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Interaction surfaces of metal-mediated protein adducts 
 

 

Synopsis 

The homeostasis of metal ions in cells is the result of the contribution of several cellular 
pathways that involve transient, often weak, protein-protein interactions. Metal transfer typically 
implies the formation of adducts where the metal itself acts as a bridge between proteins, by 
coordinating residues of both interacting partners. Here we addressed the interaction between the 
human copper(I)-chaperone HAH1 and one metal-binding domain of one of its partners, namely the 
P-type copper-transporting ATPase ATP7A. The adduct was structurally characterized in solution, 
in the presence of copper(I), and through X-ray crystallography, upon replacing copper(I) with 
cadmium(II). Further insight was obtained through molecular modelling techniques and site-
directed mutagenesis. It is found that the interaction involves a relatively small interface (less than 
1000 Å2) with a low fraction of non-polar atoms. These observations provide a possible explanation 
for the low affinity of the two apo-proteins. It appears that electrostatics is important in selecting 
which domain of the ATPase is able to form detectable amounts of the metal-mediatd adduct with 
HAH1. 

 

Introduction 

Many functional processes in the cell occur through weak, transient interactions among 
proteins. For these cases, the interaction is associated to a small, negative change in free energy. 
Indeed, if the free energy change were large and negative, the complex would be stable and non-
transient, whereas if it were positive, no interaction would occur. The study of these interactions is 
crucial for the thorough understanding of the mechanisms at the basis of Life and of their alterations 
caused by mutations. Metal homeostasis in cells, which includes uptake, controlled distribution to 
metalloproteins, storage, and excretion of metal ions, is a process involving many transient 
interactions. 

Copper is utilized as a cofactor in a variety of proteins [1], but it can be potentially toxic in 
vivo and thus its intracellular concentration is presumably strictly controlled [2-4]. Its traffic and 
homeostasis occur through copper-mediated protein-protein interactions [5], where copper(I) is 
bound to ligands from both proteins of the complex. The free energy of formation of copper(I)-
mediated protein-protein adducts is the outcome of the balance of the metal-donor(s) bond energies, 
of the hydrophobic and hydrophilic interaction energies at the interface and of the entropic 
implications related to the establishment of the above interactions. 

In order to better understand the processes of metal binding and transfer, we have focused 
on copper trafficking from the cytoplasm to the trans-Golgi network (TGN), where copper is 
inserted in a number of enzymes [6]. In the cytoplasm, copper(I) is bound to a metallochaperone 
which delivers the metal to a variable number of soluble metal-binding domains (MBDs) of specific 
ATPases located at the TGN membrane [2]. In yeast, the metallochaperone is called Atx1 and the 
ATPase is Ccc2 [7]. In humans, the metallochaperone is called Atox1 or HAH1 and two target 
ATPases exist: ATP7A and ATP7B [8]. Both ATP7A and ATP7B have six soluble MBDs. The 
present research aims at shedding light on the nature of the interaction between the 
metallochaperone and a MBD of the ATPases in the general frame of understanding the energetics 
of copper(I)-mediated interactions. With this in mind, we addressed the study of the copper(I)-
mediated complex between HAH1 and the first MBD of ATP7A (MNK1). We also investigated 
whether introducing cadmium(II) instead of copper(I) had an impact on the interaction. The 
structures of the copper(I)- and cadmium(II)-mediated adducts are here reported, the former in 
solution and the latter as a crystal (whose existence in solution was validated by 113Cd NMR). We 
probed some of the key interactions observed in the structures by site-directed mutagenesis. 
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Interaction surfaces of metal-mediated protein adducts 
 

 

 

Experimental 

Sample preparation 
We cloned and expressed the first soluble metal-binding domain of ATP7A (MNK1), 

corresponding to amino acids 5-77 of the full-length protein, using essentially the same protocol 
adopted for other individual MNK domains [9]. WT- and mutant HAH1 protein samples were 
produced as previously reported [10]. Further details are supplied in the Supplementary Information 
section. 
 
Structural analysis 

All NMR experiments were collected at 298K except on Bruker Avance spectrometers 
equipped with a triple resonance cryoprobe. The experiments for the sequence-specific assignment 
of resonances were acquired on the samples in which only one of the partners were 13C,15N labelled, 
while the other was unlabeled. The 1D 113Cd experiment was acquired with a BBO probe at 600 
MHz. Tables S1, S2 report details on the NMR experiments performed. The dynamics of the protein 
backbone was investigated through 15N relaxation [11] and allowed us to estimate the overall 
rotational correlation time of the molecules (Table S3). Combined NMR chemical shift variations 
were calculated from the experimental 1H and 15N chemical shift variations (Dd(1H) and Dd(15N), 
respectively) measured between corresponding peaks, through the following equation [12]. 

( )( ) ( )( )
2

N
25
1

H
21521 dd

d
D+D

=D combined  

 
The intramolecular cross-peaks used for structure calculations were extracted from 3D NOESY-
HSQC spectra acquired on samples where the apo-form of one of the partners, enriched in 15N and 
13C, was mixed with a 1.5 molar excess of the unlabeled copper(I)-form of the other partner. The 
intermolecular cross-peaks were integrated in w1-

13C-edited, w2-
13C-separated, w3-

13C,15N-filtered 
NOESY experiments acquired on samples containing 1:1:1 mixture of copper(I):enriched 
partner:unlabeled partner.  

 
Crystals of HAH1-Cd(II)-MNK1 belonging to the spacegroup P212121 were obtained using 

the sitting drop vapor diffusion method at 16° C from a solution containing 0.1 M sodium citrate, 
20% PEG-6000, 0.8mM complex concentration, at pH 4.7.  

 
Structural models of all MBDs of the MNK protein were built using the program Modeller 

v9.5 [13], and then used in protein-protein docking calculations with the program HADDOCK [14]. 
 

The experimental structures of HAH1-Cu(I)-MNK1 and HAH1-Cd(II)-MNK1 are available 
from the PDB (2K1R, including chemical shift data, and 3CJK, respectively). The coordinates of 
the modelled MBD:HAH1 structures are available from 
http://www.cerm.unifi.it/modstruc/MNKdomains_HAH1modeladducts.zip. Further details on 
structure determination and analysis are given in the Supplementary Information. 
 

Results and Discussion 

Formation of the HAH1-Cu(I)-MNK1 and HAH1-Cd(II)-MNK1 adducts 
An equimolar mixture of HAH1 and of the first domain of ATP7A (MNK1) formed a metal-

mediated adduct with 1:1:1 stoichiometry when presented with Cu+. The complex was in fast (on 
the NMR timescale) exchange with the free proteins. A similar adduct is presumably formed by 
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HAH1 and MNK4 [15;16], whereas this does not happen with domains 2, 5, 6 of ATP7A [17;18]. 
By measuring the reorientation time for molecular tumbling in solution of MNK1 (5.5 ns) and of 
HAH1 (4.6 ns), and comparing it to the corresponding value for the complex (8.9 ns), it can be 
deducted that ca. 88% of the protein is involved in the intermolecular complex. In addition, it is 
known that the relative affinity for copper(I) of the various MBDs of ATP7A is similar and 
approximately ten times that of HAH1 [17-19]. From these data, it can be estimated that the 
constant for the equilibrium 

Cu(I)-MNK1 + HAH1 D MNK1-Cu(I)-HAH1 
is close to 105 M-1.  

We additionally investigated the interaction of the HAH1:MNK1 mixture, prepared in the 
absence of metal ions, with Zn2+ and Cd2+. Addition of Zn2+ led to extensive sample precipitation, 
whereas Cd2+ induced formation of an adduct at essentially 100% completion, as shown by the 
HSQC spectra of both partners in the mixture. 1D 113Cd NMR spectra were recorded to obtain hints 
on the chemical identity and number of the donor atoms. A shift of 680 ppm was measured, which 
is consistent [20] with the 113Cd environment seen in the crystal structure. The adduct was in slow 
rather than fast equilibrium with the free proteins. HAH1 and MNK6 are known not to form an 
adduct when mixed at 1:1 ratio in the presence of equimolar copper(I) [17]. Also with Cd2+, an 
adduct between HAH1 and MNK6 could not be detected. In addition, we did not observe the 
formation of Cu+ or Cd2+-mediated HAH1 dimers, which have been reported under different 
experimental conditions [21;22]. 

 
The structures of HAH1 and MNK1 within the HAH1-Cu(I)-MNK1 adduct 

The structure of the HAH1-Cu(I)-MNK1 complex was solved using a combination of: i) 
intramolecular NOEs and dihedral angle restraints measured on protein samples containing the apo-
form of one of the two partners enriched in 15N,13C in the presence of a 1.5 molar excess of the 
copper(I)-form of the unlabeled partner; ii) intermolecular NOEs measured on protein samples 
containing the same proteins as for i) but at a 1:1 ratio; iii) distance restraints between the Sg atoms 
of the cysteines and the copper(I) ion based on the results of mutagenesis experiments (see section 
on metal coordination). The data from i) allowed us to obtain the solution structure of each protein 
when 100% in the complex, whereas the distance restraints from ii) originate solely from the 
complex. This procedure allowed us to confidently assess the structural rearrangements due to 
complex formation, which has not been possible for the Atx1-Cu(I)-Ccc2a adduct [5]. The structure 
of the HAH1-Cd(II)-MNK1 complex was solved at 1.8 Å. Statistics for the two structures are given 
in Tables S4 and S5, respectively. 

The solution structure of copper(I)-HAH1 (PDB entry 1TL4) [10] could be superimposed 
very well to the present structure of HAH1 in the HAH1-Cu(I)-MNK1 adduct (Figure 1), with a 
backbone RMSD between the two mean structures of 0.95 Å (Table S6). Significant differences 
could be noted at the end of the first b strand for residues 8-10, located before the metal-binding 
loop and for the region of loop V, encompassing residues 57-60. Other changes regarded the 
orientation of side chains at the protein-protein interface, e.g. the side chain of Arg21 experienced a 
significant rearrangement to accommodate the partner. In HAH1 alone, the side chain of Lys60 
rearranges upon metallation, pointing toward the loaded metal site [10]; in the present structures, 
this side chain points towards the partner molecule, with a conformation similar to that observed in 
apo-HAH1. The NMR structure of copper(I)-MNK1 (PDB entry 1KVJ) [23] had a backbone 
RMSD to the present one of 1.4 Å (Table S7). Note that 1KVJ had five amino acids at the N-
terminus more than the present one and was solved under different experimental conditions. 
Significant differences were observed for the backbone conformation of loops I and V; in addition, 
a reorientation of helix a1 was apparent. A rearrangement of the same helix has been reported for 
yeast Ccc2a upon interaction with its partner [5]. 

 
The structures of HAH1-Cu(I)-MNK1 and HAH1-Cd(II)-MNK1 
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 Figures 1 and 2 show respectively the structures of HAH1-Cu(I)-MNK1 and HAH1-Cd(II)-
MNK1 determined in this work. The two structures were similar, with the HAH1-Cu(I)-MNK1 
interface being smaller and slightly rotated with respect to HAH1-Cd(II)-MNK1. A list of contacts 
across the interface for the two complexes is given in Table 1. Most contacts, except those in the 
metal-binding loop I, are conserved in both structures. 
 Table 2 reports an analysis of the protein-protein interface for HAH1-Cd(II)-MNK1, HAH1-
Cu(I)-MNK1 (shown in Figure 3), yeast Atx1-Cu(I)-Ccc2a, and Cd-HAH12. Some consistent 
features are observable: i) the total interface area is between 800 and 1000 Å2, i.e. 400-500 Å2 per 
partner, covering slightly more than 10% of the total surface; ii) the fraction of non-polar atoms at 
the interface is, on average, between 54% and 64%; iii) the propensity score of the interfaces is 
negative. The propensity score is calculated on the basis of the residue composition of the 
interfaces, using the pre-computed propensity of each amino acid [24]. The latter represents a 
measure of how much more (positive propensity) or less (negative propensity) frequently a given 
amino acid is at a protein-protein interface than just on the protein surface. The interface areas were 
smaller than “standard” areas for protein-protein complexes, which are typically at least 1000 Å2 
[24;25]. However, because these are relatively small proteins, the interface/total area ratio is within 
the lower end of the distribution of values from complexes in the PDB. The fraction of non-polar 
atoms at the interface was also relatively low. The negative propensity score indicates that the 
interfaces analysed here were composed mainly by residues that, when at the protein surface, are 
more likely not to be at the interaction interface. This is due to an over-representation of Gly, Ala 
and charged residues at the interface, in particular in HAH1 (Table 2). For example in HAH1-
Cd(II)-MNK1 the core of the interface comprised Cys12, Gly13, Lys57, Thr58, Gly59 of HAH1, all 
of which have negative propensities, and Met65, Gly66, Phe67 and Asp68 of MNK1, of which only 
Met and Phe are favoured at interfaces. Cumulatively, these data provide a consistent, general 
description of how the metallochaperone/ATPase pair(s) is designed to prevent the formation of 
stable adducts in the absence of the metal ion. 

We then performed molecular modelling followed by protein-protein flexible docking to 
create models of the structures of the adducts of all six MBDs of ATP7A with HAH1. We did not 
include the metal explicitly, as we wanted to evaluate the different energetic properties of the 
protein-protein interface under the assumption of a constant contribution from copper(I) 
coordination. Table 3 shows a comparison of the calculated energies of interaction at the end of the 
docking simulation. Note that to enable a direct comparison, also the structure of the MNK1-Cu(I)-
HAH1 was recalculated with the same strategy. The cumulative HADDOCK scores identified the 
first, fourth and fifth MBDs as those for which the interaction should be most favourable. Of these 
three, only for the first and fourth MBDs the convergence rate [14] was greater than 50%. When 
looking at the calculated energies, it appeared that the largest significant difference among all the 
complexes formed by the six MBDs was in the predicted electrostatic energy of interaction, which 
was more favourable for the first and fourth MBDs by 150 to 300 kcal mol-1 (Table 3). The 
differences among other energetic terms were within 10-20 kcal mol-1. This constitutes a 
demonstration of the key role of electrostatics in domain selection. 
 We further characterized the MNK1-Cu(I)-HAH1 complex by mutating some amino acids 
of HAH1 at the protein-protein interface. Arg21, Val22 and Thr58 of HAH1 were targeted. Arg21 
is conserved or conservatively substituted by Lys in eukaryotic metallochaperones [26], and is 
involved in an intermolecular salt bridge with Asp68 of MNK1 (Table 1). A negatively charged 
residue is commonly, but not strictly, found at position 68 of eukaryotic MBDs. We mutated Arg21 
to Gln in order to remove its positive charge. Val22 is present or is conservatively replaced by Ile or 
Leu in the large majority of all metallochaperones. It is replaced by Ala in the homologue protein 
from C. elegans. The side chain of Val22 points towards the partner and makes contacts with the 
backbone of amino acids 64-66 of MNK1. We mutated Val22 to Ala. Finally, Thr58 is fairly 
conserved in eukaryotic metallochaperones. Its side chain makes hydrogen bonds with the backbone 
of Leu55, whereas the backbone atoms are involved in intermolecular contacts. We mutated Thr58 
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to Ala. All three mutants could bind copper(I) and were capable of interacting with MNK1. The 
mutations of Arg21 and Val22 had little impact on the structure, as shown by the high similarity of 
the HSQC spectra of the WT and mutant proteins. The strength of the interaction for the WT and 
mutant HAH1 systems could be straightforwardly evaluated by analysing the combined chemical 
shift variations obtained at the same HAH1 and MNK1 concentrations (Figure 4). Both the 
Arg21Gln and Val22Ala mutants featured a weaker interaction with the partner; the decrease of the 
combined chemical shift variations was similar for the two mutants. For Arg21Gln, this effect can 
be ascribed to the loss of the electrostatic interaction. In the case of Val22Ala, the reduced 
interaction can be ascribed to the loss of the favourable contribution due to the desolvation of the 
hydrophobic side chain of Val22 upon complex formation. Instead, the HSQC spectrum of the 
Thr58Ala mutant was significantly perturbed, and showed the occurrence of multiple protein 
conformations. In addition, several peaks were broadened beyond detection at the first addition of 
MNK1. Despite these complications, it appeared that the combined chemical shift variations upon 
interaction with Cu(I)-HAH1 were as large as that of the wild-type protein, but the maxima did not 
correspond to the same amino acids (Figure 4). The HAH1-Cu(I)-MNK1 adduct was thus formed 
by the Thr58Ala mutant to an extent similar to that of the WT protein, but possibly with a distorted 
conformation. 
 
Metal coordination 

We used site-directed mutagenesis to investigate the role of individual cysteines in the 
formation of the HAH1-Cu(I)-MNK1 adducts. To this end, we observed through HSQC spectra 
whether the metal-mediated adduct was formed upon addition of the metal ion (at equimolar ratio) 
to a 1:1 mixture containing the wild-type (WT) form of one protein and a mutant of the other 
protein lacking one of the two copper(I)-binding cysteines. Only three cysteines were needed for the 
formation of the HAH1-Cu(I)-MNK1 adduct. The two cysteines of each partner that are more N-
terminal in sequence (Cys12 of HAH1 and Cys15 of MNK1) were strictly required for the 
interaction, whereas the third cysteine could be either Cys15 of HAH1 or Cys18 of MNK1. 

The crystal structure of HAH1-Cd(II)-MNK1 (determined at pH 4.7) provides independent 
information on Cd2+ coordination. The metal ion was tetra-coordinated by the side chains of the two 
cysteines of MNK1 and of Cys12 of HAH1. The fourth ligand was provided by the hydroxyl of 
Thr14 of MNK1, leading to an elongated tetrahedral geometry. Thus, MNK1 provided three ligands 
and HAH1 only one. The Cd2+-Og-Cb angle was about 150°, suggesting that the hydroxyl group 
may be deprotonated. Site-directed mutagenesis showed that both cysteines of MNK1 were 
necessary for the formation of the complex. In the Cd-HAH12 structure [22], the Cd2+ ion is instead 
at the center of an essentially regular tetrahedron formed by the four Sg atoms of the metal-binding 
cysteines. 

In both adducts, the net charge at the metal site is -2. Instead, the charge at the more solvent-
exposed site in isolated Cu(I)-HAH1 is -1. In addition, upon complex formation the distance from 
the metal site of the Ne of Lys60 of HAH1 increased. These effects could be compensated by the 
favourable orientation of the dipole moment of the first helix of the incoming MNK1 molecule. 
 
Concluding remarks 

The whole body of the data on the interaction between metallochaperones and their partner 
ATPases, as well as studies with copper(I) chelators [27], demonstrate that metal homeostasis in 
cells involves a subtle balance between the control of metal reactivity and the capability to transfer 
the metal between proteins with an appropriate kinetics. The use of metallochaperones to deliver 
copper to specific intracellular targets has been likened to the action of an enzyme lowering the 
activation barrier for copper transfer to their specific partners [28]. Additionally, the fine tuning of 
the identity of the amino acids at interface may allow the metallochaperone-based system to select 
among different metal ions. The selection can result from the complete abrogation of the formation 
of the metal-mediated adduct or from a kinetic trap in which the adduct gets locked [29]. The 
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present mutagenesis data indicate that it is not a single amino acidic substitution that plays a 
decisive role. Instead, the network of Van der Waals and electrostatic interactions taking place 
among the interface residues as well as, presumably, the variation of the conformational space 
available to the same residues determine the configuration of the adduct and its energy of formation. 
Structural modelling suggested that for the various MBDs of ATP7A, the electrostatic contribution 
is crucial to determine the energetics of the interaction with the metallochaperone.  

Protein recognition takes place only in the presence of the copper(I) ion, as a result of the 
small interface area and low propensity of the surface of HAH1 for forming a stable intermolecular 
complex. This, together with the fact that the affinity for copper(I) of the MBDs of ATP7A is 
approximately a ten-fold higher than that of HAH1 [17-19], suggests that upon interaction the metal 
ion is effectively transferred to the ATPase. However, for some MBDs within the soluble tail, such 
as MNK1, an intermolecular adduct is formed at detectable levels, involving one cysteine residue 
from HAH1. While the latter can be regarded as a weakly trapped intermediate along the metal-
trafficking pathway, its formation might also be instrumental to determine rearrangements of the 
inter-domain interactions of the ATPase. The latter inter-domain interactions and their variations 
during the catalytic cycle are important for the enzymatic function of the protein [30;31], as well as 
to determine the intracellular localization of the ATPase [32]. The formation of adducts between 
HAH1 and the first or fourth MBD of ATP7A can thus modulate the interaction of the N-terminal 
cytosolic tail with the other protein domains, ultimately constituting a means for the cell to 
modulate enzyme turnover [33]. 
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Tables 
 
Table 1 Interprotein contacts in the present structures. For the NMR structure, short distances (< 
4.0 Å) occurring in >50% of the family members are reported. 
 

HAH1-Cd(II)-MNK1  HAH1-Cu(I)-MNK1 
HAH1  MNK1  HAH1  MNK1 

      12 CYS  15 CYS 
      12 CYS  17 SER 

12 CYS  18 CYS  12 CYS  18 CYS 
14 GLY  12 GLY       
14 GLY  14 THR       

      14 GLY  15 CYS 
14 GLY  18 CYS       

      15 CYS  18 CYS 
18 ALA  65 MET       
18 ALA  66 GLY  18 ALA  66 GLY 
18 ALA  67 PHE  18 ALA  67 PHE 
21 ARG+  63 ASP       
21 ARG+  66 GLY  21 ARG+  66 GLY 
21 ARG+  67 PHE  21 ARG+  67 PHE 
21 ARG+  68 ASP  21 ARG+  68 ASP 
22 VAL  64 ASP  22 VAL  64 ASP 
22 VAL  65 MET  22 VAL  65 MET 
22 VAL  66 GLY       
57 LYS+  25 GLN       
57 LYS+  64 ASP  57 LYS+  64 ASP 
57 LYS+  65 MET       
58 THR  21 THR  58 THR  21 THR 
58 THR  65 MET  58 THR  65 MET 
59 GLY  25 GLN       
60 LYS+  20 TRP  60 LYS+  20 TRP 
60 LYS+  21 THR  60 LYS+  21 THR 
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Table 2. Properties of the protein-protein interface of various metal-mediated complexes (calculated on the experimental structures with the 
program Proface [34]) 
 
 

 HAH1-Cd(II)-MNK1 HAH1-Cu(I)-MNK1 Yeast Atx-Cu(I)-Ccc2a HAH1 dimer 
 

 HAH1 MNK1 Total HAH1 MNK1 Total Atx1 Ccc2a Total HAH1 (Chain A) HAH1 (Chain B) Total 
Interface Area (Å2) 449 434 883 527 490 1017 416 426 842 494 478 972 

Interface Area / Surface 
Area 

0.11 0.10 0.10 0.12 0.11 0.12 0.1 0.11 0.11 0.12 0.12 0.12 

Number of atoms 50 44 94 54 56 110 46 51 97 51 52 103 
Number of residues 15 14 29 16 14 30 15 15 30 15 15 30 

Fraction of non-polar 
atoms 

0.70 0.64 0.67 0.61 0.54 0.57 0.59 0.49 0.54 0.59 0.58 0.58 

Non-polar interface area 
(Å2) 

253 219 472 249 210 459 185 161 345 223 218 441 

Fraction of fully buried 
atoms 

0.16 0.18 0.17 0.28 0.25 0.26 0.28 0.29 0.29 0.22 0.17 0.19 

Residue Propensity Score -1.87 0.46 -1.41 -2.18 -0.21 -2.39 -2.32 -0.17 -2.49 -1.61 -1.67 -3.28 
Local Density 32.76 28.95  35.04 33.86  29.91 33.53  31.84 30.92  
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Table 3. Statistics for the structures of the adducts between each of the six MBDs of ATP7A and HAH1 calculated with the docking program 
HADDOCK. Only the best cluster of solutions was taken into account. 
 
 

 MNK1 MNK2 MNK3 MNK4 MNK5 MNK6 
HADDOCK score -103.7 ± 5.7 -65.4 ± 3.0 -57.2 ± 4.7 -103.8 ± 3.2 -91.2 ± 7.3 -48.9 ± 3.7 
RMSD from the overall lowest-energy structure (Å) 1.2 ± 0.9 0.7 ± 0.5 1.2 ± 0.7 0.8 ± 0.5 0.6 ± 0.4 1.0 ± 0.7 
Van der Waals Energy (kcal mol-1) -28.1 ± 6.8 -36.1 ± 2.8 -36.4 ± 3.5 -27.7 ± 0.8 -46.9 ± 5.5 -26.7 ± 2.0 
Electrostatic Energy (kcal mol-1) -391 ± 43 -242 ± 17 -89 ± 13 -382 ± 12 -206 ± 20 -246 ± 20 
Desolvation Energy (kcal mol-1) 1.3± 4.1 18.4 ± 3.5 -3.6 ± 3.3 -0.7 ± 0.9 -6.6 ± 2.3 26.3 ± 6.3 
Restraints violation Energy (kcal mol-1) 13 ± 11 7.4 ± 3.6 5.4 ± 3.5 9.6 ± 2.5 35 ± 27 7.1 ± 2.6 
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Figure Legends 
 
Figure 1. Comparison of the solution structures of A) HAH1-Cu(I)-MNK1; B) Cu(I)-HAH1 (PDB 
code: 1TL4); C) Cu(I)-MNK1 (PDB code: 1KVJ). The side chains of the metal-binding cysteines 
are shown in green. The fourth cysteine, which does not bind the metal in the present structure, is 
shown in grey. 
 
Figure 2 Crystal structure of HAH1-Cd(II)-MNK1 (same orientation as in Figure 1A). The side 
chains of the metal-binding cysteines are shown in green; the side chain of metal-binding threonine 
is in dark green. The fourth cysteine is shown in grey. 
 
Figure 3 Electrostatic potential surfaces of left) MNK1 and right) HAH1 in the HAH1-Cu(I)-
MNK1. The backbone and side chains (as of Table 1) of the partner are also shown. 
 
Figure 4. Combined chemical shift variations of selected residues for WT-HAH1 and the three 
interface mutants. Not all peaks could be detected in the Thr58Ala mutant. 
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