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ABSTRACT: Molecular systems have evolved to permit the safe delivery of copper. Despite extensive studies,
many copper site structures involved in copper homeostasis, even for the well-studied metallochaperone Atxl1,
remain unresolved. Cyanobacteria import copper to their thylakoid compartments for use in photosynthesis
and respiration and possess an Atxl that we show can adopt multiple oligomeric states when metalated,
capable of binding up to four copper ions. Two-copper- and four-copper-loaded dimers exist in solution at
low micromolar concentrations, and head-to-head and side-to-side arrangements, respectively, can be
crystallized, with the latter binding a [Cus{u»-S"(Cys)}4Cl,]*~ cluster. The His61Tyr mutation on loop 5
weakens head-to-head dimerization, yet a side-to-side dimer binding a similar cluster as in the wild-type
protein, but with phenolate coordination, is present. The cognate metal-binding domains (MBDs) of the
P-type ATPases CtaA and PacS, which are proposed to donate copper to and accept copper from Atxl,

respectively, are monomeric in the presence of copper. The structure of the MBD of Cu(I)-PacS shows a
crystallographic trimer arrangement around a [Cus{u,-S?(Cys)}5{S"(Cys)};]*~ cluster that is very similar to
that found for an alternate form of the His61Tyr Atxl mutant. Copper transfer from the MBD of CtaA to
Atx1is favorable, but delivery from Atx1 to the MBD of PacS is strongly dependent upon the dimeric form of
Atx1. A copper-induced switch in Atx1 dimer structure may have a regulatory role with cluster formation

helping to buffer copper.

Copper is an essential trace element involved in key processes
such as photosynthesis and respiration. The reactivity of copper
and its ability to bind at sites for other metals have resulted in the
evolution of homeostatic systems for copper (/—10). Copper
pathways typically involve transporters, which allow the metal to
cross membranes, and the diffusible cytosolic metallochaperone
Atx1 that binds and delivers copper (/—5, 9—12). Atx] and the
metal-binding domains (MBDs)' of copper transporters are
structurally related, typically having a ferredoxin-like (So550,3)
fold and a MXCXXC metal-binding motif on loop 1/a1 (9). This
exposed bis-Cys site has a high affinity for Cu(l) (13, 14),
preventing oxidation and keeping the metal available for trans-
fer (15). It is assumed that Atx1 binds a two-coordinate Cu(I) site
via Cys ligands (2, 4, 5, 9), but the crystal structure of such a site is
not available.
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Cyanobacteria, such as Synechocystis PCC6803, are rare
examples of prokaryotes with a cytoplasmic requirement for
copper. The metal is imported for use by plastocyanin and
cytochrome oxidase in photosynthetic and respiratory electron
transfer, via the P-type ATPases CtaA and PacS, which have been
suggested (11, 12) to transport copper across the plasma and
thylakoid membranes, respectively (Figure 1). An Atx1 has been
shown to interact with the single N-terminal MBDs of the
ATPases (CtaAy and PacSy) and is proposed to shuttle copper
between these proteins (/2). This provides a relatively simple
system compared to those in higher organisms such as humans
whose two ATPases (ATP7A and ATP7B also known as the
Menkes and Wilson disease proteins, respectively) possess six
MBDs. Solution structures have been determined for apo-
Atx1 (16) and apo-PacSy (17) from Synechocystis. NMR studies
have shown that this Atx1 dimerizes in solution upon Cu(I)
binding, and possible copper site structures have been modeled
(16), with His61 on loop 5 suggested as a ligand (16, 18). In other
prokaryotic Atxls a Tyr is found in this position (also the case in
PacSy), while a Lys is present in the eukaryotic proteins and a Phe
is normally found in the MBDs (including CtaAy). This residue is
in the second coordination sphere and has been suggested to play a
role in copper transfer (/7, 19—22), although mutations in the
Saccharomyces cerevisiae protein can have a limited effect on
in vivo activity (23). Dimerization upon Cu(I) binding has also
been observed for other Atxls, including the human protein
(Hahl) (24) and yeast Atx1 (25, 26) and also the Atx1-like CopZ
from Bacillus subtilis (27, 28), which is part of a copper export
system. For CopZ the crystal structure of a dimer possessing a
tetranuclear copper cluster and a crystallographic trimer have been
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FIGURE 1: The proposed copper-import pathway to the thylakoids
of the cyanobacterium Synechocystis PCC6803. PM and TM repre-
sent the plasma and thylakoid membranes, respectively, and PC
represents plastocyanin, the target for copper along with cytochrome
oxidase.

found when two- and one-copper-loaded dimers, respectively, are
crystallized (29, 30). The crystal structure of a Hah1 dimer formed in
the presence of cisplatin in which a single metal ion bridges the two
monomers (3/), similar to the arrangements observed for Cu(I),
Hg(II), and Cd(IT) Hahl (19), and a yeast Atx1 trimer produced
upon treatment with tetrathiomolybdate (32) have recently been
reported. Scattered data are available suggesting that Atx1 is predis-
posed to forming higher order structures in the presence of metals.
In this study we show that Synechocystis Atx1 can bind up to
2 equiv of copper and can adopt different dimeric arrangements
when metalated. A head-to-head dimer is formed in the presence
of 1 equiv of copper (Cu';-Atx1) at very low micromolar concen-
trations. A side-to-side dimer possessing a Cu'y cluster is tighter
and exists when 2 equiv of copper are bound (Cu'y-Atx1) and
binds chloride. His61Tyr Cu',-Atx1 can still form a side-to-side
dimer, albeit with an altered copper cluster involving phenolate
coordination from the introduced Tyr residue. This mutation
removes head-to-head dimerization of the Cu'; form in solution, but
the crystal structure reveals a trimer binding a different Cu'y cluster.
CtaAy and PacSy are monomeric MBDs in the presence of a single
Cu(T) ion, and Cu';-PacSy, forms a crystallographic trimer. Copper
readily transfers from CtaAy to Atxl, but the extent of copper
transfer to PacSy is dependent upon the dimeric form of Atx1. A
range of structures that an Atxl can form with its native metal is
uncovered with important implications for copper homeostasis.

MATERIALS AND METHODS

Cloning and Site-Directed Mutagenesis. PCR products
encoding residues 1—68 and 1—71 of PacS were obtained using
pETPACYS that codes for residues 1—95 [PacS95 (12)] as the
template. These were subsequently cloned into pET29a, via the
Ndel and EcoRI sites, to give pPETPACS68 and pETPACS71 (the
latter encoding PacSy). A CtaA fragment encoding residues 26—95
(CtaAy, including a non-native N-terminal Met) was amplified
from a plasmid encoding CtaA residues 1—118 (CtaA118). This
was also cloned into pET29a via the Ndel and EcoRI sites giving
pETCTAA26-95. The His61Tyr Atx1 variant was generated using
QuikChange mutagenesis (Stratagene) with pETATX1 (/2) as the
template using the primers 5-CGCCTCGGCGGGCTATGAA-
GTTGAGTGAG-3 (forward) and 5-CTCACTCAACTTCAT-
AGCCCGCCGAGGCG-3 (reverse). Correct sequences for both
strands of all DNA constructs were confirmed.

Isolation, Purification, and Reduction of Wild-Type and
His61Tyr Atxl. A modified form of a previously reported
protocol (12) was initially used for the isolation and purification
of wild-type (WT) Atx1. Escherichia coli BL21(DE3) transformed
with pETATX1 was grown in LB media at 37 °C until an ODg of
0.8—1.1 was reached. One millimolar Cu(NOs), was added, and
the cells were induced with 1 mM isopropyl fS-p-thiogalacto-
pyranoside (IPTG). Cells were harvested after 4 h, resuspended
in 25 mM tris(hydroxymethyl)aminomethane (Tris), pH 7.0,
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sonicated, and centrifuged at 40000g for 30 min, and the super-
natant was loaded onto a Q-Sepharose FF column (5 mL; GE
Healthcare). Proteins were eluted with a linear NaCl gradient
(0—1 M) in 25 mM Tris, pH 7.0, with Atx1 eluting around
200 mM NaCl as judged from sodium dodecyl sulfate—
polyacrylamide gel electrophoresis (SDS—PAGE) gels. Fractions
were combined and concentrated using a stirred ultrafiltration
cell (Amicon) with a 3 kDa cutoff membrane. The protein was
further purified on a Superdex 75 gel fitration column (16/60;
GE Healthcare) equilibrated in 25 mM Tris, pH 7.5, plus 200 mM
NaCl and eluted at ~80 mL (purity >95% as judged by SDS—
PAGE). Analysis by atomic absorption spectroscopy (AAS)
demonstrated that this sample contained ~55% Zn(II)-Atx1
and 45% Cu(I)-Atx1. The previously reported protocol (/2) for
the preparation of reduced apo-Atxl from a sample purified in
this way, which included incubating the protein with 10 mM
dithiothreitol (DTT) prior to exposing it to HCl at pH ~2,
resulted in the retention of significant amounts of Cu(I) and
Zn(IT). However, reconstitution with Cu(I) displaced all Zn(II)
from the sample, giving homogeneous Cu(I)-loaded Atx1. This
indicates that Atx1 has a significantly greater affinity for Cu(I)
than Zn(II). Treatment with 20 mM EDTA for 60 min at 4 °C
before loading onto the Superdex 75 gel filtration column pro-
vided Atx1 fractions eluting at 80.7 mL [dimer containing Cu(I)]
and 86.5 mL (monomeric apoprotein). The amount of Cu(I)-Atx1
could be dramatically reduced by not adding Cu(NOs), to the
media during induction, resulting in purified protein containing
<1% copper and zinc (when treated with EDTA). Monomeric
apoprotein from the gel filtration column was fully reduced by
an alternative method which involved the addition of 4 mM
DTT and incubation overnight. The protein was transferred to an
anaerobic chamber and desalted on a PD10 column (GE Health-
care) equilibrated and eluted with 20 mM 4-(2-hydroxyethyl)-
piperazine-1-ethanesulfonic acid (Hepes), pH 7.0. The final DTT
concentration after this step was less than 2% of the protein
concentration. In most cases the protein was passed down a
PDI10 column at least one more time, ensuring that almost no
DTT remained with protein used in subsequent experiments.

For the His61Tyr Atx1 variant, cells were grown as for the WT
protein except that Cu(NOs), was omitted. EDTA was used
during the purification protocol as the mutant was also isolated
with Zn(IT) bound. Fully reduced apoprotein was obtained by
incubating fractions from the gel filtration column with 4 mM
DTT (increasing the DTT concentration did not change the
amount of reduced protein, i.e., the A»30/[SH] ratio) followed by
desalting on a PD10 column, as for the WT protein.

Isolation, Purification, and Reduction of PacS95 and
PacSy. PacS95 and PacSy were isolated and purified using the
method described for Atx1 with some modifications. Cu(NOs),
was omitted from the media. The cells were resuspended in
25 mM Tris, pH 9.5, and the proteins were eluted from a
Q-Sepharose column with a linear 0—1 M NaCl gradient in the
same buffer. PacS95 and PacSy were isolated without zinc or
copper. The proteins eluted from the Superdex 75 gel filtration
column as monomers at 85.2 mL for PacS95 and 88.3 mL for
PacSy (corresponding to molecular masses of 11.4 and 9.4 kDa,
respectively). Fully reduced apo forms were obtained by incubat-
ing the protein overnight with 4 mM DTT (increasing the DTT
concentration did not change the amount of reduced protein, i.e.,
the A»g0/[SH] ratio), transferred to an anaerobic chamber, and
desalted on a PD10 column equilibrated and eluted with 20 mM
Hepes, pH 7.0.
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Isolation, Purification, and Reduction of CtaAll8 and
CtaAy. CtaAl18 was expressed and purified using the same
procedure as for PacS93, except that cells were induced (with
IPTG) and subsequently grown at 20 °C. The protein proved
difficult to purify, and only low yields were obtained. CtaAy,
purified using the same method, eluted with Zn(Il) from the
Superdex 75 gel filtration column in several multimeric forms.
When induction was performed in the presence of 1 mM ZnSO,,
the protein was found mainly in the insoluble fraction, presumably
in inclusion bodies. For all biochemical studies, CtaAy was
purified from inclusion bodies using a fast refolding method (33)
in which cells from 1 L of culture were harvested, resuspended in
20 mL of 25 mM Tris, pH 7.5, sonicated, and then centrifuged at
40000g for 30 min. The pellet was resolubilized by stirring in 25
mM Tris, pH 7.5, plus 6 M urea, 25 mM EDTA, and 10 mM DTT
(4 mL) for 2 h at room temperature. This solution was centrifuged
at 10000g for 15 min, and the supernatant was rapidly added, with
stirring, to 200 mL (50-fold dilution) of refolding solution (10 mM
Tris, pH 7.5, plus 10 mM DTT and 25 mM EDTA) at 4 °C. The
insoluble material was pelleted at 20000g for 15 min and the
supernatant concentrated using a stirred ultrafiltration cell with a 3
kDa cutoff membrane. The protein was purified on a Superdex 75
gel filtration column, equilibrated in 25 mM Tris, pH 7.5, plus 1 M
NaCl. The protein eluted as a single peak at 90.5 mL indicative of
the monomeric form. Fractions containing CtaAy were diluted
10-fold with 25 mM Tris, pH 8.0, (resulting in 0.1 M NaCl) and
passed through a Q-Sepharose FF column. The protein did not
bind to this column, and the flow-through contained pure CtaAy
with no metals bound. CtaAy was concentrated to approximately
600 uM using a spinning ultrafiltration device (Vivaspin, 3 kDa
cutoff), and fully reduced apo-CtaAy was prepared using the same
method as for PacSy.

Protein Verification and Quantification. All purified
proteins were verified by either matrix-assisted laser desorption
ionization time-of-flight and/or Fourier transform ion cyclotron
resonance mass spectrometry (MS). The concentrations of all
fully reduced apoproteins were obtained from the free thiol
concentration (two free thiols in WT and His61Tyr Atxl and
three in PacSy and CtaAy) determined by the reduction of
5,5'-dithiobis(2-nitrobenzoic acid) (DTNB) monitored at 412 nm
(e = 13500 M~ ecm™", calibrated using glutathione) (34). The
reaction was performed in 100 mM phosphate, pH 8.0, in the
presence of | mM EDTA and 100 uM DTNB for 10—50 uM free
thiols and is fast (< 1 min) for all apoproteins. The DTNB assay
was also used to investigate the role of Cys residues in coordinat-
ing Cu(l), particularly in WT Atx1 as the presence of metal has a
significant effect on this reaction. The protein concentration
obtained from DTNB assays for WT Atx1 is in good agreement
with that determined from Bradford assays (Coomassiec Plus
protein assay; Thermo Scientific) using BSA standards and a
previously determined correction factor of ~2.5 (12). A similar
analysis was performed for the His61Tyr Atx]l mutant, and a
smaller correction factor of ~1.8 was found. Protein concentra-
tions were routinely determined using either the Bradford or
bicinchoninic acid (BCA) (BCA protein assay kit; Pierce) assays
using the fully reduced apoprotein (either WT or mutant),
quantified using DTNB, as standards. Cu(I)-loaded PacSy and
CtaAyn concentrations were determined by Bradford or BCA
assays using quantified (DTNB) fully reduced apoprotein as the
standards [DTNB assays alone could also be used as the reaction is
faster than for Cu(I)-Atx1]. Extinction coefficients at 280 nm (&xg0)
for His61Tyr Atx1l and PacSy were determined by denaturing the
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proteins in 6 M guanidinium chloride in 20 mM sodium
phosphate, pH 6.5 (35). Values of 1480 and 2350 M~ ¢cm™!
were obtained for His61Tyr Atxl and PacSy, respectively,
which are in good agreement with theoretical values of 1280
and 2560 M ' cm ™. An extinction coefficient of 1700 M~ cm ™!
was determined for CtaA (theoretical value of 1280 M~ cm ™)
from the absorbance of a fully reduced apo sample, whose
concentration was determined from free thiols. These €5y values
were used to check protein concentrations obtained with DTNB
and protein assays.

Atomic Absorption Spectroscopy. Copper and zinc con-
centrations were determined by AAS, using an M Series spectro-
meter (Thermo Electron Corp.) with five standards containing
either 0.2 to 1.8 ppm copperin 1.2% HNO; or 0.2—1.0 ppm zinc in
1% HCI, using the standard calibration method. Copper concen-
trations obtained by AAS were routinely checked using the
colorimetric ligand BCS by quantification of the [Cu(BCS),*~
complex (¢ = 12500 M~ cm ™! at 483 nm).

Preparation of Cu(l)-Loaded Atx1, PacSy, and CtaAy.
Cu(I)-loaded WT Atx1 was prepared in an anaerobic chamber in
two ways depending on how reduced apoprotein had been
obtained. When the previously reported protocol (/2) was used
to make reduced “metal-free” Atxl, the protein in HCI at pH
~2 was exposed to a 2-fold molar excess of [Cu(CH3CN)4JPFg
(60 mM stock in acetonitrile) under anaerobic conditions prior to
the addition of 0.5 M potassium phosphate (pH 7.0) to return the
protein solution to pH 7.0. The sample was desalted on a PD10
column equilibrated and eluted with 20 mM Hepes, pH 7.0. The
protein contained 2 molar equiv of Cu(I), as determined by AAS,
and no Zn(Il). Alternatively, apo-Atxl prepared and reduced
(4 mM DTT) at approximately neutral pH was incubated with
up to 2 equiv of Cu(I) in 20 mM Hepes, pH 7.0, for 20 min (this
procedure was also used for the His61Tyr mutant). WT Cu';-Atx1
was also obtained from Cu'>-Atx1 by adding 5 equiv of BCA (for a
sample used for crystallography, vide infra) and 3 equiv of BCS [for
DTNB experiments investigating the effects of Cu(I) binding]. Fully
reduced apo-PacSy and apo-CtaAy were only loaded with 0—1
Cu(I) equiv, by incubation at pH 7.0, as precipitation occurred
when higher amounts of copper were added (vide infra). Cu(I)-Atx1
had identical properties regardless of the method of preparation.

Copper and Chloride Titrations. In an anaerobic chamber
fully reduced apoprotein (30—130 uM) in 20 mM Hepes, pH 7.0
(pH 8.0 for CtaAy), in either the absence or presence (200 mM)
of NaCl was transferred to an anaerobic cuvette (quartz;
Hellma). A Cu(I) solution (2.4 mM in 20 mM Hepes, pH 7.0,
plus 4% acetonitrile with 200 mM NaCl present when required)
was made immediately prior to use from an anaerobically pre-
pared stock solution of [Cu(CH3CN)4PFy (60 mM in aceto-
nitrile) and titrated using a gastight syringe (Hamilton). Copper
concentrations were verified by AAS and also using BCS. UV—
vis spectra were acquired on a 435 spectrophotometer (Perkin-
Elmer). Emission spectra were recorded on a Cary Eclipse
fluorometer (Varian), either by exciting at 300 nm and following
the emission in the 500—700 nm range (emission and excitation
slits of 10 nm) or by exciting at 275 nm and following emission at
304 nm (emission slit = 10 nm and excitation slit = 5 nm). The
titration of NaCl (2 or 5 M stock) into Cu'y-Atx1 (~60—130 M)
in 20 mM Hepes, pH 7.0, was monitored by UV—vis (in the
200—400 nm range) and by fluorescence emission (500—700 nm
upon excitation at 300 nm). The data were fit to eq 1 for
WT Cu'y-Atxl to obtain the formation constant f =
[Cu',-Atx1CL]/([Cu',-Atx1][C17]?) and to eq 2 for His61Tyr
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Cu'5-Atxl to determine the binding constant K =
[Cu',-Atx1CIJ/([Cu'5-Atx1][CI7)).

IO P4

BICI P +1
_ ]fK[Cl_} +1
- K[CIT]+1 )

In the above equations Iy, 1, and I; represent the intensity of
absorbance at 304 nm or emission at 600 nm with no chloride
present, at a particular chloride concentration [Cl ], and at
saturating chloride, respectively (derivations of eqs 1 and 2 are
given in the Supporting Information). For His61Tyr Atx1 only
emission spectra were analyzed as the absorbance around 300 nm
is almost unaffected by NaCl. To exclude the influence of ionic
strength in these titrations, control experiments were also per-
formed with Na,SOy (with His61Tyr Cu',-Atx1), and no signifi-
cant increase in luminescence was observed.

Analytical Gel Filtration. Analytical gel filtration was
routinely performed using a Superdex 75 GL 10/300 column
(GE Healthcare), equilibrated in thoroughly deoxygenated
25 mM Tris, pH 7.5 and 7.0, plus 200 mM NaCl and also in
50 mM phosphate, pH 7.0 (in the presence or absence of 1.5 mM
DTT) and at a flow rate of 0.4 mL/min. Experiments were also
performed in 25 mM Tris, pH 7.5, plus 700 mM NaCl with and
without 4 mM DTT. The column was calibrated using Blue
Dextran (2000 kDa), conalbumin (75 kDa), ovalbumin (43 kDa),
carbonic anhydrase (29 kDa), ribonuclease A (13.7 kDa), and
aprotinin (6.5 kDa) in the same buffer. Cu(I)-loaded proteins
typically had an initial concentration of 200—400 M (in most
cases 300 uM, 90 uM for CtaA with experiments on WT Cu';-
Atx] and Cu'y-Atx] performed at a range of concentrations).
Protein elution was monitored at 280 and 260 nm, and the copper
and protein concentrations of all fractions were determined by
AAS and DTNB/Bradford assays, respectively. The elution
volume of WT Cu'j-Atx1 (10—350 zM) loaded onto the column
equilibrated in 25 mM Tris plus 200 mM NaCl at pH 7.5 and 7.0
varied with protein concentration. Assuming that the apparent
molecular weight of the mixture eluted from the column is a
weighted average of the values for monomer and dimer, a
dimerization constant (Ky;,,) can be determined using eq 3 (36):

VD VI+8KgmP—1
4
MW = 3
1+\/1+8Kdimp_1 ()
4

in which MW and P are the apparent molecular weight and the total
Cu'}-Atx] concentration determined from the chromatograms and
M and D are the apparent molecular weights of the monomer and
dimer, respectively (eq 3 is derived in the Supporting Information).

Copper(l) Transfer Experiments. Cu(l) transfer was investi-
gated by mixing Cu(I)-loaded protein, i.e., Cu';-Atx1, Cu',-
Atx1, Cu';-PacSy, or Cu'-CtaAy, with the apo form of the
partner in buffer [20 mM Hepes, pH 7.0, for Atx1-PacSy
transfers and 20 mM N-tris(hydroxymethyl)methyl-3-amino-
propanesulfonic acid (Taps), pH 8, plus 100 mM NaCl for the
Atx1-CtaAy transfers] for 1.5, 5, or 30 min. After incuba-
tion, the mixture was manually loaded onto a Q-Sepharose HP
column (1 mL; GE Healthcare). For the Atx1-PacSy trans-
fers the column was washed successively with 5 mL of buffer,
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buffer plus 30 mM NaCl, and finally buffer plus 500 mM NaCl.
For the Atx1-CtaAy transfers only two successive washes (5 mL
each) of buffer plus 100 mM NaCl and buffer plus 500 mM NaCl
were used. One milliliter fractions were collected, and PacSy and
CtaAy eluted in fractions 2 and 3 of the washes with buffer and
buffer plus 100 mM NaCl, respectively, with Atx1 in fractions
1 and 2 of the wash with buffer plus 500 mM NaCl. When copper
transfer from Cu'y-Atx1 to apo-PacSy was studied, PacSy also
eluted in fractions 2, 3, and 4 of the buffer wash plus 30 mM NaCl.
The fractions containing Atx1, PacSy, and CtaAy were assayed
for copper by AAS and for protein as described above. Control
experiments were carried out by loading only one of the partners in
the Cu(I) or apo forms onto the Q-Sepharose HP column, and
PacSy eluted in buffer with no salt and also buffer plus 30 mM
NaCl, CtaAy eluted in buffer with 100 mM NaCl, and Atx1 eluted
in buffer plus 500 mM NaCl. Exchange equilibrium constants
were determined using eqs 4 and 5 for Atx1-PacSy transfers and
eq 6 for CtaAn-Atx1 transfers.
[Cu'| — PacSx][apo — Atxl]

Kex = I (4)
[Cu'| — Atx1][apo — PacSy]

K- [Cu'} — PacSx][Cu'| — Atx1] )
“ " [Cu', — Atx1][apo — PacSy]

K - [Cu'| — Atx1][apo — CtaAy] ©)
“ " [Cu'| — CtaAn][apo — Atxl]

Protein Crystallization, Data Collection, Structure De-
termination, and Refinement. WT apo-Atx1 prepared and
reduced at approximately neutral pH was incubated with 1 or 2
molar equiv of Cu(I) in 20 mM Hepes, pH 7.0, to give Cu'-Atx1
or Cu',-Atx1 (method A). WT Cu',-Atx1 was also prepared from
Cu'y-Atx1 [made by adding Cu(I) to apo-Atx! in HCl at pH ~2,
followed by neutralization (12)] by the addition of a 5-fold excess
of BCA and desalted on a PD10 column (method B). Samples
were concentrated to either 9—10 or 24 mg/mL in 20 mM Hepes,
pH 7.0. Diffraction quality crystals were grown under anaerobic
conditions at room temperature using the hanging drop method
of vapor diffusion in most cases (1.5 uL of protein and well
solution). Crystallization and crystal handling regimes that gave
rise to data sets for WT Atx1 are shown in Table SI in the
Supporting Information. His61Tyr Cu';-Atx1 was prepared by
method A and concentrated to 13—15 mg/mL in 20 mM Hepes,
pH 7.0. Diffraction quality crystals of the Cu', form grew from
25% (w/v) PEG 8000, 200 mM sodium acetate, and 100 mM
sodium cacodylate, pH 7.5. Crystals were frozen anaerobically
using the well solution supplemented with 5% (w/v) PEG 300 as a
cryoprotectant. An alternate crystal form of this variant grew
from a screen set up aerobically using a crystallization robot
(immediately transferred to the anaerobic chamber and sealed)
using the sitting drop method of vapor diffusion (125 nL of
protein and well solution) from 2.1 M p,L-malic acid at pH 7.0.
Crystals were frozen aerobically in N-paratone oil. Crystals of
Cu',-PacSy grew from an 8 mg/mL Cu';-PacSy sample in 20 mM
Hepes, pH 7.0, using 40% (w/v) PEG 300 plus a 100 mM citrate-
phosphate mixture, pH 4.6, as the precipitant and were frozen
anaerobically in N-paratone oil.

All diffraction data were collected at 100 K using synchrotron
radiation (ESRF, Grenoble, France, or DLS, Oxford, U.K.) and
were processed with MOSFLM/IMOSFLM (37) and scaled and
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FiGUure 2: Cu(I) binding by Atx1in 20 mM Hepes at pH 7.0 with open and filled symbols representing data obtained in the absence and presence
of NaCl (200 mM), respectively. (a) Plots of absorbance at 250 nm (squares) and 304 nm (triangles) against the [Cu(I)]/[Atx1] ratio ([Atx1] =
50 uM) for WT Atx1. (b) The influence of increasing NaCl concentration (0—136 mM) on the absorption spectrum of WT Cul,-Atx1 ([Atx1] =
100 uM). (c) A plot of the luminescence at 600 nm against the [Cu(I)]/[Atx1] ratio ([Atx1] = 100 uM) for WT Atx1. Also shown are plots of
absorbance at 300 nm (d) and luminescence at 600 nm (e) against the [Cu(I)]/[His61Tyr Atx1] ratio ((His61Tyr Atx1] = 100 uM in (d) and 130 uM
in (e)). (f) Quenching of Tyr61 fluorescence upon Cu(l) titration into His61Tyr apo-Atx1 (100 xM).

merged with SCALA [CCP4 suite (38)]. Data collection and
processing statistics are given in Table 1. The phase set generated
by ACORN for the initial WT Atx1 structure was of sufficient
quality for automatic building of an essentially complete asym-
metric unit by ARP/WARP (39). A final model was produced
using cycles of model building in COOT (40) and refinement with
SHELX (41). All other structures of Atx1 (WT and His61Tyr)
were solved by molecular replacement using either PHASER or
MOLREP (CCP4 suite) and a model comprising a monomer of
the highest resolution Atx1 side-to-side structure with all ligands
removed. Final models were produced using iterative cycles of
model building in COOT and refinement, using REFMACS
(CCP4 suite); anisotropic B-factors were refined when appro-
priate. Anomalous difference maps were calculated from data
sets collected near the peak of the copper K-edge and ¢, from a
refinement run using the final model excluding the copper atoms.
The structure of PacSy was solved using the single wavelength
anomalous dispersion method. A single copper site was located
by PHENIX.HYSS (42). Phases were calculated and refined
using MLPHARE (CCP4 suite) and modified with DM. An
initial model was built using ARP/wARP, and cycles of model
building (COOT) and refinement (REFMACS) produced the
final model. Anomalous difference maps for copper were calcu-
lated as above. Refinement parameters are given in Table 1.
MOLPROBITY (43) was used to generate Ramachandran plots,
and structure superimpositions using LSQMAN (44) provided
root-mean-square deviations (rmsds) based on C, atoms. Protein
interfaces were analyzed using PISA (45), and protein figures
have been prepared with PYMOL (DeLano Scientific).

RESULTS

Protein Isolation. The identity of all purified proteins was
confirmed by MS, and the experimental and theoretical masses
are given in Table S2 in the Supporting Information. The
N-terminal region of PacS used previously for two hybrid

interactions with Atx1 (/2) and for solution structure investiga-
tions (/7) consisted of amino acids 1—95 (PacS95, which includes
the pappap ferredoxin-like domain and the linker to the first
transmembrane helix). The NMR structure of PacS95 demon-
strates that the C-terminal tail (residues 71—95) is flexible (/7).
Purified PacS95 exhibited multiple bands on a SDS—PAGE gel
and several peaks by MS. The largest component corresponded
to PacS95 minus the N-terminal Met, with smaller fragments
identified as various C-terminal truncations. The two smallest
species contained residues 2—68 and 2—71 (both missing Met1).
Overexpressed PacS68 was found mainly in the insoluble frac-
tion, whereas PacS71 gave higher levels of mainly soluble protein
and has therefore been used as PacSy in these studies. This pro-
tein is stable, shows no signs of C-terminal degradation, and exhi-
bited similar copper-binding properties as PacS95 (vide infra).
Overexpression of the N-terminal region of CtaA containing
residues 1—118 (CtaAll8) (/2) gave low yields of unstable
protein, which contained species with several molecular weights.
The largest component corresponds to CtaA 118 minus Metl,
and others involve C- and N-terminal truncations. The smallest
species corresponded to Leu26 to His95, and we therefore used
CtaA26—95 as the MBD [CtaAy; Metl, Leu2 (Leu26) to His71
(His95), the CXXC is C''XXC', the third Cys is Cys32, and
Phe87 which corresponds to His61 of Atx1 and Tyr65 of PacSy is
Phe63]. Apo-CtaAy is unstable and precipitates at pH 7.0 at
concentrations as low as 50 uM. At pH 8.0 the protein is more
stable and can be concentrated to about 600 uM providing that a
NaCl concentration of 100 mM is maintained.

Cu(l) Binding, Oligomerization States in Solution, and
Crystal Structures. Cu(I) binding by WT Atx1 was followed by
the appearance of S(Cys) — Cu(I) ligand-to-metal charge transfer
(LMCT) transitions in absorption spectra (Figure 2a and Figure
Sla,b in the Supporting Information). Surprisingly, these data
reveal the sequential binding of two Cys-coordinated Cu(I) ions
(see also Figure Slc in the Supporting Information) and the
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FiGURE 3: Atx1 forms different dimers in the presence of copper and the structure of the head-to-head arrangement. (a) Plots of absorbance at
260 nm (arbitrary units) against elution volume for WT apo- (dashed line), Cu';-Atx1 (solid line), and Cu',-Atx1 (dashed and dotted line) from a
gel filtration column in 20 mM Tris at pH 7.5 (200 mM NaCl). (b) The WT Cu';-Atx1 head-to-head dimer with red spheres representing the copper
ions, side chains shown as sticks, and the anomalous difference density for copper contoured at 120. The copper site structure is shown in detail in
(¢). (d) The influence of total Cu';-Atx1 concentration on the calculated molecular weight from the elution volume from the gel filtration column at

pH 7.0 (200 mM NacCl) with the line showing a fit of the data to eq 3.

binding of chloride to Cu',-Atx1 (Figure 2a,b). Cu',-Atx1 gives
rise to Cu(I)-thiolate cluster luminescence at ~600 nm, but only
in the presence of chloride (Figure 2c). His61 on loop 5 has been
mutated to a Tyr to introduce the residue usually found in
this position in prokaryotic Atxls (and also PacSy). Similar
Cu(I) binding characteristics are observed for His61Tyr Atxl
(Figure 2d.e and Figure S1d in the Supporting Information). The
presence of chloride has a much smaller influence on the UV—vis
spectrum of His61Tyr Atx1 compared to the WT protein (Figure 2d)
but still has a significant effect on Cu(I) cluster luminescence
for the Cu', form (Figure 2e). Cu(I) addition quenches Tyr61
fluorescence (Figure 2f), with the second equivalent having
the greatest effect.

The dimerization of Atx1 upon Cu(I) binding (/6) was studied
by analytical gel filtration. WT apo-Atx1 is a monomer (/6) and
elutes at a volume corresponding to a molecular mass of 13.2—
13.3 kDa (Figure 3a and Table S3 in the Supporting Information)
even in the presence of DTT. The Cu', and Cu', forms of Atxl
exhibit smaller elution volumes than for the apoprotein, which
unexpectedly are different, giving apparent molecular masses
of 19.3 and 23.5 kDa, respectively (Figure 3a and Table S3 in
the Supporting Information), indicating distinct dimeric forms
of the one- and two-copper-loaded proteins. In the presence of
1.5 mM DTT Cul,-Atx! elutes as the Cu'j-Atx1 dimer, and
the second (weaker) Cu(I) site has been removed (Table S3 in
the Supporting Information). UV—vis studies show that this
site is also removed by glutathione. The His61Tyr mutation
results in monomeric Cu';-Atx1 and a dimeric Cu',-species, with
a gel filtration elution volume more similar to that for the Cu',
form of the WT protein than the Cu'; dimer (Table S3 in the
Supporting Information).

To understand the binding of Cu(I) and chloride by Atx1 and
to investigate copper-induced dimerization, we have determined
the crystal structures of different forms of the WT protein and
also the His61Tyr variant. WT Cu';-Atx1 crystallizes as a head-
to-head dimer (Figure 3b) with a small interface area (~230 A*

per monomer). In this complex each of the copper ions is ligated
by the §” atoms of Cys12 and Cysl5 from one monomer and
Cysl5 from the adjacent chain (Figure 3c and Figure S2a in the
Supporting Information), with intramolecular S—Cu—S bond
angles of approximately 140° (the intermolecular S—Cu—S bond
angles range from 93° to 126°). The copper to copper distance is
2.77 A, and His61 is in the second coordination sphere, hydrogen
bonding (via its N#Zatom) to Cys15 () from the same monomer
(3.7 A) and to Cys12 (S”) from the adjacent chain (3.4 A). His61
hydrogen bonds via its N°! atom with the O"' of Thr9 from the
same chain. The coordinating S” atoms accept intramolecular
hydrogen bonds from the backbone amides of Alal1 (Cys15) and
Alal4 (Cysl2), interactions which are present in other Atxl
crystal structures. At protein concentrations below 100 uM the
elution volume for WT Cu'|-Atxl increases with decreasing
protein concentration (Figure 3d), indicative of the dimer under-
going dissociation as it passes through the column (36). The
elution volume, and hence the calculated molecular weight,
depends on the average size of the molecules in the population.
Appreciable amounts of monomeric Cu',-Atx! start to form in
the very low micromolar region (Figure 3d), and a stability
constant (K, for the dimer of (5 + 2) x 10° M~ ! [dissociation
constant of (2.0 + 0.8) uM] is obtained at pH 7.5.

A crystal structure of the head-to-head dimer possessing Cu(I)
at four sites has been obtained in the absence of chloride (Figure 4)
but does not refine well (Table 1), although the positions of the
coppers and the ligating residues are unambiguously defined
in the electron density (Figure 4a and Figure S2b in the Sup-
porting Information). The head-to-head dimeric arrangement
(Figure 4a) is almost unaltered by the presence of the additional
copper sites (rmsd for C* atoms of 0.32 A). The small changes
that do occur cannot give rise to the different gel filtration elution
volume for Cu'y-Atx1 compared to the Cu', dimer (Figure 3b),
and the Cu(I) cluster in this structure probably forms during
crystallization. His61 is involved in coordination at the additional
Cu(]) sites in this structure (Figure 4), and the electron density
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suggests that these are not fully occupied (Figure 4a and Figure
S2b in the Supporting Information). The shortest Cu to Cu
distances are ~2.5 A for the metal ions bridged by Cys12, and the
interdomain Cys15 to copper distance is long (~2.9—3.0 A) The
structure of the four copper head-to-head dimer bears some
resemblance to that recently published for a B. subtilis CopZ
dimer with four Cu(I) ions bound, in which metal sites are also
partially occupied (29). However, the relative orientation of the
two monomers is different in these two structures, resulting in
altered locations of the metal sites and differences in the clusters.

FiGure 4: Structure of the WT Atx1 head-to-head dimer with four
copper ions bound. The copper ions and side chains are depicted as in
Figure 3. In (a) the anomalous difference density for copper is shown
contoured at 8¢ with the copper cluster shown in detail in (b).
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Most significantly, whereas the intramonomer Cu(I) site in Atx1
is ~2.9-3.0 A from Cys15 of the adjacent chain, in CopZ Cysl13
(equivalent to Cysl2 in Atxl) makes a closer intermonomer
approach (2.54 A) at the corresponding site. Furthermore, the
four Cu(I) ions in this Atx1 structure are almost coplanar, which
is not the case for the tetranuclear cluster in CopZ.

In the presence of chloride, Culy-Atxl crystallizes as a side-
to-side dimer (Figure 5a). The monomers have structures very
similar to those found in the head-to-head arrangement (rmsds for
C® atoms of 0.7 + 0.1 A for the two monomers). Almost identical
side-to-side Cu',-Atx] dimer structures (rmsd for C* atoms of
0.10 A) were obtained from the crystallization of Cu'j-Atx] and
Cu',-Atx1, with the crystal of the former exposed to oxygen for a
short period while being frozen. The contact area for the Cu',-Atx1
side-to-side dimer is larger than for the head-to-head arrangement
(~440 A per monomer), and an intermolecular hydrogen bond
between Asn25 (N®%) and Ala57 (CO) may help to stabilize this
complex. This arrangement is similar to the crystallographic Hahl
dimers (79, 37) and also the solution complexes of yeast Atx1 with
Ccc2a (46) and Hahl with the first domain of the Menkes
ATPase (47). The [Cu4{pt2-Sy(Cys)}4C12]27 cluster found at the
dimer interface is strikingly symmetrical with all four metal ions in a
plane forming a rhombus and Cu to Cu distances of 2.6—3.0 A
4.7 A for the long axis of the rhombus) (Figure 5b and Figure S3a
in the Supporting Information). The Cu(l) site within each Atxl
monomer is two-coordinate and almost linear (S—Cu—S angle of
166°). At each of the interdomain copper sites the S—Cu—S angles
are smaller (153° and 143°), and a distant chloride ligand is present
(Figure 5b), with one of these hydrogen bonded by the N** atoms of
His61 from both chains (the N°! atom of His61 hydrogen bonds
with the O”! of Thr9). The Cu—S bond lengths for the interdomain
sites are similar to those at the intramolecular copper sites, and the

50
410.5
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Absorbance at 304 nm
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0 50 100 150
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FIGURE 5: Cu',-Atx] forms an alternate dimer. (a) The Cu',-Atx1 side-to-side dimer with the copper ions and side chains depicted as in Figure 3,
chloride ions as gray spheres, and the anomalous difference density for copper contoured at 120. (b) The [Cug{1*-S?(Cys)} 4] clusters found in the WT
(left) and His61Tyr (right) Cu',-Atx1 s1de-to side dimers. (¢) The influence of NaCl concentration on the absorbance at 304 nm (triangles) and the
luminescence at 600 nm (squares) for WT Cu',-Atx1 (100 2M) in 20 mM Hepes, pH 7.0. (d) The influence of NaCl concentration on the luminescence
at 600 nm for His61Tyr Cu',-Atx1 (130 4M) in 20 mM Hepes, pH 7.0. The fits shown are explained in the text.
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FIGURE 6: The copper cluster in the His61Tyr Atxl trimer and the structure of the Cu',-PacSy trimer. (a) Structure of the [Cuy-

{us-S"(Cys)} ;{SV(Cys)}g(H7O)] B

cluster in the His61Tyr Atx1 variant with the copper ions and side chains depicted as in Figure 3,

the oxygen atom shown as an orange sphere, and the anomalous difference den51ty for copper contoured at 5o. The Cu—O bond length is
2.23 A, and the distances from the water-bound copper to the other three copper ions are 2.49, 2.59, and 2.65 A.(b) The crystallographic PacSy
trimer with the monomers, associated side chains and copper ions in different shades of gray. Also included is the anomalous difference density
contoured at 150. The arrangement of the copper sites in the PacSy trimer is shown in (¢). The intramolecular S—Cu—S bond angle is 141° while

the intermolecular S—Cu—S bond angles are 102° and 117°.

chloride ions are probably not essential for cluster formation. The
S” atoms of the Cys ligands accept hydrogen bonds from the
backbone amides of Alal4 and Alall, respectively, as in the head-
to-head arrangement.

The titration of NaCl into WT Cu',-Atx] monitored by both
absorbance at 304 nm and emission at 600 nm does not fit well to
a one chloride binding site model. Much better fits (Figure 5c) are
obtained using a model (eq 1) in which two Cl™ ions are assumed
to bind simultaneously to the Cu',-Atx1 dimer. These give rise to
apparent formation constants (8) of (2.2 £ 0.2) x 10° M™% and
(7.2 £ 0.8) x 10> M2 from the fluorescence and UV—vis titra-
tions, respectively (the discrepancy between the 5 values may be
because the model assumes that no monochloro intermediate
forms and that the final absorbance or emission is due to the
dichloro species). This is consistent with two sites for chloride as
found in the Cu'-Atxl side-to-side dimer crystal structure
(Figure 5a,b). Both data sets were also simultaneously fit to a
model that includes the presence of two monochloro inter-
mediates. In this model chloride binding at the external site gives
rise to an increase in fluorescence (as seen for His61Tyr Atx1, vide
infra), while chloride binding at the internal site is responsible for
the increase in absorbance. The fit was unsuccessful for sequen-
tial CI™ binding, i.e., when K; > K>, and required cooperative
binding, i.e., K; < K, where K; and K, are the binding constants
of the first and second chloride, respectively, to the Cu',-Atx1

dimer. The f3 value obtained from the simultaneous fit is (1.03 £
0.2) x 10° M2 intermediate between the values found from
individual fits. A binding constant of (15.9 4 1.7) M~ was found
for CI™ association at the external site.

The gel filtration elution volume of Cu',-Atx1 was also found
to depend on protein concentration. At4 uM, this form elutes at a
calculated molecular mass of 19.0 kDa (compared to 23.5 kDa at
60 uM), which indicates a dimerization constant of approxi-
mately 10° M™" (eq 1, M = 132 kDa and D = 23.5 kDa).
However, the protein eluted as a mixture of Cul,-Atx1 and Cu'}-
Atx1, indicating that following dimer dissociation the weaker
copper is lost on the gel filtration column. Therefore, a lower limit
for K of approximately 10° M~ (dissociation constant <1 M)
could be estimated for the Cu',-Atx1 dimer. This is consistent
with the fact that the absorbance at 304 nm, characteristic of
the Cu(I) cluster in the Cu'y-Atx1 dimer, decreases linearly
with decreasing protein concentration down to 1.7 uM (data
not shown).

The His61Tyr Atx1 variant has also been crystallized in two
different arrangements. A side-to-side dimer similar to that in the
WT protem (Figure S3b in the Supporting Information) is found
for the Cu', form (rmsd of 0.35 A for the C*atoms of chain A but
0.71 A for chain B). The differences are mainly located in 02 and
loop 5, the latter being the location of the mutation, and give rise
to altered monomer—monomer contacts (contact area ~420 A2)
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Table 2: Equilibrium Constants (K.x Values) for the Exchange of Cu(I) between Atx1 and PacSy or CtaAy in 20 mM Hepes, pH 7.0, or 20 mM Taps, pH 8.0,
plus 100 mM NacCl

initial conen (uM) equilibrium concn (uM)
PacSy or Atx1 PacSy or Cu';-PacSy or

proteins (incubation time) Atxl CtaAn Cu total Cu'j-Atx1 CtaAy total Cu'}-CtaAy Kex
apo-PacSy + Cu'j-Atx1 (5 min, pH 7.0) 50 100 35 44 30 82 5.0 0.03
apo-PacSy + Cu'j-Atx1 (30 min, pH 7.0) 53 53 53 46 38 50 10 0.05
apo-PacSy + Cu';-Atx1 (30 min, pH 7.0) 10 50 8 10 4.8 44 2.4 0.06
Cu';-PacSy + apo-Atx1 (5 min, pH 7.0) 60 120 35 52 28 94 39 0.04
Cu'j-PacSy + apo-Atx1 (30 min, pH 7.0) 53 53 53 46 39 42 7.4 0.05
apo-PacSy + Cu'>-Atx1 (1.5 min, pH 7.0) 50 50 100 44 61¢ 36 28 5.6
apo-PacSy + Cu'>-Atx1 (30 min, pH 7.0) 50 50 100 47 66 33 26 6.4
Cu'j-Atx1 + apo-CtaAy (5 min, pH 8.0) 40 120 17 37 13 102 1.6 33
apo-Atx1 + Cu';-CtaAy (5 min, pH 8.0) 34 34 19 30 15 27 1.1 25
apo-Atx1 + Cu';-CtaAy (5 min, pH 8.0) 30 58 17 28 15 50 2.6 20

“The total Cu(T) concentration eluted in the AtxI fractions. In the transfer from Cu',-AtxI to apo-PacSy, PacSy was recovered from two separate fractions
(~50% eluted with buffer without added NaCl as fully copper-loaded PacSy, while ~25% eluted with buffer plus 30 mM NaCl as approximately half copper-
loaded PacSy). The calculated exchange constants for this experiment are only given for comparison and do not reflect true equilibrium positions.

An almost identical [Cuy{u,-S”(Cys)}4{O"(Tyr)}CI]* cluster is which increase in intensity up to 1 equiv of copper, after which the

found (Figure 5b and Figure S3c¢ in the Supporting Information), protein precipitates (precipitation occurs earlier for PacS95).
except that the buried chloride ligand observed in WT Atx1 is CtaAn and PacSy are both monomeric in the absence and
replaced by a weakly coordinating phenolate of the introduced presence of 1 equiv of copper (Table S3 in the Supporting
Tyr61 of one of the monomers. Consistent with this structure the Information). The crystal structure of Cu'j-PacSy has been
increase in luminescence upon titrating NaCl into the His61 Tyr determined and is the first for the MBD of a copper importer
Cu',-Atx1 dimer (Figure 5d) can be fit to a single site model (eq 2) with the native metal bound. A trimeric arrangement is observed

giving a chloride binding constant of (5.5 4 0.9) M~ (similar to through crystallographic symmetry (Figure 6b). The S” atoms of
the value for the external site in the WT protein). For His61Tyr Cys14 and Cys17 bind a single copper ion, with the coordination
Atx1 quenching of the Tyr61 fluorescence upon the addition of sphere completed by a more weakly interacting Cys14 (S7) from a

Cu() is similar in both the presence and absence of NaCl neighboring molecule (Figure 6c). This trimeric arrangement is
(Figure 2f), so it is unlikely that Cl™, even at 200 mM, replaces stabilized during crystallization, as is the case for His61Tyr Cu';-
Tyr as a ligand. These data indicate that a similar side-to-side Atx1 and also the CopZ trimer (30). Additional electron density
dimeric arrangement is formed in both the presence and absence above the plane of the three copper ions, in a similar position as
of chloride for His61Tyr Cu',-Atxl and that luminescence the additional copper in the His61Tyr Atx1 trimer, was observed
increases as a consequence of the binding of this anion. It would in the Cu',-PacSy structure but could not be unambiguously
therefore appear that the changes observed for the WT Cu',-Atx1 assigned (anomalous difference maps confirm this is not copper
dimer in the presence of chloride are most likely due to the in this case). Additional density was also observed in a second
binding of this anion affecting the spectroscopic properties of the low-resolution structure of Cu';-PacSy from a crystal grown in
Cu'y-thiolate cluster and not the overall arrangement of the the presence of iodide and could be assigned to this atom. There is
dimer. a clear possibility for an additional interaction at this position.
The alternate crystal form for His61Tyr Cu';-AtxI involves a The PacSy and His61Tyr Atx1 trimers are similar and exhibit
copper-mediated trimer (two trimers in the asymmetric unit) sizable differences to that of CopZ. All three proteins have a Tyr
(Figure $4 in the Supporting Information). His61Tyr Cu';-Atxl residue in the second-coordination sphere positioned on loop 5
exists primarily as a monomer in solution (Table S3 in the which hydrogen bonds to a Cys ligand in PacSy and His61Tyr
Supporting Information), and therefore this arrangement arises Atx1 (Cys17 and Cysl5, respectively) but not in this arrangement
during crystallization. A [Cuy{us-S"(Cys)}3{S”(Cys)}3(H0)] of CopZ (30). As well as hydrogen bonding to a coordinating
cluster is bound by this trimer (Figure 6a). The three intra- Cys, this Tyr residue hydrogen bonds to a water molecule and
molecular copper sites, ligated by Cys12 and Cys15 [bond lengths makes a weak interaction with the backbone NH of the Ala
and angles (139—144°) more consistent with two-coordinate residue next to the second Cys of the CXXC motif of an adjacent
Cu(I)], are almost coplanar with the three S” atoms of Cys12 monomer in PacSy and His61Tyr Atxl (Alal6 and Alald,
forming a hexameric ring. A significantly longer intermolecular respectively). The CopZ trimer (30) is stabilized by hydrogen
Cu to Cys interaction is present at each of these sites with smaller bonds between the N° of Lysl8 of one monomer and the
S—Cu—S angles (101—117°). An additional weakly bound cop- backbone carbonyl of Asp62 of the adjacent chain and also
per ion, which must be acquired during crystallization, is found between the N°' of Hisl5 on the CXXC'® motif and the
above the plane of the three core metal ions coordinated by a backbone carbonyl of GIn63. Tyr65 on loop 5 hydrogen bonds
water molecule (Cu—O distance of ~2.2 A) and with long bonds with two water molecules only in the CopZ trimer. The altered
to the Cys12 residues from the three monomers. The Cu to Cu trimer arrangement results in changes around the copper site of
distances between this additional copper and the three core CopZ compared to PacSy and His61Tyr Atxl. The backbone
coppers are all short (~2.5-2.7 A). amides of Argl3 and Alal6 in PacSy, and Alall and Alal4 in

The binding of Cu(I) by PacSy;, PacS95, and CtaAy results in His61Tyr Atx1, hydrogen bond to the coordinating thiolates of
the appearance of S(Cys) — Cu(I) LMCT bands below 300 nm the Cys ligands. In the CopZ trimer only one of these interactions
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is present. In both the PacSy and His61Tyr Atx1 trimers the more
N-terminal Cys ligand provides a long intermolecular interaction
at each of the copper sites (intramonomer copper sites in the case
of His61Tyr Atxl). In CopZ the more C-terminal Cys ligand
provides a short intermonomer Cu—S(Cys16) bond with a
lengthening of the intramonomeric Cu—S(Cys16) bond (30). The
distances between the copper ions are also similar in PacSy
(4.0 A) and the His61Tyr Atx1 trimer (~4.0—4.2 A for the intra-
molecular coppers) but are considerably shorter in the CopZ
trimer (3.12 A). Furthermore, in both PacSy and His61Tyr Atx1
almost coplanar Cu;S”(Cys12/Cysl14); hexameric rings are found
(Figure 6a,c) which is not the case in CopZ (30).

Copper Transfers. The ability of Cu(l) to pass along the
proposed Synechocystis copper trafficking pathway from CtaA
to Atxl and onto PacS has been investigated using transfer
experiments between partners (Table 2). Typical recoveries from
these experiments were 95 + 10% for Atx1, 85 4 10% for PacSy
and CtaAy, and 95 + 10% for copper. Cu(I) exchange is
reversible [K,y is the same when starting from Cu';-Atx!l and
apo-PacSy (or apo-CtaAy), as with Cu';-PacSy (or Cull-CtaAN)
and apo-Atx1], and equilibrium is reached after less than 5 min.
The transfer of Cu(I) from CtaAy to Atx1 is favorable, but only
approximately 20% of the copper transfers from the Cu';-Atx1
dimer to PacSy (Table 2). Copper is readily transferred from the
Cu'y-Atx1 dimer to PacSy (Table 2). In the experiments with
Cu',-Atx] ~50% of PacSy eluted with buffer without added
NaCl as fully copper-loaded protein, while ~25% eluted with
buffer plus 30 mM NaCl as approximately half copper-loaded
PacSy. Relatively low recoveries (~75%) were obtained prob-
ably due to the tendency of Cu(I)-PacSy to precipitate during the
experiment. Atx1 was eluted with buffer plus 500 mM NaCl as
Cu'}-Atx1 plus 40% Cul,-Atxl.

DISCUSSION

A trafficking pathway provides copper to the thylakoid
compartments of cyanobacteria for photosynthesis and respira-
tion (Figure 1). This relatively simple pathway is a good model
for related, but more complex, human systems where copper
mishandling is associated with a range of disorders (48, 49). In
this work we show that two different dimeric arrangements of the
copper-loaded Atx1 from the Synechocystis copper-import path-
way can exist in solution at low protein concentrations, and we
have determined the crystal structures of these dimers. The head-
to-head Cu'j-Atx1 dimer will be present in the very low micro-
molar range under copper-limiting conditions, while the side-to-
side Cu',-Atx1 dimer will form more readily if more than 1 equiv
of copper is available. It is interesting to note that the physiolo-
gical concentration of any Atxl is not known and almost all
in vitro studies on Atxls and their interactions have been per-
formed at relatively high protein concentrations. The presence of
His61 in the second coordination sphere stabilizes the Cu',-Atx1
head-to-head arrangement. The occurrence of a His residue in
this location on loop 5 is unique to certain cyanobacterial Atxls,
supporting a physiological role for this dimer. His61 also gives
rise to an additional metal-binding site in this arrangement that
can be partially occupied with Cu(I). CopZ also dimerizes in the
presence of 1 equiv of Cu(I) (27) probably due to the presence of
Hisl5, which can also coordinate the metal at a four-copper
cluster (29). As the formation of the Cu',-Atx1 side-to-side dimer
and its Cu', cluster is only dependent on the availability of copper
(and perhaps also chloride) and forms with either a His or Tyr
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residue at position 61, it could be a more general feature of this
family of proteins, particularly under conditions of copper stress.

Copper transfer from CtaAy to Atx1 is favorable. Copper is
readily transferred from dimeric Cu',-Atx1 to PacSy, but transfer
from the Cu', dimer is much less favorable. The dimerization of
Atx1 could therefore dictate the subsequent fate of the metal and
influence the function of the protein. Metallothioneins are
common storage proteins for Cu(l), but bacterial analogues
seldom bind Cu(I) (50). Cyanobacteria are rare examples of
prokaryotes with a cytoplasmic requirement for copper, and a
role for Atx1 in recycling endogenous copper has been proposed
based on in vivo studies which demonstrated that CtaA is not
essential for Atx1 function (/2). Dimerization and copper cluster
formation could help to buffer copper under certain conditions.
The weaker copper site in the Cu',-Atx1 dimer cannot be loaded
by CtaAy (or PacSy) and is removed by DTT and glutathione.
Glutathione could therefore acquire this copper in vivo assisting
in copper recycling. Dimerization upon copper binding may have
additional roles. For example, Hahl1 can function as a copper-
dependent transcription factor (57) that would presumably be
aided by sizable copper-induced changes in structure, and
dimerization in the presence of metal has been found (79, 24, 31).

Copper transfer from Atx1 to the MDBs of copper-transporting
ATPases, the purported target for the metal [metallochaperones
can deliver Cu(I) directly to the transmembrane metal site
with a regulatory function proposed for the MBDs (52)],
involves a copper-dependent side-to-side complex in the
examples that have been studied (46, 47). Single-molecule
studies of the interaction between Hahl and the fourth MBD
of the Wilson ATPase identified two distinct complexes for
the apoproteins (53). The head-to-head and side-to-side Atx1
dimers provide models of two different complexes for the
interaction of the cyanobacterial metallochaperone with the
donating and accepting proteins (both MBDs in this system).
If a side-to-side complex is involved in Cu(I) transfer from
Atx1 to PacSy (17), then the intermolecular copper site in the
side-to-side homodimer provides a model of a potential
intermediate. In the structure of His61Tyr Atxl the intro-
duced phenolate binds to this Cu(I) ion, indicating that Tyr65
of PacSy could be involved in Cu(I) transfer.

The Atx1 from Synechocystis exhibits remarkable Cu(I)-bind-
ing flexibility. In addition to the dimeric arrangements observed
for the WT protein, a trimer forms for His61Tyr Atx] possess-
ing a [Cuy{us-S"(Cys)}3{S"(Cys)}3(H,0)* cluster that elicits
an additional Cu(I) ion. This is also the case for the cluster
formed by the yeast Atxl trimer in the presence of tetrathio-
molybdate (32), which has been linked with molybdate-induced
copper deficiency via the inhibition of copper trafficking (32)
and also with the usefulness of tetrathiomolybdate in treating
Wilson’s disease (54, 55). In all cases, including PacSy and CopZ
(30), trimer formation is dominated by metal clusters which
possess hexameric CusS; rings that are particularly stable and are
commonly found in Cu(I)-thiolate complexes (56). The trimers of
His61Tyr Atxl and PacSy are much less stable in solution than
the dimeric forms of Atx1 and are favored during crystallization.
Aberrant oligomerization and metal cluster formation could be
problematic for a cell under certain conditions, including dis-
eased states.

Copper cluster formation has been identified by X-ray absorp-
tion spectroscopy in a number of other copper homeostasis and
regulatory proteins. This includes Cox17, a copper chaperone for
cytochrome ¢ oxidase (57), the human copper chaperone for Cu,
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Zn-superoxide dismutase (38), the C-terminal domain of the
copper transporter Ctrl from S. cerevisiae (13), and the N-term-
inal domains of the human P-type ATPases (59, 60) as well as the
copper-regulated transcription factors Acel and Macl (61, 62).
A number of these are thought to bind four Cu(I) ions via up to
six Cys residues in a [Cu'4{u>-S"(Cys)}e]*~ cluster, also posses-
sing hexameric Cu;S; rings, with the metal ions in a tetrahedral
arrangement (13, 57, 58, 61, 62). The copper clusters in the side-
to-side Atxl dimers have not previously been observed in
biological systems. The [Cuy{u,-S”(Cys)}4] core of these struc-
tures reveals a Cu'y cluster that can be formed using only four Cys
ligands without the presence of CusS; rings. As well as providing
insight into copper homeostasis, the clusters visualized in this
study extend the landscape of potential arrangements that can be
used to model spectroscopically derived structures in less well
defined systems.
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