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Construct Analysis method Biophysical outcome Ref 

MBD2 
In

 v
itr

o 

Fluorescent detection/trypsin digestion/N-terminal amino acid 
sequencing 

MBD2 is very similar to other MBDs for its domain exposure or affinity towards Cu. 
Specific protein-protein interactions with Atox1 are essential for delivery of copper to 
the preferential site. 

1 Fluorescence Cu-transfer assays (Cu+-Atox1 or free Cu+) Cu-binding to MBD2 results in conformational reorganization within MBDs allowing  
Atox1 to access sufficiently to other MBDs. 

Competition experiments using absorption spectroscopy The affinity of MBD2 for Cu was significantly higher than that of Atox1. 

Radioactive phosphorylation assay using γ-[32P] ATP and 
MBD2 (C→A mutant) 

MBD2 is essential for the initial steps of Cu-transfer from Atox1 to the catalytically 
essential intramembrane Cu-binding sites. 

MBD4 
 

Single-molecule fluorescence resonance energy transfer 
(smFRET)/ nanovesicle trapping scheme 

The stability of MBD4-HAH1 interaction complex depends on Cu1+ bridging at the 
protein interface. 2 

Thermal denaturation experiments/far-UV CD spectroscopy 
using MBD4 and G386V/G386D mutants 

G386V/G386D resulted in reduced MBD4 thermal stability and Cu-binding further 
promoted instability. 

3 

In
 si

lic
o Molecular dynamic (MD) simulations of MBD4/G386V/G386D 

mutants 
Mutations increased backbone fluctuations that extended throughout the domain and 
resulted in increased structural dynamics. G386V underwent largescale conformational 
changes which leads to a transition to a β-sheet-rich structure. 

MD simulations of MBD4-Atox1 interactions MBD4 form stable adducts with Atox1 mutants, M10A and T11A.  
No heterocomplex formation observed between MBD4 and K60A/K60Y Atox1 variants 
which caused MBD4’s Cys to be more distant from holo-Atox1’s Cu site. 

4 

In
 v

itr
o 

Near-UV CD and gel filtration combined with ICP-MS 

Size exclusion chromatography (SEC)/titration calorimetry 
using (C→A) mutants of Atox1 and MBD4 

Only two tricoordinate Atox1-Cu-WD4 complexes form in vitro. Cu-dependent 
complexes require the presence of C1 but not C2 for a successful Cu transfer. 

5 
Isothermal titration calorimetry (ITC) experiments  In MBD4/Atox1 reaction, a strong entropy-enthalpy compensation is in charge both at 

Step 1 (reactants to heterocomplex) and Step 2 (heterocomplex to products). 

SEC/ITC Step 1 corresponds to a ΔG change of –30 kJ/mol and step 2 of +25 kJ/mol; resulting in 
an overall driving force for vectorial transfer towards MBD4 of –5 kJ/mol. 

6 
Isothermal titration calorimetry (ITC) 

Hetero-complex formation between Atox1 and MBD4 involves negative enthalpy and 
positive entropy changes. MBD4 binds Cu with a ~5 kJ/mol lower free energy (higher 
affinity) than Atox1. 

In
 si

lic
o MD simulations of MBD4-Atox1 interactions 

During the Cu (I)-transfer process from Atox1 to MBD4, 2-coordinated intermediates 
are not likely to occur. 3-coordinated intermediates are more stable than 2-coordinate or 
4-coordinate intermediates.  7 

Quantum mechanics/molecular mechanics (QM/MM) 
calculations 

Cu-transfer reaction from Atox1 to MBD4 appears to be kinetically accessible but less 
energetically favorable (ΔE) 7.7 kcal/mol). 

In
 v

itr
o SEC/ITC 

T at the X1 position in MBDs of ATP7B have been conserved to facilitate the directional 
transfer of Cu from Atox1 to MBDs (here MBD4). T in the X1 position destabilizes 
Atox1-Cu-WD4 hetero-complex forcing Cu to the MBDs, whereas a D at the same 
position have a stabilizing effect on the hetero-complex making the metal (Zn) to move 
toward the Atox1. 

8 

MBD1/ 
MBD4 

Copper transfer assay using gel-filtration chromatography/ICP-
MS 

Irrespective of the copper donor, copper transfer from MBD1 to MBD4 or vice versa 
occur. Domain-domain communication exists between MBDs. 9 



MBD3/ 
MBD4 

In
 v

itr
o 

smFRET/vesicle trapping 
HAH1 interaction with double-domain construct is more stable than its interaction with 
single domain constructs. HAH1-MBD3 and 4 interactions showed similar stabilities. 
Excess Cu1+ decreased the stabilities/lifetimes of HAH1-MBD3/MBD4 complexes.  

10 

In
 si

lic
o 

Thermodynamic analyses/MD simulations of smFRET data The dynamic linker between MBD4 and MBD3 may also play a role in the complex 
formation. 

MBD2/ 
MBD4 

In
 v

itr
o 

NMR Titrations of MBD2 and MBD4 with Cu-HAH1 complex 
HAH1 interacts similarly with MBD2 and MBD4 (through similar residues) but 
interaction between HAH1 and MBD4 is significantly stronger than the interaction with 
MBD2. 

11 
MBD4/ 

MBD5-6 
NMR titrations of MBD5-6 with Cu-MBD4 and Cu-HAH1 
complexes 

Cu-transfer from HAH1-Cu to MBD5-6 is impaired. Partial Cu-transfer from MBD4-Cu 
to only MBD6 (1:1 ratio) occur while Cu-MBD4: MBD5-6 ratio increases up to ratio 
6:1, MBD5 and MBD6 are both metallated. MBD5-6 function as a single unit but acquire 
copper differently because of the location of metal-binding motifs on opposite ends of 
the molecule. 

MBD3-4 NMR spectroscopy  
MBD3 and MBD4 both interact with the same domain of another MBD3-4 molecule. 
Cu (I)-HAH1 forms detectable amounts of stable adducts with MBD4, whereas MBD3 
removes Cu (I) from HAH1 without detectable complex formation. 

12 

MBD4-6 

NMR spectroscopy  
The linker joining MBD4 to MBD5-6 retains its flexibility in both the apo and Cu (I)-
bound states and becomes even more mobile in the Cu (I)-bound state. MBD4 is the site 
for Cu-delivery to Atox1 and have a higher motional freedom than MBD5 and MBD6. 

13 

NMR relaxation experiments 
MBD5 and MB6 have flexibility with respect to each other eventhough they have a short 
linker. Relative orientations and mobilities of the domains in MBD4-6 do not change 
significantly upon binding copper (No conformational change due to Cu-binding). 

MBD5-6 

Far UV-CD spectroscopy/thermal denaturation experiments  Thermal stability of MBD5-6 is pH-dependent.  

14 

NMR spectroscopy/relaxation experiments 
The second Cys residues in each Cu site and His residues (H100 and H148) that are in 
close proximity to Cu site (in 3D structure) are protonated with lower pH (6.0) but 
deprotonated at high pH (7.2).  

In
 si

lic
o 

MD simulations  
Inter-domain interactions fluctuate more and protein becomes more susceptible to 
temperature increase at low pH and high salt conditions than it is at high pH and low salt 
condition.  

In
 v

itr
o 

Cu-loading experiments with size-exclusion (SEC) 
chromatography 

Atox1 transfer of Cu to MBD56 is more favorable at high pH (pH 7.2; Kex = 15) than 
at low pH (pH 6.0; Kex = 0.5) by a factor of 30. Cu-transfer is also pH dependent. 

MBD1-4 

Far UV-CD spectroscopy  
Cu-binding to MBD1-4 increased thermal stability and also induced conformational 
changes of residues distant from Cu-binding sites resulting in compaction of four 
individual metal binding domains. 15 

NMR spectroscopy/diffusion experiments  Compaction of MBD1-4 with Cu-binding abolishes transient interactions between 
MBD1-4 and N-ATP7B. 

MBD1-6 
Immobilized Metal Ion Affinity Chromatography (IMAC) The affinity of ATP7B for different metals were highest for Cu (II) and is followed by 

Zn (II), Ni (II), Co (II).  
16 

Competition blotting experiments using 65Zn (II)  The affinity of MBDs-ATP7B domain for Cu increases with increasing amount of                          
Cu (I or II) so that Cu-binding by the domain is to some degree cooperative. 



MBD1-6 

In
 v

itr
o 

Far UV-CD spectroscopy Progressive Cu-binding to MBD1-6 induce structural changes (both in the secondary and 
tertiary structure) in the domain. 

17 
X-ray Absorption Spectroscopic (XAS) analysis  All Cu-binding sites bind Cu with a distorted diagonal geometry and this geometry does 

not change with different Cu:protein stoichiometries. 

Copper transfer experiments using an amylose resin Atox1 can deliver copper to all metal-binding sites in MBDs-ATP7B in a dose-
dependent and saturable manner. 

18 
Radioactive phosphorylation assay using γ-[32P]ATP  Cu-Atox1 transfers copper to the ATP7B metal binding sites, which are essential for the 

stimulation of its catalytic phosphorylation. 

Fluorescent detection with CPM-labeling Reverse Cu-transfer is partial and MBD1-6 cysteines remains reduced after the reverse 
Cu-transfer. 

Radioactive phosphorylation assay using γ-[32P]ATP  apo-Atox1 leads to a concentration-dependent and saturable reduction of the ATP7B 
activity (downregulation of enzymatic activity but not total inhibition). 

Solution NMR spectroscopy  
HAH1 forms Cu (I)-bridged adduct with MBD1, MBD2 and MBD4 in a Cu-dependent 
manner. MBD3, MBD5 and MBD6 have a metal transfer directly from HAH1 without 
the adduct formation. 

19 

NMR spectroscopy  MBD1-4 interact with HAH1 more strongly than MBD1-6. 

20 Column binding assays using fusion proteins with maltose-
binding protein (MBP)  

MBD1-6 binds specifically to HAH1 protein and this interaction requires specifically 
Cu as a metal and a quadruple coordination of Cu between MBD1-6 and HAH1. 
Interaction of Cu-loaded MBD1-6 with HAH1 is reversible. 

Metabolic-labeling studies using orthophosphate (32P) 
ATP7BR875,S340/341G had %30 lower phosphorylation than ATP7BR875 mutant and 
presence of Cu increased the difference in phosphorylation levels observed for both 
mutants. 

21 NMR Analysis  S340/341A mutation does not significantly affect protein folding of MBDs-ATP7B. 

Co-purification experiments using fusion proteins with 
maltose-binding protein (MBP) 

S340/341A mutant showed a ~50% decrease in inter-domain interaction between MBDs 
and N-ATP7B. Ser-340/341 influences the interdomain interface and overall 
conformation of ATP7B. 

Fluorescence spectroscopy  

MBD2 C→A mutant showed a conformational change with a greater exposure of Trp in 
the loop connecting MBD1 and MBD2 to solution whereas, MBD2 C→S mutant had no 
change in Trp fluorescence. This indicates that compact packing of MBDs result in 
conformational changes that expose loops that are inaccessible.  22 

In
 si

lic
o 

MD simulations 

In the apo form, the metal-binding loop of MBD2 is flexible enough to reach and interact 
with other MBDs and that the ability of sulfhydryl groups to hydrogen bond is important 
for the inter-domain interactions. 

Cu (I) binding to one MBD induced changes not only in individual domains but resulted 
in tertiary arrangements of the entire construct. Cu-binding induced a more compact 
tertiary structure, stabilizing MBD-MBD interactions with larger surface area.  

23 

In
 v

itr
o 

X-ray absorption spectroscopy using MBP fusions  
Cu (I) centers in MBD1-6-MBP fusion protein show a mixture of linear 2-coordinate 
and 3-coordinate geometries among all MBDS but majority of sites appear to be in a 2-
coordinate state (Bis-cysteinate geometry). 

24 

In
 si

lic
o 

Molecular dynamics (MD) simulations MBD4-Atox1 interaction is the strongest and occur via electrostatic interactions.                         
Cu-binding reduces structural flexibility of all domains except MBD4.  25 



MBD1-6 

In
 v

itr
o The near/far-UV circular dichroism (CD) spectroscopy  

N-terminal of the rat ATP7B protein (rCBD) retains its typical ferrodoxin fold of metal 
binding domains. Structural changes occur both in the secondary and tertiary structure 
of rCBD with Cu binding. 

26 
65Zn(II)-competition blotting Cooperative interaction and high affinity of rCBD towards Cu. 

In
 si

lic
o 

Homology modelling of rCBD 

rCBD have six metal binding domains but only five of MBDs contain CXXC Cu-binding 
motif. rD4 (4th metal binding domain) is missing the CXXC motif which is proven not 
to have a significant role in cooperative binding, structural/conformational changes and 
overall protein folding. 

In
 v

itr
o 

Isothermal titration calorimetry (ITC) of  MBD1-2, MBD3-4, 
MBD5-6, MBD1-4 and MBD1-6 domain constructs 

The association constants are ~105 to 106 M-1 and are similar for Atox1 and target 
domains.  The affinities for Cu are MBD142 >MBDD34 ≥MBD56 ≈ MBD141> MBD12 
≈ MBD16 ≈ Atox1. Copper handling by Atox1 and copper exchange between Atox1 and 
MBDs are under kinetic rather than thermodynamic control. 

27 

β-galactosidase assay  
The highest β-galactosidase activity for single copper-binding domains is measured for 
the interaction between ATOX1 and MBD4 of ATP7B. Protein-protein interactions is 
copper dependent, but is disrupted at high copper concentrations. 

28 

In
 v

itr
o 

Copper transfer experiments using SEC 
Atox1 can deliver Cu (I) to all of the MBDs in vitro through direct protein-protein 
interactions. Reverse Cu transfer is also possible but with lower efficiency 5-fold 
excess of Atox1 is required to remove Cu(I) from the MBDs. 

29 
BCA competition assay MBDs bind Cu (I) more strongly than Atox1. 

Isothermal Titration Calorimetry (ITC) Cu (I) binds to both Atox1 and the MBD1–6 variant proteins with similar binding 
constants (KCu) of 2.2-6.3x 1010 M-1.  

Circular dichroism (CD) spectroscopy 
 

Zinc binding to MBDs destabilizes the protein structure (both secondary and tertiary) 
but Cu binding have a stabilizing effect on MBDs.  

30 
X-ray absorption spectroscopy (XAS) 

Zinc atom coordinates with nitrogen ligands (Histidines)/a combination of 
nitrogen+sulfur (Histidine and cysteines) ligands when it binds to MBDs but Cu binds 
to MBDs with a distorted linear geometry using two sulfur ligands (cysteines).  

ATPase assay  Metal ion specificity is determined by the transmembrane part of the ATPase and                   
N-terminal cannot override the intrinsic specificity  31 

NMR spectroscopy 

Interactions between MBD1 and MBD2 are insignificant and that, in the absence of the 
nanobody, both MBD2 and MBD1interact directly with MBD3.  Unlike MBD2 and 
MBD3, MBD4 moves mostly independently and does not influence copper-binding 
characteristics of other MBDs. 32 

Nanobody detection with confocal microscopy Nanobody-induced changes in the MBDs-ATP7B structure or dynamics modulate the 
trafficking response of ATP7B. 

Metal-chelate chromatography on IAA (iminodiacetic acid 
agarose) resin 

MBD1-6 specifically bind copper in vitro, when copper is added to this protein in a 
partially chelated Cu (II) form but copper bound to MBD1-6 is likely in Cu (I) form. 33 

CPM labeling/gel-based fluorescence detection Cysteines are directly involved in the coordination of copper. 
5–6 copper molecules are bound per N-terminal domain molecule. 

In
 si

lic
o 

Bioinformatic sequence analysis  
Prokaryotic ATPases contain up to four MBDs. For a large number organisms, the 
ATPase does not strictly need to receive its metal substrate through a cytosolic chaperone 
but can directly sequester it in the cytoplasm. 

34 

MD simulations 

Both for apo and holo forms, MBD5 and MBD6 display increasing freedom of relative 
reorientation with increasing linker length and, in parallel, less significant energies of 
inter-domain interaction. MBD pairs closest to the transmembrane domain do not need 
to have a fixed orientation with respect to one another. Relatively short linker lengths 
already permit an appreciable degree of relative conformational freedom. 



 

Abbreviations: 

* MBD: Metal binding domain of ATP7B 

* MBD1-6: Metal binding domains 1, 2, 3, 4, 5 and 6 of ATP7B in tandem 

* MBD5-6: Metal binding domains of 5 and 6 of ATP7B in tandem 

* HAH1: Also known as Atox1 

* MBDs-ATP7B: N-terminal of ATP7B 

* ATP7B: Full-length ATP7B
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