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Abstract The Menkes (ATP7A) P1B-type ATPase

is a transmembrane copper-translocating protein.

It contains six similar high-affinity metal-binding

domains (MBDs) in the N-terminal cytoplasmic tail

that are important for sensing intracellular copper and

regulating ATPase function through the transfer of

copper between domains. Molecular characterization

of copper-binding and transfer is predominantly

dependent on NMR structures derived from E. coli

expression systems. A limitation of these models is

the exclusion of post-translational modifications. We

have previously shown that the third copper-binding

domain, MBD3, uniquely contains two phosphory-

lated residues: Thr-327, which is phosphorylated only

in the presence of elevated copper; and Ser-339,

which is constitutively phosphorylated independent

of copper levels. Here, using molecular dynamic

simulations, we have incorporated these phosphory-

lated residues into a model based on the NMR

structures of MBD3. Our data suggests that consti-

tutively phosphorylated Ser-339, which is in a loop

facing the copper-binding site, may facilitate the

copper transfer process by exposing the CxxC

copper-binding region of MBD3. Copper-induced
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this change in conformation. This offers new molec-

ular insights into how cell signaling (phosphoryla-

tion) can affect MBD structure and dynamics and

how this may in turn affect copper-binding and thus

copper-translocation functions of ATP7A.

Keywords Menkes copper-translocating P-type

ATPase � ATP7A � Metal-binding domain 3 �
Molecular dynamics � Phosphorylation

Introduction

The low redox potential of copper (Cu(I) in the cell)

is essential for many biological processes and its

bio-availability is tightly controlled. The regulation of

Cu(I) bio-availability ensures correct delivery to Cu(I)-

dependent enzymes and prevents oxidative damage in

elevated Cu(I) conditions. Following uptake by the Ctr1

channel, the key Cu(I) distribution pathway in humans

involves transport by the cytosolic Atox1 copper

chaperone and Cu(I)-translocation by the transmem-

brane Menkes (ATP7A) and Wilson (ATP7B)

Cu-translocating ATPases (Cu-ATPase hereafter).

These two P1B-type ATPases deliver Cu(I) to cuproen-

zymes in the secretory pathway or facilitate Cu(I) efflux

at the plasma membrane when intracellular levels are

elevated and this involves highly regulated copper-

responsive intracellular trafficking processes that are

linked to Cu-ATPase activity (Braiterman et al. 2009;

Greenough et al. 2004; Guo et al. 2005; Petris et al.

2002; Voskoboinik et al. 2003).

ATP7A and ATP7B share 69% sequence identity

and contain eight transmembrane domains in addition

to multiple intracellular loops, which are required for

ATP binding, hydrolysis and Cu(I) translocation

(Kaplan and Lutsenko 2009; Voskoboinik et al.

2003). General mechanisms for Cu-ATPase function

are known, yet detailed aspects of structure and

regulation remain unclear, including the role of

protein phosphorylation in regulating Cu(I) bio-avail-

ability. Hormonal stimuli and other Cu(I)-indepen-

dent pathways are known to regulate Cu-ATPase

function (reviewed by Veldhuis et al. 2009a) and

hence, cell signaling may be central to the interplay

between protein–protein interactions and Cu(I) coor-

dination chemistry pathways.

The N-terminal tail of human Cu-ATPases com-

prises *44% of the total protein sequence length and

also contains the major sites for regulation, via six

homologous metal-binding domains (MBD1–6,

Fig. 1a). These domains each contain an invariable

CxxC Cu(I)-binding site (where x is any residue, see

Fig. 1b, c) and all demonstrate a similar ability to

receive Cu(I) from the Atox1 chaperone or by inter-

domain Cu transfer between the MBDs (Banci et al.

2007; Strausak et al. 2003; Yatsunyk and Rosenzweig

2007). Each domain is *72 amino acid residues in

length and forms a ferredoxin-like fold (babbab),

with the CxxC Cu-binding motif located in the loop

region between a1 and b2 (Fig. 1b). The MBDs are

separated by linker regions of varying length and

show significant sequence and structural homology to

the Atox1 Cu(I) chaperone (Arnesano et al. 2002).

In the homologous yeast Ccc2 Cu-ATPase, two

metal domains are present and these are essential for

receiving Cu(I) and Cu(I)-transport activity (Morin et al.

2009). In the mammalian ATP7A/B proteins the

equivalent domains, MBD5 and MBD6, are sufficient

for Cu transport activity and Cu(I)-responsive intracel-

lular protein trafficking (Cater et al. 2004; Strausak et al.

1999). Hence, the physiological importance of the

conservation of six N-terminal Cu-binding domains in

mammalian Cu-ATPases is unclear and has been the

cause of continued debate (Banci et al. 2010a). There is

speculation that mechanisms have evolved to sense

low Cu(I) concentrations and/or carefully regulate

Cu(I) transfer through the activated ATP7A/B channel

(Banci et al. 2007; Forbes et al. 1999; Huster and

Lutsenko 2003; Voskoboinik et al. 2001). Both of these

processes are affected by the transfer of Cu(I) between

domains and receiving Cu(I) from the Atox1 chaperone.

In the ATP7B Cu-ATPase, for example, mutagenesis of

CxxC motifs to prevent Cu-binding in specific domains

affects domain packing and the Atox1-dependent

Cu(I) delivery process to other domains, suggesting

that ‘‘cross-talk’’ exists between domains. Interestingly,

MBD3 Cu-interactions are predicted to be crucial for

this process (LeShane et al. 2010).

The 3rd metal binding domain (MBD3) of ATP7A

is considered the most differentiated in sequence and

structure and has a lower affinity for Cu(I) than other

MBDs and Atox1 (Banci et al. 2006a, 2010b). When

receiving Cu(I), NMR studies show no detectable

metal-bridged adduct between MBD3 and its phys-

iological partner, Atox1. Thus, the current model

suggests that Cu(I)-interactions in the MBD3 domain

may only occur in elevated Cu environments,

478 Biometals (2011) 24:477–487

123



providing a signal to trigger regulatory events and

Cu(I) trafficking (Banci et al. 2006b).

MBD3 maintains the same babbab fold, yet it has

only *32% sequence identity to the other MBDs,

resulting in some variation in the domain architecture

(Banci et al. 2006a) and suggesting a specialized

function. In particular, NMR studies revealed that the

5th loop joining a2 and b4 (loop V in Fig. 1b) is

longer in MBD3 when compared to the other

domains. It also lacks a phenylalanine residue that

is thought to stabilize the Cu-binding site by forming

a network of hydrophobic contacts in the domain

core. Instead, a downstream tyrosine (Tyr343) per-

forms this role (Banci et al. 2006a, 2008).

Using cultured polarized epithelial cells (MDCK)

we recently identified twenty phosphorylation sites in

the N- and C-terminal cytosolic regions of human

ATP7A, many of which are believed to be important

for regulating ATP7A function (Veldhuis et al.

2009b). Intriguingly, more than half of these modified

residues were located within, and surrounding,

MBD3, suggesting that this is an important domain

for regulating ATP7A via cell signaling pathways.

Ser339 was phosphorylated in ATP7A protein puri-

fied from both low and elevated Cu(I) environments,

indicating constitutive phosphorylation, at least in

polarized MDCK cells. With the exception of MBD3,

all other MBDs in ATP7A possess a glycine equiv-

alent to residue 339 (Fig. 1c), indicating that Ser339

phosphorylation may provide a unique structural role

for MBD3, yet the functional significance of this is

unclear. In contrast, Thr327 was phosphorylated only

α helix 2

loop V

phosphorylated
Ser339 cys228

cys291
Cu(I)

phosphorylated
Thr327 loop IV

MBD1 GVNSVTISVEGMTCNSCVWTIEQQIGKVNGVHHIKVSLEEKNATIIYDPKLQTPKTLQEAIDDMGFDAVI
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Fig. 1 a Molecular architecture of the Menkes Cu-ATPase

and MBD3. Atox1 Cu(I) chaperone can transfer Cu(I) to one of

six MBDs in the N-terminus. Other key domains/motifs for Cu-

ATPase activity and trafficking are shown in the cytoplasmic

loops and C-terminus. b NMR solution structure of MBD3

shows key regions for this study, including the Cu-binding site

(Cys228, Cys291), loop IV (purple), loop V (orange) and

phosphorylated residues, as labeled. c Sequence alignment of

the MBDs in human ATP7A and ATP7B highlights amino acid

conservation (shaded blue) and the residues found to be

phosphorylated in MBD3 of ATP7A (red circles), relative to

the secondary structure [adapted from Rodriguez-Granillo et al.

(2009) and Arnesano et al. 2002]
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in copper-treated ATP7A samples, indicating a

response to elevated Cu(I) concentrations (Veldhuis

et al. 2009b). Thr327 is, therefore, predicted to be the

target of a Cu(I)-specific signaling cascade. Interest-

ingly, the equivalent residues in other MBDs of

ATP7A are conserved as serine or threonine residues

(Fig. 1c). Phosphorylation of ATP7B (Bartee et al.

2009) has also been observed and although specific

sites were not identified, the conservation of a

possible phosphorylation site in MBD3 of ATP7B

(Ser307, Fig. 1) indicates the potential for similar cell

signaling events to regulate ATP7B function.

Most of the ATP7A and ATP7B N-terminal MBD

structures have been solved by NMR or X-ray

crystallography using protein purified from bacterial

expression systems (reviewed by Boal and Rosen-

zweig 2009). Such expression systems have many

advantages, but are not always biologically relevant

given the absence of relevant post-translational

protein modifications, such as phosphorylation.

Importantly, bacterial systems have yielded enough

protein to determine a number of mammalian

Cu(I) protein and domain structures (Achila et al.

2006; Anastassopoulou et al. 2004; Banci et al.

2010c; Dmitriev et al. 2006; Gitschier et al. 1998;

Lamb et al. 2000; Wernimont et al. 2000) and

supported our current understanding of the thermo-

dynamics of Cu(I) binding and the Cu(I)-transfer

process between purified Atox1 and MBDs (Banci

et al. 2006b; Strausak et al. 2003).

To understand the role of phosphorylation in protein

structure and function at the atomic level, computational

methods have become increasingly utilized as a predic-

tive tool and been shown to achieve a high level of

accuracy by comparison with experimental data

(Groban et al. 2006; Narayanan and Jacobson 2009).

Others have employed protein dynamic simulations to

further understand the molecular details of Cu(I) transfer

processes between Atox1 and MBDs of ATP7B

(Rodriguez-Granillo et al. 2009, 2010). Herein, we

employ molecular dynamic (MD) simulations to eluci-

date the role of phosphorylation in the function of

MBD3; in particular, how structural changes may

influence Cu(I) binding. The data presented here

predicts a model whereby constitutive phosphorylation

of MBD3 at Ser339 increases accessibility of the CxxC

Cu(I)-binding site and alters the electrostatic surface

potential. Furthermore, the additional copper-induced

phosphorylation of Thr327 is predicted to stabilize the

structure and reduce these changes in conformation.

These valuable insights challenge current understanding

of MBD3 as the least likely domain to be metallated.

Methods

To investigate the role of phosphorylation of the 3rd

metal binding domain (MBD3) of ATP7A, we

employed MD simulations to systematically study

the dynamics of apo- and Cu(I)-loaded MBD3 in

various phosphorylation states (PDB entries 2G9O

and 2GA7, respectively; Banci et al. 2006a). Our

previous studies have shown that phospho-SerS339

(pS339) was observed under both low and elevated

Cu(I) conditions, while phospho-Thr327 (pT327) was

observed only in elevated Cu(I) (Veldhuis et al.

2009b). As such, the combination of simulations

performed here reflect this phosphorylation data:

phosphorylated Ser339 (pS339), with and without

Cu(I); and phosphorylated Thr327 (pT327) with

Cu(I) and including pS339. The variants constructed

for the MD simulations are listed in Table 1.

Each model system was solvated with TIP3P water

molecules to cube dimensions of 64 Angstroms with

charge-neutralizing NaCl ions added to an effective

concentration of 0.15 M using Visual Molecular

Dynamics (VMD; Humphrey et al. 1996). Systems

were optimized with a 200 picosecond equilibration

with an NPT ensemble (constant number of particles,

pressure of 1 atm and temperature of 310 K) followed

by 70 ns of MDs simulation using a NVT ensemble

(constant particles, volume and temperature). All sim-

ulations were performed with NAMD 2.7 (Phillips et al.

2005) on a Bluegene/P at the Victorian Life Sciences

Computation Initiative (VLSCI). All simulations were

run at a constant temperature 310 K, implemented with

the Berendsen coupling scheme, using 12 Angstrom

cutoffs, Particle Mesh Ewald (PME) electrostatics and

the CHARMM forcefield (Brooks et al. 1983), with

consideration of Cu–S bond and angle parameters (Holt

and Merz 2007). Protonation states of all residues

corresponded to those found at pH 7.

At the conclusion of the MDs simulations, trajec-

tories were analyzed using the RMSDTT module

within VMD to calculate structural root-mean square

deviation (r.m.s.d.) of backbone heavy atoms (N, Ca

and C). This indicates deviation of the backbone with

reference to the average starting structure and was
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represented as a function of time for the duration of

the simulation. The r.m.s. fluctuations (r.m.s.f.)

measures the average backbone deviation per residue

for the 70 ns simulation period.

Images were generated using the tachyon render-

ing module within VMD, while the electrostatic

surfaces presented in Fig. 4 were calculated using

Adaptive Poisson-Boltzmann Solver (APBS) (Baker

et al. 2001).

Results

MD simulations of reduced and disulfide bonded

MBD3 without Cu(I)

The NMR structure for apo-MBD3 (2G9O) contains

reduced cysteines in the CxxC Cu(I)-binding site

(Banci et al. 2006a). However, in nature there is the

potential for reduced or disulfide-bonded cysteines to

exist (Singleton et al. 2010). Thus initial simulations

simply compared the apo-MBD3 with reduced cys-

teines (labeled ‘‘cys’’) with our modified disulfide

bonded (labeled ‘‘S–S’’) Cu-binding site (see ‘‘Meth-

ods’’). The backbone r.m.s.d. with respect to time

showed that there was no significant conformational

change in the backbone of the two unphosphorylated

apo forms of MBD3 over the period of the MD

simulations, despite the initial increase in r.m.s.d. of

MBD3.cys (MBD3.cys and MBD3.S–S; Fig. 2a, red

and purple lines). By measuring total fluctuations

of individual amino acids (Fig. 2b), the constraints of

the disulfide bridge were seen to reduce movement of

MBD3.S–S in the Cu-binding loop. In addition,

MBD3.S–S showed reduced movement in the loop

between a2 and b4 (loop V), where phosphorylation

of Ser339 occurs. The slightly higher r.m.s.d. values

for the simulations (Fig. 2a, c) are due primarily to

the large fluctuations in the Cu(I) binding loop and

the C-terminal, which is especially dynamic.

To judge the quality of the simulations, we directly

compared the averaged structure from the MDB3.cys

simulation to the averaged structure from the NMR

ensemble 2G9O (Fig. 3). The average NMR structure

[generated from an ensemble of the 30 best structures

consistent with the distance restraints (Banci et al.

2006a)] was aligned with the average structure of

MDB3.cys over 70 ns (50 structures, evenly distrib-

uted). The r.m.s.d. for the overlay of the a-carbons is

1.5 Å (Fig. 3a). We also examined regions of the

backbone that show greater dynamics in each struc-

ture (Fig. 3b, c). Both our simulated average structure

and the NMR ensemble show increased dynamics at

the C- and N-terminal regions, along with the CxxC-

containing loop I. Interestingly, loop IV of the NMR

ensemble structure has increased r.m.s.d. values,

compared to our simulation. Overall, our MD simu-

lation for apo-MBD3 agrees well with the experi-

mentally determined structure and validates our

approach.

MD simulations of Ser339 phosphorylated MBD3

in the absence and with bound Cu(I)

To probe the effect of phosphorylation at position

Ser339, we conducted MD simulations including

phosphor-MBD3, modified in silico by replacing the

hydroxyl group with a hydrated phosphate group, and

compared these to the MBD3.cys or MBD3.Cu

simulations (Fig. 2). Irrespective of the oxidation

state of conserved cysteines, phosphorylation of

residue Ser339 of MBD3 in the absence of Cu(I) sig-

nificantly increased backbone movement (Fig. 2a,

green and yellow lines). The most noticeable r.m.s.d.

Table 1 Combinations of MBD3 simulations undertaken in this work

Model Phosphorylated residues Cu(I) Disulfide bond in Cu-binding loop

MBD3.Cu – Yes –

MBD3.cys – No –

MBD3.S–S – No Yes

MBD3.Cu?p339 Ser339 Yes –

MBD3.cys?p339 Ser339 No –

MBD3.S–S?p339 Ser339 No Yes

MBD3.Cu?pT327/pS339 Thr327 and Ser339 Yes –

Biometals (2011) 24:477–487 481
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C D

Fig. 2 As a measure of protein stability for whole domain

over a 70 ns simulation, the backbone movement of heavy

atoms (N, Ca and C) was calculated (r.m.s.d. in angstroms, with

respect to initial structure) for phosphorylated or unphosphor-

ylated apo-MBD3 (a) or Cu-MBD3 (c). To determine regions

of the domain that contribute to changes in conformational

dynamics, the average fluctuations (r.m.s.f. in Angstroms,

average for total 70 ns) of backbone heavy atoms were

determined for each residue, for apo-MBD3 (b) and Cu-

MBD3 (d) with or without phosphorylation. The secondary

structure and locations of the Cu-binding and phosphorylation

sites are indicated (b, d)

Fig. 3 a overlay of the averaged NMR ensemble, generated

from pdb entry 2G9O (blue) and the averaged structure over

the MBD3.cys simulation (magenta). The cysteines in the

Cu(I) binding loop and the phosphorylated residues are

indicated. b A putty representation of the backbone showing

the r.m.s.d. for the a-carbon atoms in the averaged structure

from the MBD3.cys simulation. c A putty representation of the

backbone showing the r.m.s.d. for the a-carbon atoms in the

averaged structure from the 30 NMR structures in 2G9O that

agree with the distance restraints. For both b and c, the color

scheme represents an increase in r.m.s.d of 0 Å (blue) to 5 Å

(red) and the extent of the dynamics is demonstrated by the

thickness of the ribbon
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variation between phosphorylated and unphosphory-

lated forms was observed between MBD3.S–S?p339

and MBD3.S–S (Fig. 2a, yellow and purple lines).

Excluding the C-terminal tail, the greatest amino acid

movement was evident in the phosphorylated loop V

residues Val338 and phosphorylated Ser339 (Fig. 2b,

yellow and green lines). Despite the lower r.m.s.d.

values in MBD3.cys?pS339, the r.m.s.f. values for

Val338 and Ser339 residues indicate similar move-

ment in loop V for both apo forms of MBD3, when

phosphorylated (Fig. 2b).

We then performed the same r.m.s.d. measurements

for the MD simulations of Cu-bound MBD3

(MBD3.Cu; Fig. 2c, d). The r.m.s.d. values for Cu(I)-

loaded MBD3 compared to apo-MBD3 (Fig. 2c, black

and red lines) revealed similar conformational fluctu-

ations when Cu(I) is bound to the protein. Cu-MBD3

simulations were performed with singly phosphory-

lated Ser339 or a doubly phosphorylated domain

(pSer339 and pThr327). Overall, the greatest backbone

movement was observed in MBD3.Cu?pS339

(Fig. 2c, blue line).

MD simulations of phosphorylated Ser339

and Thr327 MBD3 with bound Cu(I)

In contrast, MD simulations of MBD3.Cu?pT327/

pS339 show that including a second phosphorylated

residue in loop IV influences the domain dynamics

by reducing backbone flexibility for most of the

simulation period (Fig. 2c, green line). The r.m.s.f.

measurements of the residues, in particular, show

increased movement of Tyr343 and Arg344 of loop

V in MBD3.Cu?pS339 (Fig. 2d, blue line) com-

pared to MBD3.Cu?pT327/pS339 (Fig. 2d, green

line), which indicates that a second phosphorylation

event at Thr327 ameliorates the movement of

these residues. Together the MD simulations suggest

that Ser339 phosphorylation alters the dynamics

of the domain by increasing backbone flexibility,

independently of its Cu status. The addition of

phosphorylation at Thr327 reduces this flexibility in

Cu-bound MBD3.

Comparison of MD simulations reveals increased

dynamics in loop V

To investigate the extent of the increased movement in

loop V, we have superimposed the MBD3 starting

structure and the structure after 70 ns. A coloring

scheme was included to match r.m.s.f. values and

indicate backbone regions with greatest flexibility

(Fig. 4). To complement our experimentally deter-

mined phosphorylation data, comparative models

show the extent of flexibility in the MBD3.cys?pS339,

MBD3.Cu?pS339, and MBD3.Cu?pT327/pS339 MD

simulations. Loop V, which contains pS339, faces the

Cu binding loop and, in the absence of phosphorylation

it maintains a stable conformation. In contrast, phos-

phorylation of loop V facilitates a major shift in the

solubility of the region, independently of the status of

the Cys residues (Fig. 4a). The extent of the destabi-

lization of the loop is also evident in the unraveling of

the adjacent a2 helix and is associated with a larger

solvent accessibility of the phosphoserine. This clearly

shows exposure of the Cu-binding site, which may be

important for Atox1 interactions. The high r.m.s.d.

values for Val338 and phosphorylated Ser339 also

coincide with increased backbone movement in loop

IV, at the bottom of the model, where Thr327 is

located.

For MBD3.Cu?pS339, the presence of the Cu(I) ion

reduces movement of the a2 helix and phospho-Ser339

in loop V, compared to apo-MBD3 (Fig. 4b). Interest-

ingly, movement still occurs in loop V, closer to the b4

strand (red coloring in loop V, Fig. 4b) and suggests

that the tendency for movement of Ser339 may be

reduced by interaction between the phosphorylated

group and the coordinated Cys-Cu-Cys, possibly

electrostatic. Consistent with r.m.s.d. calculations in

Fig. 2, fluctuations in the backbone are shown to be

even further reduced in the doubly phosphorylated

simulation (Fig. 4c). This reduction in dynamics

suggests a stabilizing role for the phosphorylated

MBD3 domain at both Thr327 and Ser339.

Electrostatic changes at surface of MBD3

upon phosphorylation

Given that electrostatic forces on the domain surface

are important for interactions between Atox1 and

MBDs of ATP7A (Banci et al. 2009), we examined

the electrostatic surface potential of MBD3, with and

without phosphorylation at positions Thr327 and

Ser339. Atox1 has a largely positive surface and

interacts with the yeast Cu-ATPase Cu-binding

domain, Ccc2a, via charge complementarity with

four negatively charged residues in loop V and b4
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(Banci et al. 2006a). Comparing electrostatic models

of the Cu-MBD3 in the presence of Ser339 phos-

phorylation highlights the change in charge distribu-

tion provided by the phospho-group (Fig. 5) and

demonstrates a significant increase in negative charge

in the Cu-binding region. Thus, at physiological pH,

the surface of the Cu-binding region may have

increased negative character due to the phosphoserine

side chain. The other human Cu-ATPase domains

have no more than three acidic residues within loop V

(Fig. 1c). Our data suggest that when phosphorylated,

MBD3 has a comparable charge status in loop V to

that of other Cu-ATPase domains.

Discussion

Studies on the metallochemistry and thermodynamics

of MBD3 in the copper transporter ATP7A using E.

coli expression systems demonstrate the peculiarities

of MBD3 with respect to the other N-terminal MBDs.

Fig. 4 Domain dynamics for MBD3.cys?p339 (a), MBD3.
Cu?p339 (b), and MBD3.Cu?pT327/pS339 (c). The average

r.m.s.f for individual residues was calculated for each 70 ns

simulation, as shown in Fig. 2. Representative images at 0 ns

(grey) and 70 ns (colored) were superimposed and illustrate

the extent of domain movement for apo-MBD3?pS339 (a),

MBD3.Cu?pS339 (b) and MBD3.Cu?pT327?pS339 (c). The

color scheme represents r.m.s.d. values (see color scale, left)
and illustrates backbone heavy atom (N, Ca and C) movement.

Phosphorylation groups are represented as red (oxygen) and

brown (phosphorus) ball and sticks and their position after

70 ns is indicated by red arrows. Black arrows point to

phosphorylation groups at 0 ns, to highlight the degree of

movement after 70 ns

Fig. 5 Phosphorylation alters the MBD3 electrostatic surface

charge potential. Electrostatic potential of MBD3 was measured

for apo-MBD3 with reduced cysteines (a), MBD3.Cu?pS339

(b) and MBD3.Cu?pT327?pS339 (c). Negatively charged,

positively charged and neutral amino acid side chains are

represented in red, blue and white, respectively
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However, previous studies have not included phys-

iologically relevant phosphorylation of MDB3, which

may be required for interactions with other metal

domains or Atox1.

Here we studied the dynamics of MBD3 with respect

to Cu(I) binding and phosphorylation at two residues,

Thr327 and Ser339. Conservative predictions from MD

simulations suggest a localized destabilization effect in

loop V of MBD3, coinciding with increased exposure of

the facing loop I, which contains the CxxC Cu-binding

site. A second phosphorylation event may play a

stabilizing role or influence other properties of the

domain. This implicates phosphorylation in the regula-

tion of Cu-binding, which could have downstream

implications for Cu-ATPase activity and ATP7A traf-

ficking. In consideration of the current model, where

MBD3 is only metallated under elevated Cu conditions

to stimulate ATP7A activity and trafficking (Banci et al.

2006a), this elevated Cu(I) environment may activate a

signaling cascade leading to MBD3 phosphorylation at

Thr327 and up-regulation of Cu-ATPase function. This

potentially occurs via stabilization of the domain to

reduce conformational changes caused by constitutive

Ser339 phosphorylation. Surface electrostatic changes

may also regulate interactions with other binding

partners to stimulate trafficking or Cu-ATPase activity.

Further experimental investigation, including muta-

genic studies is required to test this model.

Our work highlights the importance of physiolog-

ical protein modifications in regulating ATP7A func-

tion and suggests that, when phosphorylated under

physiological conditions, MBD3 may have similar

electrostatic surface properties to other MBDs in

ATP7A. The reasons for this are not clear, although,

it is tempting to speculate that these phosphorylation

events may be part of a switch mechanism, and/or

allow MBD3 to exist within ATP7A in more than one

state, to at least temporarily increase its potential for

Cu(I) binding. The presence of a second ‘‘Cu only’’

phosphorylation event on Thr327 could also regulate

such a Cu(I)-binding cycle as described above. Alter-

natively, Thr327 phosphorylation may play an impor-

tant role in the core structure of MBD3, given the

reduction in backbone movement.

We predict that phosphorylation influences elec-

trostatic properties of MBD3 to positively regulate

interactions (and Cu(I) transfer) between MBDs or

Cu chaperones. Computational biology in other

protein systems further suggest that the free solvation

energy is much greater for the phosphoserine side

chain than for the carboxyl group of acidic residues,

and hence, phosphorylation can enhance localized

solubility (Groban et al. 2006). This is consistent with

our observation of the destabilization of loop V and

suggests solvent accessibility to the negatively

charged region of MBD3 may be equal to, or greater

than, other N-terminal metal domains of ATP7A.

Furthermore, the propensity for MBD3 to be phos-

phorylated is indicated by high confidence scores in

mass spectrometry analyses of multiple phosphory-

lation sites in this region (Veldhuis et al. 2009b) and

supports a model for MBD3 to be frequently exposed

to kinases in the cell.

In summary, our study suggests that phosphorylation

of MBD3 results in major changes in protein dynamics

and localized surface charge. The N-terminal metal

domains are potential regulatory sites for Cu(I)-respon-

sive ATPase activity and protein trafficking, and this

indicates a role for cell signaling in regulated binding of

MBD3 to other protein partners by changing its

electrostatic properties. Thus, phosphorylation needs

to be considered when determining the biochemical

properties of MBD3 specifically and ATP7A in general,

including global Cu(I)-transfer processes from Atox1

and between individual domains.
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