
using a linear least-squares regression of the change inThis protein-catalyzed delivery of the inducer (copper) to
observed first-order rate constants plotted as a function ofthe repressor is novel, and the transfer mechanism is of
increasing DDC concentrations. Figure 7 shows the rate of interest.

DDC copper abstraction from each protein. The slopes Metal titration experiments and luminescence analysis
correlate with the apparent affinity of the protein for copper indicated that CopZ binds 1 equiv of Cu(l) in a site that is
in the presence of DDC. CopZ, MNKr2, and MNKr2K4 all  exposed to solvent. The metal is ligated by the cysteinyl
have essentially the same slop€,.00+ 0.07 MMt min~?, thiolates in a mixed coordination site, as evident from X-ray
which suggests that they have similar affinities for Cu(l). In absorption spectroscopy. The large Deby¢aller factor in
contrast, CopY has a significantly slower rate, 04@.02 these measurements points to considerable static disorder in
mM~1 min~?, indicating that the protein resists Cu(l) the Cu(I>S bond. Cysteinyl thiolates of the conserved
abstraction by DDC to a greater extent than CopZ, MNKr2, MxCxxC motif have been shown to be the ligands for copper
or MNKr2K4. CopY can therefore be considered to have a in CopZ and in the homologous copper chaperones Atx1 and
greater affinity for copper than does CopZ, MNKr2, or HAH1 (12, 16, 23). The distorted linear Cu()S coordina-
MNKr2K4. tion should allow the copper ion to be readily attacked by



5828 Biochemistry, Vol. 41, No. 18, 2002 Cobine et al.

other ligands and to be transferred to another protein throughsequence and structure of CopZ show a different pattern of

a ligand exchange mechanism. charged residues, and preliminary studies suggest that a
In contrast to the copper(l) environment in CopZ, the two charge-based interaction occurs. When MNKr2, normally

copper(l) ions within CopY are highly sheltered and tightly unable to transfer Cu(l) to CopY, has its surface charge

bound. The luminescence of Cu(l)CopY shows that the Cu(l) altered through mutations to resemble that of CopZ, it

ions are ligated to thiolates in an environment that is well- becomes competent to transfer copper. A model is proposed

shielded against solvent interactions. Similarly, XAS analysis, where electrostatic docking occurs away from the metal

XANES and EXAFS, suggested that the copper is three- binding loops and where the flexible loop of CopZ is

coordinate with the most likely ligands being thiolates. The positioned close enough to allow for ligand attack of one of

Debye-Waller factor for the Cu(h-thiolate bonds in CopY  the metal binding sulfurs of CopY. This leads to a ligand

is indicative of considerably more ordered bonding than in exchange cascade from the less favorable digonal site in

Cu(CopZ (Table 1). The CuCu scatter peaks and the CopZ to the more stable trigonal coordination in CopY. The

limited number of thiolate ligands, four thiolates for two NMR structure of CopZ shows significant changes in the

three-coordinate ions, argue for the sharing of ligands. first helix after metal bindingd2). In this model, the copper

Thiolate bridging or sharing has also been found in other transfer from CopZ may promote changes in the positioning

copper(l) cluster proteins, such as the metallothione88s ( of charged residues that allow the dissociation of apo-CopZ

or the Cu(l)-regulated transcription factors ACEX)Y and and the subsequent interaction of a second Cu(l)CopZ.

AMT1 (32). Clearly, understanding the molecular steps in the Cu(l)CopZ
A feature of the copper titration of CopY is that the toZn(Il)CopY copper transfer requires further investigation.

luminescence does not decrease at superstoichiometric copper

concentrations. Decreases in luminescence are associate@CKNOWLEDGMENT

with the incorporation of excess copper(l) and destabilization

of the Cu(l) cluster protein structur@g, 40). The inability

of CopY to accept excess copper(l) could be due to factors
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