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The Atx1 copper metallochaperone from Synechocys-
tis PCC 6803, ScAtx1, interacts with two P,-type copper
ATPases to supply copper proteins within intracellular
compartments, avoiding ATPases for other metals en
route. Here we report NMR-derived solution structures
for ScAtx1. The monomeric apo form has a Bappa fold
with backbone motions largely restricted to loop 1
containing Cys-12 and Cys-15. The tumbling rate of
Cu(@)ScAtx1 (0.1-0.8 mm) implies dimers. Experimental
restraints are satisfied by symmetrical dimers with
Cys-12 or His-61, but not Cys-15, invading the copper site
of the opposing subunit. A full sequence of copper li-
gands from the cell surface to thylakoid compartments
is proposed, considering in vitro homodimer liganding
to mimic in vivo liganding in ScAtx1-ATPase het-
erodimers. A monomeric high resolution structure for
Cu(@)ScAtx1, with Cys-12, Cys-15, and His-61 as ligands,
is calculated without violations despite the rotational
correlation time. 2Jy couplings in the imidazole ring of
His-61 establish coordination of N2 to copper. His-61 is
analogous to Lys-65 in eukaryotic metallochaperones,
stabilizing Cu(I)S, complexes but by binding Cu(I)
rather than compensating charge. Cys-Cys-His ligand
sets are an emergent theme in some copper metallochap-
erones, although not in related Atxl, CopZ, or Hahl.
Surface charge (Glu-13) close to the metal-binding site of
ScAtx1 is likely to support interaction with complemen-
tary surfaces of copper-transporting ATPases (PacS-
Arg-11 and CtaA-Lys-14) but to discourage interaction
with zinc ATPase ZiaA and so inhibit aberrant forma-
tion of copper-ZiaA complexes.

Most of the biosphere is either directly, or indirectly, reliant
upon effective copper delivery to the thylakoids of primary
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producers. The conversion of light into useful chemical energy
by cyanobacteria and plants involves the transfer of electrons
within the thylakoid lumen between two membranous photo-
systems. Electrons are commonly transferred via plastocyanin-
bound copper. Plastocyanin is located within the thylakoid
lumen and is imported as an unfolded protein (1), necessitating
a separate copper supply in order to form the holoenzyme.

Analyses of mutants of the cyanobacterium Synechocystis
PCC 6803 established that two copper-transporting P;-type
ATPases, PacS and CtaA, plus a small soluble copper metal-
lochaperone, Atx1 (herein referred to as ScAtx1), are required
for normal photosynthetic electron transfer via plastocyanin
and for the activity of a second thylakoid-located copper pro-
tein, a caas-type cytochrome oxidase (2, 3). In common with
related polypeptides from other bacteria, yeast, and man (4-7),
ScAtx1 directly interacts with soluble amino-terminal domains
of P;-type copper ATPases (3). However, unlike other copper
metallochaperones, ScAtx1 from Synechocystis PCC 6803 asso-
ciates with two such proteins, and there is a presumption that
the vectors for copper transfer alternate in each of these two
interactions. In Synechococcus PCC 7942, PacS is located in
thylakoid membranes (8), whereas CtaA is thought to import
copper at the plasma membrane (9). The phenotypes of ActaA
and ApacS mutants of Synechocystis PCC 6803 are consistent
with both ATPases transporting copper in an inward direction
into the cytosol and then into the thylakoid lumen (3). This
provides an attractive system for studying the process of copper
transfer between a copper metallochaperone and its partners.
In addition to PacS and CtaA, Synechocystis PCC 6803 also
contains a P;-type ATPase, ZiaA, that transports zinc and not
copper (10) and has an amino-terminal domain with higher
affinity for copper than for zinc (11). A subdomain of ZiaA
(ZiaAy) is predicted to form a ferredoxin-like fold analogous to
the amino-terminal regions of the two copper transporters, but
ScAtx1 gave no detectable two-hybrid interaction with this
subdomain of ZiaA (11) nor with the entire soluble amino-
terminal region of ZiaA (3). Provided there is no freely available
cytosolic copper in Synechocystis PCC 6803, as implied for
Escherichia coli (12), lack of an ScAtx1-ZiaAy interaction will
impose a kinetic barrier to discourage formation of otherwise
thermodynamically favored copper-ZiaAy complexes (11) while
copper traffics to the thylakoid. What are the surfaces of
ScAtx1 that allow interaction with the copper transporters but
not with ZiaA?

There is considerable interest in understanding the submo-
lecular processes by which copper is passed between partner
proteins in cellular trafficking pathways to avoid intracellular
metal release. NMR-derived solution structures revealed that
loop 1, containing Cys ligands, and loop 5, containing Lys-65, of
yeast Atx1l are dynamic during interaction with its cognate

This paper is available on line at http://www.jbc.org
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ATPase, apoCcc2. It has been proposed that the observed flex-
ibility in loops 1 and 5 of yeast apoAtx1 may provide a trigger
for copper release and allow the chaperone to adapt to its two
partners, downstream of CTR1 and upstream of Ccc2 (7). Loop
1 of copper-CopZ from Bacillus subtilis assumes the conforma-
tion of apo- rather than copper-CopZ upon contact with the
amino-terminal domain of CopA (4). This implies copper re-
lease from the metallochaperone to the exporter, and AcopZ
mutants were subsequently shown to be copper-sensitive (5),
consistent with a role in export rather than import. It is pre-
sumed that any analogous mechanism for ScAtxl must be
somehow adapted to encourage copper transfer to the metal-
lochaperone from one P;-type ATPase as well as release to
another. The copper coordination sphere of ScAtx1 was probed
with EXAFS,! and 108 NOE-derived distance restraints in the
region of presumptive loops 1 and 5 were used to analyze the
spatial arrangement of residues in this region (13). This sup-
ported copper binding to Cys-15 and Cys-12 from loop 1 plus
His-61 from loop 5, with all NMR-refined models orientating
these three residues at distances compatible with a trigonal
copper (I) site. Conversion of His-61 to Arg altered two-hybrid
interactions with PacS, but not with CtaA, implying that the
interacting surfaces of the two ATPases are not identical in
these regions (13).

Here we show copper liganding to N<% of His-61. The full
structure of ScAtx1 is reported as a prelude to direct analyses
of ScAtx1 complexes with PacS and CtaA and to identify fea-
tures that account for noninteraction with the analogous ami-
no-terminal domain of ZiaA. We establish that metal-loaded
ScAtx1 forms dimers in vitro and that Cys-15 alone does not
enter the copper site of the opposing monomer consistent with
Cys-12 thiols and His-61 N2 commencing and/or concluding
ligand exchange with PacS and CtaA. Flexibility in the region
of loop 1 of apoScAtx1 is suggestive of Cys-12, rather than
His-15, being the pioneer ligand during copper transfer from
CtaA and allowing a model to be generated for the entire copper
ligand sequence from the cell surface to the thylakoid.

EXPERIMENTAL PROCEDURES

ScAtx1 Protein Expression and Purification—E. coli cells (BL21
(DE3)) were grown in Luria-Bertani or minimal media containing M9
salts. All buffers were prepared using Milli-Q deionized water. HEPES
and Tris buffer salts were obtained from Melford Laboratories Ltd. and
Roche Applied Science. Chromatography materials were purchased
from Amersham Biosciences, and other reagents were obtained from
Sigma. Plasmid pETATX1, for overexpression of ScAtx1, was generated
as described previously (3), and recombinant protein produced in E. coli
(BL21(DE3)) was exposed to copper (0.5 mM) in LB medium. Lysates
(2.5 ml) were applied to Sephadex G-75 (2.5 X 50 cm), and fractions (5
ml) eluted in 25 mm Tris-HCI, pH 7.0, were analyzed for total protein
and for copper by atomic absorption spectroscopy. Pooled copper peak
fractions were applied to Q-Sepharose and sequentially eluted with 25
mM Tris-HCl, pH 7.0, followed by 0.7 m NaCl, 25 mm Tris-HCI, pH 7.0.
Fractions were again analyzed for copper and protein, and copper-
containing fractions were desalted on Sephadex G-25 in 25 mM Tris-
HCI, pH 7.0. A single prominent band of the anticipated size was
detected by PAGE, and the amino-terminal 10 residues of sequence
(Beckman LF 3000 protein sequencer) previously confirmed the identity
of this purified protein (3). ?’N-Labeled ScAtx1 was prepared from cells
grown in minimal medium containing M9 salts supplemented with
NH,CI and exposed to copper (0.02 mm).

Purified polypeptide was incubated with 10 mm dithiothreitol, trans-
ferred to an N, atmosphere chamber, and fractionated on Sephadex
G-25 equilibrated in and eluted with hydrochloric acid, pH 2.0, with no
added reductant. If pre-metalated protein was required, recovered ma-

! The abbreviations used are: EXAFS, extended x-ray absorption fine
structure; NOE, nuclear Overhauser effect; NOESY, nuclear Over-
hauser effect spectroscopy; r.m.s.d., root mean square deviation; DTT,
dithiothreitol; TOCSY, total correlation spectroscopy; REM, restrained
energy minimization.
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terial was exposed to an equivalent molar concentration of copper(I)
chloride prior to the addition of 1 M HEPES, pH 7.0. (Some apo samples
were prepared without addition of copper at this stage, but copper(I)
was subsequently added to the final concentrated protein at pH 7.0.)
Samples were further concentrated by passage through Q-Sepharose,
sequentially washed with 25 mm HEPES, pH 7.0, followed by 0.7 M
NaCl, 25 mm HEPES, pH 7.0. Fractions were again analyzed for pro-
tein, and selected fractions were desalted on Sephadex G-25, eluted
with 50 mM sodium phosphate buffer, pH 7.0, 10% D,0O. Copper content
was finally checked through atomic absorption spectroscopy. Analytical
gel filtration was performed on a Superdex 75 10/30 HR sizing column
in 50 mM sodium phosphate buffer, pH 7, containing, when specified,
1.5 mMm dithiothreitol. S. cerevisiae Ccc2a domain is available in our
laboratory.

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

The NMR experiments were recorded on **N-labeled and unlabeled
samples. Two-dimensional TOCSY (14) spectra were recorded on the
600-MHz spectrometers with a spin-lock time of 100 ms, a recycle time
of 1.5 s, and a spectral window of 15 ppm. Two-dimensional NOESY
maps (15, 16) were acquired on the 800-MHz spectrometers with a
mixing time of 100 ms, a recycle time of 1.5 s, and a spectral window of
15 ppm. The two-dimensional »N-'H HSQC (17) maps and three-
dimensional NOESY-*N HSQC experiments (100-ms mixing time) (18,
19) were obtained at 800 MHz with an INEPT delay of 2.6 ms, a recycle
time of 1.5 s, and spectral windows of 15 and 40 ppm for the 'H and *N
dimensions, respectively. HNHA experiments (20) were performed at
800 or 500 MHz to determine ®J;yy,, coupling constants. HNHB exper-
iments (21) were performed at 500 MHz. To identify the coordination
mode of copper(I)-binding histidine, a '*N HSQC experiment was per-
formed for measuring %15 2Inaie Inste and *Jysps coupling con-
stants (22). In this experiment, the INEPT delay was set to 22 ms. All
three-dimensional and two-dimensional spectra were collected at 298
K, processed with the standard Bruker software (XWINNMR), and
analyzed with the XEASY program (23).

The backbone assignment has been performed using the three-
dimensional N NOESY-HSQC, two-dimensional NOESY, and
two-dimensional TOCSY spectra. Consequently, the combination of
three-dimensional *N NOESY-HSQC, HNHA, and HNHB and two-
dimensional NOESY and TOCSY spectra allows the resonances assign-
ment of side chains. Distance constraints for structure calculation were
obtained from three-dimensional N NOESY-HSQC, two-dimensional
NOESY experiments. *Jinp., coupling constants, stemmed from HNHA
experiments, were transformed through the Karplus equation into
backbone dihedral ¢ angle constraints for structural calculations. The
elements of secondary structure were determined on the basis of the
3Jn. coupling constants and of the backbone NOEs from three-
dimensional >N NOESY-HSQC and two-dimensional NOESY spectra.

An automated CANDID approach combined with DYANA torsion
angle dynamics algorithm (24) was used to assign the ambiguous NOE
cross-peaks and to have a preliminary apo- and monomeric Cu(I)ScAtx1
structure. Structure calculations were then performed through itera-
tive cycles of DYANA (25) followed by restrained energy minimization
(REM) with AMBER 5.0 (26) applied to each member of the family.
Homodimeric Cu(I)ScAtx1 structure calculations were performed using
the program DYANA (25), and the 20 conformers with the lowest target
function were minimized through AMBER 5.0 program package (26).
The copper ion was included in the structure calculations of the cop-
per(I)-loaded monomeric and dimeric forms following the same proce-
dure already used for the monomeric and dimeric superoxide dismutase
(27). The sulfur atoms of Cys-12 and Cys-15 and N of the imidazole ring of
His-61 were linked to the metal ion through upper distance limits of 2.5 and
2.2 A, respectively. This approach does not impose any fixed orientation of
the ligands with respect to the copper(I) ion.

The quality of the structures was evaluated using the programs
PROCHECK-NMR (28). The figure was generated with the program
MOLMOL (29). The atomic coordinates of apoScAtx1 have been depos-
ited in the Protein Data Bank (code 1SB6).

Relaxation Measurements and Analysis—Relaxation experiments
were performed on Bruker Avance 600-MHz spectrometers at 298 K,
and the protein sample concentrations range from 0.8 to 0.1 mm. **N R,
R,, and steady-state heteronuclear NOEs were measured with pulse
sequences as described by Farrow et al. (30). R, values were measured
as a function of refocusing times (7py ) ranging from 450 to 1150 us
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TABLE 1
Statistical quality analysis of the REM family and of the mean structure of apoScAtx1 from Synechocystis PCC 6803

REM means the energy minimized ensemble of 20 structures, (REM) is the energy minimized average structure of the ensemble.

RSM violations per experimental distance constraint (A)" REM (20 structures) (REM)
Intraresidue (204) 0.0148 = 0.0021 0.0153
Sequential (299) 0.0080 = 0.0017 0.0097
Medium range® (241) 0.0115 *= 0.0027 0.0151
Long range (273) 0.0134 = 0.0019 0.0110
Total (1017) 0.0120 = 0.0011 0.0125
¢ (44) (deg) 0 0
Average number of violations per structure
Intraresidue 4.65 * 1.65 2
Sequential 2.75 = 0.88 5
Medium range® 490 = 1.4 3
Long range 6.70 = 1.62 4
Total 19.00 = 3.00 14
b . 0.2 = 0.05 0
Average no. of NOE violations larger than 0.3 A 0 0
Total NOE square deviations (A2) 0.15 = 0.06 0.15
Average torsion deviations (rad?) . 0.02 = 0.01 . 0
r.m.s.d. to the mean structure (3-64) (A) 0.49 = 0.12 A (BB)
0.83 = 0.14 (HA)
Structural analysis®
% of residues in most favorable regions 75.5 74.6
% of residues in allowed regions 21.4 20.3
% of residues in generously allowed regions 2.8 3.4
% of residues in disallowed regions 1.0 1.3
H-bond energy (kJ mol ') 3.63 = 0.12 3.63
Overall G-factor -0.22 = 0.02 -0.30

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

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

¢ Data resulted from the Ramachandran plot analysis over the assigned residues. In the PROCHECK statistics, the average hydrogen-bond
energy within 2.5-4.0 kJ mol ! and overall G-factor over —0.5 is expected to be a good quality structure.

with the Carr-Purcell-Meiboom-Gill (CPMG) sequence (31, 32) to iden-
tify backbone conformational exchange. In all experiments the water
signal was suppressed with the “water flipback” scheme (33). R, and R,,
experiments were acquired with 8 or 16 scans, whereas {*H}-'°N NOE
spectra were acquired with 48 scans. Duplication of measurements was
performed to estimate the experimental uncertainty. A recycle delay of
3 s was used for R, and R, relaxation experiments except for the NOE
experiments in which the recycle delay was 5 s. A total of 2048 K (*H) X
128 (**N) data points were collected. All spectra were processed with the
XWINNMR program (Bruker) and analyzed with Sparky software
(T. D. Goddard and D. G. Kneller, University of California, San
Francisco).

NMR relaxation data were fitted with the routine procedure imple-
mented in the Sparky program. A search routine was used within
Sparky to find the positions of the peak maxima. The exponential decay
curves for R, and R, peak intensities were fitted to the two-parameter
curve, h = A X exp(—R X t), where h is height and ¢ is the variable delay
parameter. The heteronuclear NOE values were obtained from the ratio
of the peak intensity for 'H-saturated and unsaturated spectra. The
error was estimated from 500 different fit trials, and peaks that had an
error superior to 20% were not considered in the analysis. The experi-
mental relaxation rates were used to map the spectral density function
values, J(wy), J(wy), and J(0), following a procedure available in the
literature (34).

The overall rotational correlation time (7,,) values were estimated
from the R,/R, ratio (35). The diffusion tensor of the molecule was
estimated by fitting the local correlation times for the NH vector of
each residue to an input structure with the program quadric_diffu-
sion, available from the website of A. G. Palmer III (see Ref. 36). In
this analysis, care was taken to remove from the input relaxation
data those NHs having an exchange contribution to the R, value or
exhibiting large amplitude internal motions on a time scale longer
than a few hundred picoseconds, identified from low NOE values, as
inclusion of these data would bias the calculated tensor parameters
(37, 38). The input structures for quadric_diffusion were the energy-
minimized average solution structures of monomeric apoScAtx1 and
monomeric/dimeric Cu(I)ScAtx1.

RESULTS

Solution Structure and Mobility of apoScAtx1—The
NHSQC spectrum of the apo form of ScAtx1 (64 amino acids)
shows a good dispersion of the signals indicating that the

Cys 15

Fic. 1. Solution structure of apoScAtxl; the side chains of
His-61, Cys-12, and Cys-15 are shown. The secondary structure
elements are shown: B-strands in gray and helices in black. The radius
of the tube is proportional to the backbone r.m.s.d. value of each
residue.

protein is in a folded state. Assignments of the resonances of
apoScAtx1 started from the analysis of the *H-15N HSQC maps
that allowed the identification of the 1N and 'HN resonances.
Analysis of 1°N-edited three-dimensional NOESY-HSQC and of
two-dimensional NOESY and TOCSY maps allowed sequence-
specific assignment. 57 of the expected 63 ®N backbone amide
resonances were observed and assigned. The backbone NH
resonances are missing for residues Met-1, Thr-2, Ala-11, Cys-
12, Glu-13, and Ala-14. Totally, the resonances of 95% of nitro-
gen atoms and 96% of protons were assigned. The *H and °N
resonance assignments of the apo form are reported in supple-
mental Table 1.

2100 NOE cross-peaks have been assigned and integrated,
providing 1118 unique upper distance limits, of which 1017 are
meaningful. 44 ¢ angles derived from a HNHA experiment
were also used in structure calculations. After restrained en-
ergy minimization with AMBER program on each of 20 lowest
target function structures, obtained from DYANA calculations,
the root mean square deviation (r.m.s.d.) for protein backbone
and heavy atoms to the mean structure (for residues 3—64) is
0.49 A (with a variability of 0.12 A) and 0.83 A (with a varia-
bility of 0.14 A), respectively. The penalties for distance con-
straints and angle constraints are 0.15 *= 0.06 A% and 0.02 +
0.01 radians?, respectively. The statistical analyses of the REM
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Fic. 2. Spectral density functions J(wy), J(0), and J(wy) versus the residue numbers as obtained from the '°N relaxation data

measured at 600 MHz for apo (A) and Cu(I)ScAtx1 (B).

family of apoScAtx1 structures are reported in Table I. The
structure displays the following secondary structure elements:
2-7(B1), 1627 (al), 31-35 (B2), 39-45 (83), and 47-60 (a2), in
accordance with the ®Jiyy, coupling constants, the d (G —
1,0)/dy,(i,i) ratios and the NOEs patterns. In Fig. 1, the 20
conformers of apoScAtx1 are shown as a tube, whose radius is
proportional to the backbone r.m.s.d. of each residue.

5N R,, Ry, and 'H-'N NOE values, which provide informa-
tion on internal mobility, were measured at 600 MHz for all
assigned backbone NH resonances. Such average values are
2.46 + 0.07,7.09 = 0.19, and 0.80 =+ 0.08 s %, respectively. The
experimental relaxation data are reported in the supplemental
material (Fig. 1). The correlation time for molecular reorienta-
tion (7,,), as estimated from the R,/R, ratio, is 4.3 = 0.3 ns, as
expected for a protein of this size in a monomeric state (7). Ry,
R,, and 'H->N NOE values were mostly homogeneous along
the entire polypeptide sequence, with the exception of some
residues located in loop 1 and in the first turn of helix a1, which
show larger R, and R, values. From the spectral density func-
tion analysis (Fig. 24), it appears that the apoScAtx1 protein
can be considered as a rigid body with only one flexible region
involving residues Gln-4, Ile-10, Cys-15, Glu-17, Ala-18, Val-
19, and Gly-60, mostly located in loop 1, which have J(wy)
significantly higher than average, thus indicating for these
residues the presence of local motions in nanosecond to pico-
second time scale, i.e. faster than the overall protein tumbling
rate. In addition to these fast internal motions, slow conforma-
tional exchange processes on the millisecond to microsecond
time scale affect part of loop 1. Indeed, J(0) values higher than
the average are observed for residues Ile-10, Cys-15, and
Ala-16 (Fig. 2A), which are at the boundaries of residues 11-14
whose NHs signals could not be observed, likely because of line
broadening due to conformational exchange processes. Overall,
this region comprising the metal-binding motif shows in-
creased backbone flexibility.

Relaxation Measurements, Correlation Time for Reorienta-
tion of Cu(I)Atx1, and Evidence of a Dimer—R,, R,, and "H-'°N
NOE values were measured at 600-MHz for all assigned back-
bone NH resonances on a 0.8 mm sample of Cu(I)ScAtx1. The
backbone NHs, assigned as in the case of the apo form, are 61

(see below). The average values of R;, Ry, and "H-'>N NOE are
1.66 + 0.14, 10.98 + 0.40, and 0.78 =+ 0.06, respectively. The
experimental relaxation data are reported in the supplemental
material (Fig. 2). They were essentially homogeneous along the
entire polypeptide sequence. The R, values show, overall, a
sizable increase with respect to apoScAtx1, whereas the R,
values show a global decrease. From the spectral density func-
tion analysis (Fig. 2B), it appears that Cu(I)ScAtx1 is inflexi-
ble, and even the metal binding region is completely rigid at
variance with the apo form. The presence of conformational
exchange on the millisecond to microsecond time scale was also
evaluated in the copper(l) form via R, measurements as a
function of 7¢pyq length, in order to check if the global increase
of R, could be due to increased backbone flexibility on the latter
time scale. Only residues in the loop regions show conforma-
tional exchange, and therefore, the global increase of R, cou-
pled with a concomitant global decrease of R, implies a copper(I)-
dependent change in molecular size. Indeed, the correlation
time 7,,, as estimated from the R,/R, ratio, is 7.6 = 0.7 ns (at
0.8 mm Cu(I)ScAtx1), close to double that of apoScAtx1 (4.3 =
0.3 ns) and furthermore about double that expected on the
basis of the monomeric molecular weight, again consistent with
dimeric Cu(I)ScAtx1.

Only one set of resonances is observed in the H-1°N HSQC
spectrum, indicating that two protein molecules of the dimer
interact in a symmetric way producing degenerate resonances
for both molecules. The average R, and R; values and the
correlation time 7,,, as well as the chemical shifts, are essen-
tially independent of the protein concentration in the 0.1-0.8
mM range (Table II), indicating that the two molecules are
covalently linked. Significantly, addition of an excess of DTT
produced a 'H-°N HSQC spectrum very similar to that of the
apo form. R, R,, and T, values of DTT-treated Cu(I)ScAtx1 are
also similar to those of the apo form. Overall, these data indi-
cate that copper(I) is removed by DTT with the concomitant
dissociation of homodimers.

The determination of the rotational diffusion parameters of a
protein allows us to analyze the association state in solution by
using relaxation data (39). Following this approach, we have
calculated the inertia tensors of the structures of both mono-
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TaBLE II
Average R, and R, relaxation rates (s 1), "H-">N NOEs for amide *°N nuclei measured at 600 MHz for apo and Cu(I)ScAtx1 from
Synechocystis PCC 6803

Correlation time for molecular tumbling 7,, (ns) as estimated from the R,/R; ratio is also reported.

R, R, T NOE
st ns
ApoScAtx1(0.6 mm) 2.46 = 0.07 7.09 = 0.19 43*+0.3 0.80 = 0.08
Cu(I)ScAtx1(0.8 mm) 1.66 = 0.14 10.98 = 0.40 7.6 +0.7 0.78 = 0.06
Cu(D)ScAtx1(0.3 mm) 1.76 = 0.10 10.57 = 0.32 72*08
Cu(I)ScAtx1(0.1 mm) 1.93 = 0.27 11.76 = 0.24 7.3+0.8
Cu()ScAtx1(0.1 mm) with 1.5 mm DTT 2.55 * 0.16 8.13 = 0.28 4.7 +0.8

meric apoScAtx1 and the monomeric/dimeric forms of Cu(I)S-
cAtx1 (see below). The diffusion tensors of the apo and copper(I)
forms (in the latter case by using both dimeric and monomeric
structures) were obtained with the program quadric_diffusion
(see “Experimental Procedures”). For the apo monomeric form,
the calculation indicates a statistically better fit for the relax-
ation data by using an isotropic diffusion model over an axially
symmetric model. Conversely, for a Cu(I) monomeric form the
calculations fit better with an axial diffusion model (F statistic
>>3). However, a change in the shape of the protein so as to
shift the global diffusion model from isotropic to axial is only
consistent with a change in the aggregation state induced by
copper(l). The relaxation parameters of Cu(I)ScAtx1 are better
fitted using a dimeric structure model, that is, when comparing
the orientation of the principal components of the axial diffu-
sion tensor with those of the inertia tensors of monomeric and
dimeric Cu(I)ScAtx1, we found a very good agreement for the
dimeric form, whereas a larger discrepancy is observed for the
monomeric form.

Cu(I)ScAtx1 samples have different retention times on size
exclusion chromatography in 50 mm phosphate buffer, pH 7.0,
in the presence or absence of DTT (23.80 versus 21.66 min),
whereas the retention time of apoScAtx1 is unaffected by DTT
(24.12 min). In comparison, a single holo-ferredoxin fold sub-
domain of the yeast P;-type ATPase, Cu(I)-Ccc2a, which is
known to retain Cu(I) in the presence of DTT and to be mono-
meric in both apo and copper(I) forms (40), showed similar
retention times in both the presence (24.57 min) and absence
(24.73 min) of DTT. This is consistent with Cu(I)ScAtx1 being
DTT-labile, and Cu(I)ScAtx1 forming higher M, (shorter reten-
tion time) dimers.

Solution Structure of Cu(I)ScAtx1—ApoScAtxl was meta-
lated using copper(I) chloride as reported previously (13), thus
obtaining a 1:1 copper(I):protein adduct (metal/protein ratio
0.9). Assignments of the resonances of Cu(I)ScAtx1 started
from the analysis of the 'H-°N HSQC maps that allowed the
identification of the N and HN resonances with different
chemical shift with respect to the apo form. From the analysis
of ®N-edited three-dimensional NOESY-HSQC and of two-
dimensional NOESY and TOCSY maps, sequence-specific as-
signment of the new resonances was performed. 61 of the
expected 63 °N backbone amide resonances were observed and
assigned. The missing backbone NH resonances are those of
Met-1 and Thr-2. Totally, the resonances of 97% of nitrogen
atoms and 98% of protons were assigned. The 'H and '°N
resonance assignments of the Cu(I) form is reported in supple-
mental Table 2. Some signals exhibit sizable shift variations
between the apo and the copper-bound forms. The largest
chemical shift differences, taking into account both ®N and 'H
chemical shifts, occur in the stretches 10-19, 3641, and 58—
64, which mostly comprise loop 1, helix a1, loop 3, and loop 5.
Such residues are all located in the vicinity of the copper-
binding site, thus indicating that significant structural rear-
rangements are induced by copper binding.

EXAFS data (13) indicate that one His (His-61 in loop 5) and

two Cys (Cys-12 and -15 in loop 1) are involved in copper(I)
coordination. 'H-'*N HSQC experiments optimized for the de-
tection of the 2y couplings in the imidazole ring were per-
formed on apo and copper(l) forms to investigate the coordina-
tion status of His-61 at room temperature in solution (Fig. 3).
The resonances of nitrogen atoms coordinated to a metal ion
can be easily discriminated from those of the noncoordinated
nitrogen atoms on the basis of their chemical shift values
(about 220 ppm for the metal-bound nitrogen versus 180 or 250
ppm, the two latter values depending on whether the nitrogen
is protonated or not (41, 42)). In apoScAtx1, His-61, protonated
on N<2, has chemical shifts of N°! 164.7, N<2 243.6, C-H®? 6.31,
and C-H<! 7.63 ppm. In contrast in Cu(I)ScAtx1, His-61 is
protonated on N®! whereas N2 is coordinated to the copper
ion. The chemical shifts for N°!, N2, C-H?%2, and C-H¢! are
168.9, 219.0, 6.37, and 7.60 ppm, respectively. The chemical
shift of N2 is consistent with the presence of a coordination
bond between N<2 of His-61 and copper (22), in accordance with
the EXAFS data (13).

2300 NOE cross-peaks have been assigned and integrated,
providing 1429 unique upper distance limits, of which 1099 are
meaningful. 43 ¢ angle constraints were used in structure
calculations. Initially, the structure calculations were per-
formed assuming a monomeric state. In these calculations,
upper distance limits between the copper(l) ion and the sulfur
atoms of Cys-12 and -15 and N2 of His-61 were applied in the
calculations. After restrained energy minimization with the
AMBER program on each of the 20 lowest target function
structures, obtained from DYANA calculations, the r.m.s.d. for
backbone and heavy atoms to the mean structure (for residues
3-64) is 0.31 (with a variability of 0.07 A) and 0.70 (with a
variability of 0.04 A, respectively. The penalty for distance
constraints is 0.17 + 0.04 A2. The low penalty value indicates
that all applied constraints can well satisfy a monomeric struc-
ture (Fig. 4A). Calculations were then pursued with either of
these conditions: (i) the two subunits are linked by a coordina-
tion bond between His-61 of one subunit and copper(I) of the
other subunit (His-linked model); (ii) the two subunits are
linked by a coordination bond between Cys-12 or -15 of one
subunit and copper(I) of the other subunit (Cys-linked model).
A dinuclear copper(I) center with bridging sulfur atoms, as
proposed at low temperature from EXAFS data CopZ of B.
subtilis (43), should be discarded as EXAFS data, in the pres-
ent case, did not reveal a short copper-copper distance (13).
When the N2 of the imidazole ring of His-61 belonging to one
subunit was bound to the copper(I) ion of the other subunit
with an upper distance limit of 2.2 A, the average target func-
tion is 0.23 + 0.04 A2 and backbone r.m.s.d. is 0.54 (with a
variability of 0.09 A). Again, all the experimental data are
consistent with a dimeric His-linked model (Fig. 4B).

The Cys-linked structural models were obtained with DY-
ANA calculations with the S” of Cys-12 or -15 belonging to one
subunit with an upper distance limit of 2.5 A to the copper(I)
ion of the other subunit. In the case of Cys'®-linked model,
DYANA calculations give an increased target function value of
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Fic. 3. 'H N HSQC spectra optimized for the detection
of 2Jy of histidine rings, recorded on apo (dotted line) and
Cu(@)ScAtx1 (straight line) at protein concentrations of 0.6 and
0.8 mMm, respectively. The spectra were collected at 298 K and pH 7, on
a spectrometer equipped with cryo-probe and operating at 500 MHz.
The tautomeric species of His ring of apo and copper(I) forms are also
depicted.

Fic. 4. Representation of the bundle of the 10 lowest energy
conformers of Cu(I)ScAtx1 in the monomeric (A), homodimeric
His-61-linked (B), and homodimeric Cys-12-linked (C) forms af-
ter best fit superposition of the backbone atoms of both sub-
units. The side chains of His-61, Cys-12, Cys-15, and the Cu(I) ions are
also shown.

0.82 = 0.15 A2, and the family structures display too short
copper(D)-copper(I) distances (from 1.0 to 2.5 A), inconsistent
with the EXAF'S results (13). Therefore, we exclude the latter
structural model. On the contrary, the Cys'?-linked model has
a low average target function value of 0.23 + 0.04 A% and a
backbone r.m.s.d. values of 0.80 (with a variability of 0.10 A).
This is also a structural model consistent with the experimen-
tal restraints (Fig. 4C). When a subunit of the His-linked model
was superimposed to a subunit of the Cys-linked model, the
subunits are essentially identical (r.m.s.d. 0.5 A), but the re-
ciprocal orientation of the other domains is significantly differ-
ent. In particular, the Cys-linked dimeric structural rearrange-

N
His 61 lle 10 Met 13

Fic. 5. Comparison of the backbone of the monomeric Cu-
(DScAtx1 (light gray) with apoScAtx1 (black) (A) and Cu(I)Atx1
of S. cerevisiae (black) (B). On the right panel, the copper(I) ion and
the Cys and His residues involved in copper binding and other relevant
residues in the metal-binding loop are shown.

A
-~ SeAtx1

Glu 13

ZiaA,

Cys 17 Aspe

Arg 30,60

Fic. 6. Electrostatic potential surface of ScAtx1 (A) and, of the
structural models of PacSy (B), CtaAy (C), and ZiaAy (D). The
positively and negatively charged and neutral amino acids are repre-
sented in blue, red, and white, respectively. The positions of Cys resi-
dues are identified as yellow spheres and other charged residues are
also indicated. Structural models for the sequences of PacSy, CtaAy,
and ZiaAy were calculated using the solution structure of the first
amino-terminal domain of CopA from B. subtilis (62) as template.

ment is almost linear, whereas the long axes of the two
domains in the His-linked model form an angle of 40° (Fig. 4, B
and C). In both cases, the interface of homodimer between the
two subunits comprises residues located around loop 1 and at
the carboxyl-terminal region, which are mainly composed of
small hydrophilic residues as Thr, Ala, and Gly. As a result, the
experimental restraints, which produce high resolution struc-
tures, are completely consistent with both dimeric structures.
In addition, both dimeric His- and Cys'2-linked models indicate
a long copper-copper distances of 5.5 = 0.1 and 6.1 = 0.5 A,
respectively, which account for the absence of a second shell
(Cu-Cu) contribution to the EXAF'S spectrum (Fig. 4, B and C)
(13).

The statistical analysis of the REM families of monomeric
and dimeric Cu(I)ScAtx1 structures are reported in supplemen-
tal Tables 3-5. All structures display the same secondary struc-
ture elements, as in the apo form but with different lengths as
follows: 3-7 (B1), 12-27 (al), 31-35 (B2), 39—-44 (B3), 48-60
(a2). Cys-12 and -15 are in helix a1, whereas they are in a loop
in the apo form.

It is noted that the back calculated NOEs (within a 5-A
distance) from the two dimeric models in the metal ligand
region are the same and are also the same for the monomer.
This prevents discrimination between the two dimers and pre-
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Cu()CtaA apoAtx1

Thylakoids

apoPacSy Cu(I)Atx1

Solution Structures of ScAtx1

apoCtaA Cu(DAtx1

Cu(I)PacS, apoAtxl

Fic. 7. Proposed pathway for copper transfer from CtaA to PacS through ScAtx1. This model implies that the order of copper(I)
association with ScAtx1 ligands 1) Cys-12, 2) Cys-15, and finally 3) His-61 during acquisition from CtaAy with the converse order of ligand release

upon interaction with PacSy.

cludes the application of investigative techniques based on
13C-labeled/unlabeled samples (44—46).

DISCUSSION

The overall folding of the copper-free (Fig. 1) and the three
copper-bound forms of ScAtx1 (Fig. 4) are almost identical. All
of the secondary structure elements are well superimposed
with the exception of helix a1 which is shorter by one turn in
the apo form (Fig. 5A). The secondary structure elements are
organized into a BapPa fold, the final B strand (B4) found in
related copper metallochaperones (47—49) being essentially ab-
sent, although a few backbone NOE cross-peaks typical for an
antiparallel B-sheet are observed between Thr-6, Val-7, Glu-64,
and Val-63 (see supplemental material). Localized surface
charge indicates how ScAtx1 may recognize soluble domains of
copper ATPases but avoid a zinc ATPase (Fig. 6). The resulting
specificities of these partnerships, rather than the inherent
metal-binding preferences of the ATPases, may select which
metals become available for transport. Metal-ligand arrange-
ments of Cu(I)ScAtx1 (Figs. 3 and 4) coupled with observed
backbone motions provide insight into how copper ions can pass
from the plasma membrane to an intracellular compartment
along a ligand gradient, without release into the cytosol
(Fig. 7).

Cys-12 and -15 are part of an a-helix in Cu(I)ScAtx1 but not
in apoScAtx1 (Fig. 5A). A similar observation has been made
for Atx1 from Saccharomyces cerevisiae (47). The backbone

conformation of the carboxyl-terminal tail changes between the
apo and copper(I) forms (Fig. 5A); however, His-61 in this
region shows NOEs with hydrophobic residues Ile-10, Val-19,
Ala-59, and Ile-56 in both apo- and Cu(I)ScAtx1 (although less
in the former), suggesting that His-61 maintains hydrophobic
packing. Mobility studies on apoScAtx1 show greater backbone
flexibility in loop 1 relative to the region containing His-61, and
Cu(I) induces structural and dynamic change mostly around
the Cys motif.

The side chain of Ile-10 in loop 1 maintains the same orien-
tation in both apo and copper(I) forms, interacting with the
hydrophobic residues Leu-36 in loop 3 and/or Val-34 in strand
B2. Most interestingly, Ile-10 takes the place of a methionine
residue that is highly conserved in other soluble copper metal-
lochaperones as well as in the amino-terminal soluble domains
of membrane-bound ATPases (50), supporting the idea that
this methionine could act as a hydrophobic tether that anchors
the metal-binding loop via hydrophobic interactions (50, 51).

Copper-mediated dimerization of ScAtx1 has analogy to the
observed Cu(I)-dependent aggregation of CopZ from Enterococ-
cus hirae, which was speculated to form Cu(I)-CopZ dimers
(49). In contrast, CopZ from B. subtilis (i) is dimeric at milli-
molar concentrations in apo and copper(I) forms, (ii) shows
dimerization of both forms that is concentration-dependent,
and (iii) does not release copper(l) from the holocomplex to DTT
(43). The present characterization of Cu(I)ScAtx1 points at a
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stable homodimer where the two subunits are linked through
coordination bonds between the copper(I) ions and ligands of
the two subunits, at variance with B. subtilis CopZ where the
subunits interact through nonspecific electrostatic or hydro-
phobic interactions. The functional relevance of dimerization
remains to be addressed, although the apo form is clearly
monomeric, and it is speculated that dimerization may only
occur at high concentrations in vitro. Structural models for
monomers are equally compatible with the NOEs as dimeric
forms, consistent with minimal contact occurring between the
subunits beyond the shared ligands plus minimal structural
rearrangement upon dimerization.

Structural data, including low temperature EXAFS when
available (43, 52-54), show that a third donor atom enters the
Cu(D)S,, coordination sphere of various eukaryotic and bacterial
copper(l) chaperones for P,-type ATPases. In CopZ from B. sub-
tilis, the reductant DTT may provide the third donor in vitro
(43). This is consistent with digonal copper(I) tending to expand
its coordination number. EXAFS (13) and NMR data imply that
ScAtx1 is an exception with an endogenous His residue forming
a third coordination bond with copper(l), in addition to two Cys,
and here we show that N2 of His-61 is the third ligand (Fig. 3).
This submolecular variant in ScAtx1 could either have been
selected as an adaptation to some atypical subcellular role(s)
peculiar to ScAtx1, and perhaps also to Scol, which has similar
Cu(I) coordination (55), or be an ancestral relic substituted by
nonbonding stabilization of digonal copper sites via Lys in
analogous eukaryotic proteins.

In all eukaryotic organisms in the position corresponding to
His-61, there is a fully conserved Lys (Lys-65 in S. cerevisiae).
Lys-65, although not bound (47, 52), points toward the cop-
per(I) ion with an orientation of its side chain similar to that of
His-61 (Fig. 5B). Additionally, conserved hydrophobic residues,
Met-13 in Atx1 and Ile-10 in ScAtx1, display the same orien-
tation in both Cu(I) structures, interacting with a conserved
Leu in loop 3, thus conferring a similar bend of loop 1 toward
the core of the protein (Fig. 5B).

In homologous systems, such as yeast Atx1/Ccc2 and CopZ/
CopA from B. subtilis, where the chaperone also delivers cop-
per(I) to soluble domains of P,-type ATPases, the partners are
characterized by well defined complementary surface charges
that are responsible for long range interactions (4, 7). Short
range hydrophobic interactions are also operative and signal
copper occupancy of the chaperone (56). Most intriguing, a
model of the soluble parts of PacS (PacSy) does not display any
extensive electrostatic complementary surface with ScAtx1
(Fig. 6). The soluble parts of CtaA (CtaAy) also do not display
well defined electrostatic complementary surfaces with ScAtx1
(Fig. 6), but these proteins do interact in vivo, and it is assumed
that CtaA loads copper onto ScAtx1l (3). The proteins that
supply copper to CopZ in other bacteria remain to be identified,
and although yeast Atx1 can interact with a domain of a Ctr
family copper importer in vitro (57), this is not essential for
Atx1 function in vivo (58, 59). It has been hypothesized that
His-61 in ScAtx1 may influence the directionality of copper(I)
transfer with respect to the two different P,-type ATPases,
PacS and CtaA (60). Greater structural flexibility of loop 1
suggests that one or other Cys residue of apoScAtx1 is more
likely to first invade the copper-loaded site of CtaAy, as pro-
posed for Atx1 and Ccc2a from S. cerevisiae (52), rather than
His-61. Dimer models (Fig. 4) implicate Cys-12, not Cys-15, as
the pioneer. Subsequently, entrance of His-61 into the copper(I)
site will nonetheless promote copper(l) acquisition by the cop-
per metallochaperone with the concomitant displacement of
CtaA. Lys-65 in the human Atxl-target protein complex is
suggested to counterbalance the negative charge from the two
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target cysteinates of the protein partner (6), thus rendering the
coordination environment in the target protein slightly more
favorable than in the chaperone. His-61 can render the cop-
per(I) coordination environment more favorable in ScAtx1 than
in CtaA because of formation of a coordination bond with N<2 of
His-61. How is this process reversed upon interaction with
PacS?

DTT is able to remove copper(l) from ScAtx1, at variance
with Atx1 from S. cerevisiae (52), and it is possible that the
electrostatic field around the metal ion in ScAtx1 increases
lability. When Cu(I)ScAtx1 approaches apoPacS, it is specu-
lated that His-61 is somehow displaced from the coordination
sphere allowing one of the two cysteine residues of PacS to
encroach into a shared copper(I) site as proposed for Atx1/
Ccc2a. Thus the favored order of copper(I) association with
ScAtx1 ligands is 1) Cys-12, 2) Cys-15, and finally 3) His-61 at
acquisition from CtaA with the converse order of release at
interaction with PacS (Fig. 7).

Localized negative charge from Glu-13, close to the metal-
binding Cys residues of ScAtx1, could support interaction with
complementary Arg and Lys in equivalent locations in PacS
and CtaA (Fig. 6). Lys/Arg residues are only adjacent to these
Cys in metal-transporting P,-type ATPases of Synechococcus
PCC 7942, Synechocystis PCC 6803, and Caulobacter crescen-
tus (50). In the latter case, the ATPase is a member of the Fix
operon that includes cytochrome ¢ oxidase (50) and serves to
activate cytochrome ¢ oxidase (61). This surface feature thus
correlates with roles in copper supply to cytochrome ¢ oxidase
in aquatic bacteria.

In summary, trafficking via sequential ligand exchange (Fig.
7) will prevent copper from entering thermodynamic traps,
adventitious high affinity copper(I) sites, while en route to
thylakoids. Such sites are likely to include ones that should be
occupied by other metals but that nonetheless have tighter
affinity for copper(I). The soluble domain of the zinc exporter
ZiaA contains such a site (11). The presence of Asp-16 (rather
than Lys/Arg) adjacent to the first Cys of ZiaA may crucially
discourage ScAtx1-ZiaA interaction and ultimately serve to
prevent copper from erroneously trafficking to the transporter
for zinc.
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