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The interaction of the copper chaperone Atx1 and the
first cytosolic domain of Ccc2 ATPase, Ccc2a, was inves-
tigated by NMR in solution. In particular, a solution of
Cu()-'°NAtx1l was titrated with apo-Ccc2a, and, vice
versa, a solution of Cu(I)-'°NCcc2a was titrated with
apo-Atx1. By following the °N and 'H chemical shifts, a
new species is detected in both experiments. This spe-
cies is the same in both titrations and is in fast exchange
with the parent species on the NMR time scale. Nuclear
relaxation data are consistent with the formation of an
adduct. Judging from the nuclear Overhauser effect
spectroscopy patterns, the structure of Cu(I)-'>NCcc2a
in the presence of apo-Atx1 is not significantly altered,
whereas Cu(I)-'°NAtx1 in the presence of apo-Ccc2a ex-
periences some changes with respect to both the apopro-
teins and the Cu(I)-loaded proteins. The structure of the
Cu(I)-"°NAtx1 moiety in the adduct was obtained from
1137 nuclear Overhauser effects to a final root mean
square deviation to the mean structure of 0.76 = 0.13 A
for the backbone and 1.11 = 0.11 A for the heavy atoms.
15N and 'H chemical shifts suggest the regions of inter-
action that, together with independent information, al-
low a structural model of the adduct to be proposed. The
apo form of Atx1 displays significant mobility in loops 1
and 5, the N-terminal part of helix «;, and the C-terminal
part of helix a, on the ms-us time scale. These regions
correspond to the metal binding site. Such mobility is
largely reduced in the free Cu(I)-Atx1 and in the adduct
with apo-Ccc2a. The analogous mobility of Ccc2a in both
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Cu(I) and apo forms is reduced with respect to Atxl1.
Such an adduct is relevant as a structural and kinetic
model for copper transfer from Atx1 to Ccc2a in physi-
ological conditions.

Copper is an essential cofactor in hydrolytic, electron trans-
fer, and oxygen utilization enzymes and is also crucial for high
affinity uptake of iron in yeast (1, 2). Copper uptake in eu-
karyotes is mediated by the CTR plasma membrane proteins
(8—6). Once inside the cell, a portion of the copper is delivered
to P-type ATPases, which pump this metal ion into vesicles for
ultimate incorporation into multicopper oxidases. In yeast, the
P-type ATPase is Ccc2 (7-9), and the multicopper oxidase is
Fet3 (10). The Atx1 metallochaperone protein, a cytosolic Cu(I)
receptor, is required downstream of CTR1 and upstream of
Ccc2 and related ATPases (11, 12). Copper chaperone proteins
are soluble, intracellular receptors that bind and deliver copper
to specific partner proteins (12).

Copper-trafficking pathway proteins, including homologues
of CTR1 (5), Atx1 (13), Ccc2 (14-17), and Fet3 (2, 18), are
highly conserved from yeast to humans. Complementation
studies demonstrate that human Atxl (Hahl) functions in
place of yeast Atx1 (19), and the Wilson’s and Menkes’ disease
proteins, homologues of Ccc2, function in place of Ccc2 to de-
liver copper to ceruloplasmin, a homologue of Fet3, and possi-
bly to other proteins (20—22).

Solution structures of the native Cu(I)-bound and the re-
duced apo forms of both yeast Atx1 (72 amino acids) (23) and
the first soluble domain of Ccc2 (Ccc2a hereafter) (72 amino
acids) (24) have been recently solved. The NMR structure of the
fourth domain of the Menkes transporter (25), containing an
Ag(I) ion, and the crystal structure of the oxidized apo and
Hg(II) forms of Atx1 (26) are also available. All of these struc-
tures share a classical “ferredoxin-like” B;-a;-By-B5-ay-B, fold-
ing (27), where the secondary structure elements, four
B-strands and two a-helices, are connected by loop regions.
Structural studies of Atx1 indicate that the metal-binding mo-
tif MXCXXC is located in a surface-exposed loop, with the two
cysteines located in the first loop and the beginning of the first
a-helix (23, 26). It has been shown that Cu(I)-Atx1 can donate
its metal ion cargo to the first N-terminal Atx1-like domain of
Ccc2 in a direct and reversible manner (28). Thermodynamic
and kinetic considerations suggest that copper-trafficking pro-
teins overcome the extraordinary copper chelation capacity of
the eukaryotic cytoplasm by catalyzing the rate of copper trans-
fer between physiological partners. In this sense, metallochap-
erones work like enzymes, carefully tailoring energetic barriers
along specific reaction pathways but not others. The thermo-
dynamic gradient for metal transfer is shallow, establishing
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that vectorial delivery of copper by Cu(I)-Atx1 is not based on a
higher copper affinity of the target domain. Instead, Atx1 part-
ner recognition allows rapid metal transfer and also protects
Cu(I) from nonspecific reactions (12, 28).

Mechanistically, it has been proposed that a low activation
barrier for transfer between partners results from complemen-
tary electrostatic forces that ultimately orient the metal-bind-
ing loops of Atxl and Cecc2a for formation of copper-bridged
intermediates (28). Atx1 possesses multiple positively charged
lysines on its surface (23, 26), while Ccc2a possesses multiple
negatively charged surface residues (24). Mutation of con-
served lysines on the surface of Atx1 greatly reduces the copper-
dependent interaction of Atx1 and Ccc2 in vivo (29). In partic-
ular, mutation of Lys®® of Atxl to glutamate abrogates the
function of this protein (29), thus highlighting its important
role in metallochaperone function. In contrast, Ccc2a contains
a phenylalanine residue at this position (24). In addition to
electrostatic interactions between the two proteins, it also may
be that the binding interface is templated by hydrogen bonding
and hydrophobic interactions via juxtaposition of complemen-
tary surfaces.

The x-ray structures of human Atx1 (Hahl) in the presence
of Cu(I), Hg(II), and Cd(II) have been recently determined (30).
In contrast with yeast Hg(I)-Atx1, which crystallizes as mon-
omer and contains Hg(II) ion with a linear coordination geom-
etry, Hahl crystallizes as a homodimer. The structure of Cu(I)-
Hah1 reveals a copper ion coordinated by cysteine residues
from two adjacent Hahl molecules in a distorted tetrahedral
array, with the fourth ligand weakly bound. This result pro-
vides structural support for direct metal ion exchange between
conserved MXCXXC motifs in two domains. Moreover, the
structures of Hahl (30) provide support for three-coordinate
intermediates proposed for the metal ion transfer mechanism
(12).

The solution structures of Cu(I)-Atx1, apo-Atx1, Cu(I)-Ccc2a,
and apo-Ccc2a provide insight into the important differences
between the apo and Cu(I)-loaded forms of the proteins. Com-
parison of the Cu(I) and apo conformations of Atx1 reveals that
the Cu(I) binding cysteines move from a buried site in the
bound metal form to a solvent-exposed conformation on the
surface of the protein after copper release (23). While the struc-
ture of Atx1 undergoes changes as a function of copper capture
and release, the Ccc2a structure remains relatively invariant,
suggesting that the metal site in apo-Ccc2a is more preorga-
nized than in apo-Atx1 (24).

In the present work, we have characterized the interaction of
Atx1 with Ccc2a. The interaction was investigated through 'H
and °N chemical shift perturbation experiments, alternately
labeling the two proteins and titrating with increasing
amounts of unlabeled partner. A mapping of surface residues
involved in protein-protein recognition and interaction is pro-
vided together with structural models of the two proteins in the
adduct. Mobility studies point out differential dynamic behav-
ior of Atxl and Ccc2a as a function of copper capture and
release. Relaxation measurements performed on the mixture
support complex formation. The results suggest a more de-
tailed mechanism for copper exchange between the chaperone
protein Atx1 and its physiological partner Ccc2. Complex for-
mation and dissociation is rapid on the NMR time scale with a
half-life for the complex on the order of milliseconds.

EXPERIMENTAL PROCEDURES

Sample Isolation and Preparation—Isotopic labeling and protein
purification was performed as previously described (23, 24, 28). Protein
concentrations were determined by the Bradford assay (31) and the
5,5'-dithiobis(2-nitrobenzoic acid) assay (32) and calibrated as de-
scribed previously (28). Copper concentration was determined by Induc-
tively Coupled Plasma-Atomic Emission Spectroscopy. Cu(I)-'>NAtx1
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and Cu(I)-'*NCcc2a were prepared as described for the unlabeled pro-
teins (28) and exchanged by ultrafiltration into 100 mM sodium phos-
phate, pH 7, 90% H,0, 10% D,O. The final concentration of the Cu(I)-
5NAtx1 NMR sample was 1.0 mM with a metal/protein ratio of 0.8:1.0.
The final NMR sample concentration for Cu(I)-'*NCcc2a was 0.8 mM,
with a metal/protein ratio of 1.3:1.0. All NMR samples were prepared
under a nitrogen atmosphere at 12 °C in a VacAtmospheres chamber,
where they were loaded into 535-PP 5-mm quartz NMR tubes (Wilmad)
and sealed with latex serum caps.

NMR Titration of the Two Proteins—Titrations of Cu(I)-'?NAtx1 with
unlabeled apo-Cec2a and of Cu(I)-**NCecc2a with unlabeled apo-Atx1
were performed with NMR spectroscopy, following the >N-'H spectral
changes upon the addition of increasing amounts of the unlabeled
proteins. Aliquots were added in a Coy chamber under nitrogen atmos-
phere at 298 K using a Hamilton syringe to deliver small amounts of
unlabeled proteins to the labeled samples in NMR tubes. The starting
Cu(D)-?NAtx1 and Cu(I)-"*NCcc2a samples were 1.0 and 0.8 mM in
concentration, respectively. The additions ranged from 0.05 to 0.9 mM in
apo-Ccc2a and from 0.1 to 0.7 mM in apo-Atx1. The final labeled protein
concentration was 0.7 mMm for Cu(D-'*NAtxl and 0.5 mwm for
Cu(I)-**NCec2a.

NMR Spectroscopy—All of the NMR spectra except for '"H-'?N NOE,*
R,, and R, relaxation experiments, were acquired on a Ultra Shield 700
Bruker spectrometer operating at proton nominal frequency of 700.13
MHz. A triple resonance 5-mm probe was used.

All two-dimensional »N HSQC (33-35) spectra were recorded with
an INEPT delay of 2.5 ms, a recycle time of 1 s, and spectral windows
of 14 and 33 ppm for the 'H and '°N dimensions, respectively. Two-
dimensional TOCSY (36, 37) and NOESY (38), and three-dimensional
NOESY-'*N HSQC (39) experiments were recorded on Cu(I)-'>NAtx1/
apo-Ccc2a samples with protein concentration ratios of 1:0.5 and 1:1.
The same spectra were also recorded on Cu(I)-'?NCcc2a/apo-Atx1 mix-
tures with protein ratios of 1:0.4 and 1:1.

The two-dimensional NOESY experiments were acquired with a
mixing time of 100 ms, a recycle time of 1 s, and a spectral window of 14
ppm. The TOCSY spectra were recorded with a spin lock time of 100 ms,
a recycle time of 1 s, and a spectral window of 14 ppm.

The three-dimensional NOESY-'?’N HSQC experiments were re-
corded with 160 (*H) X 88 (**N) X 1024 (*H) data points. In these
experiments, the INEPT delay was set to 2.5 ms, the mixing time was
100 ms, and the carrier frequency was set at the center of the amide
proton region, at 8.0 ppm. Spectral windows of 14, 14, and 33 ppm were
used for the direct 'H dimension and the indirect 'H and '°N
dimensions.

Relaxation experiments were collected on Bruker Avance 500 and
400 spectrometers, operating at proton nominal frequencies of 500.13
and 400.13 MHz, respectively. Relaxation experiments on Cu(I)-
5NAtx1 were carried out at 500 MHz. Relaxation experiments on
apo-'"NAtx1, on Cu(I)-"?’NAtx1 in the presence of apo-Ccc2a (final step
of the titration at 1:1.25, Cu(I)-'®NAtx1/apo-Ccc2a ratio), and on
1®NCcc2a, in the apo and copper-bound forms, were carried out at 400
MHz. A triple resonance 5-mm probe was used with an Avance 500-
MHz spectrometer, and a broad band observing probe for direct detec-
tion of the X nucleus was used with an Avance 400-MHz spectrometer.
All of the probes were equipped with pulsed field gradients along the z
axis.

The **N backbone longitudinal relaxation rates, R,, were measured
as previously described (40) using delays in the pulse sequence of 5, 35,
75, 125, 190, 270, 370, 500, 675, 1000, and 1750 ms for all samples. The
15N backbone transverse relaxation rates, R,, were measured using the
CPMG sequence as described elsewhere using a refocusing delay
(7epma) 0f 450 ps (40). To monitor the changes of the transverse relax-
ation rates in the presence of relatively weak effective fields, R, rates
were also measured as a function of the 7qpyg value (40, 41). Experi-
ments were collected at six CPMG refocusing delays 7opyq: 450, 550,
700, 850, 1000, and 1150 us. Relaxation delays varied from 7 to 230 ms,
the exact values depending on 7.py. In the R, and R, measurements,
eight scans were collected for each experiment. The heteronuclear 'H-
1N NOE were measured using the pulse scheme published by Grzesiek

1 The abbreviations used are: NOE, nuclear Overhauser effect;
INEPT, insensitive nuclei enhanced by polarization transfer; HSQC,
heteronuclear single quantum coherence; NOESY, nuclear Overhauser
effect spectroscopy; TOCSY, total correlation spectroscopy; R;, longitu-
dinal relaxation rate; R,, transverse relaxation rate; CPMG, Carr-
Purcell-Meiboom-Gill; WATERGATE, water suppression by gradient-
tailored excitation; r.m.s., root mean square.
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and Bax (42) and considering the ratio of the peak volumes in spectra
recorded with and without 'H saturation.

For all experiments, quadrature detection in the indirect dimensions
was performed in the time-proportional phase incrementation mode
(43), and water suppression was achieved through WATERGATE se-
quence (44), except the heteronuclear 'H->N NOE experiments, where
the pulse sequence applies flip back pulses for water suppression. All
two-dimensional NOESY and TOCSY spectra consisted of 4096 data
points in the acquisition dimension and of 1024 experiments in the
indirect dimension. R;, R,, and *H-?N NOE two-dimensional spectra
consisted of 2048 data points in the acquisition dimension and of 256
experiments in the indirect dimension.

All of the spectra were collected at 298 K, processed using the
standard Bruker software (XWINNMR), and analyzed on IBM RISC
6000 computers through the XEASY program (45). Integration of cross
peaks in the R,, R,, and *H-'?N NOE measurements was performed by
using the standard routine of the XWINNMR program.

Relaxation Data Analysis—Relaxation rates R; and R, were deter-
mined by fitting the cross-peak intensities (/), measured as a function of
the delay (7)) within the pulse sequence, to a single exponential decay by
using the Levenburg-Marquardt algorithm (46, 47) according to the
following equation,

I(T) = A + B-exp(-RT) (Eq. 1)

where A, B, and R were adjustable fitting parameters. For R,, the phase
cycle was chosen so that the magnetization relaxes to 0 for long relax-
ation delays; thus, in this case, A was set equal to 0 in the fitting
procedure. A program that uses a Monte Carlo approach to estimate the
error on the rates (48-50) was used.

The experimental longitudinal and transverse relaxation rates and
the heteronuclear NOEs have been analyzed with the Model-Free 4.0
program (51), within the Lipari-Szabo approach (52). This program
models overall rotational diffusion using a diffusion tensor, D. R;, R,,
and NOE values for °N spins are determined by the dipolar coupling
with the attached proton and, for R, and R,, also by the chemical shift
anisotropy of the nitrogen spins. The equations for these rates, in terms
of spectral density functions (J(w)), are reported in the literature (53).
Within the Model-Free approach (48, 51) the spectral density functions
J(w) can be expressed as a function of the overall rotational correlation
time, 7,,, of the order parameter S? and of the correlation time for
internal motions, which can be considered as arising from two compo-
nents, one describing faster (1) and one slower (7,) motions (collectively
called ,), but always faster than ,,.

Having available the three-dimensional structures of Atx1 (23) and
Ccc2a (24) in both Cu(I) and apo forms, the initial 7,, values and the
rotational diffusion tensor can be estimated from the R,/R, ratio with
the program quadric_diffusion (54, 55). In the present analysis, we
have used an axially symmetric model to account for the global rota-
tional motion (56-58). Once the best model for the molecular motions is
selected on the basis of an F statistic test (51) of the Model-Free
analysis, the overall 7,,, the ratio D/D , and the internal motional
parameters for each spin are optimized by fitting the experimental
relaxation parameters R;, R,, and NOE to their equations (53). The
Powell minimization algorithm (see Ref. 47) has been used.

R, can also contain a contribution R__, originating from exchange
processes in the millisecond to microsecond time range. In the present
work, we have also used an independent experimental method (**N
R,-CPMG experiments (59)) to specifically probe and accurately deter-
mine the exchange processes occurring with correlation times 7., in the
range between 100 and 500 us. This allows us to take into account these
processes in the analysis of R,, R,, and NOEs for the estimation of the
values of the order parameter and the correlation time for the internal
motions.

A dependence of R, on the length of 7opyq delay indicates an ex-
change contribution R, to transverse relaxation rate. The exchange
contribution R, can be expressed by the following Equation 2 (60) in
terms of the weak effective magnetic field, v., applied in the xy plane
and resulting from the CPMG pulse train.

R _ kex 2 . h71 kex . h g
ex — ? — LVefr SN ?sm Ueff

where ¢ = (k.2 — 4pppdw®* and k., = 1l/7.. The effective field
strength at each delay is related to the 7¢py length by the following
equation,

(Eq. 2)

Ver(s™h) = (Eq. 3)

2(T'; + Tcpyc)
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where T is the duration of a 180° **N CPMG pulse (80 and 60 us for the
experiments collected at 500 and 400 MHz, respectively). When the 7,
is longer than 7gpyg, no effect due to conformational exchange proc-
esses is observed.

Experimental limits on the spin echo delay length are determined by
the duty cycle of the transmitter for short delays and the evolution of
TH-'"N coupling during long delays.

Constraints Used in Structure Calculations—The NOE dipolar con-
nectivities, transformed in distance constraints through the program
CALIBA (61) to be used for structural calculations, were integrated in
the two-dimensional NOESY map acquired at 298 K in H,0 on the
mixture containing a Cu(I)-'’NAtx1/apo-Ccc2a ratio of 1:1. The calibra-
tion curves were adjusted iteratively as the structure calculations pro-
ceeded. Stereospecific assignments of diastereotopic protons were ob-
tained using the program GLOMSA (61).

Structure Calculations—Structure calculations on Cu(I)-**NAtx1 in
the complex were performed using the program DYANA (62), without
inclusion of links with the copper ion. 200 random conformers were
annealed in 10,000 steps using the above constraints. The 20 conform-
ers with the lowest target function constitute the final family.

The program CORMA (63), which is based on relaxation matrix
calculations, was used to back calculate the NOESY cross-peaks from
the calculated structure and to check the consistency of the whole
procedure. This has also allowed us to assign a few more cross-peaks
between already assigned resonances.

The quality of the structure was evaluated in terms of deviations
from ideal bond lengths and bond angles and through Ramachandran
plots obtained using the programs PROCHECK (64) and PROCHECK-
NMR (65).

Structure calculations and analysis were performed on IBM RISC
6000 computers.

RESULTS

Mobility of Cu(l) and Apo Forms of Atx1 and Ccc2a—1In order
to characterize the interaction between Atx1 and Ccc2a, it was
necessary to study the mobility of the two proteins both with
and without copper.

From the ratio R,/R,, an initial estimate of the 7, was
calculated for each protein. 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 am-
plitude internal motions in a time scale longer than a few
hundred ps, identified from low NOE values, since inclusion of
these data would bias the calculated rotational diffusion tensor
parameters (66, 67). The values of 7,, for apo-'*NAtx1, Cu(I)-
15N Ccc2a, and apo-°NCcc2a are 4.4 + 0.2, 4.6 = 0.3, and 4.5 +
0.3 ns, respectively. These values are consistent with the ex-
pectation from the Stokes-Einstein isotropic model (68). For
Cu(I)-'NAtx1, 7,, was 5.1 = 0.2 ns. This value could indicate a
slight aggregation of Atx1 molecules upon metal binding. Cop-
per induced self-aggregation was observed, to a larger extent,
in the bacterial copper transporter CopZ from Enterococcus
hirae, having the same fold and the same metal-binding motif
MXCXXC of Atx1 (69).

R,, R,, and heteronuclear NOE for Cu(I)-bound and apo
forms of both Atx1 and Ccc2a are reported in the supplemental
material (supplemental Figs. 1-4). The order parameters char-
acterizing the internal mobility have been determined within
the Lipari-Szabo model (52) for the three proteins that are
completely in a monomeric form by using the Model-Free 4.0
program (51). Also, such values are reported as supplemental
material (supplemental Fig. 5).

From the analysis of the data, it appears that there are no
residues significantly mobile on a fast time scale, the S2 values
being homogeneous along the protein sequence for apo-1*NAtx1
(average SZ value = 0.88 + 0.04) and Ccc2a (average SZ values
are 0.85 * 0.03 for Cu()-'>'NCcc2a and 0.87 = 0.03 for
apo-'"NCcc2a).

The overall correlation time for molecular tumbling, 7,, and
the Dy/D | ratio for apo-'°NAtx1 and for Cu(I)- and apo forms of
15NCcc2a were fitted during the last stage of the Model-Free
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TaBLE 1
Backbone amide nitrogens involved in conformational exchange
processes in Cu(l)- and apo-Atx1 and in the adduct at a protein ratio
Cu(D-"°?NAtx1/apoCcc2a, 1:1.25

Residue

Cu(I) Apo Adduct
us

5 150 = 30

8 150 = 52
13 150 = 20
15 140 = 15
19 370 = 25 120 = 20
23 b
24 —
26 160 = 30
28 170 = 30
55 170 = 20
61 150 = 50
62 136 = 20 b
63 110 = 50 170 = 20 320 = 30
64 380 = 40
65 370 = 30
70 166 = 15
71 160 = 10
72 140 = 15

¢ Correlation time of the exchange process, 7.,
data to Equation 2.

& —, for this residue the measured R, value is larger than the average
and might indicate the presence of an R, contribution to the transverse
relaxation rate, due to a conformational exchange process on a time
scale (1,, <100 us) faster than the range sampled by CPMG experi-
ments.

obtained by fitting

calculations. The Dy/D, ratio was found to be in the range of
1.1-1.3 for both proteins. The optimized final 7,, value is 4.58 =
0.05 ns for apo-'°NAtx1 and 4.60 = 0.05 and 4.29 + 0.04 ns for
Cu(I)- and apo-'?NCcc2a, respectively.

Within the Model-Free analysis, residues displaying confor-
mational exchange are fitted with an R, contribution to R,. In
the present work, the presence of this contribution was inde-
pendently evaluated by measuring the transverse relaxation
rates, Ry, of the backbone amide nitrogens as a function of the
Tecpme duration, which produces different effective field
strengths, v ¢, given by Equation 3. A dependence of R, on v g
indicates the presence of exchange phenomena that contribute
to the transverse relaxation rate. In order to evaluate the
exchange correlation time, 7., the R, values have been fitted
against v to Equation 2. In our experimental conditions, the
7.« values of exchange between two conformational substates
range between 110 and 440 us. The analysis has been per-
formed for the apo and the Cu(I)-bound forms of both Atx1 and
Ccc2a, and exchange processes, found from Model-Free analy-
sis, were consistently detected also through these CPMG
measurements.

In Cu(D)-'?NAtx1, only three residues show a dependence of
R, on v In apo-'?NAtx1, this number increases to 15. These
results are summarized in Table I together with the correlation
time of the exchange process, ., obtained from the fitting to
Equation 2. In Fig. 1, two representative fittings are shown for
residues Cys'® (loop 1) and Lys®® (loop 5) in both apo- and
Cu(I)-'"NAtx1. Both residues experience a decay of R, with v¢
in the apo form, while no decay has been detected in the
copper-bound state. In apo-1°NCcc2a and Cu(I)-!°NCcc2a, the
number of residues displaying a dependence of R, on vy is
eight and one, respectively, and they are reported in Table II.
Residues involved in conformational exchange equilibria for
the Cu(I)-bound and apo forms of Atx1 and Ccc2a are shown in
Fig. 2 (a—d). The dynamic characterization of the two proteins
identifies a different mobility in the copper binding region; the
apo form of Atx1l shows more conformational exchange proc-
esses than apo-Ccc2a, and the copper binding to Atx1 makes
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v apoAtx1 Cys 15 - Cu(I)-Atx1 Cys 15
=1 . =12
= 10 = 10
e 3 i . e ol ' -
6 = 6
400 600 800 1000 400 600 800 1000
Verls™] Verls']
1% apoAtx1 Lys 65 10 Cu(I)-Atx1 Lys 65
= 9 =9
I )
8 81 |
E L] i‘ I . - . T
7 s 7
6 : ! 6
400 600 800 1000 400 600 800 1000
Ve ls'] Ve ls']

Fic. 1. Representative fittings of the relaxation rates R, to
Equation 2 for residues Cys'® (loop 1) and Lys®® (loop 5) in apo-
and Cu()-Atx1.

TaBLE II
12N nuclei involved in conformational exchange processes in
Cu(D)- and apo-Cec2a

a

TCX

Residue
Cu(I) Apo
s

2 170 = 30
10 290 *= 80
12 320 = 125
13 440 * 40 b
17 138 =5
19 400 = 100
27 180 = 30
33 150 = 40
51 160 = 30

“ Correlation time of the exchange process, .,
data to Equation 2.

b __ 15N backbone atom whose relaxation rate could not be measured
due to low intensity of the peak.

obtained by fitting

the metal binding region more rigid. In particular, loop 5 and
the C-terminal part of helix a,, both adjacent to the metal site,
display conformational exchange processes in apo-Atx1 but not
in apo-Ccc2a. This result is consistent with the fact that, rela-
tive to Atx1 (23), copper binding induces fewer changes in the
conformation of Ccc2a (24).

Titration of Cu(I)-?>NAtx1 with Unlabeled Apo-Ccc2a and of
Cu(D)-"’NCecc2a with Unlabeled Apo-Atx1—Two-dimensional
15N-1H HSQC spectra were recorded at 700 MHz on Cu(I)-
15NAtx1 and Cu(I)-'°*NCcc2a samples. By previous convention,
the first amino acid in Atx1 is denoted as Ala® and the last as
Leu”. The N-terminal Met of Atx1 is processed in Escherichia
coli, yielding a 72-amino acid protein (23). The HSQC map of
Cu(I)-'®NAtx1 showed the presence of only one form, the same
as that already reported as form A (23). In previous prepara-
tions, a minor form B was also present (23). Cross-peaks of
amide protons of residues 2, 3, and 16 were not present. For the
apo form, amide resonances were missing for residues 2-3, 14,
and 16-18 at 298 K. Each cross-peak corresponds to an NH
moiety, and a missing cross-peak may mean exchangeability of
the amide proton with bulk water. In the *N-"H HSQC spec-
trum of Cu(I)-'®NCcc2a, the NH cross-peaks for residues 1 and
14 were not present. Furthermore, as previously reported (24),
peaks of residues 10 and 12 were broadened in apo-!*NCcc2a
with respect to the copper-bound form, and the cross-peaks of
residues 1, 14, and 15 were missing.

Cu(D)-®NAtx1 and Cu(I)-'*NCcc2a were then titrated with
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Fic. 2. Mapping of >N mobility in
the millisecond to microsecond time
scale in the protein frame of Cu(I)-
Atx1 (a), apo-Atx1 (b), Cu(I)-Ccc2a (¢),
and apo-Ccc2a (d). Black spheres indi-
cate N atoms of residues for which no
dependence of the R, on w,, was detected.
White spheres indicate ®N atoms of resi-
dues experiencing exchange processes.
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unlabeled apo-Ccc2a and apo-Atxl, respectively. Spectral
changes were measured by ?N-'H HSQC experiments. In both
titrations, the 'H and '*N resonances showed changes in shift
with increasing amounts of unlabeled apo-Ccc2a and apo-Atx1.
Furthermore, a few residues experience some broadening. Such
spectral changes indicate that (i) Ccc2a is interacting with Atx1
and (ii) the exchange rate between free and “interacting” spe-
cies is larger than the difference in chemical shift, indicating
that the proteins in the complex are in fast exchange with the
free proteins in solution.

The spectral changes were followed up to a final apo-Ccc2a
concentration of 0.9 mm with a final Cu(I)-'°NAtx1 concentra-
tion of 0.7 mM and an apo-Atx1 concentration of 0.7 mm with a
final Cu(I)-'®NCcc2a concentration of 0.5 mM. Fig. 3 shows the
15N-1H HSQC of the Cu(I)-®NAtx1 protein (blue contours)
overlaid onto that of the Cu(I)-'°*NAtx1/apo-Ccc2a mixture con-
taining equal concentrations of the two proteins (red contours).
Cross-peaks of Cu(I)-®NAtx1 residues Thr'* and Gly'” broad-
ened beyond detection. These residues are close to the Atx1
copper ligands (Cys'® and Cys'®), and they might experience
the largest change in shift between the isolated and the mix-

ture states. If the exchange rate between the free form and the
adduct with Ccc2a is equal to or larger than the chemical shift
difference, then signal broadening and even signal coalescence
can occur. Twenty-six backbone NHs (10, 12-13, 15, 1828, 36,
43, 59, 61-67, and 71) and the N_H, of GIn*® maintained
narrow line widths and had measurable shift changes through-
out the titration.?

In the N-'H HSQC spectra of Cu(I)-'°NCcc2a collected at
increasing concentrations of apo-Atx1, the cross-peaks of resi-
dues 8-11, 13, 15-24, 26, 29-30, 55, 57-59, and 62—67 exhib-
ited measurable changes in the chemical shifts. Moreover, the
cross-peaks of residues 12 and 15 broadened and eventually
disappeared during the titration, while cross-peaks of residues
9,13, 19, 21, 23, and 64 broadened significantly. The cross-peak
of one of the protons of N _H, of GIn®? shifted significantly,
whereas the other proton cross-peak was invariant. This might

2 The specificity of the spectral changes was checked through a con-
trol experiment where Cu(I)-'>’NAtx1 was titrated with bovine serum
albumin. No shift change, both in the 'H and *N dimensions, has been
detected up to a protein/protein ratio of 1:1.
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suggest the formation of a hydrogen bond between GIn?® and
Atx1. Fig. 4 shows the 15N-TH HSQC of the Cu(D)-®NCecc2a
protein (blue contours) overlaid onto that in the presence of
apo-Atx1 in 1:1 ratio (red contours).

The midpoint of the spectral changes occurred at 0.35-0.40
mM concentration of the titrant for both titrations (insets of
Figs. 3 and 4). This indicates that the two association processes
occur with a similar dissociation constant. By fitting the titra-
tion data to a simple three-component model (70) in which Atx1
combines with Ccc2a to a complex (intermediate), we can esti-
mate a K, of ~1073 to 10~* M for both titrations.

Analysis of three-dimensional NOESY-'?N HSQC and two-
dimensional NOESY and TOCSY maps of the final mixtures
was used to confirm and extend the assignment of °N-'H
HSQC spectra. The TOCSY map was used to identify spin
patterns of intraresidue connectivities of the different amino
acids. Then these residues were connected to other spin pat-
terns by sequential characteristic NOESY peaks. The three-
dimensional map was used to solve problems of cross-peak
overlap in the two-dimensional NOESY map and to confirm the
assignment of the °N resonances.

The H and N chemical shift differences between Cu(I)-
15NAtx1 alone and in the 1:1 mixture are reported on the left
side of Fig. 5. The weighted average chemical shift differences
A,(HN) shown in the lower plots of Fig. 5 were calculated as
described by Garrett et al. (71) (i.e. (AH)?2 + (AN/5)2)/2)*%,
where AH and AN are chemical shift differences for 'H and *°N,
respectively). For the purpose of comparison, differences in
chemical shifts between Cu(I)-'°NAtx1 and its apo form (23)
are also shown in Fig. 5 on the right. It can be seen clearly that
the major changes in the Cu(I)-!°NAtx1 signals caused by the
addition of apo-Ccc2a are localized in two regions of the protein
corresponding to stretches 10-30 and 60-70. These stretches
constitute loop 1, helices «; and ay, and loop 5. Chemical shift
differences between Cu(I)- and apo-!°NAtx1 were also found in
these regions, but the pattern is different from that determined
by the presence of apo-Ccc2a. Differences in the stretch 60-70
are here smaller than in the presence of apo-Ccc2a.

'H

The differences in chemical shifts between Cu(I)-'*NCcc2a
alone and in the 1:1 mixture are reported on the left of Fig. 6.
Differences between Cu(I)-!°NCcc2a and its apo form are also
shown. As for Cu(I)-'*NAtx1, the major changes in the Cu(I)-
15N Ccc2a signals caused by the addition of apo-Atx1 are local-
ized in two regions of the protein corresponding to stretches
8-23 and 55-66 that form loop 1, the first segment of helix a4,
the last segment of helix ay, and loop 5. Chemical shift differ-
ences between Cu(I)- and apo-'°NCcc2a were found only in the
region 12-21 (loop 1 and helix «,). Therefore, changes in chem-
ical shift between Cu(I)-®NCcc2a and its apo form, obtained for
pure samples of each protein, are different from those deter-
mined by the presence of apo-Atx1.

The question then arises of whether the final adduct is the
same regardless of which protein carries copper. This was
addressed through the analysis of the H two-dimensional
NOESY spectra of the mixtures, Cu(I)-'*NAtx1/apo-Ccc2a (un-
labeled) and Cu(I)-15NCcc2a/ap0-Atx1 (unlabeled). By follow-
ing the shifts affected by the formation of the adduct for pro-
tons of the other, unlabeled protein, it appears that the
extrapolated final spectrum is the same. Therefore, either the
final species is the same, or there is the same average of species
in fast exchange.

Structural and Dynamic Characterization of the Adduct of
Cu(D)-"*NAtx1 with apo-Ccc2—R, and R, experiments, per-
formed on the Cu(I)-15NAtx1/apo-Ccc2 mixture in the final step
of the titration, showed that, overall, the transverse relaxation
rates are increased with respect to pure Cu(I)-!>NAtx1. For
Cu(D)-'®NAtx1 in the mixture, 7,, was estimated using the
R,/R, ratio and found to be 8.5 = 0.7 ns. This value is consist-
ent with about 70% formation of protein-protein adduct, as-
suming a double overall rotational correlation time for molec-
ular tumbling of the complex, due to a roughly double
molecular mass (8088 (Atxl) + 7882 (Ccc2a) Da from mass
spectra). The picture of adduct formation is consistent with
that coming out from the titration.

Transverse relaxation rates, measured with a spin echo de-
lay 7opmg = 450 us on N Cu(I)-'*NAtx1/apo-Ccc2 mixture,
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are fairly homogeneous over the protein sequence (10.1 + 0.9
Hz on average). Residues 23, 24, 62, and 63 show R, values
slightly higher than the average (see Fig. 6 of supplemental
material). CPMG measurements indicate a conformational ex-
change process in the millisecond to microsecond time scale
only for residue Thr®. Therefore, Cu(I)-?NAtx1 in the adduct
shows a more rigid metal site with respect to its apo form but
similar to the copper-bound form (see Table I).

The structure of Cu(I)-®NAtx1 in the presence of apo-Ccc2a
was calculated using experimental distance constraints ob-
tained from NOESY maps. In total, 2320 NOESY cross-peaks
were assigned and integrated. They were transformed into
upper distance limits with the program CALIBA (61) and re-
sulted in 1470 unique upper distance limits, of which 1137
were meaningful.® A total of 49 proton pairs were stereospecif-
ically assigned through the program GLOMSA (61). The NOEs
and the r.m.s. deviation per residue are reported as supplemen-
tary material.

The 20 conformers constituting the final DYANA family have
an average target function of 1.1 = 0.12 A2 and an average
r.m.s. deviation to the mean structure (for residues 4—73) of
0.76 = 0.13 A for the backbone and 1.11 = 0.11 A for the heavy
atoms. The resolution is quite good, especially if it is considered
that some amino acids are not detected.

The family of conformers was analyzed with PROCHECK-

3 Nonmeaningful distance constraints are those that cannot be vio-
lated in any structure conformation and those involving proton pairs at
fixed distance.

NMR (65). 94% of residues fall in the core and allowed regions
of the Ramachandran plot. 5% of residues are in the generously
allowed region, and 1% are in the disallowed region.

The largest backbone r.m.s. deviation values are obtained for
residues at the N terminus and for the region 14-21, contain-
ing loop 1 and the beginning of helix «; (the average backbone
r.m.s. deviation value for residues 14-21is 1.3 + 0.3 A). How-
ever, the rest of the protein is well defined. As mentioned
above, amide peaks of residues 14 and 17 in the Cu(I)-1*NAtx1/
apo-Ccc2 mixture are not detectable due to signal broadening.
Previous studies revealed that region 1421 was also less de-
fined in apo-Atx1 (23). The resulting structure, especially for
the conformationally labile part of loop 1, is a time average
structure of different conformers.

The NOE pattern for Cu(I)-'?NCcc2a is the same independ-
ent of the adduct formation. Therefore, it is concluded that the
polypeptide chain of Ccc2a has the same fold and conformation
in the adduct as in the apo and in the Cu(I)-loaded forms (24).

DISCUSSION

Interaction between the Two Proteins—During the titrations
of Cu(D)-®NAtx1 with apo-Ccc2a and of Cu(D)-'®NCcc2a with
apo-Atx1, changes observed in the HSQC spectra can arise
from perturbations due either to protein-protein interactions or
copper transfer or both.

In the present titrations, a single signal was detected for
each nucleus, with the shift changing with the concentration of
the other protein. The behavior indicates a fast exchange be-
tween the free states and a complex. The NH chemical shift
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changes between the free and the complexed forms of both
Cu(I) proteins were different from those observed in the corre-
sponding apo forms (see Figs. 5 and 6). The ~70% increase in
the overall correlation time for molecular tumbling of the new
species suggests strongly that the two proteins were interact-
ing in solution and forming a protein-protein complex.

Line broadening observed for some resonances during the
titrations can be due either to a chemical shift difference close
to the exchange rate between the free and bound form or to an
increased local mobility of specific residues in the adduct. In
particular, after the addition of the partner, the NH signals of
Thr'* and Gly'” in Cu(I)-1®NAtx1 and Thr!? and Ala® in Cu(I)-
15NCcc2a broadened beyond detection, suggesting that they
are perturbed significantly by protein-protein interactions. In-
terestingly, these resonances are readily assigned in the Cu(I)
forms but are broadened or not detected in apo forms of either
protein. Furthermore, in both proteins, these residues occupy
corresponding positions in the metal-binding motif, i.e. before
the first and the second Cys, respectively.

The chemical shift differences between the original and new
resonances observed in both titrations, allow estimation of a
lower limit for the rate constant k; for dissociation of the
complex. The maximum observed shift change without signifi-
cant line broadening is ~200 Hz (for the 'HNe proton of the
side chain amide of GIn®? of Ccc2a) yielding a lower limit of
~1250 s~ for k;, (70). Since a saturation point was not ob-
tained during the titration, the lower limit is actually greater

than this. Assuming a bimolecular second order process and
realizing that the forward rate constant cannot be faster than
the diffusion-controlled limit (108 to 10° M~ ! s 1), we estimate
that K; is ~1073 to 107° m.

Comparison between the Structures of AtxI in Its Reduced
Apo and Cu(l) Forms and Its Form in the Presence of Apo-
Cec2a—The solution structure of Cu(I)-'® NAtx1 in the pres-
ence of apo-Ccc2a at a 1:1 protein ratio (adduct-Cu(I)Atx1
hereafter) has been compared with the mean energy-minimized
structures of Cu(I)- and apo-Atx1. In Fig. 7, the three struc-
tures are superimposed. The r.m.s. deviation values between
Cu(I)- and apo-Atx1l are 1.53 and 1.96 A for backbone and
heavy atoms, respectively. The r.m.s. deviation values between
Cu(I)-Atx1 and adduct-Cu(I)Atx1 are 1.27 and 1.74 A for back-
bone and heavy atoms, respectively, while the values between
apo-Atx1 and adduct-Cu(I)Atx1 are 1.45 and 1.90 A. As ex-
pected, the overall folding of adduct-Cu(I)Atx1 is essentially
identical to that of the copper-bound and apo forms. Regions
where the r.m.s. deviation between any pair of average struc-
tures is larger than the sum of r.m.s. deviation of each family
are characterized by real conformational differences. In Fig. 8,
the r.m.s. deviation between the average structures of a protein
pair, which accounts for structural variations, is compared (as
the difference value) with the sum of the r.m.s. deviation values
within the families of the two proteins (i.e. their structure
precision). These differences are estimated for the apo-Atx1/
adduct-Cu(I)Atx1 (solid line) and Cu(I)-Atx1/adduct-Cu(I)Atx1
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Fic. 7. Backbone drawing of Cu(I)-
Atx1 (black), apo-Atx1 (white), and
Atx1 in the adduct 1:1, Cu(I)-'>NAtx1/
apo-Ccc2a (gray). The copper ion is col-
ored in black. Cys'®, Cys'®, and the second-
ary structure elements are indicated. The
inset shows an enlarged view of loop 1.
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structure of the two corresponding
families (apo-Atx1/adduct-Cu(I)Atx1
(solid line) and Cu(I)-Atx1/adduct-
Cu(DAtx1 (dashed line)).
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(dashed line) pairs. If the structural variations are larger than
the sum of the r.m.s. deviation (i.e. the difference reported in
Fig. 8 is larger than 0), then the structural variations are
outside the indetermination of the structures and therefore
meaningful. Thus, values varying from 0 result from differ-
ences outside the indetermination of the structures. While
changes for Cys!® are not significant, Cys'® clearly has a dif-
ferent average conformation in the adduct-Cu(I)Atx1 with re-
spect to both Cu(D)- and apo-Atx1. In fact, the superposition of
Fig. 7 indicates that the conformation of loop 1 and the N-
terminal part of helix «; in the adduct-Cu(I)Atx1 is intermedi-
ate between that of Cu(I)- and apo-Atx1. In Cu(I)-Atx1, loop 1
(containing Cys'®) and the beginning of helix «, (containing
Cys;g) are well defined. In apo-Atx1, loop 1 is less well defined,
and the last turn of helix «; is missing (23). In the present
average structure, the metal binding region is again different
and intermediate between Cu(I)-loaded and apo-Atx1 struc-

30 40 50

60 70

tures. Finally, there are differences in the strand 3, and loop 3
between the isolated proteins with respect to the adduct-
Cu(I)Atx1, due to translations of these structural elements.
Differences in loop 5 and helix «, are only found for the adduct-
Cu(I)Atx1 when compared with Cu(I)-Atx1, while the r.m.s.
deviation values drop in the comparison with apo-Atx1. In
particular, helix a, and loop 5 of apo and adduct-Cu(I)Atx1
move away from the copper binding region with respect to
Cu(D)-Atx1. The structure of Cu(I)-'®>NAtx1 in the presence of
apo-Ccc2a therefore represents an average intermediate be-
tween the free Cu(I)-bound and apo states of Atx1.

A Model of the Atx1-Ccc2 Complex—Residues of Cu(D)-
15NAtx1 that experienced large shifts during the titration are
depicted in Fig. 9 (top panel). The residues of Cu(I)-1°NAtx1
most affected by the interaction with apo-Ccc2a are the two
cysteines that bind copper and the amino acids in the copper
binding region. In Cu(I)-'?NAtx1, the positively charged ly-
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Fic. 9. Schematic drawing of the Ccc2a/Atx1l adduct model
based on the crystal structure of Cu(I)-Hah1 (30). The color code is
as follows: magenta, A, (HN) > 0.1 ppm; orange, 0.04 < A, (HN) < 0.1
ppm; yellow, A, (HN) < 0.04 ppm; white, not observed. The residues
are indicated that experience large shift change (A, (HN) > 0.1 ppm).
Chemical shift differences A, (HN) are reported in Figs. 5 and 6 for

avg

Atx1 and Ccc2a, respectively. An electrostatic surface representation of
the Cu(I) form of Atx1 and apo-Ccc2a is shown in the lower panels. The
positively charge, negatively charged, and neutral amino acids are
represented in blue, red, and white, respectively. The views on the right
side are the molecules rotated by 90° to allow for viewing of the inter-
action surfaces.

sines 24, 28, 62, and 65 showed sizeable shifts corresponding to
a different environment in solution after the addition of apo-
Ccc2a. Negative residues on the Ccc2a interaction surface
could interact with the conserved positive face of Atx1. Muta-
tional studies on Atx1 reveal that altering lysines 24 and 28 to
Glu dramatically reduces the activity of Atx1, while mutations
of lysines 61 and 62 reduce function to a lesser extent (29).
Lys® is always conserved in Atxl homolog sequences from
various organisms, and its N¢ is found close to copper (5.0 + 1.0
A) in the solution structure of yeast Cu(I)-Atx1 (23) and to the
mercury (5.2 A) in the x-ray structure of Hg(I)-Atx1 (26).
Surprisingly, variants K65A and K65F exhibit a nearly wild-
type level of activity, while K65E abrogates the activity of Atx1
(29).

The metal binding region of Cu(I)-'*NCcc2a is structurally
very similar to that of the apo form (24). The release of copper
does not cause large structural changes in Ccc2a, suggesting
that, unlike apo-Atx1, the metal site in apo-Ccc2a is preorga-
nized to some extent (24). Fig. 9 also shows residues of Cu(I)-
15N Ccc2a that experienced a large shift or broadening after the
addition of apo-Atx1. These are probably involved in the pro-
tein interaction. The most affected residues of Cu(I)-**NCcc2a,
besides the two copper binding cysteines, were Thr!”, Thr'®,
Asn?!, GIn?3, 11e%8, Cys®2, Gly®3, Phe®, and Asp®®. These resi-
dues are located in helix «y, helix a,, loop 5, and sheet B,. Six
of these residues are hydrogen bond donors and acceptors, and
the hydrophobic side chain of I1e®® is solvent-exposed. Phe®* is

Copper Trafficking between Atx1 Chaperone and Ccc2 ATPase

in direct van der Waals contact with the ligating residue Cys!S.

Any model of the adduct must be consistent with the obser-
vation that any equilibrium among the species present in so-
lution is in fast exchange, since only one signal per nucleus was
observed in either case. Furthermore, it should be kept in mind
that the same average species is obtained when mixing the two
proteins, regardless of which is the protein carrying the copper
ion. From what is known about the system, copper will be
distributed over the two proteins at the end of the titration.
There is 1 mol of metal ion/2 mol of proteins, the affinity for
copper of the two proteins is comparable, and adduct formation
is far from complete. Finally, it should be noted that copper(I)
may expand its coordination number either with exogenous
ligands, like a buffer thiol, or may bind two protein molecules,
as in the case of the crystal structure of human homodimer
Atx1 (Hahl) in the presence of Cu(I), Hg(Il), and Cd(II) (30).
Hah1 exhibits a B-a-B-B-a-B fold similar to those of yeast Atx1
and Ccc2a. From sequence alignment, the residue identity of
Hah1 with Atx1 and Ccc2a is 38 and 25%, respectively. The
crystal structure of Cu(I)(Hahl), reveals a copper ion coordi-
nated by cysteine residues from two adjacent Hah1 molecules.
Nonetheless, the indetermination inherent in the refined dis-
tance constraints is large enough that we cannot assign the
location of Cu(I) to one site or the other in the adducts of Atx1
and Ccc2a. In fact, the metal may be in rapid exchange between
the Atx1 and Ccc2 sites, relative to the NMR time scale. A
copper coordination number of four in the adduct is hardly
consistent with fast exchange. Indeed, in this case, copper is
expected to exchange slowly between free Cu(I) and the bound
Atx1 or Ccc2a forms because of chelation. We may propose a
coordination number of three as an intermediate that would
allow one protein to leave as its apo form. The fast exchange in
a complex system like the present one is consistent with the
proposal that copper exchange is kinetically favored via juxta-
position of the copper donor and acceptor metal-binding do-
mains. This “three-coordinative” mechanism is also supported
by NMR studies performed on Cu(I) and Hg(I) glutathione
complexes (72, 73). Indeed, these studies showed that the metal
is rapidly exchanged among thiol ligands via transient forma-
tion of an Hg(II)-(thiol); complex and that the high thermody-
namic stability of Cu(I)-S bonds in the complexes is coupled
with their kinetic lability. The different overall charge between
the two proteins favors protein-protein interactions and the
metal ion templates a facile exchange via a series of two- and
three-coordinate intermediates (12). The chemical shift pertur-
bation analysis supports this model and further demonstrates
significant protein-protein interaction along a docking inter-
face that includes the MTCXXC metal-binding motif.

On the basis of chemical shift mapping and the x-ray struc-
ture of Cu(I)(Hah1), (30), a model for the Atx1-Ccc2a interac-
tion was postulated. Residues experiencing chemical shift per-
turbation were placed at the interface of the two molecules.
Then the relative orientation of the two molecules was opti-
mized to maximize the interaction surface and contacts be-
tween oppositely charged residues (Fig. 9). In this model, helix
a; of one protein is in contact with loop 5 of the partner, but the
two helices «; are tilted of about 45° to allow a close contact
between the two metal binding regions of the two proteins.
From the structure of adduct-Cu(I)Atx1, it appears that the
conserved Lys®® may be involved in the stabilization of the
copper binding loop of Atx1 instead of in an electrostatic inter-
action with Ccc2a. In fact, the positive charge of the side chain
of Lys®®, located in loop 5 of Atx1, stabilizes the negative charge
of the Cu(I) bisthiolate center, and its approach toward the
copper site is favored by a translation of helix a, and loop 5
upon copper binding (23). This explains the fact that when
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apoCcc2a

Fic. 10. Residues experiencing con-
formational exchange processes in
the apo and Cu(l)-loaded forms of
Atx1 and Ccc2a are mapped in green
on the interaction surface of the two
proteins. The structures are oriented as
in Fig. 9.

Lys® is mutated to neutral residues, the copper delivery to
Ccc2 is not affected. On the other hand, an electrostatic inter-
action is possible between Asp®® of Ccc2a and Lys?* of Atx1,
which are both conserved in homologous eukaryote sequences.
Other side chains whose °N and 'H shifts are largely affected
by the addition of the partner protein are those of GIn23 of
Cu(I)-15NCcc2a and GIn*? of Cu(I)-!°NAtxl. Based on our
model, one e-NH of GIn?? may form a hydrogen bond with the
carboxyl group of Lys®! of Atx1. GIn?® of Ccc2a is also close to
the side chain of the conserved Lys®? of Atxl. As already
pointed out, these two Lys residues of Atx1l experience large
shift changes. On the other hand, the side chain of GIn*® of
Atx1 is not close to any residue of Ccc2a in the model of the
adduct. However, besides direct protein-protein interactions,
secondary effects on the shifts may be at work. In fact, e-NH of
Gln*2 (loop 3) forms a hydrogen bond with the carboxyl group of
Met'? (loop 1) in the structure of Cu(I)-Atx1 (23) as well as in
the adduct-Cu(I)Atx1. Thus, conformational changes detected
in loop 1 translate into shift changes in loop 3.

Mechanistic Implications—Copper transfer is postulated to
occur by the following mechanism (12, 74). In a first step,
Cu(I)-Atx1 docks transiently in a specific orientation with apo-
Ccc2a to poise the system for copper transfer. In a following
step, the copper rapidly partitions between the two sites within
the protein-protein complex via a series of bridged intermedi-
ates, and, finally, the complex dissociates to provide apo-Atx1
and Cu(I)-Ccec2a.

In our titration studies, Cu(I)-'5NAtx1 accesses at least two
different conformational states as a function of added apo-Ccc2,
and this is reflected in the observation of shift changes of
Cu(I)-1NAtx1 in the absence and in the presence of apo-Ccc2a.
The formation of a bridged intermediate is assumed in the
published mechanism of copper transfer (12). The adduct-
Cu(I)Atx1 structure represents an intermediate step in the
copper trafficking for the following reasons: (i) the shifts of this
form of Atx1 are apparent after the first addition of apo-Ccc2a
to Cu(I)-'®NAtx1; (i) the increased rotational correlation time
of this form must be due to the formation of a higher molecular
weight species (i.e. the adduct of Atx1l and Ccc2a); and (iii)
those residues most altered in the complexed form are located
in the metal binding region itself and areas adjacent in space,
including loop 5. Structural precedence for a bridged interme-
diate, albeit a homodimer, is found in the crystal structure
of Cu(I)-Hah1. In this structure, copper is coordinated by two
Cys from one Hahl molecule and the N-terminal Cys in the
MXCXXC motif of a second molecule plus a fourth sulfur at a
longer distance (30). The changes in signal detectability for
Cys!® and Cys'® in apo-Atx1 and Cu(I)-Atx1 (23) are in agree-
ment with the mechanism of copper transfer (28, 74). Indeed, it
can be suggested that Cys'® of Cu(I)-Atx1, which is the most

41375

Cu(I)-Atx1 Cu(I)-Ccc2a apoAtx1

exposed, interacts with apo-Ccc2a when the protein-protein
complex is formed, while Cys'® is detached at first from copper
coordination in Atx1, thus becoming more mobile. Moreover,
Cys!8® experiences a conformational change in the structure of
adduct-Cu(I)Atx1 compared with both Cu(I) and apo-Atx1 (see
Figs. 7 and 8). A similar trigger mechanism upon metal binding
has been suggested for the mercuric ion-binding protein MerP
(75). In MerP, it has been proposed that Hg(II) initially binds
the solvent-exposed Cys'* and then attracts the negatively
charged thiol group of the Cys!'” from its inaccessible position,
thus causing the structural change (75, 76).

Mobility measurements for apo-?NAtx1 and Cu(I)-1*NAtx1
also provide some information about the different forms of Atx1
as a function of copper transfer and release. An increased
number of residues experiencing conformational exchange in
the millisecond to microsecond time scale was found in apo-
compared with Cu(I)-?NAtx1. Evidence of additional motions
on a slow time scale has also been observed for reduced apo-
MerP with respect to the metal-loaded state, suggesting that,
in this case also, the metal binding site can “flap” or “breathe”
slowly without a bound metal (76).

In apo-Atx1, mobile residues in the millisecond to microsec-
ond time range are those located in loops 1 and 5 and helices «,
and a,. This region corresponds to those residues that change
the most in chemical shift perturbation analysis and that are
modeled to the interaction interface of the docked complex (Fig.
10). Thus, mobility in this region of apo-Atx1 could favor com-
plex dissociation of the two proteins after copper release. On
the other hand, the difference in the dynamic behavior ob-
served in the Cu(I)-loaded and apo-Ccc2a is less pronounced,
according to the fact that the two forms of the protein are
structurally very similar, as also found for a domain of the Ccc2
human homologue, Menkes protein (77). The copper chaper-
ones, from yeast to humans, have a conserved Lys in loop 5
(Lys® in Atx1), very close to the copper site. Interestingly, this
region (residues 61-65) becomes more mobile in the millisec-
ond to microsecond time range when copper is released. This
does not occur in apo-Ccc2a, where Lys is replaced by a hydro-
phobic residue, Phe®*, which is conserved among eukaryotic
ATPases. This difference between Ccc2a and Atxl may be
related to the different roles of these two proteins in the copper
trafficking pathway. The ATPase has a stable metal binding
region preorganized for copper uptake, while the observed flex-
ibility of apo-Atx1 may provide a trigger for metal release and
allow the chaperone to adapt to its two partners, i.e. down-
stream of CTR1 and upstream of Ccc2.
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