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The molecular details of how copper (Cu) is transferred from the human Cu chaperone Atox1 to metal-
binding domains (MBDs) of P1B-type ATPases are still unclear. Here, we use a computational approach,
employing quantum mechanics/molecular mechanics (QM/MM) methods, to shed light on the reaction
mechanism [probable intermediates, Cu(I) coordination geometries, activation barriers, and energetics] of
Cu(I) transfer from Atox1 to the fourth MBD of Wilson disease protein (WD4). Both Atox1 and WD4 have
solvent-exposed metal-binding motifs with two Cys residues that coordinate Cu(I). After assessing the existence
of all possible 2-, 3- and 4-coordinate Cu-intermediate species, one dominant reaction path emerged. First,
without activation barrier, WD4’s Cys1 binds Cu(I) in Atox1 to form a 3-coordinated intermediate. Next,
with an activation barrier of about 9.5 kcal/mol, a second 3-coordinated intermediate forms that involves
both of the Cys residues in WD4 and Cys1 of Atox1. This species can then form the product by decoordination
of Atox1’s Cys1 (barrier of about 8 kcal/mol). Overall, the Cu-transfer reaction from Atox1 to WD4 appears
to be kinetically accessible but less energetically favorable (∆E ) 7.7 kcal/mol). Our results provide unique
insights into the molecular mechanism of protein-mediated Cu(I) transfer in the secretory pathway and are in
agreement with existing experimental data.

Introduction

Intracellular copper (Cu) levels are tightly regulated, because,
even though Cu is an essential trace metal found in the active
sites of key enzymes, it can be toxic at high levels. Cells utilize
highly conserved pathways to manage the uptake, storage, and
export of Cu.1,2 These metal-homeostasis pathways require high
protein-protein specificity, to avoid the mishandling of the
metal and irreversible macromolecular oxidation, and generally
involve a Cu chaperone that binds and delivers Cu to cellular
targets. In the case of Cu transport to the secretory pathway,
this specificity appears to arise from the fact that the metal-
lochaperone and target domains share the same fold and metal-
binding motif.

In humans, the Cu chaperone Atox1 (or HAH1) delivers Cu(I)
to the metal-binding domains (MBDs) of two P1B-type ATPases:
the Menkes (ATP7A) and Wilson (ATP7B) disease proteins.3-5

Each ATPase has six soluble MBDs, which have been shown
to interact differently with Atox1 in a metal-dependent manner.6-12

Both Atox1 and the MBDs bind one Cu(I) through two Cys
residues located in a conserved MX1C1X2X3C2 motif.13,14 Cu(I)
transfer is believed to occur through an Atox1-Cu-MBD

adduct in which Cu(I) is transiently shared by the two
proteins15-18 and might involve 2-, 3- and/or 4-coordinate Cu
intermediates17,19,20 (Table 1). However, the mechanism, ther-
modynamics, and kinetics of this reaction are unknown. In this
work, we investigated the reaction pathway of Cu(I) transfer
from holo-Atox1 to the fourth MBD in ATP7B (WD4) using
quantum mechanics/molecular mechanics (QM/MM) calcula-
tions (Figure 1). Although Atox1 selectively transfers Cu(I) to
both WD2 and WD4 in vivo, WD4 was chosen as the target
domain because there is a PDB-reported structure only for
WD411 and also because WD4 is the strongest Atox1 binder in
vitro10 and in silico.21 Upon probing all different possible
reaction pathways, we found that 3-coordinated intermediates,
in which Cu(I) is shared by either of the Cys1 residues from
both proteins, are more stable than 2- or 4-coordinated
intermediates. Also, it emerged that, whereas the Cu(I)-transfer
reaction from Atox1 to WD4 is kinetically feasible, it is less
energetically favorable.

Computational Methods

Initial Structures for Molecular Dynamics Simulations.
The initial structure for the reactant heterocomplex was taken
from our previously generated holo-Atox1-WD4 heterocomplex
structure,21 which consists of apo-WD4 (2ROP11) and the final
structure of holo-Atox1 obtained after molecular dynamics (MD)
simulations.22 The initial structure for the product heterocomplex
(consisting of apo-Atox1 and holo-WD4) is the same as the
reactant structure, except that the Cu(I) atom coordinates the
two Cys residues in WD4. At the time we started this analysis,
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the structure of Atox1-Cu-MK1 was not available.17 There-
fore, the relative orientation of the proteins in the Atox1-WD4
heterocomplex was obtained by homology threading calcula-
tions23 using the holo-Atox1 homodimer crystal structure (1FEE)
as a reference.19 Based on NMR data, including the recently
published Atox1-Cu-MK1 structure,10,11,17,24,25 the contact
regions in our heterocomplexes match the contact regions in
the metallochaperone-target adduct.

MD Simulations. All simulations were performed using
Amber 926-29 as described in ref 21. The initial structures were
immersed in a pre-equilibrated truncated octahedral cell of
TIP3P explicit water molecules,30 and counterions were added
to neutralize the systems;29 water molecules extended at least
10 Å from the surface of the proteins. The coordinating Cys
and Cu(I) in the holo forms were parametrized as described in
ref 22 for the reactant [Cu(I) coordinated to Atox1] and using
the parameters developed in ref 21 for the product [Cu(I)
coordinated to WD4]. The rest of the protein atoms were
described with the parm99SB force-field parametrization.31 The
protonation state of the titratable residues corresponds to the
stable form at pH 7. Simulations were performed in the NPT
ensemble (constant pressure of 1 atm and temperature of 300
K were maintained using the Berendsen coupling scheme32),
employing periodic boundary conditions. The SHAKE algorithm
was employed to keep bonds involving hydrogen atoms at their
equilibrium lengths.33 The systems were optimized and equili-
brated for 200 ps at 300 K. The structures were then simulated
until the root-mean-square deviation (rmsd) as a function of
time was stable for at least 50 ns, although the total simulation
time was ∼120 ns for each. Values of rmsd and rms fluctuations
(rmsf) per residue were calculated for each system using the
ptraj module of Amber 9.26-29

Free Energy Calculations. Atox1-WD4 binding free ener-
gies (∆G) for both reactant and product heterocomplexes were
estimated using the sietraj program.34,35 This program calculates
∆G for snapshot structures from the MD simulations as the sum

of the intermolecular van der Waals and Coulomb interactions
plus the change in reaction field energy (determined by solving
the Poisson-Boltzmann equation) and nonpolar solvation energy
(proportional to the solvent-accessible surface area). ∆G is then
scaled by an empirically determined factor based on binding
affinities in solution.34 The scaling can be considered a crude
treatment of entropy-enthalpy compensation, but still contains
the caveats of implicit solvation.34,36 Here, we estimated ∆G
by averaging 500 calculations from the last 50 ns of the MD
simulations of the two heterocomplexes.

Initial Structure for QM/MM Calculations. A snapshot
from the MM/MD simulation of the reactant Atox1-WD4
heterocomplex, in which WD4’s Cys residues were close to
Atox1’s active site [dS-Cu(I) < 5 Å], was selected as the initial
structure of the reactant. Starting from this structure, we
simulated 1 ns of MD constraining WD4’s Cys geometries by
applying a harmonic constraint to both SWD4-CuAtox1 distances
(equilibrium distance of 3.5 Å) and to both of WD4’s Cys
dihedral angles along the axis of the CA-CB bond, so that SG
pointed toward Atox1’s Cu(I) atom. This was followed by a
simulated annealing calculation (200 ps) in which the temper-
ature was slowly decreased to 0 K, applying the same geo-
metrical constraints. We then performed a free MM geometry
optimization of the whole system, followed by a QM/MM
optimization in which the Cu(I) atom plus the four methylthi-
olate groups of the Cys residues were treated as the QM
subsystem (see simulation details below).

QM/MM Calculations. Simulations were performed with a
QM/MM implementation37 of the SIESTA code38 in which the
QM subsystem was treated at the density functional theory
(DFT) level. For all atoms, basis sets of double-� plus
polarization quality were employed, with a pseudoatomic orbital
energy shift of 25 meV and a grid cutoff of 150 Ry.38 All QM/
MM calculations were performed using the PBE functional,39

in the low-spin state. This combination of functional, basis set,
and grid parameters was previously validated for the isolated

TABLE 1: List of Reactant, Product and All Possible Intermediates in the Cu-Transfer Reaction from holo-Atox1 to apo-WD4,
Indicating the Corresponding Cu(I) Center Geometrya

a S1 and S2, Atox1’s Cys1(SG) and Cys2(SG), respectively; S3 and S4, WD4’s Cys1(SG) and Cys2(SG), respectively.
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model systems22 [Cu+(CH3S-)2]-1 and [Cu+(CH3S-)3]-2 and in
similar molecular systems that include Cu atoms.21,22,40

To investigate the reaction mechanisms of Cu(I) transfer from
holo-Atox1 to WD4, we performed QM/MM restrained energy
optimizations along selected reaction coordinates (Table 2). For
this purpose, an additional term is added to the potential energy
according to the expression V(�) ) k(� - �0)2, where k is an
adjustable force constant, � is the value of the reaction
coordinate in the system-particular configuration, and �0 is the
reference value of the reaction coordinate. By varying �0, the
system is forced to follow the minimum reaction path along
the given coordinate. In all cases, the force constant was 100
kcal/(mol Å2).

For reactions A-S, the Cu(I) atom plus the four methylthi-
olate groups of Atox1’s Cys12 and Cys15 (Cys1A and Cys2A)
and WD4’s Cys14 and Cys17 (Cys1W and Cys2W) were selected
as the QM subsystem, which comprises 21 atoms. For reactions
A′, B′, and R′ the Cu(I) atom, three methylthiolate groups, and
one methylthyol group (Cys2W, Cys1W, and Cys2A for reactions
A′, B′, and R′, respectively) were selected as the QM subsystem,
comprising 22 atoms. The rest of the protein, counterions, and
water molecules were treated classically. We allowed free
motion for the QM atoms and for the MM atoms located inside
a sphere of 12 Å from the QM subsystem center of mass. The

frontier between the QM and MM portions of the system (Cys
CA-CB bond) was treated by the SPLAM method.41 The MM
subsystem was treated using the Amber99 force-field param-
eterization42 for protein and counterions atoms and TIP3P for
water molecules.30

Results and Discussion

Finding the First Intermediate. Starting from the optimized
structure of holo-Atox1 and apo-WD4, the reactant (Figure 1),
we first probed the energetics of binding either of WD4’s Cys
residues (reactions A and B, Table 2, Figure 2). Coordination
of WD4’s Cys1 (Cys1W) occurs without activation energy (Ea),
and this intermediate, V, is more energetically stable than the
reactant (Table 3). Coordination of WD4’s Cys2 (Cys2W) occurs
with a nonzero Ea (Table 3) and yields a different intermediate
than expected: VII instead of VI (Table 1). This suggests that
the 3-coordinate intermediate in which Cu(I) is coordinated by
Cys1 from both proteins (VII) is more stable than the one in
which only Cys1 from Atox1 (Cys1A) coordinates Cu(I) (VI).

Because we wanted to assess the energetics of binding of
Cys2W, we performed two different reactions: (i) same as
reaction B but fixing Cys1W [reaction C, Table 2, Figure S1
(Supporting Information)], to avoid formation of intermediate
VII, and (ii) starting from intermediate VII to obtain intermedi-
ate VI [reaction D, Table 2, Figure S1 (Supporting Informa-
tion)]. Both reactions yield the desired intermediate VI, which
has higher energy than the reactant (Table 3) and is not at a
minimum in the potential energy surface (Figure S1, Supporting
Information). From these reactions, it appears that Cys1W will
bind first to Cu-Atox1 to form a stable 3-coordinated inter-
mediate (V). Binding of Cys2W alone (without subsequent
binding of Cys1W) is not energetically or kinetically favorable.

To assess the possibility of a 2-coordinated species being the
first intermediate of the Cu-transfer reaction, we performed
reactions E-H (Table 2, Figure 3). None of these reactions

Figure 1. Top: QM/MM-optimized structure of the holo-Atox1-WD4
heterocomplex that involves the reactant (i.e., Cu-Atox1 and apo-
WD4). The QM subsystem [Cu(I) plus four methylthiolate groups] is
shown in licorice style; the rest of the system (protein plus solvent)
corresponds to the MM subsystem. Bottom: Enlargement of holo-Atox1
and WD4 active sites. The QM subsystem is shown in licorice style,
and relevant MM residues (Atox1’s Thr11 and Lys60, plus three water
molecules) are shown in CPK style. The sulfur atoms of Cys12 and
Cys15 in Atox1 (Cys1A and Cys2A) and Cys14 and Cys17 in WD4
(Cys1W and Cys2W) are referred to as S1, S2, S3, and S4, respectively,
in Tables 1, 2, and 4 and Figures 2-7 and S1-S9 (Supporting
Information).

TABLE 2: Definition (�a) and Initial (�initial) and Final (�final)
Valuesb of the Reaction Coordinate for Each Reaction A-S,
A′, B′, and R′ c

reaction reaction coordinate (�) �initial �final

A S3-Cu 3.5 2.3
B S4-Cu 3.8 2.3
C S4-Cu 3.8 2.3

S3-Cu 3.5 3.5
D (S2-Cu) - (S3-Cu) 0.7 -1.3
E (S1-Cu) - (S3-Cu) -1.4 1.4
F (S2-Cu) - (S3-Cu) -1.4 1.4
G (S2-Cu) - (S4-Cu) -1.6 1.4
H (S1-Cu) - (S4-Cu) -1.6 1.4
I (S3-Cu) + (S4-Cu) - (S1-Cu) 5.1 0.8
J (S3-Cu) + (S4-Cu) - (S2-Cu) 5.1 0.8
K (S3-Cu) + (S4-Cu) 7.3 4.6
L S1-Cu 2.3 3.6
M S2-Cu 2.3 3.6
N S4-Cu 3.6 2.3
O (S1-Cu) - (S4-Cu) -1.3 1.3
P (S2-Cu) + (S4-Cu) -1.3 1.3
Q (S1-Cu) + (S2-Cu) - (S4-Cu) 1.0 5.0
R S1-Cu 2.3 4.0
S (S3-Cu) + (S4-Cu) - (S1-Cu) - (S2-Cu) 2.9 -2.8
A′ S3-Cu 3.5 2.3
B′ S4-Cu 3.7 2.3
R′ S1-Cu 2.3 3.7

a � is always defined as a linear combination of the distance
between Atox1’s and WD4’s Cys1(SG) and Cys2(SG) (S1-S4) and
Cu(I). b Both values in Å. c S1 and S2, Atox1’s Cys1(SG) and
Cys2(SG), respectively; S3 and S4, WD4’s Cys1(SG) and Cys2(SG),
respectively.
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occur in a concerted fashion; instead, they all proceed through
formation of a 3-coordinated intermediate, which is always more
stable than the product. This suggests that 2-coordinated
intermediates are not likely to occur during the Cu(I)-transfer
process from Atox1 to WD4. To form 2-coordinated species in
which Cys1W is bound to Cu(I), both reactions E and F start by
binding Cys1W to form the stable 3-coordinated intermediate
V with no Ea (Table 3, Figure 3). Following formation of
intermediate V, the reactions continue to obtain the 2-coordi-
nated metastable species. In both cases, decoordination of either
of Atox1’s Cys residues occurs with a large kinetic barrier.
However, species II is more stable than I, suggesting again that
intermediates in which the Cys1 residues from both Atox1 and
WD4 are bound to Cu(I) are the most stable. On the other hand,

neither reaction G nor reaction H yields the desired intermediate
(Figure 3), suggesting that these two dicoordinated intermediates
(III and IV) are not stable species in the Cu-transfer reaction
and, therefore, are not likely to be populated in vivo or in vitro.
Both reactions begin by coordination of both of WD4’s Cys
residues and decoordination of Atox1’s Cys2 (Cys2A), to form
the stable 3-coordinated intermediate VII (Table 3, Figure 3).
As in reaction B, this step occurs with Ea ≈ 2-4 kcal/mol. In
the case of G, the reaction continues to form a similar
3-coordinated intermediate VII, which only differs by ∼1 kcal/
mol. In the case of H, the reaction continues to form the final
product of the global reaction, which is higher in energy by
∼8 kcal/mol. Overall, based on reactions E-H, we propose that
(i) 3-coordinated intermediates are more stable than 2-coordinate
intermediates in the Cu-transfer reaction and (ii) the 3-coordi-
nated intermediate V (more reactant-like) is more stable than
the 3-coordinated intermediate VII (more product-like).

We next explored the possibility of obtaining the 3-coordi-
nated intermediates VII or VIII as the first intermediates of
the reaction [reactions I and J, Table 2, Figure S2 (Supporting
Information)] starting from the reactant geometry. As for
reactions E-H, both reactions I and J proceed in a nonconcerted
way, starting by the initial binding of Cys1W to form intermedi-
ate V, with no (reaction I) or small (reaction J) kinetic barrier
(Table 3). However, as opposed to reaction J, reaction I does
not yield the desired intermediate VIII, suggesting that inter-
mediate VII and not VIII is likely an intermediate of the global
Cu(I)-transfer reaction. In the case of reaction I, the reaction
proceeds to form the final product of the global reaction, with
a kinetic barrier of ∼8 kcal/mol. On the other hand, in reaction
J, the reaction continues from intermediate V to finally form
species VII, after overcoming an energy barrier (Ea) of ∼9 kcal/
mol.

Next, we calculated the energy profile of forming the
4-coordinated species (intermediate IX), in which Cu(I) is
coordinated by both Cys residues of Atox1 and WD4 (reaction
K, Table 2, Figure 4). In agreement with all reactions above,
the initial step involves binding of Cys1W without a kinetic

Figure 2. Potential energy profile (kcal/mol) along the corresponding reaction coordinate (Å) defined in Table 2 for reactions A (blue) and B (red).
A schematic of the species (defined in Table 1) involved in each reaction is also shown.

TABLE 3: Activation Energy (Ea), Difference in Potential
Energy (∆E), and Type of Intermediate Found for Each
Reaction A-S, A′, B′ and R′, for the Corresponding First,
Second, or Third Step

Ea (kcal/mol) ∆E (kcal/mol) intermediate-like

reaction first second third first second third first second

A 0 - - -4.5 - - - -
B 2.9 - - -1.3 - - - -
C 6.0 - - 6.0 - - - -
D 4.5 - - 4.5 - - - -
E 0 17.3 - -4.2 17.3 - V -
F 0 10.8 - -4.0 10.8 - V -
G 2.2 1.2 - -1.4 1.2 - VII -
H 4.0 7.8 - -2.3 7.8 - VII -
I 0 8.4 - -1.5 8.4 - V -
J 1.3 8.9 - -2.0 8.9 - V -
K 0 5.6 - -2.9 5.6 - V -
L 17.5 - - 17.5 - - - -
M 12.6 - - 12.6 - - - -
N 7.5 - - 7.5 - - - -
O 11.5 3.8 - 9.6 3.0 - VIII -
P 9.5 - - 6.4 - - - -
Q 10.1 2.1 3.7 8.6 -0.8 2.1 VII VII
R 8.1 - - 5.8 - - - -
S 2.8 5.3 7.1 -3.4 2.3 6.8 V VII
A′ 0 - - -3.5 - - - -
B′ 6.1 - - 6.1 - - - -
R′ 10.2 - - 4.2 - - - -
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barrier, to form intermediate V (Table 3). Finally, Cys2W binds
to form the metastable tetrahedral intermediate with Ea ≈ 6 kcal/
mol. Intermediate IX is not a minimum in the energy profile,
suggesting that a tetrahedral species is not likely to be a probable
intermediate in the Cu-transfer reaction between these proteins.

Overall, these calculations suggest that the initial step in the
global Cu-transfer reaction from Atox1 to WD4 is coordination
of Cys1W to form 3-coordinated intermediate V. This reaction

occurs with no or small activation barrier and is energetically
favorable. Also, intermediate VII appears to be another 3-co-
ordinated intermediate likely to occur during the global reaction.

Finding the Second Intermediate. Once the first intermedi-
ate was identified, we continued exploring the reaction mech-
anism by assessing the existence of a second intermediate. First,
we probed the possibility of a 2-coordinated intermediate
occurring after intermediate V [reactions L and M, Table 2,
Figure S3 (Supporting Information)]. Consistent with reactions
E and F, 2-coordinated intermediates I and II are not stable
species in the potential energy profile, and both are formed with
large kinetic barriers (Table 3). Next, we assessed the formation
of a tetrahedral intermediate after intermediate V [reaction N,
Table 2, Figure S4 (Supporting Information)]. This reaction
occurs with Ea ≈ 8 kcal/mol and yields a metastable intermediate
IX (Table 3), supporting our previous conclusions based on
reaction K.

Once 2- and 4-coordinated species were ruled out from the
reaction mechanism based on our findings, we investigated the
potential energy profiles of binding Cys2W and decoordinating
either Cys1A or Cys2A to form 3-coordinated intermediates VII
and VIII from intermediate V (reactions O and P, Table 2,
Figure 5). Reaction O proceeds with high Ea and the formation
of one intermediate that is similar to the product of this reaction
(intermediate VIII). On the other hand, reaction P proceeds in
a concerted fashion, yielding the stable intermediate VII after
overcoming an activation barrier of 9.5 kcal/mol (Table 3).
Consistent with our previous results based on reactions E-H,

Figure 3. Potential energy profile (kcal/mol) along the corresponding reaction coordinate (Å) defined in Table 2 for reactions E (black), F (green),
G (red), and H (blue). A schematic of the species (defined in Table 1) involved in each reaction is also shown.

Figure 4. Potential energy profile (kcal/mol) along the corresponding
reaction coordinate (Å) defined in Table 2 for reaction K. A schematic
of the species (defined in Table 1) involved in the reaction is also shown.
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intermediate V is more stable than intermediate VII by ∼6 kcal/
mol, and it is kinetically more feasible to form VII than VIII.

We also probed the possibility of a concerted reaction toward
the reaction product from intermediate V [reaction Q, Table 2,
Figure S5 (Supporting Information)]. As expected, this reaction
does not occur in a concerted fashion, but instead proceeds with
the existence of two VII-like intermediates that are similar in
energy, after overcoming an activation barrier of ∼10 kcal/mol
(Table 3). All together, this group of reactions supports the
existence of the 3-coordinated species VII as the second
intermediate of the global Cu-transfer reaction from Atox1 to
WD4. These results again emphasize that 3-coordinated species
are more stable than 2- or 4-coordinated species.

We finally studied the last step of the reaction, in which,
starting from intermediate VII, Cys1A is decoordinated from
Cu(I) [reaction R, Table 2, Figure 6]. This reaction occurs with
Ea ≈ 8 kcal/mol to yield the product of the reaction, which is
∼6 kcal/mol less stable than the second intermediate VII (Table
3).

Overview of the Reaction Mechanism. Based on all of the
above reactions, we can suggest the most probable reaction
mechanism of Cu(I) transfer from holo-Atox1 to apo-WD4
(Figure 7). The proposed reaction involves the two 3-coordinated
intermediates V and VII, in which the Cys1 residues of both
Atox1 and WD4 are always coordinated to the Cu(I) ion. Table
4 lists relevant geometrical parameters of the reactant, the two
intermediates, and the product of the reaction. In all cases, the
Cu center is surrounded by three water molecules that form
hydrogen bonds with Cys1A, Cys1W, and Atox1’s Thr11 (see
Figure 1 for the reactant). Neither 2- nor 4-coordinated species
appear to be intermediates of this reaction. Our results agree
with mutagenesis and NMR experiments on two similar Cu
chaperone-Cu-MBD adducts in which only three of the four
functional Cys residues were required for adduct formation.17,43

These NMR results suggested that the Cys1 residues of both
the metallochaperone and target domain were strictly required
for adduct formation,17,43 which completely validates our
identification of intermediates V and VII as the two intermedi-
ates of the Cu(I)-transfer reaction. Also, the intermediates V

and VII in our proposed reaction mechanism agree with the
holo-Atox1 homodimer crystal structure, which suggested Cys1
as the first Cys to bind Cu(I) during Cu(I) transfer.19 Binding
of Cys1W as the first step of the Cu(I)-transfer reaction was not
unexpected, because the first Cys residue is located in a surface-
exposed loop and is always more exposed than the second Cys
residue in this family of proteins,44 which facilitates initial
formation of the ternary complex.

Our proposed reaction mechanism was further validated by
performing a final calculation in which the reaction coordinate
was defined to go from the reactant all the way to the product
[reaction S, Table 2, Figure S6 (Supporting Information)]. In
this calculation, we can observe how the global reaction occurs,
step by step, with sequential formation of the two intermediates
V and VII, confirming all of our above predictions that are based
on assessing individual steps. Moreover, upon inspection of
reaction S, we note that the product of the reaction is less stable
than the reactant.

The first step of the overall reaction (reaction A) proceeds
without a kinetic barrier to form the first intermediate V, which
is the most stable species of all (Figure 7). This result is in
agreement with the observation of a stable Cu-dependent
heterocomplex that Atox1 and WD4 form in vitro45 and with
the ability to detect a similar Atox1-MBD Cu-dependent adduct
by NMR spectroscopy.17 After this initial step, the system has
to overcome the rate-limiting step, which is formation of the
second intermediate VII (reaction P), to finally form the product
(reaction R). The overall reaction A-P-R (Figure 7) has a
relatively low activation barrier, 9.5 kcal/mol, which suggests
that the overall reaction is kinetically feasible. However, our
results suggest that this reaction is not favored energetically,
with an overall ∆E value of 7.7 kcal/mol (Figure 7). In the
absence of a favorable thermodynamic gradient, a low activation
barrier can still allow for rapid Cu(I) transfer from the
metallochaperone to the target domain if this process is coupled
to subsequent Cu(I) translocation into the Golgi lumen and ATP
hydrolysis, as previously suggested.46 On the other hand, it is
tempting to speculate that, in the absence of a driving force
(i.e., ATP hydrolysis), formation of the Cu(I)-bridged hetero-
complex (species V) might be favored with respect to Cu(I)
transfer.45 However, we note that our QM/MM calculations do
not take into account entropic effects, which will likely drive
separation of the heterocomplex into individual species.

Figure 5. Potential energy profile (kcal/mol) along the corresponding
reaction coordinate (Å) defined in Table 2 for reactions O (blue) and
P (red). A schematic of the species (defined in Table 1) involved in
each reaction is also shown.

Figure 6. Potential energy profile (kcal/mol) along the corresponding
reaction coordinate (Å) defined in Table 2 for reaction R. A schematic
of the species (defined in Table 1) involved in the reaction is also shown.
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To explore the effect of Cys protonation in our proposed
reaction mechanism of Cu(I) transfer from Atox1 to WD4, we
repeated some of the key reactions [A′, B′ and R′, Table 2,
Figures S7-S9 (Supporting Information); compare reaction B′
with C] with the Cys residues that were free at both the
beginning and end of the calculation protonated (for this reason,
reactions O and P could not be performed). These results are in
agreement with our previous findings (Table 3) and also suggest
that our proposed reaction pathway, shown in Figure 7, and
our proposed reaction intermediates are independent of whether
the Cys residues that are not coordinating the Cu(I) atom are
protonated or not. This further suggests that deprotonation/
protonation of those Cys residues could occur before or after
Cu(I) binding to the other Cys residues.

Because our computed overall Cu-transfer reaction is endo-
thermic, we searched for molecular determinants that could
account for the difference in energy between the reactant and
product. Close to the active sites, the most important difference

between Atox1 and WD4 is the presence of Lys60 in Atox1,
which is a Phe residue in WD4. This Lys residue is believed to
stabilize the Cu-bound state by neutralizing the overall negative
charge of the Cu(I)-Cys2 center. Initially, we thought that the
presence of this Lys residue in Atox1 would account for the
lower energy of the reactant heterocomplex (as compared to
that of the product heterocomplex). However, inspection of the
active sites of the QM/MM-optimized structures of the reactant
and product reveals that the position of Lys60 is such that it is
close to both active sites (Table 4), being able to stabilize both
reactant and product states to the same extent. On the other
hand, although both proteins contain a Thr residue in position
X1 of the MX1CX2X3C motif, Thr is only close to the Cu(I)
center in Atox1 (Thr11), whereas in WD4 it is facing the
opposite side (Thr13) (Table 4). In the reactant, Atox1’s Thr11
is close to Cu(I), stabilizing in this way Atox1’s Cu-bound state.
Instead, this same residue is farther from Cu(I) in the product,
which might account, in part, for the reduced stabilization of
WD4’s Cu-bound state. The distance of Atox1’s Thr11 to Cu(I)
correlates with the relative energy in all species: reactant,
intermediates X and XII, and product (Table 4). We have
recently shown that both Thr11 and Lys60 in Atox1 are
necessary to ensure optimal Cu transfer to WD4 in vitro.45

Dynamics of Interactions in Reactant and Product Het-
erocomplexes. To gain insight into structural and dynamic
differences between the reactant and product, we performed MD
simulations of the reactant [i.e., Cu(I) coordinated to Atox1’s
Cys] and product [i.e., Cu(I) coordinated to WD4’s Cys]
heterocomplexes. Although both heterocomplexes are stable
during the ∼120-ns MD runs as indicated by the backbone rmsd
time evolution plot (Figure 8A), fluctuations are greater when
Cu(I) is bound to WD4 (Figure 8B). Residues that define the
Atox1-WD4 interface, including Atox1’s Cu loop, helix R1,
and R2-�4 loop and WD4’s Cu loop, helices R1 and R2, and
R2-�4 loop, are more flexible in the product. This agrees with
previous MD simulations on the individual proteins, which
suggest that, whereas Atox1’s flexibility is reduced upon Cu(I)
binding,22 WD4 retains its flexibility even when bound to
Cu(I).21

Figure 7. Top: Proposed reaction mechanism for the Cu-transfer reaction, showing a schematic of the Cu-center geometry of the reactant, two
intermediates, and the product (as defined in Table 1). The name of the reaction step, the activation energy (Ea, kcal/mol), and the difference in
potential energy (∆E, kcal/mol) are included for each step. Bottom: Schematic of the potential energy (kcal/mol) as a function of the generalized
reaction coordinate, showing the relative energies of the reactant (R), intermediates V and VII, and product (P), as well as the two transition states
(TS1 and TS2).

TABLE 4: Relevant Distances (in Å) and Angles (in
Degrees) from the Four Species of the Cu-Transfer
Mechanism: Reactant, Product, and Intermediates V and
VIIa

reactant intermediate V intermediate VII product

S1-Cu 2.18 2.29 2.35 3.97
S2-Cu 2.19 2.33 3.26 3.70
S3-Cu 3.54 2.37 2.32 2.16
S4-Cu 3.77 3.60 2.43 2.15
S1-Cu-S2 158.4 134.8 101.9 79.7
S2-Cu-S4 101.6 101.6 106.8 104.9
S4-Cu-S3 70.5 77.2 106.7 158.2
S3-Cu-S1 90.8 104.5 109.3 83.5
T11A(OG1)-Cu 3.61 3.49 4.34 4.71
T11A(OG1)-S3 3.94 3.75 3.83 3.78
T13W(OG1)-Cu 6.10 6.27 5.57 6.02
T13W(OG1)-S1 4.91 4.97 4.89 4.84
K60A(NZ)-Cu 3.79 3.75 3.51 3.17
K60A(NZ)-S2 3.13 3.09 3.05 3.06
K60A(NZ)-S4 2.96 2.96 3.01 3.08

a S1 and S2, Atox1’s Cys1(SG) and Cys2(SG), respectively; S3
and S4, WD4’s Cys1(SG) and Cys2(SG), respectively; A, Atox1;
W, WD4.
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To quantify the strength of the protein-protein interactions
and complex stability, we estimated the free energy (∆G) of
heterocomplex formation (Table 5). Interestingly, the reactant
heterocomplex is ∼2 kcal/mol more stable than the product,
which is consistent with the observed endothermic nature of
the overall Cu(I)-transfer reaction. Although Coulombic interac-
tions increase in the product compared to the reactant, the change
in reaction field energy increases even more, to the point that
the combined contribution is slightly favorable for the reactant
but slightly unfavorable for the product. On the other hand,
contributions from van der Waals interactions and the change
in nonpolar solvation energy are much smaller in the product,
indicating less compactness of this complex and accounting for
the overall stability difference. It appears that the less favorable
∆G value of the product arises in part from an increase in
backbone fluctuations of holo-WD4 in this heterocomplex
(Figure 8B), as discussed above. In the reactant, the reduced
flexibility of holo-Atox1 contributes to maintain a stable

intermolecular network between conserved residues, which keep
Atox1’s and WD4’s active sites in close contact.21 In the
product, however, holo-WD4’s enhanced flexibility “pushes”
the active sites farther away, weakening the interacting network.
It is tempting to speculate that the increase in flexibility of holo-
WD4 is a way to ensure that the complex will dissociate once
Cu(I) is transferred to WD4, contributing in this way to promote
directional Cu(I) transfer into the Golgi lumen in vivo.

Recent MD simulations of holo-Atox1 Thr11Ala and Lys60Ala
point variants in complex with WD4 (reactant heterocomplex)
suggest that Thr11 and Lys60 in Atox1 are important for correct
positioning of the two active sites and adduct stability.45 Because
the product heterocomplex appears to be less stable than the
reactant, we predict that mutations of residues 11 and 60 in
Atox1 will result in stronger effects in the product.

Conclusions

We have used a QM/MM approach to investigate all possible
reaction schemes for how Cu(I) is transferred from the two Cys
residues in the human Cu chaperone Atox1 to the corresponding
two Cys residues in one of the MBDs of the target Wilson
disease protein, WD4. In agreement with previously published
experiments,17,43 our results suggest that 3-coordinate Cu
intermediates are more stable than 2- or 4-coordinated inter-
mediates. Furthermore, we propose that two intermediates exist
on the reaction pathway from Cu-Atox1 and apo-WD4 to apo-
Atox1 and Cu-WD4 (species V and VII, Table 1). First, Cys1
of WD4 coordinates Cu(I) together with the two Cys residues
from Atox1 (V). The next step, which is rate-limiting for the
overall reaction, involves a concerted switch to another 3-co-
ordinated species that involves Cys1 of Atox1 and both of the
Cys residues in WD4 (VII). Our findings suggest that the overall
reaction, although kinetically accessible, is endothermic. Al-
though entropic effects might contribute to heterocomplex
separation, this suggests that other factors (e.g., ATP hydrolysis)
must contribute to ensure that Cu(I) transfer is directional in
vivo. The reaction mechanism suggested here might be also
extended to the other WDs that receive Cu(I) from Atox1 (for
example, WD2) or to the MBDs of the Menkes ATPase.
Because Cu is an essential trace metal in humans, several
diseases have been linked to Cu mismetabolism/accumulation,47,48

and the Wilson disease protein has been proposed to contribute
to cell resistance to the cancer drug cisplatin,49,50 it is of
uttermost importance to elucidate mechanisms of metal transfer
between these proteins. Computational methods such as the QM/
MM calculations employed here provide molecular details not
easily accessible by in vitro experiments.
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files along the corresponding reaction coordinates defined in
Table 2 for reactions B-D, I and J, L and M, N, Q, S, A′, B′,

Figure 8. (A) rmsd (in Å, with respect to the first structure) of
backbone heavy atoms as a function of the simulation time (ns) for the
reactant (black) and product (blue) heterocomplexes. (B) Average
fluctuations (rmsf in Å) of backbone heavy atoms per residue (for the
last 50 ns of MD simulations) for the reactant (black) and product (blue)
heterocomplexes. Reactant, Cu(I) coordinated to Atox1’s Cys; product,
Cu(I) coordinated to WD4’s Cys.

TABLE 5: Free Energy (∆G) of Reactant
(holo-Atox1-WD4) and Product (Atox1-holo-WD4)
Hetero-complex Formation, Including Its Different Energetic
Contributions: Intermolecular van der Waals Interactions
(vdW), Change in Nonpolar Solvation Energy (Cavity),
Intermolecular Coulomb Interactions (Electrostatic), And
Change in Reaction Field Energy (Field)a

∆G vdW cavity electrostatic field

reactant -9.2 ( 0.7 -50 ( 5 -9.1 ( 0.6 -137 ( 21 136 ( 19
product -7.1 ( 0.8 -35 ( 7 -7 ( 1 -205 ( 17 206 ( 16

a All energy values are in kcal/mol; errors correspond to the
standard deviation.
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and R′ (Figures S1-S9, respectively). Schematics of the species
involved in the reactions are also included in each figure. This
material is available free of charge via the Internet at http://
pubs.acs.org.
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