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ABSTRACT: ATP7A/B are human P1B-type ATPases involved in cellular Cu homeostasis. TheN-terminal parts
of these multidomain proteins contain six metal-binding domains (MBDs) connected by linkers. The MBDs
are similar in structure to each other and to the human copper chaperone Atox1, although their distinct roles
in Cu transfer appear to vary. All domains have the ferredoxin-like fold and a solvent-exposed loop with a
MXCXXC motif that can bind CuI. Here, we investigated the dynamic behavior of the individual MBDs
(WD1-WD6) in ATP7B in apo forms using molecular dynamic simulations. We also performed simulations
of three Cu-bound forms (WD2c, WD4c, and WD6c). Our results reveal molecular features that vary
distinctly among the MBDs. Whereas WD1, WD2, and WD6 have well-defined Cu loop conformations
stabilized by a network of interactions, WD4 and WD5 exhibit greater loop flexibility and, in WD4, helix R1
unwinds and rewinds. WD3, which has the lowest sequence identity, behaves differently and its Cu loop is
rigid with respect to the rest of the domain. Cu coordination reduces structural dynamics in all domains but
WD4c. In agreement with predictions on individual domains, simulations of the six possible Atox1-WD
heterocomplexes show that Atox1 interactions with WD4 are the strongest. This study provides molecular
explanations for reported Cu transfer and protein-protein interaction specificity.

Cellular copper (Cu)1 homeostasis is maintained by highly
regulated Cu-trafficking pathways (1, 2), which result in unde-
tectable amounts of free Cu (3). In humans, the Cu chaperone
Atox1 (also referred in the literature asHAH1) binds and delivers
Cu to two P1B-type ATPases that couple ATP hydrolysis to Cu
transport across membranes: the Menkes (or ATP7A) and
Wilson (or ATP7B) disease proteins (4-6). Under normal
conditions, these proteins are located in the membrane of the
trans-Golgi network and deliver Cu to the secretory pathway for
metalation of cuproenzymes, including ceruloplasmin (2). When
the intracellular Cu concentration increases, ATP7A/B export
excess Cu outside the cell (2).Mutations in these two proteins can
result in severe human diseases, including Menkes and Wilson
diseases (7).

ATP7A/B are multidomain proteins consisting of eight trans-
membrane domains, six N-terminal metal-binding domains

(MBDs) termed MKi in ATP7A and WDi in ATP7B (where
i is the number of the domain 1-6, with 1 being the most
N-terminal domain), an actuator domain, and an ATP-binding
domain that is composed of a phosphorylation subdomain and
nucleotide-binding subdomain (8, 9) (Figure 1). Solution struc-
tures of all apo and holo forms of MK1-MK6 (10-15) and apo
forms of the WD34 (16) and WD56 (17) constructs have been
published. Each∼70 residueMBDhas a ferredoxin-like foldwith
a compact βRββRβ structure and a conserved metal-binding
motif MX1CX2X3C, located in the solvent-exposed β1-R1 loop,
which binds a single CuI ion (18, 19) (Figure 1). The complete
N terminus of ATP7B is about 630 residues long, which leaves
about 200 residues in linker regions that connect the six domains.
The linker lengths between the domains differ: the longest linker
is 57 residues and situated between WD4 andWD5, whereas the
shortest linker is 4 residues and situated betweenWD5 andWD6.

Structural work has demonstrated that Cu chaperones and
target MBDs from various organisms possess the same fold and
coordinate CuI via the two conserved Cys with a proposed S-
Cu-S quasi-linear coordination geometry (4, 20-24). All MBDs
in ATP7A/B can bind CuI in vitro (18, 19, 25) with similar
affinities (26, 27). However, genetic and biochemical studies
suggest that the MBDs are not functionally equivalent
(28-30). For example, yeast two-hybrid assays suggest that the
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interaction between Atox1 and MBD1-MBD4 is the strongest,
whereas there is no interactionwithMBD5orMBD6 (31-33). In
the case of ATP7A, NMR experiments suggest that both MK1
andMK4 can form aCu-dependent complexwithAtox1 (12, 34).
On the other hand, Cys-labeling studies (23) and NMR experi-
ments (16, 17) suggest that, in ATP7B,WD2 andWD4 can form
a Cu-dependent adduct with Atox1, whereas WD56 can receive
Cu not from Atox1 but from Cu-loaded WD4 (17). To gain
insight into intrinsic structural and dynamic differences among
individual WD domains that may serve as selectivity filters for
Atox1 recognition and interdomain Cu transfer, we have per-
formedmolecular dynamics (MD) simulations of a set ofWDs in
the absence and presence of Cu. Our data reveal distinct
molecular properties of the different domains that can be linked
to variations in Atox1 and interdomain interactions. Further-
more, our predictions based on individual domains are validated
by Atox1-WD heterocomplex simulations.

COMPUTATIONAL METHODS

Initial Structures. MD simulations were performed for apo
forms of WD1, WD2, WD3, WD4, WD5, and WD6; WD2,
WD4, and WD6 in Cu-loaded holo forms; and the six different
Atox1-WDheterocomplexes, consisting of holo-Atox1 and each
apo-WD. The initial structures for the apo forms correspond to
the nuclear magnetic resonance (NMR)-reported Protein Data
Bank (PDB) structures: WD34 (2ROP) (16) and WD56
(2EW9) (17). Apo-WD1 and WD2 structures were gene-
rated by homology-threading calculations with the program
Modeler (35), using the structure of the WD56 construct as a

template (2EW9.pdb, 36% sequence identity). For holo forms of
WD2, WD4, and WD6, CuI was inserted between the Cys(S)
atoms in structures obtained from the MD simulations of the
corresponding apo forms (see below for details), where the S-S
distance was lower than 5 Å. The initial structures for the six
different heterocomplexes were generated using the final struc-
tures obtained from the MD simulations of the corresponding
apo-WDs (see below for details) and the final structure obtained
fromour previously reportedMDsimulation of holo-Atox1 (24).
The relative orientation of the chaperone and target domain in
the complex was obtained by homology-threading calculations
with the program Modeler (35), using the holo-Atox1 homo-
dimer crystal structure (1FEE.pdb) as a reference (36).
MD Simulations. Simulations were performed for the dif-

ferent systems using Amber9 (37). The initial structures were
immersed in a pre-equilibrated truncated octahedral cell of
TIP3P explicit water molecules (38), and counterions were added
to neutralize the systems (37). The coordinating Cys and CuI in
the holo forms were parametrized as reported below. The rest of
the protein atoms were described with the parm99SB force field
parametrization (39). The protonation state of the titratable
residues corresponds to the stable form at pH 7.Water molecules
extended at least 10 Å from the surface of the proteins. Simula-
tions were performed in the NPT ensemble (constant pressure of
1 atm and temperature of 300 K was maintained using the
Berendsen coupling scheme (40)), employing periodic boundary
conditions. A SHAKE algorithm was employed to keep bonds
involving hydrogen atoms at their equilibrium length (41). The
systems were optimized and equilibrated for 200 ps at 300K. The

FIGURE 1: (Up, left) Schematic picture ofATP7A/Bwith its functional domains, including the actuator (A), phosphorylation (P), and nucleotide
binding (N) domains and the MBDs. (Up, right) Structure of an individual MBD (holo-MK1, 1KVJ.pdb) revealing its ferredoxin-like fold.
Residues M, X1 (Thr/His), C1, and C2 from the conserved MX1C1X2X3C2 motif and the conserved F and Cu are labeled. (Bottom) Multiple
sequence alignment ofWD1-WD6. Residues highlighted in blue are completely conserved; residues highlighted in green are conserved in all but
one domain; and residues highlighted in pink are conserved in some but are similar.
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structures were then simulated until the root-mean-square devia-
tion (rmsd) as a function of time was stable for 100 ns (for
individualWDs, see Table 1) and 10 ns (for the holo-Atox1-WD
heterocomplexes; total simulation time was ∼35 ns for each).
The converged last 100 or 10 ns were used for data analysis.
rmsd, rms fluctuations (rmsf) per residue, and protein/solvent
radial distribution functions g(r) were calculated for each of
the systems using the ptraj module of Amber9 (37). The electro-
static potential for each system was calculated using the APBS
program (42).
Cu Center Parametrization. To perform the simulations of

holo-WD2, holo-WD4, and holo-WD6, we employed the same
parametrization for the CuI center in all systems. As opposed to
conventional QM vacuum parametrizations, we decided to per-
form QM-MM geometry optimizations of the three holo-WDs
to include the effects of the protein and solvent environments in
the calculation. We have previously shown that, in a related Cu
chaperone, the environment significantly affects the geometrical
and electronic parameters of the CuI center, in comparison to a
sole QM optimization in vacuum of a CuI atom plus two
methythiolate groups (30).

Starting from the generated holo forms of WD2, WD4, and
WD6 (see before), we first performed short classical MD
simulations using Amber9 (37) to relax and equilibrate these
initial structures. The solvated structures were optimized and
then equilibrated by performing 700 ps of classical MD simula-
tions at 300 K, followed by a simulated annealing calculation
(200 ps), inwhich the temperaturewas slowly decreased to 0K. In
these short simulations, the parameters for the CuI center were
taken from a previous calculation of a CuI chaperone that shares
a similar CuI coordination motif (24). The parameters for the
remaining atoms and the simulation details are the same as
described in the preceding MD section. The annealed structures
were subsequently optimized with a QM-MM implementa-
tion (43) of the SIESTA code (44), in which the QM subsystem
(CuI atom plus two methylthiolate groups) is treated at the
density functional theory (DFT) level. For the past decade, DFT
has been the first method of choice to perform electronic
structure calculations of biological systems, particularly for
systems that include transition-metal atoms (45). For all atoms,
basis sets of double-ξ plus polarization quality were employed,
with a pseudo-atomic orbital energy shift of 25 meV and a grid
cutoff of 150 Ry (44). All calculations were performed with the
spin-unrestricted approximation using the generalized gradient
approximation functional proposed by Perdew et al. (46). This
combination of functional, basis sets, and grid parameters has

been previously validated for similar molecular systems that
include Cu atoms (24, 45).

The equilibrium parameters for the CuI center employed in the
MD simulations on the holo forms (see the preceding MD
Simulations section) were therefore taken as the average value
of the QM-MMoptimized Cu forms of WD2, WD4, and WD6
structures (Cu-S= 2.154 Å; S-Cu-S=158.2�; and C-S-
Cu=101.1�). The atomic charges for CuI coordinated to two
methylthiolate groups were determined using restricted electro-
static potential (RESP) (47) and HF/6-31G(d) single-point wave
functions over the QM-MM optimized structures, with Gaus-
sian 03, revision D.01 (48), following the protocol recommended
in the Amber web page (amber.scripps.edu). The atomic charges
employed in theMD simulations also correspond to the averaged
RESP charges over theQMatoms togetherwith the charges of an
Amber classical cysteinate residue (CYM) modified to maintain
an overall integer charge of -1 (qCuI=0.388 252 e, and qS=
-0.730 695 e). The van derWaals (vdW) parameters for CuI were
taken from ref (49), and the bond and angle force constants
involving the CuI atom were taken from ref (50). This combina-
tion of parameters is similar to those previously reported (24, 49).
Finally, for the heterocomplex simulations, the parameters of
the coordinating Cys and CuI in holo-Atox1 were taken
from ref (24).
Free Energy Calculations. Atox1-WD binding free ener-

gies (ΔG) for the six different heterocomplexes were estimated
using the sietraj program (51). This program calculates ΔG for
snapshot structures from the MD simulations as the sum of the
intermolecular vdWandCoulomb interactions plus the change in
reaction field energy (determined by solving Poisson-Boltzmann
equation) and nonpolar solvation energy (proportional to the
solvent-accessible surface area). ΔG is then scaled by an empiri-
cally determined factor (51). Here, we estimatedΔG by averaging
100 calculations from the last 10 ns of theMD simulations of the
heterocomplexes.

RESULTS

Wehave performedMDsimulations of the six individualWDs
(WD1-WD6) of ATP7B. To investigate the effect of Cu
coordination in individual domains, we further simulated holo-
WD2 (WD2c), holo-WD4 (WD4c), and holo-WD6 (WD6c).
These three holo domains were selected, because available data
(at the time of this study) suggested that these domains preferably
form Cu-dependent adducts with Atox1 (in the case ofWD2 and
WD4) andwithWD4 (in the case ofWD6). Below, we first report
our computational findings for (1) individual apo domains,
grouped based on behavior, followed by (2) the individual holo
domains. Finally (3), we report on an analysis of protein-protein
interactions as well as free energy of binding in the six different
Atox1-WD heterocomplexes.
1. Apo Forms of WD1-WD6. Apo forms of WD1, WD2,

WD3,WD4,WD5, andWD6 were subjected toMD simulations
for more than 100 ns each. The backbone rmsd (with respect to
the first structure) show that WD5 undergoes the largest
conformational change during the entire simulation (Figure 2A
andTable 1). In the last 100 ns, whichwere used for data analysis,
the rmsd (with respect to the average structure) suggest no
significant conformational changes in any of the apo domains
(Table 1).

Backbone fluctuations of WD4 andWD5 are similar, and the
Cu loop and helix R1 are significantly more flexible (except for

Table 1: Total Simulation Time, Backbone rmsd for the Entire Simulation

(rmsdtotal, with Respect to the First Structure) and for the Last 100 ns of the

Simulation (rmsd100, withRespect to theAverage Structure), and Backbone

rmsd between the Initial and Last Structures from the Entire Simulations

(Δrmsd)

time (ns) rmsdtotal (Å) rmsd100 (Å) Δrmsd (Å)

WD1 143 1.9( 0.2 1.1( 0.2 1.5

WD2 133 1.6( 0.3 1.2( 0.3 1.2

WD3 116 1.7( 0.3 1.1( 0.3 2.0

WD4 132 2.1( 0.3 1.4( 0.2 1.5

WD5 140 3.6( 0.2 1.3( 0.4 3.3

WD6 125 1.8( 0.2 0.9( 0.2 2.1

WD2c 126 1.4( 0.1 0.9( 0.2 1.2

WD4c 135 2.5( 0.2 1.3( 0.3 2.2

WD6c 127 1.0( 0.2 0.8( 0.2 0.7
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the C-terminal ends) than the other domains (Figure 2B). The
trend in fluctuations in WD4 and WD5 is similar to that found
for the bacterial Cu chaperoneCopZ (24). The fluctuations found
in WD1, WD2, and WD6 are similar to each other and differ
from those ofWD4 andWD5 (Figure 2B); although theCu loops
are more flexible than the rest of the domains (excluding
C-terminal ends), they are much less floppy in these three
domains than observed in WD4 and WD5 Cu loops. WD6 is
the least floppy of the six WD domains studied; its fluctuation
pattern is similar to that found earlier in the humanCu chaperone
Atox1 (24). Backbone fluctuations inWD3 do not correspond to
either of the mentioned groups. This protein appears rigid in the
Cu loop but more flexible in β3-R2 and R2-β4 loops.

1.1. Apo Forms of WD1, WD2, and WD6: Stable
Domains with Well-Defined Cu Loops. The final structures
ofWD1,WD2, andWD6 after the simulations are similar to each
other, typical of a well-packed ferredoxin-like fold (Figure 3 and
Table 2), and donot differ significantly from the starting structures
(Table 1). The secondary-structure elements are well-defined,
helices R1 and R2 are parallel and properly packed against the β
sheet. Also, the conformation of key residues around the Cu loop
is very similar, including the Cu binding Cys, the conserved Met,
residues X1 and X3, and the conserved Phe located in the R2-β4
loop. The final structures of WD1, WD2, and WD6 are also very
similar to that of Atox1 (24). The dynamics of helix R1 in WD1,

WD2, andWD6 changes throughout the productionMD simula-
tion; although it does not unwind completely, the beginning of this
helix loosens up (opens up) and returns to the original conforma-
tion several times (Figure 3). This movement is subtler inWD6, in
which helix R1 appears more rigid.

Consistent with similar fluctuations and structures observed
forWD1,WD2, andWD6, all of them exhibit similar interactions
involving the Cu loop residues (Figure 4). Both Cu-binding Cys
side chains are flexible and move around freely during the
simulations. The first Cys (Cys1) adopts twomain conformations
during the simulation, in which it interacts with either residue X1

(Thr in these cases) or residueX3 (Ser in all cases) (panels A andB
of Figure 4). The second Cys (Cys2) also interacts with the Ser,

FIGURE 3: (Top) Final structures ofWD1 (black), WD2 (red), WD3
(green), WD4 (blue), WD5 (orange), and WD6 (cyan) in the apo
forms. For each domain, residues M, X1, C1, and C2 from the
conserved MX1C1X2X3C2 motif and the conserved Phe are shown.
(Bottom) 50 representative conformations of the Cu loop in the
production run for the apo domains.

Table 2: rmsd (in Angstroms) between the Corresponding Final Structures

WD1 WD2 WD3 WD4 WD5 WD6 WD2c WD4c WD6c

WD1 0 1.5 2.3 1.9 3.1 1.4

WD2 0 2.4 1.5 2.6 1.4 1.1

WD3 0 2.6 2.9 2.3

WD4 0 2.1 1.5 1.7

WD5 0 2.6

WD6 0 1.4

WD2c 0 1.7 1.0

WD4c 0 1.7

WD6c 0

FIGURE 2: (A) rmsd (in angstroms, with respect to the first structure)
of the backbone heavy atoms (N, CR, and C) as a function of
simulation time for the apo domains. (B) Average fluctuations (rmsf
in angstroms) of backbone heavy atoms (N, CR, and C) per residue
for the apo domains. The secondary structure elements are shown
(reference is WD1 final structure). Black, WD1; red, WD2; green,
WD3; blue, WD4; orange, WD5; cyan, WD6.
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although the interaction is weaker (Figure 4C), and with the Phe
(Figure 4D). In contrast, the conservedMet is buried in the cores
of all three domains (Figure 5A), and this side chain makes
several contacts with residues in the β2-β3 sheet and residues
close to the Cu loop (Phe and Cys2), which appears to stabilize
the protein core. The terminal methyl of the Met (CE) interacts
most of the simulation time with residues in the β2-β3 sheet,
including the side chain of Val36 and Leu38 (numbering corre-
sponds to WD1), which are conserved in all of the MBDs, the
backbone ofGly41 and Ser42 inWD1 (Gln42 andGlu43 inWD2
and Ser39 and Lys40 in WD6), and Val18 (highly conserved
among the MBDs, Figure 1) in helix R1. Moreover, the rest of
the Met side chain (CB, CG, and SD) interacts with the Phe ring
and Cys2.

The Cys residues are equally exposed to solvent in WD1,
WD2, and WD6, but Cys1 is always more exposed than Cys2
(panels B and C of Figure 5). The S-S distance distribution
between the Cu-binding Cys is also similar between these three
domains and consists of two peaks centered at ∼3.5 and ∼5 Å
(Figure 4E). These small distances allow for strong interactions
between the residues. However, the weights of the S-S distance
distribution peaks differ: the short distance is favored in WD6,
but the longer distance is favored inWD2.Overall, in all ofWD1,

WD2, and WD6, the conserved residues Met, Thr, Ser, and Phe
form a stable network of interactions with the Cu-binding Cys,
which results in a Cu loop conformation that is relatively well-
defined. This in turn seems to maintain the Cys side chains
exposed to the solvent and in proximity to each other.

1.2. Apo Form of WD3: Most Divergent Domain of the
Six. Among the six WDs, WD3 has the lowest sequence identity
(Figure 1); therefore, it may not be surprising that this domain
exhibits unique structural dynamics. Sequence differences
around the Cu loop are residue X1, which is a His in WD3
instead of a Thr, and position 66 in the multiple sequence
alignment in Figure 1. Residue 66 is an invariant Phe in all
MBDs, except in WD3 and MK3, where it is a Pro. However,
WD3 contains a Phe located three positions downstream, which
is also close to the Cu loop in the folded 3D structure (Figure 3).
Therefore, this Phe inWD3 may have a similar role to the Phe in
position 66 in the other domains.

The WD3 final structure after the simulation differs by more
than 2 Å in rmsd with all of the other structures; WD1 andWD6
are the closest matches; and WD5 is the most different one
(Table 2). The rmsf as a function of the residue is unique inWD3;
the fluctuations are homogeneous throughout the sequence, and
thus, the Cu loop is not more floppy than other regions

FIGURE 4: Histograms of distance distribution (in angstroms) between heavy atoms of (A) residue X1 Thr/His (OG1/NE2) and Cys1 (SG),
(B)Cys1 (SG)and residueX3Ser (OG), (C) residueX3Ser (OG)andCys2 (SG), (D)Cys2 (SG)andPhe (CZ), and (E)Cys1 (SG) andCys2 (SG) for
the apo domains. Black, WD1; red, WD2; green, WD3; blue, WD4; orange, WD5; cyan, WD6.
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(Figure 2B). Particular flexibility (larger than in the Cu loop) is
seen in helix R2, which is shorter than in the rest of the domains
(because of the presence of two unique Pro at its C terminus), and
the β3-R2 and R2-β4 loops. Helix R1 in WD3 is shorter at the
C terminus, resulting in a longer R1-β2 loop (Figure 3). Also,
because of the unique position of the Phe that, although further
away in sequence, still interacts with the Cu loop, theR2-β4 loop
is close to the N terminus of helix R1, as opposed to the other
domains.

The interactions around the Cu loop are altered in WD3 as
compared to WD1, WD2, and WD6 (Figure 4). Instead of
interacting alternately with residues X1 and X3, as in the
aforementioned domains, inWD3, Cys1 is exposed to the solvent
(Figure 5B) and interacts only with residue X3 (panels A and B of
Figure 4), and both of these residues are in close contact with the
Phe ring. These interactions seem to stabilize the Cu loop. In
WD1,WD2, andWD6, interactions of Cys2with the Ser andPhe
maintain the Cys side chain solvent-exposed and close to the
other Cys. In WD3, on the other hand, Cys2 is more buried
(Figure 5C) and, consequently, does not interact with either Ser
or Phe (panels C and D of Figure 4). Instead, it points to the
hydrophobic core and interacts with Val18 in helix R1 and with
Val36 and Leu38 in the β2 strand. Because of the interactions
described above, the Cys-Cys distance distribution differs with
respect to the other domains, with a peak centered at ∼7 Å
(Figure 4E). The conservedMet is completely solvent-exposed in
WD3 (Figures 3 and 5A). This does not correlate with increased
backbone fluctuations in the Cu loop because (a) the interface
formed by Cys1, Ser, and Phe stabilizes the Cu loop and restricts
the motion of Met, (b) Cys2 provides many core contacts that in
WD1, WD2, andWD6 are provided by their buriedMet, and (c)
the Met side chain interacts with residue X1 (His) and Lys41 in
the β2-β3 loop.

1.3. Apo Forms of WD4 and WD5: Flexible Domains
with Large Changes in Helix R1. WD4 and WD5 exhibit
similar fluctuations to each other during the simulation, with

helix R1 observed as a particularly floppy region (Figure 2B). A
comparison of the final structures reveals that WD4 is most
similar to WD2 and WD6, and it differs the most with the WD3
structure (Table 2). The final structure of WD4 does not differ
much from the initial structure (Table 1), and the Cu loop
appears well-organized, as also found in WD1, WD2, and
WD6 (Figure 3). However, helix R1 and the last part of the Cu
loop inWD4 present unique dynamics that is absent in the other
domains. Residues 19 (which corresponds to Cys2) to 24 at the N
terminus of helix R1 of WD4 completely unwind and rewind
during the simulation. This unique unwinding/rewinding process
distinguishes WD4 from the other domains in the N terminus
of ATP7B.

Because of the dynamics of helix R1, the interactions around
the Cu loop are weaker inWD4 (Figure 4). However, at the times
when this helix is folded, several interactions maintain a well-
organized Cu loop. The Phe side chain is buried and interacts
with Met, Ser, and Cys2, which stabilizes the Cu loop. The
conserved Met is buried but not to the same extent as noted in
WD1, WD2, and WD6 (Figure 5A): it is flexible; during the first
∼70 ns of simulation, it interacts with Leu40 and Gly43 in the
β2-β3 loop; and in the last∼30 ns, it moves deeper inside toward
the β2-β3 sheet. When all domains studied are compared, Cys1
is most exposed in WD4 (Figure 5B) and does not interact with
Thr or Ser (panels A and B of Figure 4); instead, it interacts with
Leu40 in the β2-β3 loop. On the other hand, Cys2 in WD4 is
buried (Figure 5C) and makes contacts with several residues,
including Ser andPhe (panelsC andDofFigure 4), Val20 in helix
R1, Val38 in strand β2, and Leu40. The Cys-Cys distance
distribution in WD4 consists of two peaks centered at ∼5.5
and ∼7 Å, which differs significantly from that found for WD1,
WD2, WD5, and WD6 (Figure 4E). Notably, the Cys-Cys
distances found here for WD4 are similar to those previously
observed for the apo form of Atox1 (24).

The WD5 final structure after the simulation differs signifi-
cantly from the starting point structure (Table 1). It also differs

FIGURE 5: Protein-solvent radial distribution functions g(r) of the S atoms of (A)Met, (B)Cys1, and (C)Cys2 for the apo domains. Black,WD1;
red, WD2; green, WD3; blue, WD4; orange, WD5; cyan, WD6.
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more than 2 Å in rmsd with the rest of the structures, with WD4
being the closest match and WD1 being most different (Table 2
and Figure 3). Helix R1 has increased flexibility in WD5: it loses
secondary structure andbecomes distorted during the simulation.
As opposed to WD4, in which helix R1 unwinds and rewinds, in
WD5, helix R1 does not return to the original conformation
during the entire 140 ns run.Moreover, because of the unwinding
and bending of this helix, interactions with strand β2 are lost, and
this interface is therefore significantly weakened. Also, the
orientation of helices R1 and R2 with respect to the antiparallel
β sheet changes. The bending and altered orientation occur
because (a) strand β1 is extended and, as a result, the Cu loop
is shorter and the conservedMet is no longer part of the loop and
(b) the conserved Phe, which is located in strand β4 in this
domain, is completely buried in the core.

In WD5, the Cu loop is particularly short (only four residues;
Figure 3) and only some of the interactions around the active site
seen in the other domains are conserved (Figure 4). TheMet side
chain interacts most of the time with Val37, Leu 39 in strand β1,
and the Phe (which is completely buried). However, the destabi-
lization of helixR1 and strand β2 interface allows for interactions
between the Met side chain and the solvent (Figure 5A). Similar
to the other domains, Cys1 is exposed (Figure 5B) and interacts
with Ser (panels A and B of Figure 4). Because of the unusual
proximity between the Cu and R2-β4 loops in WD5, the
conserved Thr interacts with Gly66. Cys2 is more buried than
Cys1 (Figure 5C) and adopts two major conformations: it points
to the core and interacts with Phe, or it interacts with Cys1
(panels D and E of Figure 4). As a result, the Cys-Cys distance
distribution inWD5 consists of two peaks, both centered at short
distances of ∼4 and ∼5 Å.
2. Holo Forms of WD2, WD4, and WD6. WD2c, WD4c,

and WD6c were simulated for more than 100 ns, and the
backbone rmsd (with respect to the first structure) in the entire
simulation indicates thatWD4c is the domain that undergoes the
largest conformational change (Figure 6A and Table 1). In the
last 100 ns of the simulation, all of the domains are stable and
exhibit small fluctuations with respect to the corresponding apo

forms (Table 1). Backbone fluctuations of WD2c and WD6c are
similar (Figure 6B) and comparable to those observed previously
for holo-Atox1 (24). Interestingly, inWD4c, the Cu loop is more
flexible than the rest of the protein, even more floppy than
observed in the same region in apo forms of WD1, WD2, and
WD6. Nevertheless, in all cases, including WD4c, Cu coordina-
tion reduces the overall backbone fluctuations (Figure 6C).

To validate our generated holo structures, we compared them
to the corresponding holo domains of ATP7A, for which NMR
solution structures are available (the structure of MK4 was
solved in the presence of AgI, which has similar coordination
chemistry to CuI) (10, 11, 13). Our three holo structures are
between 1.1 and 1.8 Å from the corresponding NMR structures
of MKs (Table 3), validating our structures. Moreover, if we
compare our QM-MM optimized structures with the corre-
sponding NMR structures, the geometry of the active site is
similar in all cases. WD2c optimized with a S-Cu-S angle of
156.1� versus 140 ( 40� found for MK2c (11). WD4c optimized
with a geometry in which the S atoms of the two Cys are
separated by 4.31 Å, similar to the 4.8 ( 0.2 Å in AgI-loaded
MK4 (10). In the case of WD6c, it also optimized with a S-S
distance of 4.31 Å, which is close to an average of 4.27( 0.03 Å in
MK6c (13).

The final structures of WD2c and WD6c are very similar to
each other, with rmsd of only 1.0 Å (Table 2 and Figure 7).
However, the WD4c final structure differs 1.7 Å with the other
holo structures (Table 2 and Figure 7). The conformation of key
residues around the Cu loop is very similar inWD2c andWD6c,

FIGURE 6: (A) rmsd (in angstroms, with respect to the first structure) of the backbone heavy atoms (N, CR, and C) as a function of the simulation
time for the holodomains. (B)Average fluctuations (rmsf in angstroms)of backboneheavy atoms (N,CR, andC)per residue for the holodomains.
The secondary-structure elements are shown (reference isWD1 final structure). Red,WD2c; blue, WD4c; cyan, WD6c. (C) Comparison of rmsf
between apo (black) and holo (blue) forms of WD2, WD4, and WD6.

Table 3: rmsd (in Angstroms) between the Holo-WD (Initial and Final)

and the CorrespondingHolo-MKStructures:MBD2c (WD2c versus 1S6U.

pdb, Ref (11)), MBD4c (WD4c versus 2AW0.pdb, Ref (10)), and MBD6c

(WD6c versus 1YJV.pdb, Ref (13))

initial final

MBD2c 1.5 1.6

MBD4c 1.7 1.8

MBD6c 1.2 1.1
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and this conformation matches that found for holo-Atox1 (24).
The structure of WD4c differs from the other holo proteins
mainly in the Cu loop and the beginning of helix R1. In WD4c,
the Cu loop is longer: eight residues (including Cys2) in WD4c
versus four and five residues in WD2c and WD6c, respectively
(Figure 7). This means that the N-terminal end of helix R1
unwinds and bothCys are located in the Cu loop inWD4c, which
may explain the observed higher fluctuations in this region
(Figure 6B). This structural change exposes the Cu bis-thiolate
center in WD4c to the solvent as opposed to the other holo
domains.

The interactions around the Cu center are similar between
WD2c and WD6c (Figures 7 and 8). The conserved Thr and Ser
side chains interact extensively with Cys1 (panels A and B of
Figure 8), which provides electrostatic stabilization to the Cu
center. The Phe side chain remains close to the Cu loop and
interacts with Cys2 (Figure 8D), which further stabilizes the Cu
site. Moreover, Cys1 and Cys2 form a hydrogen bond (HB) with
the backbone amide of Ser and Thr, respectively. The Met side
chain is completely buried in WD2c and WD6c holo domains
(Figure 9A), like in the apo forms, and interacts with residues in
the β2-β3 sheet, Phe, and Cys2. Altogether, this extensive
network of interactions appears to maintain stable and rigid
structures of these two holo domains. In both domains, Cys1 is
exposed to the same extent (Figure 9B), because it has a similar
conformation in both structures. However, Cys2 is more buried
in WD6c (Figure 9C), because, in contrast to WD2c, it points
toward the loop backbone.

In contrast, most of the mentioned interactions around the Cu
loop are absent inWD4c (Figures 7 and 8). The dynamics ofMet
inWD4c changes throughout the simulation: during the first∼80
ns, it interacts with Ile11 in strand β1, Leu40 andVal38 in β2, and
with the Phe ring, but in the last∼20 ns, this side chain points to
the Cu loop, where it becomes exposed to the solvent (Figures 7
and 9A). This may also contribute to an increase in the fluctua-
tions of the Cu loop. Furthermore, the Phe side chain does not
interact with Cys2 (Figure 8D) but with the hydrophobic core.
This is mainly due to the conformation of the loop, which is
protruding from the surface of the protein and too far away for
Phe to reach to it (Figure 7). Therefore, the Cu bis-thiolate center
is more exposed in WD4c, as shown by a marked increase in
solvent exposure of Cys2 (Figure 9C). The Cu site is only
stabilized by Ser, which interacts with both Cys residues (panels
B and C of Figure 8), but the Thr remains far from the Cu center
(Figure 8A). Overall, it emerges that the Cu is more exposed and

FIGURE 7: (Top) Final structures of WD2c (red), WD4c (blue), and
WD6c (cyan) in the holo forms. For each domain, the Cu atom and
residuesM,X1, C1, and C2 from the conservedMX1C1X2X3C2motif
and the conserved Phe are shown. (Bottom) 50 representative con-
formations of the Cu loop in the production run for the holo
domains.

FIGURE 8: Histograms of distance distribution (in angstroms) between heavy atoms of (A) residue X1 Thr (OG1) and Cys1 (SG), (B) Cys1 (SG)
and residue X3 Ser (OG), (C) residue X3 Ser (OG) and Cys2 (SG), and (D) Cys2 (SG) and Phe (CZ), for the holo domains. Red, WD2c; blue,
WD4c; cyan, WD6c.
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less protected in WD4c as compared to the other holo domains
studied.
3. Protein-Protein Interactions in Atox1-WDHetero-

complexes. 3.1. Surface Electrostatic Analysis of Indivi-
dual WDs. To address the involvement of electrostatic
attraction in Atox1-WD and WD-WD interactions, we calcu-
lated the electrostatic surface potentials at the end of the
simulations for all of the domains (apo and holo forms)
(Figure 10). For comparison, we also performed this calculation
for holo-Atox1 (using the structure at the end of our previous
simulation) (24). The structures in Figure 10 have the same
orientation as that in Figures 3 and 7, which shows the protein
side in which chaperone and target domains are believed to
interact (16, 17, 34, 52). The surface charge distribution in Atox1
is mainly positive (Figure 10), because of the presence of one Arg
and Lys in helix R1 and three Lys in helix R2. On the other hand,
WD2 (apo and holo), WD4 (apo and holo), and WD5 have
significant patches of negative surfaces, complementary to the
positive ones of holo-Atox1. Whereas the WD2 and WD5
structures are mainly negative in helix R2 and the R2-β4 loop,
most of theWD4 surface is negative, including helices R1 and R2
and the R2-β4 loop. These are the regions believed to form the
chaperone-target adduct interface (16, 17, 34, 52).WD1 has also
patches of negative surface, although not as much as WD2,
WD4, and WD5. On the other hand, WD3 and WD6 (apo and
holo) have mainly positive charge distribution on this side.

3.2. Heterocomplexes between Holo-Atox1 and WDs.
On the basis of our electrostatic analysis, we decided to
perform a more quantitative analysis of Atox1-WDs interac-
tions. For that, we generated the six different holo-Atox1-
WDheterocomplexes using the orientation found in the Atox1
homodimer crystal structure and subjected these heterocom-
plexes to MD simulations (see Computational Methods).
According to NMR data (16, 17, 34, 52), these are the contact
regions in the chaperone-target adduct.

Results from the heterocomplex MD simulations show sig-
nificant as well as subtle differences among the six WDs. All
Atox1-WD heterocomplexes, except for Atox1-WD3, were
stable during the simulation time and maintained a similar
conformation (see Figure 11A for the Atox1-WD4 final str-
ucture). On the other hand, the Atox1-WD3 heterocomplex
was unstable and floppy, and after ∼10 ns, the interacting
surface weakens and the complex adopts a different con-
formation, in which both proteins are further apart from each
other. Finally, after ∼25 ns, the heterocomplex falls apart
completely.

To quantify the strength of the protein-protein interac-
tions, we calculated the ΔG of heterocomplex formation (see
Computational Methods and Table 4). This analysis shows that
WD4 is theWD that binds strongest to holo-Atox1withΔG=-
9.5 ( 0.4 kcal/mol, whereas WD3 binds the weakest with ΔG=
-4.2 ( 0.6 kcal/mol (value calculated before the complex falls
apart). The second best holo-Atox1 binder is WD5, followed by
WD2, WD1, and WD6, which all have similar ΔG values
(Table 4). The intermolecular vdW interactions that contribute
to the calculatedΔG are in the range from-45 to-50 kcal/mol in
the different heterocomplexes, except in the Atox1-WD3 com-
plex, in which it is-12 kcal/mol (Table 4). On the other hand, the
electrostatic contributions differ among the heterocomplexes
(Table 4). The Atox1-WD4 heterocomplex has the greatest
intermolecular electrostatic interaction equal to ∼-170 kcal/
mol, which is also accompanied with the greatest penalty of
charge burial (change in reaction field energy; Table 4). The
second strongest intermolecular Coulomb interactions are found
in the WD5 heterocomplex, followed byWD2,WD1,WD6, and
WD3 (Table 4). These results are completely consistent with
and provide a quantitative interpretation of the surface electro-
static potential calculations of the individual domains described
in the previous section. Finally, the last contribution to the
calculated ΔG is the change in nonpolar solvation energy, which

FIGURE 9: Protein-solvent radial distribution functions g(r) of the S atoms of (A)Met, (B)Cys1, and (C)Cys2 for the holo domains.Red,WD2c;
blue, WD4c; cyan, WD6c.
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is proportional to the solvent-accessible surface area that be-
comes buried upon heterocomplex formation. The WD4 hetero-
complex has the highest nonpolar solvation energy contribution
(Table 4) and is evidenced in the surface rendering of the complex
(Figure 11A).

The energy contributions to the calculated ΔG are the result
of a number of specific intermolecular contacts between holo-
Atox1 and the WDs that form the interaction interface. In the
Atox1-WD4 heterocomplex, an extensive and stable electro-
static network of interactions keeps the active sites in close
contact (Figure 11B). Thr11 in Atox1 forms an intermolecular
HB with Thr13 in WD4 (residues X1 of the conserved motif),
whereas Lys60 in Atox1 (which aligns with Phe66 of the WDs in
the R2-β4 loop) forms a HBwith Thr13 andCys17 (secondCys)
inWD4. At the same time, Thr13 inWD4 donates aHB toCys15
(second Cys) in Atox1. Away from the active sites, interactions
between helices R1 andR2 and the R2-β4 loop also contribute to
the binding interface (Figure 11C). Gly59 in Atox1 R2-β4 loop
interactswith Ser16 (residueX3 of the conservedmotif) andSer20
in WD4 helix R1. Also, Met64 in WD4 helix R2 (only present in
WD1,WD2, andWD4; Figure 1) interacts with Lys57 andThr58
backbones in Atox1 helix R2. Finally, three intermolecular salt
bridges stabilize the heterocomplex (Figure 11C): Lys57 in Atox1
with Asp63 inWD4 helix R2 (conserved among the WDs, except
inWD3 and replaced by Glu inWD6; Figure 1), Arg21 in Atox1
helix R1 with Glu67 in WD4 strand β4 (present in WD1, WD2,
WD4, and WD5; Figure 1), and Lys25 in Atox1 helix R1 with
Glu62 (only present inWD3,WD4, andWD6; Figure 1) inWD4
helix R2.

In WD2, WD5, and WD6 heterocomplexes, the active sites
interact in a similar way to WD4, whereas in WD1, the active
sites are further apart. In WD2 and WD5, similar salt bridges
stabilize the Atox1-WD heterocomplexes. In WD1 and WD6,
however, only two of them are present. On the other hand, the
Atox1-WD3 heterocomplex is weak; before the heterocomplex
falls apart, the proteins make only a few intermolecular vdW
contacts and a single salt bridge.

DISCUSSION

Nature’s reason for the presence of six similar MBDs in
ATP7A and ATP7B has been the subject of intense investiga-
tions. Solution structures of individual MBDs have shown that
they all have a similar fold, which also matches that of the
partner chaperone Atox1. Nonetheless, genetic and biochemical
data (28-30) imply that the six WD domains (and also the six
MBDs in ATP7A) are not functionally equivalent, and possible
roles include fine-tuning and regulation of the Cu transfer
activity. Reported experimental data vary, likely because of the
use of different constructs and experimental conditions. In Cu-
chelator competition experiments using a six-domain WD con-
struct, the affinity for Cu-Atox1 of individual Cu sites appeared
similar and delivery could occur to all domains (27). In contrast,
Cys-labeling studies have suggested that, in the full N-terminal
domain, Cu-Atox1 preferentially delivers the metal to
WD2 (23). On the other hand, NMR experiments showed that
Atox1 can form a Cu-dependent adduct with both WD2 and
WD4 when presented as individual domains (17) and Cu-Atox1

FIGURE 10: Comparison of the surface electrostatic potential of the apo (top) and holo (bottom) domains, using the final structures from the
simulation as a reference. The same analysis is shown for the human chaperone Atox1 in its holo form (Atox1c), on the basis of previously
published simulation data (24). Red and blue indicate negative and positive potentials, respectively.
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preferentially delivered Cu to WD4 in a WD34 construct via the
formation of an Atox1-Cu-WD4 adduct (16). Similar NMR
experiments on a WD56 construct revealed that Atox1 did not
interact with these domains but that, instead, Cu-loaded WD4
could interact with WD6 in the WD56 construct and form a Cu-
dependent heterocomplex (17). Subsequent NMR experiments
from this year involved a construct with all six WD domains
present: the new data suggest that, at these conditions, WD
domains 1, 2, and 4 formed adducts with Cu-Atox1 but the
remaining domains, although metalated by Atox1, did not form
detectable adducts (52). Using two-hybrid assays, it has been

reported that combinations of WD1-WD4 but not WD5
and WD6 interacted with Atox1 (31-33). In one such
study, preferential interactions between Atox1 and WD4
were demonstrated, although, in addition to the dominant
Atox1 interaction with WD4, Atox1 was found to interact
also with WD1 and WD2 (33). When taken together, it appears
that all WD domains have an ability to interact with Atox1
but that kinetic and thermodynamic properties (perhaps gov-
erned by intrinsic domain properties, interdomain interactions,
and the surroundingmedia) will act as selectivity filters at limiting
conditions.

To address the role of intrinsic biophysical properties of
individual domains, we here compared the in silico behavior of
the six MBDs of ATP7B. We hypothesized that selective Cu
delivery by Atox1 toMBDs inATP7B is governed by differential
conformational flexibility and/or Cys solvent exposure among
the WDs. For example, one may propose that some domains are
more poised than others to form partially folded intermediates
that are involved in heterocomplex formation. We have pre-
viously determined that holo-Atox1 is a rigid and stable protein
in comparison to the bacterial Cu chaperone CopZ (24, 53). It is
tempting to speculate that, because of this, Atox1 will formmore
stable complexes withWDdomains that aremore floppy and can
adapt.Moreover, we recently reported data that suggests that key
residues near or in the Cu loop have evolved differently in Cu
chaperones from different species to allow for fine tuning of the
flexibility of the loop (54, 55).

FIGURE 11: Holo-Atox1-WD4heterocomplex. (A) Final structure after∼35 ns ofMDsimulation; theCu atomand residuesC1 andC2 from the
conservedMX1C1X2X3C2motif for eachprotein are also shown (top). Surface representationof the final structure (bottom). (B)Zoom inof holo-
Atox1 andWD4 active sites (Cu and R2-β4 loops) showing key intermolecular interactions. (C) Intermolecular interactions between helices R1,
R2, and the R2-β4 loop. In all cases, holo-Atox1 is in purple and WD4 in blue.

Table 4: Free Energy (ΔG, kcal/mol) of Holo-Atox1-WDHeterocomplex

Formation and Its Different Contributions: Intermolecular van der Waals

Interactions (vdW, kcal/mol), Intermolecular Coulomb Interactions (Elec-

trostatic, kcal/mol), Change in Reaction Field Energy (Reaction Field,

kcal/mol), and Nonpolar Solvation Energy (Cavity, kcal/mol)a

ΔG vdW electrostatic reaction field cavity

Atox1c-WD1 -8.1( 0.6 -47( 5 -74( 11 79( 10 -8.4( 0.6

Atox1c-WD2 -8.2( 0.7 -48( 6 -99( 11 106( 9 -9.0( 0.6

Atox1c-WD3 -4.2( 0.6 -12( 5 -38( 12 40( 11 -2( 1

Atox1c-WD4 -9.5( 0.4 -50( 4 -172( 12 169( 10 -9.7( 0.4

Atox1c-WD5 -9.1( 0.5 -50( 5 -120( 11 119( 9 -9.4( 0.8

Atox1c-WD6 -8.0( 0.5 -45( 4 -50( 9 54( 8 -8.5( 0.7

aReported energy values correspond to the average of 100 calculations
based on the last 10 ns of MD simulations of each heterocomplex. Errors
correspond to the standard deviation.
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As predicted, our simulations demonstrate that the individual
WDs are not equivalent at the molecular level. First, because of
the presence of a unique Pro, WD3 behaves differently from the
rest: the Cu loop is rigid (and adopts a different conformation
than in the other domains), whereas the overall fold is more
floppy. WD5 is also an outlier because its final structure is
different from the starting structure and helix R1 becomes
distorted. WD1, WD2, and WD6 display many similar trends:
their folds are stable, and their Cu loops are more well-defined
than in WD4 and WD5. Of all the domains, WD6 is the least
flexible when comparing rmsd and rmsf data. WD4 retains the
starting structure, but it is very dynamic during the simulation. In
WD4, helix R1 completely unwinds and rewinds during the
simulation, whereas this helix only partially unwinds in WD1,
WD2, and WD6. No helix R1 unwinding motion is found in
WD3 or WD5 domains. Therefore, we propose that unwinding
of helix R1 may be important for recognition of partner proteins
during Cu transfer, such as Atox1 in the case ofWD1,WD2, and
WD4, and interdomain recognition (byWD4 for example) in the
case of WD6. The Cys-Cys distance in the different WD
domains also vary: from short (in WD1, WD2, WD5, and
WD6) to intermediate (in WD4) to long (in WD3). In addition,
subtle differences among the domains in the interaction network
around the Cu site and the R2-β4 loop, regions believed to be
involved in heterocomplex formation, have been noted. The
many experimental implications of favorable Atox1 interactions
withWD4 (see above) can thus be explained by a requirement of
helix R1 unwinding to form a stable complex with Atox1. Cys1,
which is proposed to be the first Cys to bind Cu during
transfer (56), is most exposed inWD4, and the Cys-Cys distance
distribution inWD4 is similar to that found in apo-Atox1. These
features may also serve as a selectivity filter for specific Cu-
Atox1 recognition with WD4.

Inspection of the electrostatic surface potentials predicts
favorable interactions between holo-Atox1 and both WD2 and
WD4, as also noted experimentally (17, 23, 33, 52).Moreover, the
WD4 surface becomesmore negative uponCubinding, especially
on the Cu loop, which complements the positive patches in apo-
WD6 and not the negative ones in apo-WD5. Electrostatic
attraction may thus explain why WD4c preferentially delivers
the metal to WD6 in a WD56 construct (17). In addition, we
found that WD4c is the most flexible of all holo domains
simulated here and its Cu site protrudes from the surface of the
protein. It is possible that the unique flexibility ofWD4c is a good
match for the interaction withWD6, which is the most rigidWD
domain (when comparing apo forms), as also observed experi-
mentally (17).

From additional simulations on two ATP7A domains, MK1
and MK2 (data not shown), we can use similar arguments (i.e.,
importance of domain dynamics and complementary electro-
static surfaces) to predict that MK1 would be favored over MK2
for the Cu-Atox1 interaction. We have found that both MK1
andMK2 exhibit significant backbone dynamics and theCu loop
is floppy (much like WD4); however, whereas MK2 has mainly
positive patches on the predictedAtox1 interaction surface,MK1
has a negative such surface. In agreement, a preferential Atox1
interaction with MK1 over MK2 has been observed in experi-
ments (34, 57).

We note that our simulations for WD3-WD6 start from
NMR solution structures obtained with two-domain constructs;
thus, it is reasonable that the final structures in our simulations
divert from the initial NMR data. We have performed similar

MD simulations on WD34 and WD56 two-domain constructs
(data not shown). We found that, in both cases, covalent
attachment affects the structure and dynamics of the individual
domains, although at different extents. This is expected in the
case of WD56, in which the NMR structure revealed tight
packing between the two domains (17). Both WD5 and WD6
structures differ less from the initial NMR structure when
covalently attached than when individually simulated. In parti-
cular, WD5 fluctuations are significantly reduced in the
two-domain construct compared to the isolated domain (rmsd100
of 0.8 ( 0.1 versus 1.3 ( 0.4 Å). On the other hand, the NMR
structure of the WD34 construct shows no significant domain-
domain interactions (16). However, the construct used for NMR
consists of several segments that are lacking in the individual
domains: a N-terminal 17-residue linker (before WD3), a
27-residue linker that connects domains 3 and 4, and aC-terminal
11-residue linker (after WD4). We observed significant interac-
tions between these linkers and the individual domains through-
out the simulations, suggesting that covalent attachment also
affects domain dynamics in WD34.

Simulations of the six different Atox1-WD heterocomplexes
provide insights into the nature and strength of intermolecular
interactions. We found that, from the six WDs,WD4 binds most
strongly to holo-Atox1, with the electrostatic interactions having
the greatest contribution. This was expected on the basis of the
surface electrostatic potential of the individual domains, which
predicted that the complementary charge surface would be
maximized in the Atox1-WD4 heterocomplex. Although the
Atox1-WD2 heterocomplex is also energetically favorable, we
found a difference of ∼1.3 kcal/mol in favor of the WD4
complex, which explains why, when presented as individual
domains in vitro, WD4 interacts stronger than WD2 with holo-
Atox1 (17). Holo-Atox1 forms an heterocomplex withWD1with
similar ΔG than the one formed with WD2, which explains their
interaction in vitro (52). On the other hand, WD3 and WD6
heterocomplexes have the weakest intermolecular vdW and
electrostatic interactions, indicating that complexes between
these domains and holo-Atox1 are not as energetically favorable
as the rest of the domains.WD3binds very poorly to holo-Atox1,
with a difference in ΔG of over 5 kcal/mol as compared to the
strongest Atox1 binder, WD4. This explains why holo-Atox1
preferentially delivered Cu to WD4 in a WD34 construct
in vitro (16). To note, electrostatic interactions appear to play
an important role in Atox1-WD adduct formation. These
interactions are the component ofΔG that varies themost among
the six heterocomplexes and strongly correlate with the stability
of the heterocomplexes (Table 4).

As predicted, themost flexible domains,WD4 andWD5, form
the most stable heterocomplexes with the rigid chaperone holo-
Atox1. However, no chaperone-target adduct formation was
detected in vitro for WD5 (17, 52). We propose three possible
explanations for this discrepancy. First, we are studying the
binding of individual domains to Atox1, as opposed to experi-
ments in which two-domain (17) or six-domain (52) constructs
were used. As explained above, the presence of other domains
may affect the dynamics and structure of the isolated domain.
In fact, whereas the flexibility of WD5 is significantly reduced in
the WD56 construct, WD4 is still flexible in the WD34 construct
(data not shown). Thus, backbone rigidity (in a two-domain
construct) and/or its relative location in the full N terminus
of ATP7B (in a six-domain construct) may explain the lack
of detectable interactions between WD5 and Atox1 in vitro.
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Second, our analysis is based on the already formed chaperone-
target adduct and does not take into account the kinetic barrier
of complex formation. Third, our classical MD simulations
do not allow for CuI transfer between Atox1 and the WD; the
kinetic of the transfer reaction and relative stability of its
intermediates may affect the heterocomplex stability and its
detection in vitro.

Several missense mutations found in Wilson disease patients
have been located in the WD domains: G85V (58), L492S (58),
Y532H (59), G591D (59), A604P (59), R616W (60), and
G626A (61). Inspection of the behaviors of residues Gly85
(Gly30 in WD1), Leu492, and Tyr532 (Leu8 and Tyr48, respec-
tively, in WD5) and Gly591, Ala604, Arg616, and Gly626
(Gly28, Ala41, Arg53, and Gly63, respectively, in WD6) during
the simulations, may reveal why and how mutations at these
positions cause disease. Gly30/28 inWD1/6 is located in the R1-
β2 loop and is completely conserved among all of the WDs
(Figure 1). Mutation of this small residue to a larger one, such as
Val or Asp, will likely be detrimental to the fold, because there is
no space for a bulkier side chain. Leu8 in WD5 is located in
strand β1 and is conserved as a hydrophobic residue among the
WDs (Figure 1). Throughout the entire simulation, Leu8 forms
an extensive network of hydrophobic interactions with residues
in helixR2 (Ile58, Ala59, and Ile62): mutation of this position to a
polar residue (such as Ser as in the disease variant) will likely
reduce the stability of the core. Tyr48 is located at the end of
strand β3 in WD5 and is also conserved among the WDs,
replaced by a Phe only inWD6 (Figure 1).During the simulation,
its aromatic ring forms a stable interaction with the conserved
Pro50 and Pro55 in the β3-R2 loop and helix R2, respectively,
stabilizing this loop. Mutation to a polar His (as found in a
disease variant) will likely perturb these interactions. Ala41 is
located in strand β3 in WD6: it is conserved among all of the
WDs (Figure 1) and interacts in the protein core.Mutation of this
residue to a Pro (as found in a disease variant) will probably
disrupt the conformation of this β strand. Arg53 is located in
helix R2 in WD6 and is facing the protein surface. This residue
may therefore be involved in interdomain interactions. Gly63 in
WD6 is conserved in all WDs but WD3 (Figure 1), and it is
located in theR2-β4 loop, one residue upstreamof the conserved
Phe, and thus in the region for domain-domain interactions.
Changing this small side chainmay reduce or alter loop dynamics
and thereby affect adduct formation. When taken together, we
can predict that many disease-causing mutations will result in
domain unfolding/instability but some may instead disturb
protein-protein interactions. Although WD5 is not found to
be of particular importance in Atox1 interactions or in inter-
domain interactions, destabilizing mutations in this domain can
cause Wilson disease: this clearly implies that the domains affect
each other, directly or via the linkers in vivo. Finally, analysis of
the WD56 two-domain construct simulation (data not shown)
shows similar roles for the aforementioned residues. Arg53 in
WD6, which faces the protein surface, interacts with Phe7 and
Glu45 located in strands β1 and β3 of WD5, respectively, during
more than 70% of our productionMD simulations. This residue
is therefore key for domain-domain interactions (as proposed
above based on simulation of the individual domain). Mutation
of this Arg to a Trp (as found in a disease variant) will disrupt a
strong electrostatic interaction between WD5 and WD6, which
may be relevant in vivo.

In summary, our computational data on the WD domains
provides many structural and dynamic details (that cannot easily

be obtained via experiments) that can be used as a basis for
interpretation and explanation of experimental in vivo and in vitro
data on the Cu transfer proteins. We note that this study is one
piece in a big puzzle: the next stepwill be to simulate each domain
covalently connected to its neighbor via the natural linker.On the
basis of the in silico properties found for individual WDs as well
as Atox1-WDheterocomplexes, we propose that (a) overall fold
and Cu-loop dynamics (floppy favoring Atox1 interaction), (b)
Cys-Cys distance and positioning (rather long distance and
solvent exposure favor Atox1 interaction), (c) helixR1 conforma-
tion (unwinding/rewinding motion favors Atox1 interaction),
and (d) electrostatic attraction are properties that vary distinctly
among the six WD domains and can act as selectivity filters to
guide Atox1 interactions and interdomain Cu transfer. Other
factors, such as the quaternary structure of the full-length six-
domain segment and the surrounding environment may further
limit these reactions in vivo.
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