
Structure, Vol. 12, 669–676, April, 2004, 2004 Elsevier Science Ltd. All rights reserved. DOI 10.1016/j .str .2004.03.006

A Docking Approach to the Study of Copper Trafficking
Proteins: Interaction between Metallochaperones
and Soluble Domains of Copper ATPases

plexes. The experimental structure determination of
transient complexes, like those formed by electron-
transfer or metal-transport systems, often requires the
use of techniques, like site-directed mutagenesis or
cross-linking, for the stabilization of an intermediate
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In the present work, an information-driven dockingItaly
2 Department of NMR Spectroscopy approach has been applied to the case of the interaction

between two proteins involved in copper transport,Bijvoet Center for Biomolecular Research
Utrecht University which represents an essential step in a copper traffick-

ing pathway. Copper proteins are involved in vital pro-3584CH, Utrecht
The Netherlands cesses such as respiration, iron transport, oxidative

stress protection, blood clotting, and pigmentation
(Linder, 1991). On the other hand, because of its redox
activity, copper would be highly toxic even at low con-Summary
centrations. Therefore, free intracellular copper is ab-
sent, and its concentrations need to be regulated withinA structural model of the transient complex between
very narrow limits (Rae et al., 1999). Disturbed copperthe yeast copper chaperone Atx1 and the first soluble
homeostasis has recently been implicated in diseasedomain of the copper transporting ATPase Ccc2 was
states or pathophysiological conditions (Sayre et al.,obtained with HADDOCK, combining NMR chemical
1999; Bush, 2000; Strausak et al., 2001).shift mapping information with in silico docking. These

Copper, like other metal ions, needs to be accompa-two proteins are involved in copper trafficking in yeast
nied by proteins called metallochaperones, responsiblecells. Calculations were performed starting with the
for its distribution inside the cytoplasm (O’Halloran andcopper ion either bound to Atx1 or to Ccc2 and using
Culotta, 2000; Rosenzweig, 2001). Thermodynamic andthe experimental structures of the copper-loaded and
kinetic considerations suggest that copper traffickingapo forms of each protein. The copper binding motifs
proteins overcome the extraordinary copper chelationof the two proteins are found in close proximity. Cop-
capacity of the eukaryotic cytoplasm by catalyzing theper tends to move from Atx1 to Ccc2, consistent with
rate of copper transfer between physiological partners.the physiological direction of transfer, with concomi-
In this sense, metallochaperones work like enzymes,tant structural rearrangements, in agreement with ex-
carefully tailoring energetic barriers along specific reac-perimental observations. The interaction is mainly of
tion pathways but not others.an electrostatic nature with hydrogen bonds stabiliz-

In the baker’s yeast, Saccharomyces cerevisiae, theing the complex. The structural data are relevant for
copper chaperone Atx1 delivers Cu(I) to the soluble cop-a number of proteins homologous to Atx1 and Ccc2
per domains of Ccc2, an ATPase located in the trans-and conserved from bacteria to humans.
Golgi network (Lin et al., 1997; Pufahl et al., 1997), which
then transfers copper to a cuproenzyme (Yuan et al.,

Introduction 1997). It has been shown that this occurs in a direct and
reversible manner (Huffman and O’Halloran, 2000). The

Most proteins achieve their function by interacting with thermodynamic gradient for metal transfer is shallow
other proteins and forming an active complex. Protein- (Keq � 1.5), establishing that transfer of copper from
protein interactions are at the basis of any biological Cu(I)-Atx1 to Ccc2 is not based on a higher copper
process, as each interaction represents an essential affinity of the target domain (Huffman and O’Halloran,
step within a cellular pathway. The interactions between 2000). Instead, Atx1 protects Cu(I) from nonspecific re-
two or more proteins often are highly specific processes, actions (Pufahl et al., 1997) and allows rapid metal trans-
which belong to a series of concatenated cellular events. fer to its partner (kex � 103 s�1) (Huffman and O’Halloran,
Therefore, a single defective complex formation may 2000; Arnesano et al., 2001a). This underscores the im-
alter cell metabolism and regulation, thus causing a dis- portance of understanding the molecular aspects re-
ease state. lated to the protein-protein recognition process, which

A deep understanding of mechanisms of molecular are linked to the mechanism of metal transfer.
recognition and interaction can only be obtained Solution structures of the native Cu(I)-bound and the
through elucidation of the three-dimensional structure reduced apo forms of both yeast Atx1 (72 amino acids)
of protein complexes. However, the number of struc- (Arnesano et al., 2001b) and the first soluble domain of
tures of complexes available in the Protein Data Bank yeast Ccc2 (Ccc2a hereafter) (72 amino acids) (Banci et
(PDB) is still very low and mostly limited to stable com- al., 2001) have been solved. These structures share a

classical “ferredoxin-like” �1-�1-�2-�3-�2-�4 folding
(Hubbard et al., 1997) where the secondary structure*Correspondence: bertini@cerm.unifi.it
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Table 1. List of Active and Passive Residues Used in the Definition of the Ambiguous Interaction Restraints for Docking of Atx1 and
Ccc2a, and Flexible Segments

Atx1
Active residuesa V12, T14, C15, S16, G17, G20, N23, K24, K28, K61, K62, T63, G64
Passive residuesb A21, V25, T27, E30, P31, I38, L40, F55, E58, K59, K65, E66, R68
Flexible segments 10–33, 36–42, and 53–70

Ccc2
Active residuesa H9, G10, C13, A15, N18, T19, Q23, C62, G63, D65
Passive residuesb S14, C16, T22, A26, L37, N40, E60, D61, F64, E67
Flexible segments 7–28, 35–42, and 58–69

a The active residues correspond to the residues having a significant NMR chemical shift perturbation during the NMR titration experiments
and that are highly solvent accessible.
b The passive residues correspond to all surface neighbors of the active residues that are solvent accessible.

elements, four � strands and two � helices, are con- The copper ion was explicitly included in the docking
calculations (see Experimental Procedures).nected by loop regions. The copper binding motifs CxxC

are located on a solvent-exposed region encompassing Figure 1 shows a plot of the intermolecular energy,
Einter (sum of intermolecular van der Waals, electrostatic,the first loop and the beginning of the first � helix (Rosen-

zweig et al., 1999; Arnesano et al., 2001b). Copper is and AIR energy terms), for the 100 refined complex
structures after water refinement as a function of theircoordinated by the two cysteines of a CxxC motif, but

it expands its coordination sphere to three-coordination backbone rmsd from the lowest energy structure. After
analysis, two clusters were obtained in each run (A andby binding an exogenous ligand. It has been proposed

that copper exchange between Atx1 and Ccc2 occurs B). Their statistical results are summarized in Table 2.
through a series of copper bridged intermediates (Pufahl
et al., 1997).

The high ambiguity driven protein-protein docking ap-
proach HADDOCK (Dominguez et al., 2003) has been
applied to the case of the Atx1:Ccc2a complex, taking
advantage of the available NMR titration data (Arnesano
et al., 2001a). The refined model of the complex provides
a valid structural basis to discuss mechanistic implica-
tions of copper exchange between a metallochaperone
and its partner protein.

Results

HADDOCK Calculations
The amino acids involved in the interaction between
Atx1 and Ccc2a, and therefore constituting the protein-
protein interface, were detected by NMR through 1H/15N
chemical shift changes occurring in both proteins when
titrated with the partner (Arnesano et al., 2001a). These
residues are located in loops 1 and 5, helix �1, and the
C-terminal part of helix �2 in both proteins. They were
used to generate ambiguous interaction restraints (AIRs)
as described in the Experimental Procedures (Table 1).
HADDOCK was used for the docking calculations using
as input the average minimized NMR structures of the
two protein partners in different metalation states. The
structure of Cu(I) and apo forms of both Atx1 (Arnesano
et al., 2001b) and Ccc2a (Banci et al., 2001) were solved Figure 1. Intermolecular Energies versus Backbone Rmsd at the
by NMR; therefore, we performed two different runs Interface from the Lowest Energy Structure for the Atx1:Ccc2a
either starting from the copper ion bound to the metallo- Complex
chaperone Atx1 or to the domain Ccc2a of the ATPase, The structural ensembles obtained after water refinement corre-

spond to (A) Cu(I)-Atx1 and apoCcc2a, and (B) apoAtx1 and Cu(I)-as detailed below:
Ccc2a. The values for single conformations (open circles) and clus-(A) Cu(I) bound to Atx1, using as input the average mini-
ter averages (closed squares) are shown. The intermolecular energymized structure of Cu(I)-Atx1 (PDB ID 1FD8) and
corresponds to the sum of AIR, van der Waals, and electrostaticapoCcc2a (1FVQ);
energy terms. The nonbonded energies were calculated with the

(B) Cu(I) bound to Ccc2a, using as input the average OPLS parameters (Jorgensen and Tirado-Rives, 1998) using a 8.5 Å
minimized structure of apoAtx1 (PDB ID 1FES) and cut-off. The clustering was based on the pairwise backbone rmsd

using a 1.75 Å cut-off.Cu(I)-Ccc2a (1FVS).
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Table 2. Statistical Analysis of HADDOCK Results for the Two Different Runs after Clustering of Solutions for the Atx1:Ccc2a Complex

Number of
Rmsd Number of Einter Evdw

c Eelec
c EAIR AIR Violations Buried Surface

Rmsd (Å)a min (Å)b Structures (kcal mol�1) (kcal mol�1) (kcal mol�1) (kcal mol�1) (�0.3 Å) Area (Å2)

A
Cluster 1 1.2 � 0.2 1.2 � 0.2 82 �522 � 43 �45 �479.5 2.47 2.4 � 0.7 1259 � 55
Cluster 2 1.3 � 0.4 2.3 � 0.2 17 �521 � 51 �54 �469 1.36 1.3 � 1.0 1302 � 71

B
Cluster 1 1.4 � 0.2 1.4 � 0.2 42 �592 � 55 �49 �544 0.65 1.0 � 0.3 1310 � 60
Cluster 2 1.3 � 0.2 9.4 � 0.2 54 �319 � 37 �40 �282 1.85 2.0 � 1.2 1123 � 61

Clusters are sorted according to average intermolecular energy.
a Average rmsd and standard deviation from the lowest energy structure of the cluster.
b Average rmsd and standard deviation from the lowest energy structure of all calculated structures.
c The nonbonded energies were calculated with the OPLS parameters (Jorgensen and Tirado-Rives, 1998) using an 8.5 Å cut-off.

The clusters are ranked according to their average inter- Figures 2A and 2B show a representation of two different
structural ensembles where the radius of the tube ismolecular energies. In both cases, cluster 1 has the

lowest average value of intermolecular energies. The proportional to the backbone rmsd per residue.
The backbone rmsd value between the average struc-lowest energy cluster (cluster 1) in each run also con-

tains the lowest energy structure. For all the clusters, ture of run A (copper ion bound to Atx1) and of run
B (copper bound to Ccc2a) is 2.07 Å. When the twoEelec represents the major energy contribution to Einter,

being about one order of magnitude larger than Evdw. ensembles, each containing the ten best structures of
A and B, are merged, the rmsd to the average structureEAIR is instead very small, with values between 0.65 and

2.47 kcal mol�1, consistent with a very low number of is 1.3 Å, which gives an indication of the degree of
convergence of runs A and B to a unique solution.AIR violations per structure. Average values of buried

surface areas for the various clusters range from 1123
to 1302 Å2. Description of the Calculated Structures

of the Atx1:Ccc2a ComplexClusters 1 and 2 of run A (see Table 2) have very
similar average Einter. However, the first cluster contains a Atx1 and Ccc2a in the complex maintain their global

fold. In all the structures, helix �1 of one protein is nearlylarger number of structures as well as the overall lowest
energy structure. The average rmsd values to the lowest orthogonal to helix �2 of the partner and in contact with

loop 5. The copper binding CxxC motifs of Atx1 andenergy structure are 1.2 � 0.2 and 2.3 � 0.2 Å for cluster
1 and 2, respectively, indicating that the conformations Ccc2a are juxtaposed in the complex. The average inter-

molecular distances between pairs of sulfur atoms areof the two clusters are not remarkably different.
Run B produces two clusters containing a comparable reported in Table 4. Their values are between 4 and 6 Å

for run A. Slightly higher values (7–8 Å) are found for runnumber of structures; however, the structures of cluster
2 have higher intermolecular energies, with an average B. In the complex calculated starting from Cu(I)-Atx1

(run A), copper is located at a very small distance (i.e.,of �319 � 37 kcal mol�1 compared to a Einter value of
�592 � 55 kcal mol�1 for cluster 1. The average rmsd 3.7 Å on average), being sometimes at bonding distance

(�2.4 Å), from the sulfur atom of C13 of Ccc2a, as ato the overall lowest energy structure is 1.4 � 0.2 Å and
9.4 � 0.2 Å for cluster 1 and 2, respectively, indicating result of the semiflexible simulated annealing in torsion

angle space performed in HADDOCK. Run B gives largervery different conformations for the two clusters.
The rmsd values to the average of the ten best struc- distances (7–8 Å) between the copper ion, which is

linked to Ccc2a, and the cysteines of apoAtx1, althoughtures of the lowest energy clusters are given in Table 3.
Generally, the rmsd of backbone atoms of residues at in some structures distances as small as 4.5 Å are ob-

served (Table 4).the interface is higher than the rmsd of all backbone
atoms of both partners, which indicates a local re- Besides metal ion coordination, the complex is stabi-

lized by an extended network of intermolecular hydro-arrangement of the protein surface during the docking
process to adapt to the partner. In all cases, larger rmsd gen bonds and salt bridges (see Supplemental Material

at http://www.structure.org/cgi/content/full/12/4/669/values are found for the Atx1 moiety of the complex.

Table 3. Average Rmsd Values from the Average Structure Calculated over the Ensemble of the Ten Best Structures of the Lowest
Intermolecular Energy Cluster, Cluster 1, for the Two HADDOCK Runs

Rmsd (Å)

Calculations A B

Rmsd of backbone atoms of Atx1:Ccc2a complex 0.74 � 0.21 0.79 � 0.26
Rmsd of backbone atoms of Atx1 0.79 � 0.23 0.84 � 0.30
Rmsd of backbone atoms of Ccc2a 0.68 � 0.18 0.75 � 0.22
Rmsd of backbone atoms on interface 0.73 � 0.20 0.87 � 0.29

Structures are superimposed on the backbone atoms of the flexible interface.
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Figure 2. Ensemble of the Ten Best Struc-
tures of the Lowest Intermolecular Energy
Cluster Generated by HADDOCK

The structural ensembles of the complex are
obtained from (A) Cu(I)-Atx1 and apoCcc2a,
and (B) apoAtx1 and Cu(I)-Ccc2a. On the right
side, the structures are viewed 90� from the
orientation of those on the left side. The ra-
dius of the tube is proportional to the back-
bone rmsd of each residue. Secondary struc-
ture elements are indicated in dark gray. The
Cu(I) ion is shown as a black sphere. The
sulfur atoms of copper binding cysteines are
represented as light gray spheres. The figure
was generated with MOLMOL (Koradi et al.,
1996).

DC1) involving both charged and polar amino acids at Indeed, the backbone rmsd between the experimental
structures used as input in run A and the average struc-the interface between the two proteins, as expected on
ture of the complex is 0.99 Å for the Atx1 moiety andthe basis of a large contribution of Eelec to the overall
0.68 Å for Ccc2a, indicating a substantially similar struc-intermolecular energy Einter (Table 2). The identity and
ture before and after docking. In Atx1 some meaningfulthe number of less conserved hydrogen bonds may vary
changes are observed: (1) a one-turn shortening at thefrom one run to another, but some electrostatic interac-
N terminus of helix �1 and (2) a slight shift of helix �2tions are consistently found in all the calculations. These
and loop 5 of Atx1. In addition, some structures showinteractions occur between K24 of Atx1 and D65 of
a movement of the side chain of C18 of Atx1 from insideCcc2a, K28 of Atx1 and E60 of Ccc2a, and K59 and K62
to outside due to an �90� rotation around the C�-C�of Atx1 and D61 of Ccc2a (Figure 3). These interactions
bond of the cysteine, which is located at the N terminusmay optimize the relative orientation of the two proteins
of helix �1. As a consequence, in these structures theto allow a close contact between the two metal binding
copper atom moves toward the metal binding cysteinesregions.
of Ccc2a (Figure 4A). This determines a relatively largeGiven the mainly electrostatic nature of the interaction
rmsd (�3 Å) of the copper atom within the structuralbetween Atx1 and Ccc2a, conserved intermolecular hy-
ensemble of run A. In the NMR structure of Cu(I)-Atx1,drophobic contacts are few, the more frequent occurring
the N	 atom of the side chain of K65, which is locatedbetween A21 of Atx1 and F64 of Ccc2a, and V25 of
in loop 5, is found very close to the copper ion [Cu(I)-Atx1 and G63 of Ccc2a. Some less conserved contacts
N	 (K65) � 5 � 1 Å]. After docking, the side chain ofinvolve the metal binding cysteines; e.g., C15 of Atx1
K65 moves farther from Cu(I) and forms a hydrogencan interact with A15 of Ccc2a, and C13 of Ccc2a with
bond either with the side chain of N18 of Ccc2a or theS16 and G17 of Atx1. Ccc2a contains four additional
backbone oxygen of A15 of Ccc2a. In the solution struc-cysteines, i.e., C33, C42, C62, and C66. C62 is found at
ture of apoAtx1, the side chain of K65 is highly disor-the interface and is in contact with K62 of Atx1.
dered (Arnesano et al., 2001b).

The solution structure of Atx1 in the presence of oneComparison with Experimental Structures
equivalent of Ccc2a (adduct-Atx1, hereafter) has beenThe Cu(I)-Atx1 and apoCcc2a structures do not experi-
experimentally determined (Arnesano et al., 2001a). Thisence sizable changes upon complex formation in run A.
structure has intermediate features between those of the
free Cu(I)-bound and apo states of Atx1. The backbone

Table 4. Average Interatomic Distances between the Sulfur rmsd values between Cu(I)-Atx1 and adduct-Atx1 and
Atoms of Copper Binding Cysteines of Atx1 and Ccc2a and

between apoAtx1 and adduct-Atx1 are 1.27 and 1.45 Å,between the Sulfur Atoms and the Copper Ion Calculated over
respectively. For comparison, the rmsd between Cu(I)-the Ensemble of the Ten Best Structures of Cluster 1 for the
and apoAtx1 is 1.53 Å. Structural variations within theseTwo HADDOCK Runs
structures occur in the vicinity of the metal binding site

Interatomic Distance (Å)
(Arnesano et al., 2001a, 2001b). Apo and Cu(I)-Ccc2
structures are instead very similar (Banci et al., 2001).Atx1 Ccc2a Cu A B

The lowest pairwise backbone rmsd between twoCys 15 S
 Cys 13 S
 4.2 � 0.9 8.1 � 1.3
structures belonging to different ensembles is 1.7 Å,Cys 15 S
 Cys 16 S
 5.2 � 1.5 8.0 � 0.8
and it is found between structure 4 of run A and structureCys 18 S
 Cys 13 S
 5.0 � 1.5 7.0 � 2.0
3 of run B. In structure 4 of run A, the copper ion isCys 18 S
 Cys 16 S
 6.2 � 2.0 8.1 � 1.5

Cys 15 S
 Cu 2.1 � 0.1 7.9 � 1.5 the most protruded toward the Ccc2a protein and at
Cys 18 S
 Cu 2.0 � 0.1 7.0 � 2.5 bonding distance from the N-terminal Cys of the CxxC

Cys 13 S
 Cu 3.7 � 1.5 2.2 � 0.2 motif of Ccc2a. Notably, the Atx1 protein of structure 4
Cys 16 S
 Cu 6.1 � 1.5 2.2 � 0.2

of run A is also the closest to the NMR structure of
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backbone rmsd of 3.0 � 0.2 Å is obtained for the overlap-
ping segments. Atx1 is superimposed on one monomer
of Hah1, and Ccc2a is superimposed on the other mono-
mer, on the basis of the structure-based multiple se-
quence alignment of Hah1, Atx1, and Ccc2a, excluding
gaps. Taking into account sequence variations between
Hah1, Atx1, and Ccc2a and that Atx1:Ccc2a is a hetero-
dimeric complex while Cu(I)-Hah1 is a homodimer, the
structures can be considered remarkably similar. It has
been pointed out that CxxC motifs in the Hah1 dimer
are stabilized by a hydrogen bonding network in addition
to the copper coordination (Wernimont et al., 2000). In
particular, an intermolecular hydrogen bond between
the sulfur of the N-terminal cysteine of the motif (C12)
and the side chain oxygen of a conserved threonine (T11)
preceding the same cysteine, on the opposite protein
molecule, is observed in the Hah1 structure. In our struc-
tures, the distance between these two atoms is too large
(about 8–9 Å), but a 4�–5� rotation of the Atx1 moiety
with respect to Ccc2a is sufficient to form such hydrogen
bond (Figure 4B).

Discussion

Mechanistically, it has been proposed that a low activa-
tion barrier for metal transfer between partners results
from complementary electrostatic forces that ultimately
orient the metal binding loops of Atx1 and Ccc2 for
formation of copper-bridged intermediates (Huffman
and O’Halloran, 2000). In addition, comparison of the
Atx1 structure with the structures of homologous metal-
lochaperones indicates that in most of the cases metal
binding affects a hydrophobic patch around the metal
site, possibly for tuning and optimizing the hydrophobic
interactions with the ATPase domains (Banci et al.,Figure 3. Hydrogen Bonding Interactions and Electrostatic Surface

Potential of the Atx1:Ccc2a Complex 2003). The robustness of the HADDOCK approach is
(A) Conserved hydrogen bonding interactions in the structures of demonstrated by the close proximity of the copper bind-
the complex generated by HADDOCK. Atx1 is shown in blue, Ccc2a ing CxxC motifs in the calculated complex structures,
is shown in orange, and the Cu(I) ion is represented as a blue sphere. which is not imposed by any restraint and supports
Residues involved in hydrogen bonding interactions and the copper a direct metal ion exchange. Indeed, the ambiguous
binding cysteines are indicated.

interaction restraints, based on chemical shift perturba-(B) Electrostatic surface potential (left side) and ribbon representa-
tion data obtained from NMR titration experiments, intion (right side) of the complex. The positively charged, negatively

charged, and neutral amino acids are represented in blue, red, and principle, contain no information on the relative orien-
white, respectively. In the bottom view, the molecules are rotated tation of the two partners in the complex. The discri-
by 90� to show the interaction surfaces. mination between orientations comes mainly from the

electrostatic and van der Waals energy terms. Atx1 pos-
sesses multiple positively charged residues on its sur-adduct-Atx1, with a backbone rmsd value of 1.2 Å be-

tween the two structures. face (Rosenzweig et al., 1999; Arnesano et al., 2001b),
while Ccc2 possesses multiple negatively charged resi-The structures with the lowest intermolecular energies

in test HADDOCK calculations (Dominguez et al., 2003) dues (Banci et al., 2001). Most of them are strictly con-
served in all the eukaryotic homologs of the yeast pro-were the closest to the experimental structure of the

respective complexes (within 2.0 Å backbone rmsd). teins. Mutational studies on Atx1 reveal that altering K24
and K28 to glutamates dramatically reduces the activityIn the absence of experimental structural data on the

Atx1:Ccc2a complex, the HADDOCK structures of the of Atx1, while mutations of K61 and K62 reduce function
to a lesser extent (Portnoy et al., 1999). In the presentcomplex can be compared with the X-ray structure of

Hah1, the human homolog of Atx1, which crystallizes docked complex, K24, K28, and K62 are involved in
stable intermolecular electrostatic interactions with glu-as a homodimer (Wernimont et al., 2000). The structure

of Cu(I)-Hah1 reveals a copper ion coordinated by cys- tamate and aspartate residues of Ccc2a (see Figure 3),
which are essential to properly orient the two molecules.teine residues from two adjacent Hah1 molecules in a

distorted tetrahedral array, with the fourth ligand weakly After protein-protein recognition, the copper ion is
transferred from Atx1 to apoCcc2a. Comparison of thebound (Wernimont et al., 2000). When superimposing

the ten structures of the HADDOCK ensemble generated Cu(I) and apoAtx1 structures reveals that the overall
folding in the two states is similar, with the exceptionin run A on the coordinates of Cu(I)-Hah1, an average
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Figure 4. Comparison of the Structure of the
Atx1:Ccc2a Complex with Experimental
Structures

(A) Overlay of the structure of the Atx1:Ccc2a
complex generated by HADDOCK and the
structures of Cu(I)-Atx1 (1FD8) and apoCcc2a
(1FVQ) used as input in the calculations. Atx1
and Ccc2a in the docked complex are shown
in dark gray, and the Cu(I) ion is shown as a
black sphere. The experimental structures of
Cu(I)-Atx1 and apoCcc2a and the Cu(I) ion are
shown in light gray. Details of the interaction
surface of the two proteins in the complex
and in the free forms are presented on the
right-hand side in the same orientation as in
the left side. The copper binding cysteines of
Atx1 and Ccc2a and residue K65 of Atx1 are
indicated.
(B) Overlay of the structure of the Atx1:Ccc2a
complex generated by HADDOCK and the di-
meric crystal structure of Cu(I)-Hah1 (1FEE), a
human homolog of yeast Atx1. The two mono-
mers of Hah1 and the Cu(I) ion are shown in
light gray. Details of the interaction surface
of the Atx1:Ccc2a complex and of the homo-
dimerization surface of Cu(I)-Hah1 are pre-
sented on the right-hand side in the same
orientation as in the left side. The cysteines
of the CxxC motif of Atx1, Ccc2a, and Hah1
and the conserved threonine residue before
the CxxC motif are indicated.

that helix �1 is shorter by one turn at the N terminus in charge of the Cu(I) bis thiolate center in Cu(I)-Atx1.
Therefore, they may have a role in the electrostatic con-the apo form (Arnesano et al., 2001b). The Cu(I) binding

cysteines move from a buried site in the bound metal trol of metal ion coordination.
Cyanobacteria have a peculiar cellular organizationform to a solvent-exposed conformation on the surface

of the protein after copper release. In addition, the posi- that involves intracellular compartments called thyla-
koids containing cytochrome c oxidase and plastocya-tive charge of the side chain of K65 (loop 5) of Atx1 is

no longer attracted to the protonated cysteines when nin, both proteins requiring copper to function. In these
bacteria, two copper transporting ATPases are present,copper is released. In fact, in apoAtx1, K65 moves away

from the metal site, favored by a concomitant translation CtaA and PacS (Tottey et al., 2002). The former is located
on the external cellular membrane and is involved inof helix �2 and loop 5 (Arnesano et al., 2001b). Mutation

of K65 of Atx1 to glutamate abrogates the function of copper uptake, while the latter is on the thylakoid mem-
brane and transports copper inside this compartmentthis protein (Portnoy et al., 1999), thus highlighting its

important role in metallochaperone function. In contrast, for its delivery to copper-requiring proteins (Tottey et
al., 2001). Copper is shuttled between these twoCcc2a contains a phenylalanine residue at this position

(Arnesano et al., 2002). ATPases by a small soluble protein, homologous to
yeast Atx1, which is able to interact with the solubleAll the changes associated with Cu(I) release from

Atx1 are observed in most conformers of HADDOCK copper binding domains of both ATPases (Tottey et al.,
2002). Interestingly, this copper chaperone possessescalculations, where residues at the interface are free

to move (see Figure 4A). In Cu(I)-Atx1, residues 17–20, a histidine residue on loop 5 in the corresponding posi-
tion of K65 in yeast Atx1. The imidazole ring of theconstituting the first turn of helix �1, determine an attrac-

tive interaction between the field generated by the helix histidine is proposed to provide a putative third copper
ligand and to influence the direction of metal transfer inand the cysteine thiolates, whereas they are not in a

helical structure in apoAtx1, as well as in many conform- the interaction of the chaperone with the N-terminal
domains of the two ATPases, PacS and CtaA (Caveters of the docked complex. K65, which is found very

close to copper in the Cu(I)-Atx1 structure and is disor- et al., 2003). An outward movement of the histidine,
analogous to that of K65, would displace this predicteddered in apoAtx1, tends to form intermolecular hydrogen

bonds with Ccc2a in the docked complex. The peptide third copper ligand and promote copper release to
PacS. Conversely, entry of the histidine into a shareddipoles of the first turn at the N terminus of helix �1 and

the positive charge of the side chain of Lys 65 create a binding site with CtaA would favor release to Atx1.
In yeast, structural changes between Cu(I)- andmore positive potential which stabilizes the negative
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�� values plus 1 
 (standard deviation). Solvent-accessible residuesapoAtx1 are also accompanied by an increase in the
whose cross-peaks in NMR spectra disappeared upon complexnumber of conformational exchange processes in a milli-
formation were also considered as “active.” The “passive” residuessecond to microsecond timescale (Arnesano et al.,
correspond to the residues that show a less significant chemical

2001a). Notably, this mobility involves Atx1 residues that shift perturbation and/or that are surface neighbors of the active
change the most in chemical shift perturbation analysis residues and have a high solvent accessibility (�50%). Thirteen

amino acids of Atx1 and ten amino acids of Ccc2a were used as(Arnesano et al., 2001a) and that are located at the inter-
“active” ambiguous interaction restraints (AIRs) (Table 1). By dis-face of the present docked complex. Thus, mobility in
playing these amino acids on the free form structures, we definedthis region of apoAtx1 could favor complex dissociation
13 “passive” amino acids for Atx1 and 10 for Ccc2a (Table 1). Theof the two proteins after copper release. On the other
position of the copper atom with respect to the ligand groups (C15

hand, the difference in the dynamic behavior observed and C18 in Atx1; C13 and C16 in Ccc2a) was defined by including
in the Cu(I)-loaded and apoCcc2a is less pronounced, additional distance restraints of 2.3 � 0.2 Å between the copper

and the sulfur atom. This distance corresponds to the one typicallyaccording to the fact that the two forms of the protein
used in NMR structure calculations. The use of distance restraintsare structurally very similar. Therefore, apoCcc2 is pre-
instead of covalent bonds for the copper atom allows somewhatorganized to some extent to receive the copper ion, and
more freedom in its position in the complex. These, together withindeed, HADDOCK calculations show that sulfur atoms
the AIR restraints used for docking, are available as Supplemental

of copper binding cysteines of Ccc2a get very close in Material (at http://www.structure.org/cgi/content/full/12/4/669/
the complex to the metal ion bound to Atx1 (run A) DC1). The force constants for the AIR restraints were set to 10 kcal

mol�1 Å�2 for the rigid-body docking stage and then scaled up to a(see Table 4). The dynamic behavior of Atx1 is therefore
final value of 50 kcal mol�1 Å�2 during the semiflexible simulatedimportant for Cu(I) delivery to Ccc2 and is activated by
annealing stage (see below). The effective distance reff was calcu-a trigger mechanism expelling Cu(I) from the Atx1 site.
lated as a sum average (reff � [�1/r6]�1/6) over all individual pairwiseIn some HADDOCK conformers of run A, a rotation of
combinations. All atoms of a residue are taken into account in the

the Atx1 C18 side chain primes the Cu(I) ion to bind to sum, since, despite the fact that the interaction is typically monitored
Ccc2a cysteines. These structures are the closest to by NMR on the backbone (HN,N), direct intermolecular contacts are

more likely to involve side chain atoms (for details, see Dominguezthose calculated starting from apoAtx1 and Cu(I)-Ccc2a,
et al., 2003). The AIR restraint will be satisfied as soon as any oneindicating that they represent well a copper-bridged in-
of the distances entering the sum average are within the definedtermediate state with Cu(I) bound by both molecules.
cut-off distance (2 Å).The Atx1 moiety in these structures is more similar to

the experimentally determined (Arnesano et al., 2001a)
Docking Protocol

structure of Atx1 in the presence of Ccc2a. Summariz- The docking calculations were performed with the standard HAD-
ing, in the adduct copper is structurally and energetically DOCK protocols as described in Dominguez et al. (2003). For each
favored to move toward its recipient protein, and thus run, 500 rigid-body docking solutions were first generated by energy

minimization. The driving force for the docking at this stage comeswe obtain from these calculations a very reliable model
mainly from the AIR restraints and from van der Waals and electro-of the complex.
static energy terms once the structures are within the nonbondedDocking calculations, here applied to a eukaryotic
cut-off (8.5 Å). The 100 best solutions according to the AIR restraint

copper trafficking system, revealed the interaction energy (as defined in Dominguez et al., 2003) were subjected to
mode and indicated structural changes at the basis of semiflexible simulated annealing in torsion angle space followed by
the metal transfer process. The calculated complex a final refinement in explicit water (Linge et al., 2003). During the

simulated annealing and the water refinement, the amino acids atstructures can contribute to identify crucial residues
the interface (side chains and backbone) are allowed to move toat the interface between the two proteins and are in
optimize the interface packing. The interface amino acids, whichagreement with data available from mutational analysis.
constitute the flexible segments, are defined by the active and pas-

HADDOCK calculations were performed leaving the sive amino acids used in the AIRs � 2 sequential amino acids (Table
backbone and the side chains of residues at the inter- 1). The nonbonded energies were calculated with the OPLS parame-
face free to adapt their conformation upon complex ters (Jorgensen and Tirado-Rives, 1998) using a 8.5 Å cut-off. The

electrostatic energy was calculated with an epsilon value of 1. Whileformation. Therefore, examination of the structural en-
this choice might result in strong electrostatic interactions duringsembles also provides hints on the structural changes
the vacuum part of the protocol (rigid-body docking and semiflexibleoccurring in both protein partners before and after dock-
annealing), no deformations of the structures are expected, since

ing. These results are relevant for a large number of a major part of them is kept rigid. The final refinement stage, during
metal trafficking proteins sharing the same fold of Atx1 which more flexibility is introduced, is performed in the presence
and Ccc2a and containing a similar consensus motif for of explicit solvent.
metal binding. Among them are the human metallochap-
erone Hah1, a structural homolog of Atx1 that delivers Analysis

The final structures were clustered using pairwise backbone rmsd:Cu(I) to soluble metal binding domains of Menkes and
structures were superimposed on backbone atoms of Atx1, and theWilson proteins, two human ATPases homologous to
rmsd was calculated on backbone atoms of both partners. A clusteryeast Ccc2 and involved in severe neurological disor-
was defined as an ensemble of at least four conformations dis-

ders related to copper transport and homeostasis. playing a pairwise rmsd smaller than 1.75 Å. Clusters were ranked
according to their average interaction energies. The buried surface
area was calculated by taking the difference between the sum ofExperimental Procedures
the solvent-accessible surface area for each partner separately and
the solvent-accessible area of the complex. The solvent-accessibleDefinition of AIRs

The “active” residues correspond to all residues showing a signifi- area was calculated using a 1.4 Å water probe radius. The ten best
structures of the lowest energy cluster of each HADDOCK run werecant chemical shift perturbation (��) upon complex formation as

well as a high solvent accessibility in the free form of the protein analyzed in terms of intermolecular contacts, and an average struc-
ture was calculated by superimposing the structures on the back-(�50% relative accessibility as calculated with NACCESS) (Domin-

guez et al., 2003). The threshold to define significant chemical shift bone atoms of the flexible segments (Table 1). Intermolecular con-
tacts (hydrogen bonds and nonbonded contacts) were analyzedperturbations was taken for each protein as the average over all the
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with DIMPLOT, which is part of the LIGPLOT software (Wallace et McDonald, I.K., and Thornton, J.M. (1994). Satisfying hydrogen
bonding potential in proteins. J. Mol. Biol. 238, 777–793.al., 1995), using the default settings (3.9 Å heavy-atoms distance

cut-off for nonbonded contacts; 2.7 Å and 3.35 Å proton-acceptor O’Halloran, T.V., and Culotta, V.C. (2000). Metallochaperones, an
and donor-acceptor distance cut-offs, respectively, with minimum intracellular shuttle service for metal ions. J. Biol. Chem. 275, 25057–
90� angles [D-H-A, H-A-AA, D-A-AA] for hydrogen bonds) (McDonald 25060.
and Thornton, 1994). Portnoy, M.E., Rosenzweig, A.C., Rae, T., Huffman, D.L., O’Halloran,

T.V., and Cizewski Culotta, V. (1999). Structure-function analyses of
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