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2 clarifications 

2.1 general nomenclature 

References in bold refer to figures, legends, equations or articles in this thesis. 

If the reference is not on the same page, a page number is also given. References not 

in bold refer to the references list (10). 

If elements have a two-lettered chemical symbol, such as Cu or Mo, these are 

also used as abbreviation in the text. If the element’s symbol is single-lettered, such 

as for N or O, the element’s name is used instead. 

While the convention for gene names and respective proteins differs dependent 

on the organism, a unified gene nomenclature will be used in this thesis in order to 

accommodate a wider readership: Gene names are small and in italic, with their 

corresponding main protein with ideally the same name, such as atp7b and ATP7B 

or cuf1 and Cuf1. The latter is however not true for many historical proteins (i.e. 

their discovery predates the discovery of their gene.) This is especially true for 

enzymes, such as Ceruloplasmin or Tyrosinase, or furthermore, for classifications of 

proteins, such as dioxygenases or chaperones. Lastly, field specific denotations for 

types of RNA or proteins (such as the “p” in Cuf1p or Cuf1-p to emphasize the 

proteinic S.pombe gene product of cuf1) are omitted for clarity. 

A different type of designation that differs from field to field is the use of in 

vivo. In most clinical and biological fields, the usage of in vivo as a term is 

exclusively used for experiments involving animals, whereas other fields, such as 

the Cu field, apply the term less strictly and use in vivo for experiments involving 

cell lines kept in artificial environments as well. While in this thesis, the latter usage 

will be applied, this is by no means meant to lessen the work and research of all the 

fellow scientists working with live animals. I am well aware of all the extra efforts 

that are required and the hassles that are involved; you have my deep respect. 

When ion charges are designated in Arabic numerals, such as Cu2+, it 

specifically designates the ion as being in solution. Otherwise, Roman numerals are 

used as charge designation (i.e. Cu(II) in this case). 

Following biochemistry conventions for numbered data, dimensions are written 

out, units are given in curved brackets, while squared brackets are used to denote 

concentration, i.e. “protein concentration (µM)” and “[protein] (µM)” would have 

the same meaning. Note that square bracketed numbers in the text are reference 

numbers though. 
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The wording “free energy“ always refers to “Gibbs Free energy”, also known as 

“free enthalpy”. Since the latter designation might lead to confusion with “enthalpy” 

though, its use is avoided. If the text or figures refer to “change in enthalpy” or 

“ΔH”, this is to read as “change in standard reaction enthalpy”, or ΔrH
0. The same is 

true for ΔG, which is to be read as ΔrG
0. This is, of course, only valid unless 

designated otherwise. 

In the abbreviation list (2.2), amino acid three letter codes are not listed 

separately. While this is the usual form of amino acid designation used in this thesis, 

for the sake of clarity, one letter code is used for certain amino acids in a defined 

chain and mutants thereof (e.g. “C15” would refer to the 15th amino acid of the 

respective protein, a cysteine; “C15A” would define that it was mutated to an 

alanine). It is furthermore used for the description of amino acids in certain motifs, 

e.g. the cysteines in the CXXC motif are regularly designated C1 and C2, 

independently of their absolute position in the chain, when the relative position is all 

that matters. 

Also omitted in the same list were protein names, as they are often acronyms, 

apronyms or even backronyms (whose original meaning can even be misleading); 

also, their naming does not follow any consistent system. It will therefore be more 

convenient for most readers to treat them as mere names rather than abbreviations. 

Most human proteins associated with Cu trafficking can be found in the comprising 

figure 1 (page 17).  
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2.2 abbreviations 

2C two-component buffer 

AA amino acid 

AD Alzheimers Disease 

ALS amyotrophic lateral sclerosis 

ATP adenosine-tri-phosphate 

BCA bicinchoninic acid 

CD circular dichroism 

DNA desoxy-ribo-nucleic acid 

DTT dithiothreitol 

ER endoplasmatic reticulum 

ESI-MS electron spray ionization mass spectrometry 

FPLC fluid pressure liquid chromatography 

GF / GFW specific blends of buffer, see 4.1 

GSH glutathione 

GSSG oxidized Glutathione 

ICP-MS inductively coupled plasma mass spectrometry 

IEX ion exchange 

IMS mitochondrial inter membrane space 

IPTG isopropyl-β-D-thiogalactopyranosid 

ITC isothermal titration calorimetry 

K the equilibrium constant 

MBD metal binding domain 

MD Menkes Disease 

MES 2-(N-morpholino) ethanesulfonic acid 

MT metallothioneins 

PD Parkinsons Disease 

QM/MM quantum mechanics/molecular mechanics  

RNA ribo-nucleic acid 

SDS-PAGE sodium dodecyl sulfate polyacrylamide gel electrophoresis 

SEC size exclusion chromatography 

SNP single-nucleotide polymorphism 

TCEP tris(2-carboxyethyl)phosphine 

TGN trans-golgi-network 

TM trans-membrane 

Tris tris(hydroxymethyl)-aminomethane 

UV/Vis ultraviolet / visible light 

WD Wilsons Disease 

XAS (XANES, EXAFS) x-ray absorbance (plus subtypes) 

XRF x-ray fluorescence 
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3 sammanfattning på svenska 

Många biologiska processer i levande organismer sker via kortvariga 

interaktioner mellan olika proteiner. Dessa interaktioner är ofta svaga och drivs av 

små förändringar i systemets fria energi. Eftersom kortvariga interaktioner är svåra 

att studera termodynamiskt vet vi ganska lite om drivkrafter, dynamik och strukturer 

av denna typ av protein-protein komplex. 

Ett exempel där kortlivade protein-protein komplex är centrala är 

kopparjontransport i våra celler. Kopparjoner är livsviktiga för levande organismer, 

vi behöver dessa metalljoner som kofaktorer i viktiga enzymer som ingår i basala 

funktioner så som andning och hjärnan. Eftersom fria kopparjoner är farliga och 

reducerade kopparjoner (vilket är det oxidationstillstånd som kopparjoner tar inne i 

celler) inte är lösliga är koppar än stor utmaning för levande celler. I evolutionen 

kom ett avancerat och specifikt transportsystem för kopparjoner fram: Efter att 

kopparjoner (från maten) tagits in i cellerna tas de omhand av olika så kallat 

”metallchaperones”. En av den heter Atox1 i människa. Atox1 transporterar 

kopparjoner (via bindning till två cysteinaminosyra sidokedjor) till metall-bindande 

domäner i en ATP driven kopparpump (som heter ATP7B eller Wilson disease 

protein) som sedan för vidare kopparjonerna till insidan av Golgi där koppar-

behövande enzymer kan laddas med dessa metalljoner. Atox1 levererar kopparjoner 

till metall-bindande domäner i ATP7B via direkt protein-protein interaktioner där 

metallen är temporärt bunden till båda proteinerna. 

Mitt arbete har gått ut på att förstå på en molekylär och mekanistisk nivå hur 

denna temporära protein-protein interaktion ser ut (vilka aminosyror interagerar med 

kopparjonen i komplexet?) och vilka krafter som driver förflyttning av metalljonen 

från det ena proteinet till det andra (entalpi, entropi?). Jag har studerat hur Atox1 

förmedlar kopparjoner till den fjärde metallbindande domänen i ATP7B (WD4). 

Både Atox1 och WD4 har nästan samma storlek, struktur och metall-bindande site: 

C1XXC2 där C är cystein och X är vilken aminosyra som helst. Med hjälp av olika 

biofysikaliska och biokemiska metoder in vitro, t.ex. kromatografi och kalorimetri, 

tillsammans med uttryck av wild-typ och muterade varianter av de två proteinerna, 

har jag kunnat beskriva hur entalpi och entropi bidrar till de två avgörande stegen 

som resulterar i förflyttning av koppar från ett protein till det andra. Jag upptäckte 

att det intermediära protein-protein komplexet bara bildades i närvaro av koppar, 

men under dessa betingelser var det mer stabilt än både reaktanter och produkter. 

Genom strategiska cysteinmutationer kunde jag bestämma att den första cysteinen i 

varje protein var helt nödvändig för att ett komplex skulle bildas men en av de andra 
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cysteinerna kunde undvaras. Genom att analysera termodynamiska parametrar för 

wildtypssystemet och mutanterna kunde vi dra slutsatsen att wildtypssystemet 

fungerar via entalpi-entropi kompensation. Vi förklarar detta med att 

wildtypskomplexet är dynamiskt så att kopparjonen byter cysteinligander 

kontinuerligt i protein-protein komplexet. Detta kan vara ett sätt att hålla 

kopparjonen redo för nästa steg och samtidigt skydda den från oönskade attacker. 

Liknande koppartransportsystem finns i alla organismer, men vi är övertygade 

att det är viktigt att forska på de mänskliga proteinerna. Många slutsatser i 

kopparproteinfältet är dragna från experiment med bakterie och jäst homologer. Men 

det finns stora skillnader när det gäller båda antal koppardomäner och regleringen av 

transportern mellan organismer. I människa har man dessutom identifierat 

mutationer i koppartransportproteinerna som kopplats till sjukdomar; man har också 

funnit höga kopparnivåer i både cancertumörer och amyloida despositioner. Mina 

grundvetenskapliga observationer och slutsatser kan därför vara av vikt för 

medicinska tillämpningar i framtiden.  

  



 

8 

4 introduction 

4.1 aim of the project 

Many processes in living systems (including cellular metal homoeostasis) occur 

through transient, often weak, interactions among proteins. In these cases the 

interaction is often associated with a small, negative change in free energy. If the 

free energy change was large and negative, the complex would be stable and non-

transient, even removing both interacting partners from their respective cellular 

pool; whereas, if it were large and positive, only very few interactions would occur.  

While this is a general biophysical principle, it is of particular importance for 

cellular Cu trafficking. In the reducing condition of the cytosol Cu is present as 

insoluble Cu(I). Transport therefore takes place via Cu-mediated protein-protein 

interactions where Cu is transiently bound to sulfur ligands of Cys residues from 

both proteins of heterocomplexes. These interactions are binary, meaning in this 

case that, although interaction interfaces of the proteins exist, the protein-protein 

binding interaction itself does not take place without the mediating Cu ion. This 

means that the free energy of formation of Cu-mediated protein-protein complexes 

is a delicate 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 of these interactions. Additional factors to consider are solvent effects, 

both at the metal site and the protein-protein interface, the de-protonation of ligand 

side chains, and intra-protein structural rearrangements. In turn, in order to avoid 

persistent protein-protein interactions in absence of metal, the contribution to the 

change in free energy resulting from protein-protein interactions alone must equal, 

or be larger than, zero.  

Here, I want to show how to fill abstract words such as interaction, binding, 

specificity or affinity with meaning: How can we obtain changes in free energies, 

enthalpies, entropies? What do they imply? We think that the special circumstances 

when dealing not only with heavy metals in general, but with Cu specifically, make 

the analysis of thermodynamic and kinetic interaction parameters especially 

important: There is no pool of free, soluble Cu in the cytosol that would allow 

proteins to bind metals just how affinity dictates. It is far more complicated than 

that, and I will try to explain why.  

This thesis aims to contribute molecular details of some of these reactions using 

in vitro biophysical methods such as chromatography or calorimetry with purified 

proteins. We chose the Cu chaperone Atox1 and the fourth metal binding domain of 
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the Cu transporter ATP7B as model system, because we think that although the 

systems in lower organisms are remarkably similar, significant differences do exist. 

In humans, we additionally find diseases caused by mutations in the secretory 

pathway, and increased Cu-levels have been linked to cancer and Alzheimers 

Disease. Many aspects of my findings are nevertheless of general nature and 

relevance for cellular Cu transfer.   
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4.2 the biophysics of copper 

4.2.1 oxidation state, solubility and coordination 

Copper, or Cu, is the 29th element in the periodic table, and as a member of 

group 11 it is also a heavy metal with a mass of 63.55 u. Although technically a 

transition element due to a formal configuration of [Ar]d9s2, the regular 

configuration of elemental Cu is [Ar]d10s1. It is therefore less surprising that the first 

ionization energy is only a third of the second ionization energy (746 and 1958 

kJ/mol, respectively). However, less obvious from the configuration is that the 

preferred oxidation state of Cu, at least in biophysically relevant aqueous 

environments, is Cu2+, equaling [Ar]d9s0. This can be explained with its hydration 

enthalpy, which is almost four-fold increased (-593 and -2099 kJ/mol for Cu1+ and 

Cu2+, respectively). These combined effects lead to a relatively small potential 

difference between both ions, ΔE0 being only 160 mV in aqueous solution [9]. And 

this in turn makes Cu1+ basically insoluble in water compared to Cu2+, it 

disproportionates to form both Cu2+ and elemental Cu.  

While we live in an oxygen world, the reduction potential of environments can 

differ significantly, with biological systems as no exception: While the cytosolic 

solution is, controlled by the GSH/GSSG system, reducing to most metals (E0~-290 

mV) [10-12], and favors Cu(I) significantly over Cu(II), this can differ for 

intracellular compartments, such as parts of the Golgi and the inter-membrane-space 

of mitochondria, or outer compartments, such as the related periplasm. Not to 

mention less confined interstitial spaces or even environments with a very high 

presence of oxygen, such as blood, where Cu(I) becomes oxidized quickly. 

Given size and charge differences, dissimilar coordination chemistry can be 

expected. While Cu2+ and its binding behavior have to be viewed in context to the 

Irving-Williams series [13], this series is based on divalent ions and octaedric 

complexes only, the latter being rare for Cu, due to its small size. Cu(I) tends to 

prefer trigonal coordinations, rarely diagonally, whereas Cu(II) prefers four ligands 

most of the time, ideally in a tetragonal geometry, but always with some distortion 

towards the plane.  

For coordination in biological environments, Cu(I) prefers softer ligands, 

meaning sulfur-ligands such as Cys, Met, as well as soft nitrogen-ligands such as 

(His). Cu(II) tends to bind to harder ligands, nitrogen and moderate oxygen, such as 

Lys, Gln and Glu. Cu coordination sites (also: referred to as Cu binding sites, or just 

Cu sites) in proteins are, in relation to other metals, relatively conserved: One of the 

reasons for this conservation is that Cu is usually enzymatically active, required to 
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undergo a functional valence change every turnover. To facilitate this, some of the 

Cu sites provide a ligand environment called ‘entatic’, meaning it accommodates Cu 

in an intermediate between both preferred environments, hence enabling easy 

switching.  

Some Cu sites are classically sorted into several specific categories, where the 

main difference is whether the electron transfer takes place with or without the 

binding of additional oxygen: Type I (“blue Cu”, single-Cu, entatic, electron 

transfer), type II (single-Cu), and type III (dual-Cu). Both II and III bind O2 and can 

also function as oxidases and oxygenases. More types are subject to debate, such as 

type A, a dual-Cu site occurring in the CuA center in Cytochrome c oxidase 

(CoO/complex IV) of the respiratory chain. This classification is, however, based on 

the spectroscopic properties of the Cu center, which in turn depends on its oxidation 

state and ligand environment. Since this classification also predates structural 

biology as we know it today, it ignores that, for protein ligands, specific Cu centers 

can be accommodated by specific protein folds. A categorization of protein-derived 

Cu centers based on protein fold, however, does only partially overlap with the 

classical definition. Type I centers, for instance, are often accommodated by 

cupredoxin folds, such as Azurin [6] or Plastocyanin, while several different folds 

can comfort a type II center. It remains to be seen if a classification system based on 

singular spectroscopic or sequence feature will remain applicable in the future 

4.2.2 apo, holo and affinity in bioinorganic context 

In metalloprotein terminology, the prefix “holo” describes a ligand with a metal 

(usually in ionic state) bound, while “apo” describes the same ligand without it. 

Termed “metal loading”, the process of transferring an apo-protein into holo-form is 

a crucial process in bioinorganic chemistry, both in vivo and in vitro. While much 

effort is put into just measuring pure affinities, those values are difficult to obtain 

reliably, as all available methods and approaches have varying flaws and large errors 

at measurement ranges and molecule concentrations in question [14]. This is even 

more difficult for ions such as Cu(I), where solubility and binding capacities are 

highly pH dependent, i.e. insoluble at neutral pH values [15]. The maybe most 

promising approaches have been made using fluorescent ligands [16] [17], while 

others, such as direct calorimetry approaches solubilizing Cu1+ at low pH, have been 

less successful [18].  

However, while there have been many successful attempts to assess metal 

binding affinity of proteins, it is very delicate to simplify metal binding in biological 

environments to pure affinity, as this would ignore the fact that there are many 
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described examples of proteins receiving a certain metal, while exhibiting a similar, 

or higher, affinity for a different metal [11, 19, 20]. Or, inversely, that competition 

for metals, based on affinity only, results in aberrant metal site occupation [21]. 

Compartmentation of interactions and specific, protein-interface determined 

interactions encounter this (4.3.6), but it comes as no surprise that an environment 

rich in a certain heavy metal strongly influences the general protein metal 

occupation [22]. Depending on the protein and metal, the process of protein metal 

binding can even involve the very folding of the protein, fixing the metal ion in 

question in the nascent polypeptide chain effectively locking it in place [6, 21, 23]. 

Why, and how, metals make it to the right spot, and do not end up somewhere else, 

are among the crucial questions in bioinorganic chemistry, and the subject of intense 

research [20, 24-26]. 
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4.3 the biology of copper 

4.3.1 availability 

The effect of metals on biology cannot be overestimated, because the elements 

themselves are much older than even earth itself. Metals have been around since the 

very beginning of life as we know it, and are therefore entwined with it from early 

on: It has been estimated that at least half of all enzymes are metalloproteins [25]. 

But while metals have always been around, the bioavailability, which means the 

likelihood and possibility of metals and biological systems interacting with each 

other, has changed significantly over the course of earth’s history [27]. The main 

reason for this is a caesura in earth’s history without comparison: The slow 

accumulation of oxygen in its atmosphere with the evolvement of photosynthesis, 

starting around 2.4 billion years ago. The impact on the natural selection of living 

things was enormous, since the aggressive element oxygen forms an oxidative 

environment, changing everything. Not surprisingly, metals are affected the most, 

given their low electronegativity. For life on earth, this was a problem on several 

levels: Firstly, employed metals changed their function on different oxidation states; 

secondly, oxidized forms of metal ions could become more insoluble (e.g. Fe2+ to 

Fe3+) or more soluble (e.g. Cu1+ to Cu2+, or ZnS to ZnSO4), changing their 

availability to organisms significantly [28] [29]. And, thirdly, the formation of 

oxides, both for non-metals (sulfates instead of sulfides, nitrates instead of nitrides) 

and metals (Mn- or Ca-oxides) changed biochemistry forever. While this was a 

gradual process, enormous deposits of banded iron ore everywhere on earth give us 

a glimpse at oxygen’s toxicity and the resulting selective pressure on life on earth. 

But life adapted, and not only did systems dealing with oxygen and the threat it 

posed evolve, but also eventually, most likely in inversion of photosynthesis, 

systems that managed to harvest its power by tapping oxidative phosphorylation, 

opening the door to aerobic life as we know it [30]. 

From Cu we know therefore that it is, from an evolutionary point of view, very 

young metal in use; Cu binding protein fold superfamilies are much younger than 

those of e.g. Fe [31]. It is thought that the first uses of Cu were in O2-sensing and 

detoxification enzymes, while the use in synthetic pathway proteins is younger. Cu 

is an essential trace metal for all eukaryotes, with a daily uptake of roughly 0.9 µg a 

day needed for an adult. An average human body contains about 120 mg. The uptake 

is orally, and is less influenced by the actual Cu content of the diet or drinking water 

but more by other factors, such as the presence of Mo:Iit precipitates Cu as 

Cu2MoS4, rendering it insoluble and bio-unavailable for the body. Since one of the 
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most visible phenotypes of Cu-deficiency is brittle hair, the research on the 

biochemistry of Cu was and is fostered significantly where wool industry and Mo-

rich soils coincide, such as in Australia. 

4.3.2 biological function 

The gain-of-function that Cu experienced in evolution is somewhat reflected in 

its use: While only 31% of archaea use Cu, this number increases to 72% in bacteria 

and 100% in eukaryotes [32]. Given its evolutionary origin and the ease of jumping 

in between Cu(I) and Cu(II), it is not surprising that all biological functions of Cu 

involve electron exchange, and often also oxygen binding. The presumably oldest 

function would be detoxification enzymes, such as Superoxide Dismutases (SOD) 

against oxidative damage, and secretion ATPases for the disposal of the Cu per se, 

followed by oxidases, mono- and dioxygenases [11], the latter an activity that many 

Cu-binding proteins can exhibit unspecifically.  

Examples of Cu-dependent enzymes would range from electron transfer 

reactions involved in respiration, such as Plastocyanin in photosynthesis, 

Cytochrome c Oxidase (a.k.a CoO, COX, or complex IV in the respiratory chain), or 

Ferroxidases (also known as Ceruloplasmin, responsible for Fe activation); over to 

synthesis (e.g. Lysyl oxidase, crucial for the formation of extracellular structure 

proteins) and oxygenases, like Tyrosine hydroxylase (responsible for dopamine and, 

successively melanin synthesis), to detoxification of reactive oxygen species 

(superoxide dismutases, SOD). There are, in general, very little aspects of 

physiology where Cu does not play a role in crucial steps. And the list does not end 

here: In plants, for instance, Cu is, in addition to ‘general’ eukaryotic usage and 

photosynthesis, decisive for the ethene-receptor or the crosslinking of lignin. 

Arthropods and mollusks use Cu instead of Fe in their oxygen carrying molecule, 

hence named Hemocyanin.  

Cu-dependent machinery is of course regulated by specific Cu-dependent 

transcription factors and response-elements; known examples in prokaryotes would 

be CopY, CsoR, CueR or RicR [33], or Mac1, Ace1 and Cuf1 in yeasts [34]. None 

have been identified in humans yet, although their existence is highly likely [28]; 

human transcription pattern changes in reaction to Cu seem to be affected by the 

originally Zn-dependent transcription factor MTF1 [35, 36]. While it has been 

proposed that the Cu chaperone Atox1 may feature a nuclear localization signal 

(4.4.1), experimental evidence, for both translocation and Cu delivery, is 

inconclusive. Furthermore, synchrotron XRF measurements show that Cu presence 

in the nucleus of isolated immune cells is significantly lower compared to the 
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cytoplasm (M.J. Niemiec et al., personal correspondence, manuscript in press at 

Metallomics), leaving many open questions for future investigation in this area. 

4.3.3 toxicity 

Unfortunately, the aspects that make Cu so feasible as a biometal also contribute 

directly to its toxicity for organisms. Since it is a heavy metal, it will, given the 

possibility, occupy feasible binding sites. Following the Irving-Williams-series, this 

includes sites that are “meant” to bind other metals, especially Fe or Zn [27]. 

Secondly, its ability to accommodate electron transfer reactions with ease can as 

easily turn into a problem for the cell: There are several small molecules, comprised 

as reactive oxygen species (ROS), whose formation is catalyzed by Cu-based 

electron transfer: These do not only include hydroxyl radicals via the Fenton 

reaction, but also superoxides, singulett oxygen, or peroxides, just to name the main 

representatives. These molecules cause all sorts of oxidative havoc in the cell, from 

the oxidation of Fe in heme-groups over the destruction of FeS-clusters and 

interference in synthesis pathways [37] to lipid peroxidation and random 

methylation of DNA. And finally, cellular Cu concentrations could be correlated and 

are most likely connected to several neuronal diseases like Alzheimer’s and 

Parkinson’s Diseases as well as ALS, causalities are still unclear (4.3.8). 

Interestingly, the vertebrate innate immune system has evolved to use all the 

named toxic effects to its advantage: Macrophages relocalize Cu-transporters to 

phagosomes and sequester toxic Cu into them [28]. Since bacteria, also for 

evolutionary reasons, are not only much more dependent on FeS-clusters than 

eukaryotes, but also lack eukaryotic organelles as a means of detoxification, Cu is 

even more toxic for them. This makes in turn for a convenient way of unspecifically 

killing intruders (using the aforementioned ROS) and possibly explaining the 

comparatively elaborate Cu-detoxification machinery in many pathogenic 

prokaryotes [33, 38]. 

4.3.4 homeostasis 

Considering all benefits and disadvantages, it is no surprise that the regulation 

of Cu detoxification and distribution needed to co-evolve from early on, resulting in 

broad similarities throughout the species. This process, designated Cu-homeostasis, 

comprises the uptake, buffering, distribution and disposal of Cu microscopically in 

the cell, and, for multi-cellular organisms, more macroscopically in the body. 

Thought to at least partially originate in oxygen sensing and handling pathways, Cu 

binding proteins have come a long way. 
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Most of the time, Cu is taken up by a Cu transporter (4.3.5), received and 

buffered by proteins called metallochaperones and metallothioneines (MTs) (4.3.6), 

and distributed to a site where it is either required, or where it can be disposed of 

(4.3.7). In the latter case, these processes do overlap, as the same proteins 

transporting Cu into compartments for extra-cellular use (e.g. in enzymes, usually in 

the Golgi), can also secrete the Cu through the cellular membrane either for further 

use (like from intestinal cells into the bloodstream, where it then can be picked up 

by albumin), or for final disposal (as to the bile duct in hepatic cells, or into the 

periplasma in bacteria; figure 1).  

When comparing different organisms from bacteria to humans on a cellular 

level, the system similarities to deal with those tasks are remarkable, suggesting at 

least some common ancestry. Although this holds remarkably well from bacteria 

over single- to multi-cellular eukaryotes, both animals and plants, there still are 

holes to fill: There has no bacterial Cu uptake transporter been found yet [28]); most 

canine animals have a general, 10-fold increased body Cu-level; mice liver MT 

levels are much higher compared to human [39]; just to name a few. The fact that 

another inconsistency (commonly used strains of S.cervisiae have extreme Cu 

tolerances) was recently suggested to be a more recent evolutionary selection due to 

the use of Cu as biocide or brewery vessels in human history [40] also hints that 

some more recent evolutionary factors might have been neglected so far. In 

summary, the puzzle is far from solved, and might hold one or another surprise for 

researchers in the future. 
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figure 1: homeostasis: Cu uptake, distribution and excretion in a liver cell 

Uptake, distribution, secretion and excretion, summarized as homeostasis, in a 

polarized liver cell. Cu is taken up from the basolateral side via mainly CTR1 and 

distributed via chaperones: The secretory pathway is the delivery via Atox1 to 

ATP7B in either the trans-Golgi, or, under elevated Cu conditions, at the apical 

cellular membrane. Several unclear pathways of ongoing research are simplified or 

omitted, most noteworthy possible SOD activation requiring the mitochondrial IMS, 

the construction of the different Cu sites of CcO, and the involvement of Atox1 in 

possible transcription. Designations in brackets point to proteins and molecules that 

are known from yeast, and are expected to have a mammalian analog. If they do in 

fact exist, they have yet successfully eluded discovery. 
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4.3.5 homeostasis: uptake 

Surprisingly, at least considering the mentioned size, charge, and need for 

regulation of Cu, a Cu-uptake transporter in prokaryotes remains yet to be found. It 

is assumed, that it might either be co-transported by less specific uptake 

transporters, or enter the cell ligated in either membrane-going or transportable 

small molecules such as methanobactin [28]. Eukaryotic cells acquire Cu via CTR 

transporter family [41] (COPT in plants). Each CTR transporter consists of trimers 

of three trans-membrane-helixes, where the middle helix of each contains a 

MXXXM motif, crucial for the transport, and a cysteine in each of the C-termini on 

the cytosolic site [42], assumed to bind and present insoluble Cu1+ after the passage 

[43]. Since CTR transports Cu1+, and since extracellular Cu is present as soluble 

Cu2+ this means that Cu must be reduced before it can be effectively transported. 

The reduction, the regulation (for example by interaction of several CTR-family 

proteins [44]), and the actual driving force of the transport itself, are subject of 

ongoing research.  

The complexity of Cu uptake increases further on a multicellular level. In a 

differentiated organism, not all cells are capable of nutrient uptake from the outside. 

This means that, in terms of both proteins and cells, there are intermediate and final 

Cu locations. After the uptake into the organism, in animals into intestinal epithelial 

cells, the nutrients have to leave those cells again, in order to be transported to their 

destination. In the case of Cu, this journey requires multiple changes in oxidation 

state; as mentioned, CTR transports only Cu1+, while ceruloplasmin [45] and 

albumin (about 4% Cu-holo) [46], responsible for the majority of Cu blood 

transport, preferably bind Cu2+. The main destinations in animals are the liver (or 

tissues of similar function in non-vertebrates), followed by the nervous system, the 

skin, and exo- and endocrine tissues.  

There is evidence that a significant amount of Cu transport by CTR is out of 

endosomes, that could facilitate Cu reduction away from the surface (by e.g. vitamin 

C or GSH), or even serve as temporary, non-cytosolic Cu depots [47] [48]. Tumor 

cells have been shown to take up Cu mainly via the endocytosis of Cu-albumin, 

translocating CTR into the endosomal membrane [49]. It should be noted in this 

context that, compared to yeast, animal CTR in general seems to be regulated much 

more on the protein level, i.e. by endocytosis and degradation, correlating with a 

possible lack of Cu-dependent transcription factors. 
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4.3.6 homeostasis: distribution and chaperones 

The cytosol, with its dense concentration of micromolecules, proteins, 

nucleotide chains and lipid vesicles, offers heavy metals many interaction sites that 

vary in affinity and specificity. Most notable are highly negatively charged, strongly 

structured RNAs, small thiol-containing molecules like GSH, and proteins that do in 

fact feature ‘heavy metal binding sites’: These are comprised as metallothioneines, 

many still with unknown functions, apart from the general ability to accommodate 

heavy metals and to serve as potential “buffers” for oxidative stress [24, 50, 51].  

Therefore, in the cytosol, there could be plenty of metals. Plainly taking the 

binding sites and incubating them with different solubilized metals in vitro shows 

that an occupation would mostly follow the Irving-Williams-series translated to 

affinity (‘mostly’ because the series refers to divalent ions with six ligands) (4.2.2). 

Why this is clearly not the case in vivo is attributed to several reasons:  

Firstly, it can be assumed that the cytosolic solution, due to both high affinities 

and high presence of heavy-metal-binding-sites, together with a generally low 

concentration of heavy metals altogether, is basically depleted of free heavy metals 

[52-54]; one could talk about a metal-controlled environment [20]. This requires 

most metal binding proteins to competitively obtain the metal from another protein, 

instead of just taking it up out of a readily available solubilized pool. This is 

especially true for Cu1+ given its low solubility at cytosolic pH. Secondly, even if it 

would be possible for an empty metal binding protein to obtain a given metal from 

another protein, this situation can be entirely different if a metal is already bound in 

place and would need to be replaced. In practice this means that a protein could be 

loaded with the metal in a different compartment featuring a different metallic 

environment, such as the Golgi, the vacuole or the periplasm, thereby protecting it 

from being loaded with a different metal in a different situation [20, 21].  

Still the question arises to what extent in what situation the actual protein-

protein interaction is entirely required or at least influencing the metal transfer 

between proteins. It should be pointed out, though, that the majority of proteins 

involved in Cu trafficking are not the final destinations of the metal. In contrary, 

many of them are mere shuttle proteins that take Cu from A to B, while also 

fulfilling buffering and regulatory functions. These shuttles are a distinct family of 

proteins, originally a subfamily of the metallothioneines, and were named metal 

chaperones. While they should not be confused with the biochemically and 

structurally entirely different better-known protein folding chaperone family, some 
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of them are comparable in a sense that they also assist in the maturation process of 

other proteins, such as the Sco-subfamily [26] [11].  

In case of having entered the cell via CTR, Cu is almost presented by the CTR’s 

cytosolic triple-C-terminal His-Cys-His motif. From here, heavy metal chaperones 

take over. While traditionally termed ‘Cu chaperones’ for the Cu distribution 

pathways, they do not exclusively bind Cu, and their specificity is one of the hot 

spots of Cu protein research [11, 20, 41]. Several “main lines” of chaperone-based 

Cu distribution have traditionally been established, as depicted in figure 1, page 17: 

a) The mitochondrial pathway, responsible for Cu delivery into mitochondria, via 

chaperones of the Cox- and SCO-families as well as the non-protein CuL [55, 56]; 

b) the SOD-pathway, responsible for loading SOD1 as main target, via the 

chaperone CCS; and c) the secretory pathway, where Cu, via the chaperone Atox1 

(CopZ in bacteria, Atx in fungi), is transferred to an ATPase at the trans-Golgi 

(4.3.7), that actively pumps Cu into the Golgi or outside the cell. It should also be 

noted that many chaperones share similar folds and Cu binding motifs, such as CCS 

and Atox1, which both bind Cu with MXCXXC in a ferredoxin fold (4.4.1), 

suggesting close relation. Variations between species exist, to the point where some 

species lack the chaperone entirely, but have the ATPase (e.g. E.coli) but the general 

principle stays the same. 

While this seems straight-forward, and specific interaction between CTR1 and 

Cu chaperones based on structural complementarities and chaperone membrane 

association capabilities have been suggested [43], experimental evidence remains 

scarce [57]. Several, less regulated, fallback CTR pathways for Cu uptake have been 

suggested for yeast [58], but not for animals [59]. While intermediate steps via GSH 

buffering might be an option [60], others do not only require specific interaction, but 

also membrane association: CCS has not only been shown to require its domain 2 to 

allow its Cu-binding domain1 to deliver the Cu to SOD, it is furthermore incapable 

to do exactly that when not associated to membranes [61]. Atox1 has also been 

shown to be membrane associated, which might make Cu uptake from CTR easier, 

but could make a Cu delivery along the secretory pathway more difficult [62]. 

Although deletions of specific chaperones do cause irregular occupation of 

metal sites [63], chaperones do interact at least among themselves, such as Atox1 

with CCS (6.5, [5]). Some form complexes, whereas others only interact transiently 

while transferring Cu, making experimental probing more difficult.  
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4.3.7 homeostasis: secretion and excretion 

While SODs antagonize the oxidative damage caused by the presence of Cu, the 

metal itself needs to be disposed of eventually. Additionally, for eukaryotes, a 

significant amount of Cu-binding proteins is active extracellularly, which in turn 

requires protein translation into the rough ER, followed by Cu loading in the Golgi. 

Both functions are the responsibility of Cu ATPases, and, in some species, several 

subtypes for different tasks seem to exist [64]. Again, their similarity across species 

borders is astonishing; all of them are of the P1 subtype, meaning that the 

transporter is covalently phosphorylated in a certain domain once per catalytic cycle 

that follows the established Post-Albers-Cycle for P-type ATPases.  

In contrast to the uptake transporters CTR, the secretion transporters consist 

only of one singular protein chain, which can reach formidable lengths, such as 1465 

AA for ATP7B in human hepatocytes. They all consist of three soluble domains, a 

phosphorylation (P)-, a nucleotide-binding (N)-, and an actuator/dephoshorylation 

(A)-domain. Additionally, an 8-helix transmembrane (TM) domain and a couple of 

smaller sites, such as a double-Leu, responsible for Dynein interaction and hence 

proper localization to either the Golgi or the cellular membrane [66]. And finally a 

kinked helix: Technically one of the TM-helixes, and also designated the ‘platform 

helix’, this is most likely the interaction site for either arriving chaperones [67, 68] 

or Cu-loaded metal binding domains (MBDs) of the same protein.  

Those MBDs are featured in an N-terminal domain (not to be confused with the 

N-domain). Again, they are strikingly similar to the chaperones, always in a 

ferredoxin fold with the MXCXXC binding motif. The N-terminal domains are 

highly similar throughout the species: They differ mainly in the number of genetic 

domain multiplication: While the prokaryotic ATPase CopA contains one of these 

domains, the yeast analog Ccc2 contains two; A. thaliana PAA-family also two; 

drosophila dATP7 four, and mammals (ATP7A and ATP7B) finally six. 
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figure 2: Annotated structure of L pneumophila CopA ATPase 

Crystal structure of CopA, an exemplary Cu-ATPase. A (yellow), N (red) and P 

(blue): Soluble cytosolic domains. D426 is the residue for phosphorylation. While 

CopA possesses one MBD (sphere), this did not resolve properly in the crystal 

structure and was omitted. The eight trans-membrane helixes are denoted as 

follows: TM1-TM6 (tan), and TMA-TMB (cyan), of which TMB is kinked. The 

approximate membrane position is annotated with black bars, the presumable Cu 

binding sites during the transfer cycle indicated with arrows. (Adapted with 

permission after [65])  
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While it has long been assumed that the MBDs might receive the Cu from the 

respective species’ chaperone and relay it into the transporter’s channel, a different 

picture slowly emerges: In bacteria, ATPases lacking their MBD exhibit less activity 

than the wild type; a certain base level activity persists, however. This base level 

activity remains also unchanged if disconnected, independent holo-MBDs are added 

to the variants lacking MDBs [69]. In humans, ATP7B nucleotide-binding-site 

interactions with the respective MBDs are weakened by Cu(I), hence exposing the 

binding site for ATP, enabling turnover [70]. In summary, while most experimental 

results in bacteria point to a direct shuttle of the transport-bound Cu to the 

transporter channel, leaving the MBDs to merely regulate [71], evidence exists that, 

for humans, at least the sixth MBD is required for functioning [72], hence setting a 

question mark on the systems comparability at this level of biological detail. 

4.3.8 diseases 

Keeping all the crucial biological functions in mind we depend on Cu for (4.3.2), 

it is of little surprise that malfunctions cause diseases in humans. Since the range of 

involved proteins, and therefore possible defects, in Cu homeostasis is large, most 

defects are lethal at very early life stages. The best-known phenotypes result from 

functional deficits in the Cu-ATPases, namely Menkes Disease (MD) for defects in 

ATP7A, and Wilsons Disease (WD) for ATP7B. For both, many known mutations 

exist, resulting in milder and more severe disease phenotypes. For instance, a less 

severe phenotype would be a mutation of the di-Leu motif (4.3.7) resulting in partial 

mis-location of the entire transporter [66]. Another severe phenotype is caused by 

two of the most common MD mutations, T994I and P1386S, that both prevent 

membrane insertion [73], rendering the whole transporter useless. Also, atp7b is 

encoded autosomal on chromosome 13, while atp7a is allosomal on the X 

chromosome, therefore impacting mainly males without a ‘backup’ allele. 

While for both, MD and WD, the affected protein is similar, its tissue 

localization is not; while ATP7B is mainly expressed in the liver, ATP7A is 

expressed in all other organs. The latter’s important role is to facilitate Cu-crossing 

of tight-junction controlled bodily barriers, mainly the intestinal epithelium (from 

intestinal lumen towards the blood stream), and the vascular endothelium (blood 

towards the nervous system). A failure of this function results in a systemic Cu 

deficiency, with devastating effects for the organism, especially in early stages of 

development. Since basically all functions mentioned in (4.3.2) are affected, the 

phenotypes of MD include a wide range of symptoms, with anemia, 

structural/muscular disorders and profound neuronal defects as the most severe [74]. 
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If surviving to birth, most patients die at very early age [28]. While, if diagnosed 

early, peripheral symptoms can be alleviated via intra-venous chelated Cu 

medication, the blood-brain-barrier remains, still depriving the patient of a normal 

neuronal development. Therapy research is ongoing using methanobactin-like Cu-

chelaters to cross the blood-brain barrier [75], as well as trying to introduce ATP7A 

by gene therapy. A breakthrough, though, is yet awaited [76, 77]. 

In Wilsons Disease, things are similar, but different, since Cu does reach the 

bloodstream, and basic Cu requirements of other organs can be delivered by 

albumin. Compared to MD, the symptoms of WD progress much slower, often 

starting with psychological problems (depression, insomnia, 30-40% of all patients), 

over to neuronal (tremors, muscle weakness, dysarthria) and anemia [39]. Slowly 

but steadily the liver becomes overloaded with Cu; this causes a downregulation of 

CTR1, in turn leaving Cu blood levels elevated, transferring the excess Cu to other 

body parts, such as kidneys, causing renal dysfunction, or eyes, causing the well-

known, well visible Cu-deposit Kayser-Fleischer rings [78]. In the final stage of 

WD, Cu and other metals and metabolites are unspecifically released into the 

bloodstream from necrotic liver cells. Compared to MD, however, the non-lethal 

phenotype range is much wider, with over 500 mutations developing WD known. 

While there are two main missense mutations for WD (H1069Q in Whites and 

African Americans and R778L in Chinese and Japanese patients [39]), most of them 

are, to various degrees, inactivating, explaining the wide range of mild phenotypes, 

and the non-correlation between Cu-level and disease severity [79]. Other WD 

phenotypes include localization issues similar to MD [80], such as the di-Leu motif 

which is thought to interact with adaptor proteins 1 and 2, hence preventing proper 

cell membrane localization [81]. 

In general, WD phenotypes differ significantly, often even without direct 

genotype correlation. Also, the influence of dietary factors seems very large [39]. 

From a therapeutic point of view, the treatments offered as of today are 

unsatisfactory. Based on chelators, they alleviate symptoms, but do not only have 

long compliance times (which can be years), but also severe physical side effects in 

about 75% of patients, among other reasons also due to Zn chelation from Zn 

fingers. A different, often combined approach is to supplement Zn in order to 

overcome named chelator problems, and, in conjunction, induce the expression of 

metallothioneins in order to function as additional, self-made chelators. 

Interestingly, Zn seems to induce their expression at much lower levels than Cu 

[82]. 
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As a final note on MD and WD it should be added that, although especially 

ATP7B is in fact ubiquitously expressed, both ATP7A and ATP7B cannot 

compensate the lack of each other in high Cu concentration conditions. The reason 

for this lies in the different translocation in polarized cells, such as intestinal 

epithelial cells, or hepatic cells: While ATP7A in the former is translocated to the 

basolateral side, i.e. the blood stream, pumping Cu taken up on the apical side into 

the blood, ATP7B, in the latter, is translocated to the apical side, i.e. away from the 

blood stream, in this case to the bile duct, disposing of surplus Cu. This means that 

putative hepatic ATP7A would re-secrete Cu into the blood stream, instead into the 

bile, and intestinal ATP7B, which exists on a basal expression level, would be 

translocated to the apical side, disposing Cu back into the intestinal lumen it came 

from. While this would alleviate Cu overload of intestinal cells to a certain degree, it 

still leaves the body systemically Cu starved, thus exhibiting the expected MD 

phenotype [83]. 

Considering this importance of intracellular localization, it is obvious that the 

expression, maturation and function of ATP7A and ATP7B are not only dependent 

on the sequence integrity of the proteins themselves, but also of interacting partners. 

An only recently discovered Cu-metabolism related disease that fits into this 

description would be the MEDNIK-syndrome, where a mutation in aforementioned 

adaptor protein 1 (AP1), a protein involved in vesicular formation, prevents several 

different proteins from localizing correctly, among them ATP7A and, to lesser 

extent, ATP7B. Not surprisingly, some of its symptoms are very similar to those of 

MD, while others are very different. Other known, but rare, diseases include Cu-

handling disorders in mitochondria.  

Lastly, when it comes to Cu-associated diseases, Alzheimers and Parkinsons 

diseases deserve a mentioning. In AD, patients exhibit elevated blood-Cu level, as 

well as elevated apo-ceruloplasmin; it has been shown that Aß 1-42 binds Cu with 

high affinity [74]. As for PD, Cu-binding to α-synuclein has been linked to its 

aggregation, possibly playing a role in it [47]. Those are, however, mainly 

correlations; causalities remain occluded.  
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4.4 Atox1 and WD4 as model proteins 

4.4.1 Cu chaperone Atox1 

Atox1 has been identified as the chaperone for the human secretory pathway 

(4.3.6), originally due to its similarity to the fungal secretory chaperone Atx1 [26, 

84, 85]. It features the typical Cu chaperone ferredoxin-(βαββαβ)-fold as well as the 

MXCXXC Cu binding motif, located in the loop between the first β-sheet and the 

following first α-helix [86, 87]. This loop binds Cu with a strong preference for 

Cu(I).  

The coordination of Cu bound to this motif has been reason for some discussion, 

and has been described as both trigonal-planar based on Atx1 and CopZ [88, 89] as 

well as linear-diagonally coordinated, measured directly on Atox1 [90], although 

becoming increasingly more trigonally upon addition of GSH. Given cytosolic GSH 

concentrations of around 13 mM [12], this strongly suggests that trigonal 

coordination predominates also in vivo, i.e. two ligands provided by the CXXC, and 

a third from a small thiol in solution. The redox potential of the Atox1 at 

physiological pH has been reported differently, with values ranging from about -180 

mV [10] as low as -230 mV [91]. Regardless of the exact value, this means that it 

should be constantly reduced under cytosolic conditions. The affinity of Atox1 to 

Cu(I) has so far eluded reliable measurements, mainly due to aforementioned 

reasons (4.2.2). There have been attempts using calorimetry [92] and competitive 

fluorescence titrations [17, 93], with very different parameters and results. 

Independently, and also analogous to other Cu-binding assessments, the affinity 

seems large enough in any case to bind any Cu atom it can get a hold on in a Cu-

depleted environment extremely tightly [20]. 

As delivery chaperone of the secretory pathway, Atox1 delivers Cu to some of 

the metal binding domains (MBDs) of ATP7A and ATP7B. While these MBDs 

serve, as results in bacteria suggest, mere regulatory functions, it is doubtful that this 

is true for the human versions (4.3.7, 4.4.2). 
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figure 3: Structures of Atox1 

(A) Ribbon representation of Cu-Atox1 (based on PDB 1TL4, [87]). The Cys 

residues in the Cu-binding MXC12XXC15 motif and positively charged residues in the 

α1 and α2 helices are shown. The β-strands are shown as arrows. (B) Schematic 

topology diagram of Atox1. The conserved MXCXXC and KTGK motifs are indicated. 

The bound Cu(I) is represented by a green sphere; thiols in the binding site are in 

yellow; nitrogen of the invariant Lys is in blue. The Lys/Arg-rich positive patches in 

α-helices are indicated. Atox1 structure is also exemplary for the βαββαβ-ferredoxin 

fold (Adapted with permission after [94]).  

There seem to be more roles though for Atox1 beyond the thoroughly 

established one in the homeostasis network. They are, however, somewhat 

inconclusive: Atox1 knock-out mice do well reach adulthood and show no obvious 

phenotype, but do exhibit less Cu-ATPase activity. Yet no known SNPs of Atox1 

point towards a low toleration for mutation. Both Atx and Atox1 are known to 

alleviate the phenotype of SOD knock out mice, unless under Cu-depleted 

conditions. Atox1 exhibits a significant charge anisotropy, enabling it to stick to 

suitably charged surfaces like cellular membranes [62], but also possibly nucleic 

acids. And finally, while the MX1CXXC motif is quite established, there are other 

amino acids that are highly conserved, not only in this patch, like T for X1, but also a 

second, less well-investigated patch, KTGK, between the second helix and the last 

β-sheet strand (figure 3). While it certainly has a function, e.g. a possible role as 

nuclear localization signal, few work has been done on and little is known about it 

[95]. It is well possible that Atox1 fulfils quite a few flexible roles, as antioxidant 

enzyme, cytosolic Cu buffer, delivery backup and secretion regulator [94]. Maybe 

Atox1 might not be the Swiss army knife of human Cu homeostasis, but it is in any 

case a protein whose features deserve further investigation. 
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4.4.2 Cu transporter ATP7B 

ATP7B, often also referred to as the ‘Wilson Disease Protein’, is one of the two 

isoforms of the human Cu-ATPase (4.3.7). Like the other isoforms, it is a P-type 

ATPase, because the protein chain gets covalently phosphorylated through the 

course of one transport cycle (in difference to non-covalently binding and 

hydrolyzing ATP). It can be further classified as P1B, traditionally primarily in 

structural biology environments, with 1 or I denoting heavy-metal transport; B 

describes a monomeric transporter, which is the regular case for P1-ATPases, 

though. 

ATP7B is mainly expressed in hepatic cells in the liver. Its intracellular location 

under regular conditions is the Trans-Golgi-Network (TGN). There, its regular 

function is the secretion of Cu(I) that was delivered by Atox1 (4.4.1) into the TGN 

membrane compartments for insertion into Cu-dependent enzymes. The majority of 

Cu goes into the synthesis of Ceruloplasmin, which on its own contains six Cu ions 

fully loaded. While the Cu is required for proper protein folding in the TGN [96], 

little is known about the actual loading process. Nevertheless, the vesicles with Cu 

loaded proteins are fused with the basolateral side, releasing Ceruloplasmin in the 

blood stream serving both Fe oxidation and Cu transport. Under increased Cu 

conditions, ATP7B can be translocated to the apical plasma membrane, i.e. away 

from the blood stream, towards the bile duct, disposing Cu into it [83]. Partial or 

complete failure in any of those functions may result in phenotypes of Wilsons 

Disease, WD (4.3.8).  

In general topography, ATP7B is very similar to other ATPases, which includes 

the CopA shown in figure 2 (page 22) and allows homology modeling (figure 4, 

page 29): It is a comparatively long, single chained protein (1465 AA). The 

transporter ‘core’ is made up of the regular A (actuator), P (phosphorylation) and N 

(nucleotide binding) domains, eight TM (transmembrane) helixes, that are 

subgrouped in TM-A, TM-B, and TMs 1-6 [83, 98]. Not considered to be part of the 

‘core’ domains are the aforementioned N-terminal heavy metal binding domains 

(MBDs, not to be confused with the N-domain), of which ATP7B has six, 

respectively denoted MDB1-6, or, in relation to Wilson Disease Protein, designated 

WD1-6, a nomenclature that will be used from here on. WD1-6 are connected by 

flexible loops of differing lengths. Each MBD binds one Cu, and all MBDs together 

have an averaged reduction potential of about -180 mV, therefore either similar to 

[10] or significantly above Atox1 [91]. Other noteworthy sites, while not domains, 

are additional phosphorylation and translocation sites: As for the latter a di-Leu site 
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should be mentioned, responsible for the interaction with mainly AP1, a protein 

responsible for vesicle-membrane fusion during translocation to the cell membrane 

[81]. 

 

figure 4: Homology-modeled structure of ATP7B 

Schematic representation of putative ATP7B domain organization, generated by

molecular modeling and docking [94]. Possible interactions with Atox1 with the 

MBDs (black arrow) and the (here denoted TM2) kinked “platform helix” (purple, 

dashed arrow).It should be pointed out that this is only one of several possibilities

of the N-terminal MBD organization, in this case obtained by modelling and 

docking; different models such as pairwise, log-like stacking, based on slightly 

different assumptions, have also been proposed [97].

(Adapted with permission after [94])  

While deciphering the function of ATP7B, many conclusions are traditionally 

inferred from the similar and intensely researched P2-type Ca-ATPase SERCA, such 

as the transport cycle following a Post-Albers cycle. While the structures of several 

N-terminal MBDs and some of the soluble domains of the core had been solved 

before, their interaction with neighboring domains made conclusions based on 
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separated structures challenging [99]. Significant progress was allowed by the 

recently solved entire structure of CopA (omitting the sole MBD, figure 2, page 22) 

[65]. One of the striking features of this setup is the vast distance between the 

phosphorylation site, an Asp, in the P domain (denoted D426 in figure 2) and the 

first putative trans-membrane channel metal binding site: About 50 Å. This distance 

is, structurally and mechanistically, almost entirely bridged by the A-domain [97, 

100], and is a considerably large spacing that the activation (in form of a change of 

conformation caused by the catalytic phosphorylation) needs to be conveyed over. 

While several putative heavy metal binding sites in the channel area were suggested, 

and some even confirmed (also aided by the even newer similar-but-different 

structure of the P1B-type Zn ATPase ZntA [101]), the actual mode of delivery is still 

unsolved. 

 It can be considered consensus by now that the kinked transmembrane helix B, 

also termed ‘platform helix’, featuring an uneven (amphipatic) surface charge 

distribution in the form of three Lys, plays a crucial role in accepting the Cu-load 

[67] [68]. Which part exactly is delivering the load is subject to debate, though. As 

described in (4.3.7), the MBD is not required for activity in CopA; the chaperone 

can still deliver the Cu. Yet, again using the ZntA structure [101] as comparison, 

whereas Zn does not have known (specific) chaperones, the helix is still highly 

conserved in ZntA. On the contrary, at least one of the two MBDs seems to be 

required for transporter activity in yeast, and the truncated channel alone does not 

seem to become active just by delivering Cu by Atx1 (the yeast chaperone of the 

secretory pathway) alone [102]. For the human ATP7B again, a presence of the 

MBDs does not seem to be necessary for basal activity [103]. The MBDs of ATP7B 

are all loaded in some way or another by the respective Cu chaperone: Dependent on 

Cu availability, Atox1 delivers to WD2 and WD4 first, both with detectable protein 

heterocomplexes in vitro. At higher Cu concentrations, delivery and adduct 

formation occurs also to WD1 and WD3 [104, 105].While no direct interaction can 

be observed between Atox1 and WD5 and WD6, they do interact and receive Cu [4, 

100, 103, 104, 106]. Additionally, internal Cu relay interactions have been 

suggested and investigated, with differing results [92, 105, 107]. It seems well 

possible that the Cu-load is delivered by both, Atox1 and one or several MBDs. And 

it is well possible, that this is dose-dependent with the cellular Cu condition. 

Even with exhibiting a basal activity level, rate and location of ATP7B are highly 

regulated by the presence of Cu. Due to domain multiplication often having 

regulatory functions in higher developed species, it has been speculated from early 

on that the six MBDs might, at least also, act in a regulatory role [80]. Binding Cu 
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has different conformational re-arrangement effects on both involved MBDs 

individually [108] and the N-terminal domain as a whole, leading to two major 

effects: Firstly, interactions of the whole N-terminus and its MBDs are weakened by 

the presence of Cu, exposing the N-domain for easier ATP-accessibility [70], in turn 

increasing both the affinity of the latter for ATP and ATPase turnover. Secondly, Cu 

binding enables kinase access to additional, Cu-dependent, regulatory 

phosphorylation sites in the loop between WDs 3-4 [109, 110] and WDs 4-5 [111]. 

A possible role in translocation to the cell membrane or activity is disputed [103, 

107]. Additional known non-catalytic phosphorylation sites in the C-terminus, 

possibly also involved in localization, are independent of intracellular Cu levels 

[100]. In general, since many phosphorylations cause further domain re-

arrangements, it can be said that Cu binding to the MBDs does have implications on 

domain-domain interactions beyond the actual interactions of the MBDs themselves 

[100]. 

It should also, last but not least, be kept in mind, that many of these experiments 

are done on the individual soluble domains, both core or MBDs, or a specific 

selection thereof. It can though be assumed that most of those multiple domains are 

in interaction in vivo making individual assessments, although experimentally 

necessary, complicated. Additionally, Cu is handled and introduced into the 

experiments differently: Some as Cu2+, some Cu1+ chelated in GSH, DTT, His or 

bound to Atox1. Activity assessments are mostly done in in vivo cell cultures, that 

are fixated and Cu stained, : possibly affecting elemental integrity while preserving 

morphology, i.e. obscuring molecular detail [112]. Or even further, in isolated 

artificial micelles in vitro [113]. All this makes comparisons and conclusions 

difficult. 
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4.4.3 Atox1-WD4 interactions 

 

figure 5: The two-step transfer reaction 

Schematic overview of the transfer reaction from Atox1 (purple) to WD4 

(green). The brackets depict possible tri-coordinate heterocomplex configurations: 

Note the different cysteine-coordination (yellow) of the Cu ion in each possible sub-

species of the heterocomplex. Like in the secretory pathway, Atox1 on the left 

delivers Cu, which is then bound to WD4 on the right (Adapted after [1] and [2]). 

When deciding to investigate the Cu-based interaction of Atox1 and ATP7B, we 

selected the interaction with the fourth metal binding domain, WD4, for a number of 

reasons. Firstly, this interaction results in a Cu-mediated complex [106, 114-117], 

stable enough to be even detectable by yeast-two-hybrid assays [118], but although 

featuring interaction sites of opposite charge, entirely dependent on Cu for their 

interaction [94]. Secondly, the complex yields a characteristic near-UV CD signal 

[119], making reliable probing feasible (6.1.1). And thirdly, previous work in our 

lab was done on both Atox1 and WD4, in vitro and in silico [95, 120], providing a 

foundation to build on. On a downside, Atox1 contains only two Tyr, WD4 contains 

only one. Neither contain Trp. This significantly increases the difficulty of simple 

UV/Vis measurements to determine protein concentration in solution. And, in a 

broader perspective, the implicitness for WD can be debated, as WD4 (as do MBDs 

WD2 and WD3 in ATP7B) features no known mutations leading to WD in humans. 

Furthermore, WD4 in rat (R. rattus) lost its actual metal binding capacity. It is 

therefore speculated that WD4 might serve mainly a structural linker between 

MBDs WD1-4 and the tightly connected WD5-6 domains [107]. 
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figure 6: homology aligned structure of Atox1-WD4 interaction 

Pymol® homology model of the Cu-bridged complex of Atox1 (purple) and 

WD4 (green) based on the PDB structures 1FEE [11] and 2ROP [9]. The cysteins of 

the respective copper-binding motifs are highlighted in the yellow-ended stick 

representation. (Adapted after [3]) 

The interaction reaction, or, assuming Cu starts exclusively bound to Atox1, the 

transfer reaction, can be split in two steps (figure 5): The association of holo-Atox1 

and WD4 to an intermediate complex, and the dissociation having transferred the Cu 

to WD4. While these species are, according with thermodynamic parameters, in 

equilibrium in vitro, it can be assumed that the described Cu homeostasis dynamics 

and, maybe even more predominantly, the ATP-hydrolysis-based transport cycle 

significantly impact both reactions.  

Yet, little work has been done on the energetics of Cu transfer and exchange 

[121], although the implications are extensive. Similar, for the Cu binding sequences 

and the Cu-Cys coordination(s) in the intermediate complex, trigonal coordinations 

have been measured for yeast Atx-Ccc2 [89, 122] and were suggested by previous in 

silico work work in our lab [123]. But again this has not been investigated for Cu-

bridged heterocomplexes of human proteins, let alone coordination distribution 

equilibria.  
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figure 7: Atox1-WD4 Cu-mediated interaction site 

Close-up of the Cu binding site, taken from the homology model shown in 

figure 6 of the Atox1-(Cu)–WD4 heterocomplex. The highlighted Thr11 of Atox1 

and Thr15 of WD4 and their respective H bonds to a Cys in the partner protein play 

a special role in Cu vs Zn specificity, as described in section 6.3. (Adapted after

[3]) 

Finally, work on the energetic background of the Cu transfer reaction is 

required: What drives it? What stabilizes it? What competes with it? And, going 

further, which individual contributions of enthalpy and entropy make up the driving 

force? 
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5 materials and methods 

5.1 aerobic conditions and reducing agents 

Both reduced CXXC motifs and Cu(I) ions are prone to oxidation in solution. 

Working with them at aerobic conditions therefore requires some preparation and 

caution. The only reduction agent used in this thesis is Dithiothreitol (DTT). While 

TCEP would be not only a more stable and stronger reduction agent, it has been 

shown to bind strongly to Cu and possibly interfere with complex formation [90], 

while both β-ME and GSH are weaker than DTT. To enable access to instruments 

not suitable for anaerobic environments (i.e. glove boxes), it was generally chosen to 

work under aerobic, but reducing conditions. 

Buffers and assay preparations that contain DTT were prepared without it while 

adding it freshly directly prior to their use. The standard buffer used for most 

experiments, in the following termed GF buffer, consists of 40 mM Tris-HCl pH 

7.6, 50 mM NaCl and, unless stated otherwise, 2 mM DTT. Entirely without DTT it 

is termed GFW buffer. 

5.2 protein expression and purification  

5.2.1 sequences and strains 

For wild type Protein, sequences from plasmids present in the lab were re-

cloned into pET21© and pET24© (Novagen) using standard PCR and restriction 

methods (Primer: Sigma, Enzymes: New England Biolabs), and transformed into 

Rosetta2® cells (Novagen). Cloned sequences were validated by sequencing 

(Eurofins). 

The four different single-Cys-variants (termed “4C-variant”) as well as the Thr-

to-Asp-variant sequences (termed “D-variant”) were ordered from Genscript, cloned 

into pET21© and transformed into Rosetta2®. 

5.2.2 Atox1 and variants 

Rosetta2 cells containing Atox1on pET21 were induced with 1 M ITPG at 

around 0.8 OD600 overnight. Cells were harvested, sonified, centrifuge pelleted and 

the supernatant filtered according to standard protein overexpression procedures. 

The supernatant was then loaded onto an SP Sephadex® column using an Äkta® 

FPLC system (both GE Healthcare). The buffer used for lysis and the first IEX was 

15 mM MES 2C pH 5.6 with 2 mM DTT and 1 mM BCA, with added 500 mM 

NaCl for gradient elution. Atox1 fractions were determined by SDS-PAGE, unified, 
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and concentrated. The concentrate run over a Sephadex® S30 SEC column, from 

which Atox1 elutes as a single apo peak. The SEC was also used to rebuffer to GF 

buffer. The fractions are pooled, concentrated and aliquots stored at -80ºC. Purity is 

confirmed by both SDS-PAGE and ESI-MS. The sequence-based ε0 (extinction 

coefficient) used for Atox1 was 2980 M-1 cm-1. 

5.2.3 WD4 and variants 

Rosetta2 cells containing WD4 on pET24 were induced with 1 M ITPG at 

around 1.8 OD600 for 4-6 hours. Cells were harvested, sonified, centrifuge pelleted 

and the supernatant filtered according to standard protein overexpression 

procedures. The supernatant was then loaded onto a Q Sephadex® column using an 

Äkta® FPLC system (both GE Healthcare). The buffer used for lysis and the first 

IEX was 15 mM MES 2C pH 5.6 with 2 mM DTT, with added 500 mM NaCl for 

gradient elution. WD4 fractions were determined by SDS-PAGE, unified and 

concentrated. The concentrate run over a Sephadex® S30 SEC column, from which 

WD4 elutes as a single peak. The SEC was also used to rebuffer to GF buffer. The 

fractions are pooled, concentrated and aliquots stored at -80ºC. Purity is confirmed 

by both SDS-PAGE and ESI-MS. It is worth noting that since WD4 contains neither 

lysine nor arginine coomassie based staining is very weak. The sequence-based ε0 

(extinction coefficient) used for WD4 was 1550 M-1 cm-1. 

5.3 protein metal loading 

How to convey apo-protein into its holo-form, or loading, depends very much of 

the protein, and, even more, the metal to load. One important factor is the 

stoichiometry. Technically, most metal proteins do have a defined number of metal 

binding sites. Many of those tend to leave binding sites accessable, in vivo usually 

occupied by GSH. However, some proteins tend to form metal bridged multimers 

via those sites, with differing strength. Using SEC, potential multimer formation 

was monitored, and, if necessary, verified by NMR diffusion experiments. 

Cu loading itself was done by slowly adding stoichiometric amounts of CuCl2 to 

apo-protein solution buffered in GF containing approximately five times more DTT 

than protein. The Cu2+ in solution is in situ reduced to the insoluble Cu(I) and 

directly taken up by the proteins’ binding sites. 

On the contrary, all DTT needed to be avoided upon loading Zn: Addition of 

DTT to Zn2+ in solution forms insoluble Zn(II)-complexes. This extended as far as 

the DTT containing GF required for aliquot storage needed to be exchanged against 

GFW buffer before Zn could be loaded.  
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5.4 circular dichroism (CD) spectroscopy 

Circular Dichroism describes the feature of chiral molecules to differently 

absorb circularly polarized light of both rotational directions. This difference can be 

used to draw conclusions about certain protein features. The chiral centers of a 

protein are mostly Cαs, and hence located in the backbone, secondary structure 

features changing their environment absorb mainly at wavelengths between 190 and 

250 nm. Other potentially chiral and hence absorbing features, such as metallo-thio 

bonds, can absorb at different wavelengths, in the latter case around 250 to 300 nm; 

and, also, to a much lesser extent. While it is difficult to conclude absolute structural 

features from spectra at this range, it is possible to use these features in a relative 

matter. The CD instrument mainly used was a Jasco J-810. 

5.5 size exclusion chromatography (SEC) 

5.5.1 dual channel UV/Vis coupled SEC 

Like every chromatography method, the principle of SEC, which is also known 

as “gel filtration”, relies on interactions of analytes in mobile phase with a stationary 

phase. In case of different characteristics exhibited by the analytes, the interaction 

and thus the retention time on the stationary phase are different. Coupled to a 

suitable detector, different retention times (respectively retention volumes of the 

mobile phase) yield different peaks on the chromatogram.  

Here I used aqueous buffer (GFW) as mobile phase in an FPLC system (Äkta®, 

GE Healthcare), and a crosslinked sugar-based matrix (Sephadex® S75 16/60, also 

GE Healthcare) as stationary phase. While Sephadex, according to common belief, 

retains analyte exclusively based on size, which is often translated to mass, it is 

more the hydrodynamic radius that is crucial. While this is obviously still linked to 

mass, the hydrodynamic radius of similar sized analytes can differ extremely. The 

coupled detector method used was a multi-wavelength UV/Vis detector. I noted 

during preliminary experiments that apo- and holo-proteins showed the same 

absorbance around 280 nm, while differing significantly at the 254 nm range due to 

metal-thiol bonds absorbance at this spectrum range. Using the ratio of those values 

it was therefore possible to assess the individual apo- and holo-protein 

concentrations of a protein solution containing both species of the same protein.  

In a general procedure, the assay constituents were mixed, incubated for 5-10 

minutes, and injected onto the column. At 1ml/min flow rate, WD4 and Atox1 elute 

after ~13 and ~14 minutes, respectively, at 4°C. 
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5.5.2 SEC chromatogram deconvolution 

Deconvolution describes the process of splitting overlapping functions into 

more individual terms and functions. While this can be done on a purely 

mathematical level, assuming the function to be deconvoluted is known, in scientific 

application the process of deconvolution is usually done via iterative fitting 

processes.  

Analyzing overlapping chromatograms it became evident that certain peaks were 

regularly overlapped by others. While it was well possible to calculate their precise 

parameters like retention volume or peak size (0), there was need to evaluate those 

numbers in relation to the sum of all peaks. This was done using fityk© curve fitting 

software, fixing the retention volume of the peaks, fitting its width and height to the 

peak sum, and comparing those values to the calculations. 

5.6 protein concentration determination 

5.6.1 UV/Vis 

While protein concentration determination via UV/Vis at 280 nm is feasible for 

most proteins containing Tryptophans, Atox1 and WD4 have only two and one 

Tyrosine, respectively, leading to very low extinction coefficients compared to the 

proteins’ sizes. While this is enough for certain applications, investigating 

thermodynamic parameters a more precise concentration determination is required. 

One possibility is therefore the titration with exactly weighted in Cu concentrations. 

Since Cu loading requires Cu2+ being reduced in situ (5.3), stoichiometric amounts 

of oxidized DTT, exhibiting disulfide bonds, are also present in the sample once Cu 

has been loaded. Since disulfide bonds also absorb UV light around 260 nm, a 

determination of the metal loading state of the protein requires a different type of 

measurement, such as CD, or some degree of separation from remaining DTT, such 

as SEC. 

5.6.2 CD titration 

Both Atox1 and WD4 undergo spectra changes between 250 to 300 nm upon 

binding Cu, and can therefore be used for concentration determination. Especially 

for W4 the changes are limited though (figure 8, page 39), which makes it difficult 

to use, and SEC titration the better alternative. 
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figure 8: CD: Atox1 and WD4 Cu titration 

CuCl2 solution is titrated into 50 µM protein, monitored by CD. Shown here are 

the traces of apo and full holo for both proteins. Note the small changes of WD4 

compared to Atox1. No changes can be observed in far UV. 

5.6.3 SEC titration 

Since via SEC it is possible to split off oxidized DTT (5.6.1), the UV signals at 

280 and 254 nm can be used to determine the apo/holo-ratio (5.5). This method 

allows a very precise concentration determination for metalloproteins (figure 9, 

page 40): 
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figure 9: SEC: Atox1 and WD4 Cu titration 

Protein:Cu stoichiometries obtained by UV/Vis absorbance and sequence-based 

calculated extinction coefficients are verified using A254/280 ratios in SEC titration 

chromatograms. Fixed amounts of Atox1 (or WD4, based on A280) are loaded with 

varying amounts of Cu, run on a SEC column, and the absorbance ratio of 254/280 

nm plotted as a function of the Cu/protein ratio. For both proteins, the absorption 

increases essentially linearly until a stoichiometry of 1:1 is reached. This confirms 

stoichiomteric 1:1 binding with a high affinity. The use of SEC prior to analysis 

enables separation from both of oxidized DTT and DTT-Cu complexes that may be 

present in samples where the protein is saturated with metal. These complexes also 

absorb at 254 nm, which complicates the analysis. (Adapted after [1]). 

5.7 isothermal titration calorimetry (ITC) 

ITC is a useful method to assess binding equilibria, and it is also one of the very 

few methods to access enthalpy and entropy values. The principle of calorimetry is 

based on the idea that each reaction is accompanied by a change in enthalpy, or ΔH0. 

At constant temperature T and pressure, this change corresponds to the heat emitted 

or absorbed by the reaction until it reaches eqilibrium; this change in heat can be 

measured.  
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Developing the method, in aqueous solutions it is possible to start a reaction 

with an uneven reactant ratio, so only small amounts of one reactant. Reaction heat 

can be measured while it equilibrates. This can be continued several times, every 

time adding slightly more of one reactant while leaving the other reactant’s 

concentration unchanged. The differences in yielded reaction heat change over the 

course of several different reactant ratios (hence “titration”) allows a deduction of 

the equilibrium constant K. On the used MicroCal® ITC200 systems, this is 

technically exerted by having one reactant in solution in a tempered cell, while the 

other reactant is injected repeatedly every time another equilibrium has been 

reached. This yields a typical “needle graph”, where each needle shaped area 

represents the reaction heat of a single injection, while a return to the baseline 

indicates that equilibrium has been reached, leaving the system ready for the next 

injection (figure 10).  

 

 

figure 10: ITC: typical experiment and analysis 

Example of a typical single equilibrium ITC experiment and respective data 

analysis. (A): Measured reaction heat over the course of 20 different injections; 

note that the system is allowed to equilibrate, i.e. heat development reaches zero 

again, before the next injection is made. (B): Integrated heat data points are 

baselined and sigmoidally fit where the curvature of the fit reports on the 

equilibrium constant K and the amount of heat per injection on the reaction 

enthalpy ΔH0.  

Since the temperature and pressure are constant and known, the Gibbs free 

standard energy (simplified as free energy, see 2.1) of the reaction can be derived 

from K following the Gibbs equation: 

ΔG0 = - R T ln K ( 1) 
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Since also the reaction standard enthalpy ΔH0 can be derived from the 

measurements, it can be used to calculate the standard entropy ΔS0: 

ΔG0 = ΔH0- T ΔS0 ( 2) 

This approach makes ITC one of the very few methods than can assess all four 

thermodynamic parameters, equilibrium constant, free energy, enthalpy and entropy, 

in one measurement. 

It should be mentioned that the ITC principle requires a maximum turnover, (or 

saturation, for binding reactions) for the first injections, in order to be able to 

determine ΔH0 correctly. The same is, to a lesser extent, also true for K. This 

requires conditions where the initial equilibrium is clearly on the product, or 

complex, side of the equation, which can require reactant concentrations that are not 

always feasible with biomolecules.  

5.7.1 single equilibrium interaction 

The regular setup for affinity measurement by ITC is a single equilibrium setup, 

which means a single, 1:1 binding event. This means that molecule A and B are on 

the educt side, while the complex on the product side: 

[A] + [B]			→			
← [AB	complex] ( 3) 

which, introducing the equilibrium constant K, turns into 

[AB	complex]

[A] ∙ [B]
= K� ( 4) 

This yields the association equilibrium constant, or KA. Since it has the 

dimension of reciprocal concentration, its reciprocal value is used more commonly: 

KD, or dissociation constant. This has two major advantages; firstly, the dimension 

is now concentration, which is more convenient to handle than its reciprocal value, 

but even more important secondly, it is now possible to draw certain conclusions of 

it, since the value of the concentration can be put into perspective. For instance, 

assuming a KD of 10µM for a given interaction of A and B, and the presence of 

10µM complex in an assay, would mean that each A and B are not only also 

individually present in solution, but, moreover, they also must be at 10µM each. (i.e. 

only 50% of the available A and B bound). Or, respectively, adding 10µM of each A 

and B into an assay, equation (4) can be iteratively solved to approximately 6.2µM 

of both A and B as well as 3.8µM complex (Assuming the known KD of 10µM). In 

general, this knowledge about equilibrium systems can be used to influence the 
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equilibrium in the desired direction, and, moreover, helps to assess which 

concentrations of binding partners are at least required in an experiment in order to 

allow a significant (i.e. observable) complex formation at all. It is for this reason that 

KD, which is often designated as ‘the affinity’, has become an important figure in the 

assessment and description of binding systems. 

The sensitivity range of ITC is best at expected affinities of about 10 nM and 

worse, making it a difficult method for extremely high affinities. 

5.7.2 multiple eqilibria interaction 

Systems like this become thoroughly more complicated once that more than one 

equilibrium comes into play: For instance, a complex that associates from A and B, 

but dissociates again into C and D; this is also the case for our Atox1-WD4 

interaction (figure 5). Since the equation system of the individual injection 

enthalpies cannot be solved on its own any more. But when K1 and K2 are 

equilibrium constants, then ΔH1 and ΔH1 are the enthalpy changes for the individual 

reaction steps; if either is known, the other can be solved for numerically via the 

concentrations before and after every individual titration step.  

In order to assess the concentrations of the experiment, one has to compensate 

for the dilution effects for the titrant, in our case all different species of Atox1 , 

which is computed as: 

L� =
	L��� ∙ 	(�� − V�) + L�V�

V�
	 ( 5) 

with Li-1 and Li as the concentrations before and after the current titration step, 

Lt is the concentration of titrant, and Vt and V0 are the volumes of titrant and of the 

chamber, respectively. This model assumes that the volume displaced by the 

injection does not mix with the injected titrant displacing it. 

The same dilution effects can be calculated for the total protein concentration Pi 

in the chamber (all forms of WD4):  

P� =
	P��� ∙ 	(V� − V�)

V�
 ( 6) 

Using the total concentrations of Cu and the two proteins at each condition and 

the two equilibrium constants derived from SEC, the equilibrium concentration of 

each of the five species after each injection can be calculated by solving the mass 

action equations. This approach results in five coupled non-linear equations that 
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were combined and rearranged algebraically yielding one 4th degree polynomial that 

was solved numerically using Matlab.  

The heat released upon each injection during the ITC titration is computed as: 

q� = 	∆H� ∙ ([WD4]��� − [WD4]�) + ∆H� ∙ ([Atox1]� − [Atox1]���)	 ( 7) 

where the first term describes step 1 of the reaction resulting in apo-WD4 

depletion, and the second term reports on the progress of step 2 following the 

injection. A correction for background heat of dilution was included via a constant 

offset parameter Qoff. The first injection in the experimental data sets was excluded 

from the fits. The experimental ITC curves were fitted using a non-linear least-

squares algorithm (Levenberg-Marquardt minimization) in Matlab with K1, K2, ΔH1, 

ΔH2 and Qoff parameters floating. Credit goes to Christoph Weise and Tobias 

Sparrmann, both UmU, for envision and optimization of this method [1]. 

5.8 service and chemical suppliers 

This paragraph will list companies and platforms that provided purchased 

materials or services, or where the service providers are not authors. 

5.8.1 chemicals and supply materials 

listed in alphabetical order: 

MerckMillipore: Lab water, protein concentrator tubes,  

GE Healthcare: HiTrap series protein purification columns 

CBS Scientific: pre cast PAGE gels and buffers 

Biorad: PAGE rulers, 

Sigma: Primers and chemicals 

5.8.2 services and platforms 

All Atox1 and WD4 variants were expressed by Christin Grundström, Protein 

Expertise Platform, Umeå University 

ESI-MS was measured and analyzed by Thomas Kieselbach, Umeå University.  

ICP MS was measured and analyzed by Erik Björn, Umeå University 
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6 results and discussion 

6.1  the protein heterocomplex of Atox1 and WD4 

6.1.1 probing the complex in situ  

While the previously characterized [119] CD signature of the complex can be 

used as a distinctive feature, drawing conclusions about the populations of the three 

species shown in figure 5 (apo/holo-Atox1, apo/holo-WD4 and the heterocomplex) 

is difficult. The analysis of the UV/Vis spectrum is complicated by the additional 

UV signal of the oxidized DTT disulfides caused by the copper loading (5.3). 

However, a strong increase of extinction coefficient of the complex beyond the sum 

of its individual parts can be observed (figure 11A, page 46).  

 

figure 11: UV/Vis and CD: the Atox1-(Cu)-WD4-heterocomplex 

Spectroscopic characterization of the Atox1-(Cu)-WD4 heterocomplex. 

(A): UV/Vis spectra Atox1 and WD4, both apo and holo. The absorbance of the 

complex (green) increases far beyond the theoretical absorbance, i.e. sum of 

individual absorbances, shown in blues. Note the slight increase at A280 that is due 

to oxidized DTT caused by in situ loading with Cu. (B): Measured CD spectra of the 

heterocomplex as measured (mixture 1:1:1) and calculated sums of the measured 

spectra of i) holo-Atox1 and apo-WD4 (0% transfer), ii) apo-Atox1 and holo-WD4 

(100% transfer). The dashed curve is extrapolated 100% complex based on the 

measured spectrum of the complex using its percentage calculated from the 

equilibrium constants derived in 0. (Both adapted after [1]) 
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6.1.2 chromatography 

Going further from the pure detection of the complex itself, the actual mixture 

solution contains at least five species: Atox1 and WD4 in both apo- and holo-states 

as well as at least one species of heterocomplex. All of them are in equilibrium with 

each other, and their respective concentrations depend on the equilibrium constants 

K1 and K2 (figure 5). Deriving populations of apo-proteins, holo-proteins and 

heterocomplex in order to ultimately obtain the equilibrium parameters of the 

system was the goal of using SEC. For the Atox1-WD4 complex, this was made 

possible by the fact that, although having very similar characteristics (4.4), they 

feature significantly different retention volumes on a Sephadex S75 SEC column, 

with WD4 eluting at an apparent larger size (figure 12). Abnormal elution of copper 

chaperones has been noted before for CopZ [124], but to exclude potential Cu-

independent oligomer formation, we could confirm by NMR diffusion experiments 

that WD4 was in fact monomeric, and that other effects like different surface 

charges influence its hydrodynamic radius and are responsible for the elution 

volume difference to Atox1. Protein was detected at 280 nm, while the 254 nm trace 

reported on their Cu content (5.6.3).  
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figure 12: SEC: Atox1, WD4, and their interaction 

While the absorbance at 254nm increases upon Cu binding, the absorption at 

280 nm remains constant. (A) and (B): Atox1 apo and holo, (C) and (D): WD4 apo 

and holo. The apo-mixture of both is shown in (E), while the heterocomplex arising 

if one of the partners is holo can be seen in (F). (G) shows an overlay of the 280 

nm absorbance elution profile of apo mixture (black, as in E) and Cu-mediated 

heterocomplex mixture (red, as in F). If the 280nm heterocomplex mixture trace  is 

deconvoluted using fityk® (H, as described in 5.5.2), the following  traces can be 

fit: Experimental trace (black; named ‘data’), as well as deconvoluted peaks for 

heterocomplex (blue), individual WD4 (red), individual Atox1 (green), and the sum 

of the three deconvoluted signals (grey). (Adapted after [1] and [2]) 

SEC of a mixture of Cu-Atox1 and apo-WD4 results in a different elution 

profile with an additional peak observed near the position of the individual WD4 

band (figure 12), that is proposed to correspond to the expected heterocomplex. 

Analysis of the Atox1 peak reveals a lower Atox1 concentration than expected based 

on elution of the protein alone (or when mixing the two apo-forms). This suggests 

that the “missing” Atox1 is partly engaged the complex that elutes at a different 

volume than the monomer. To confirm that the new absorption feature is due to a 

heterocomplex, the peak content was analyzed by mass spectrometry. As expected, 

we find both Atox1 and WD4 in the early elution samples (figure 13).  
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figure 13: SEC: ESI-MS analysis of elution peak fractions 

Mass spectrometry was used to analyze the content of SEC elution peaks. The 

two peaks in the elution profile for a mixture of apo-proteins are confirmed to 

contain only WD4 and Atox1, respectively (black trace, black mass values). When 

Cu-Atox1 is mixed with apo-WD4 (red trace, red mass values) the first peak, which 

can be decomposed into two underlying peaks, contains both WD4 and Atox1, 

whereas the second large peak contains only Atox1. It is not possible to detect Cu 

forms and heterocomplexes directly via mass spectrometry as these fall apart 

during the experiment. (Adapted after [1]) 

Assuming equilibrium is established before injecting the analysis sample on the 

SEC column, we can use the information of the well separated Atox1 peak, together 

with the extinction coefficients of Atox1 and WD4, to reveal the concentrations of 

all five species in figure 5 (page 32). First, the Atox1 peak itself reveals the 

concentration of apo- and holo-forms of Atox1 in the mixture (via the A280/254 

absorbance ratio). Since the used overall concentration of Atox1 and its respective 

absorbance is known from the apo control runs, the remaining fraction of Atox1 

must thus be found in the Atox1-Cu-WD4 heterocomplex. Since, used in 1:1:1 ratio, 

the amount of Cu is known as well, this value dictates how much Cu is left (i.e., not 

in Cu-Atox1 or in the heterocomplex) and therefore defines the concentration of Cu-

WD4. The remaining amount of WD4, not found in the heterocomplex or in Cu-

WD4, is used to derive the concentration of apo-WD4.  
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With this, the concentration of all five species is determined and these can be 

used to calculate the equilibrium constants K1 and K2. This analysis was performed 

at three different starting concentrations of 1:1 holo-Atox1:apo-WD4 mixtures and 

the results are reported in table 1: 

         

Starting 1:1:1 
concentration 

Cu-Atox1 
(M) 

Apo-WD4 
(M) 

Complex 
(M) 

Apo-Atox1 
(M) 

Cu-WD4 
(M) 

K1 (M
-1) 

(step 1) 

K2 (M) 

(step 2) 
K1∙K2 

75 M 1.59 4.19 1.88 6.26 6.26 0.28∙106 20.9∙10-6 6 

75 M 
(opposite) 

1.45 4.04 2.32 5.96 5.96 0.39∙106 15.4∙10-6 6 

150 M 2.43 5.2 5.3 12.79 12.79 0.42∙106 30.8∙10-6 13 

150 M 2.72 4.8 6.95 13.93 13.93 0.53∙106 27.9∙10-6 15 

300 M 4.62 10.75 18.38 23.5 23.5 0.37∙106 30.0∙10-6 11 

Average      0.42∙106 26.1∙10-6 11 

table 1: concentrations and equilibrium constants, Atox-WD4 

Concentrations of the five species determined from SEC measurements using 

different initial concentrations but the same ratios (1:1:1 of Atox1:Cu:WD4) as 

indicated. Also, the % of the total copper found in heterocomplex is reported. The 

equilibrium concentrations established are used to derive K1 and K2 and from this 

the copper exchange factor K1∙K2 is calculated. For 75 µM, also the opposite 

reaction, mixing Cu-WD4 with apo-Atox1 is reported. (Adapted from[1]) 

It should be noted that when WD4 instead of Atox1 was loaded with Cu and 

mixed with respectively apo-Atox1, the SEC chromatogram were found to be 

identical to the ones starting with Cu-Atox1 and apo-WD4. This indicates that 

equilibrium of the sample can be assumed. While the complex certainly disbands on 

the SEC column due to dilution effects, this peak trailing does not overlap with the 

single Atox1 peak, that is exclusively used to calculate the concentrations. 

As reported in table 1, the average K1 and K2 values are 0.4∙106 M-1 (1/K1 = 2 

µM) and 2.6∙10-5 M (26 µM) which results in a metal exchange factor K1∙K2 of 11 in 

the direction from Atox1 to WD4. This means that step 1 corresponds to a ΔG0 

change of -30 kJ/mol and step 2 of +25 kJ/mol; resulting in an overall driving force 

for directional transfer towards WD4 of -5 kJ/mol. 

With defined K1 and K2, the population of species in any mixture of known 

starting concentrations can also be determined. The contributions from the apo- and 

holo-forms of the two proteins could be subtracted from the measured mixture CD 

signal to reveal the CD profile for pure heterocomplex (Figure 11B). 

As an additional control the 280 nm trace of the holo-mixture (i.e. 

heterocomplex-containing) chromatogram was de-convoluted (5.5.2) fitting 

Gaussian curves for Atox1 and WD4, while the complex peak gives the least R2 
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value and best residual distribution being fitted with an asymmetrical log-normal 

distributed curve. Fixing the two Gaussians in their known elution volumes (from 

the apo run for WD4), while leaving their heights and the log-normal parameters 

floating, the fitted height parameters were compared to the calculated heights using 

the extinction coefficients. A good agreement between the two ways of estimating 

the concentration was found (±10%), showing that our analysis of SEC is robust. It 

should be noted that the extinction coefficient for the complex at 254 nm is 

approximately twice as large as the sum of those of its individual contributors 

(figure 11A).  

6.1.3 two-equilibria calorimetry 

Titrating holo-Atox into apo-WD4 yields an atypical ITC curve: Initial titration 

steps yield comparatively little heat, while during the progress of the titration the 

amount increases in order to decrease again following a typical sigmoidal behavior 

(figure 14A). This can be explained considering both, the absolute and relative 

value of the equilibrium constants K1 and K2.  

Figure 14B shows the calculated concentrations of the five species in relation 

over the course of one titration experiment. Since 1/K1 is roughly one order of 

magnitude larger than K2 (table 1), the first equilibria are strongly directionally 

shifted towards Cu-WD4, since K2 does not permit the heterocomplex population to 

build up. This changes over the course of the second equilibrium, which is in fact 

shifted towards the complex. Finally, at the end of the titration, there are roughly 

equally amounts of apo-Atox1, holo-WD4 and heterocomplex, while almost no apo-

WD4 is left, given the amount of excess holo-Atox1 at this stage.  

Using the known concentrations in the sample after each injection, K1 and K2 

from SEC and solving the mass action equation we can calculate how the measured 

enthalpy ΔHa is divided in ΔH1 and ΔH2 for each injection. This is best solved 

numerically over the course of the whole titration (5.7.2). The best fit is shown in 

figure 14A (page 52): 
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figure 14: ITC: two-equilibria calorimetry 

ITC integrated data of holo-Atox1 titrated into apo-WD4 (A) can be fitted using 

an equation numerically solved for ΔH1 and ΔH2, using the equilibrium constants K1

and K2 derived from SEC. (B) shows the calculated concentrations of all five species 

in solution during the course of the titration. Note that those are shown here as 

derived functions rather than the individually calculated points after each titration

they are based on. (Adapted after [1]). 

Having obtained ΔH1 and ΔH2 from ITC, the entropy values T∙ΔS of each step 

can also be determined using ΔG1 and ΔG2 (via K1 and K2) from SEC (table 2). 

          

    Step 1 Step 2 Overall    

   ΔG0 (kJ/mol) -30.1 +24.6 -5.5    

   ΔH0 (kJ/mol) -25.1 +14.0 -11.1    

   
ΔS0 (J/mol/K) 

-T∙ΔS0 kJ/mol) 

+18 

-5.0 

-38 

+10.6 

-20 

+5.6 
   

   K 0.42∙106 M-1 26.1∙10-6 M 11    

table 2: thermodynamic parameters: Atox1-WD4  

Thermodynamic parameters for the Atox1-WD4 Cu-dependent heterocomplex

formation derived from SEC and ITC. Temperature for T is 4°C (Adapted from[1]). 

Regarding step 1 and step 2 individually, formation of the heterocomplex 

involves a favorable, meaning negative or exothermic, enthalpy change, whereas 

dissociation into products is endothermic. Heterocomplex formation is accompanied 

by a small favorable, meaning positive, entropy change, while dissociation into 

products involves a negative entropy change. Overall, transfer of Cu from Atox1 to 

WD4 is facilitated by an overall favorable enthalpy change although counteracted by 

an overall slightly unfavorable entropy change. 
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6.1.4 discussion: the Atox1-WD4-complex  

Cellular thermodynamics is governed by transient interactions resulting from 

relatively small, negative free energy terms for interactions. If they would be larger, 

more stable complexes would form, severely inhibiting cellular functions; if they 

would be positive, they would not take place at all. As every term of free energy is a 

sum of individual free energies that can be broken down in several different 

contributors, this is also true for metal-protein-protein interactions. Main 

contributors here are metal bond energies, protein surface interaction, both enthalpic 

(mainly from ionic interactions) and entropic, mainly from hydrophobic interactions 

and the corresponding solvent effects. All of these effects may be accompanied by 

minor or major structural rearrangements. In the case of metal-dependent protein 

interactions, the scale from positive to negative free energy must be tipped by the 

presence of the metal and related interactions. The determining energetic 

contribution leading to formation of detectable amounts of complex in the presence 

of metal must therefore result from the involvement of amino acid side chains from 

both proteins in the closer coordination sphere of Cu.  

Here we show the enthalpic and entropic contributions for the two core steps of 

Cu transfer from the human Cu chaperone Atox1 to the fourth metal binding domain 

of ATP7B, Wilsons disease protein. Our Cu exchange equilibrium constant Kex 

(=K1∙K2) value of ~10 is in good agreement with a published Kex value for Atox1 

and WD4 of ~5 extracted from NMR [92]. Moreover, Kex values for Atox1 and 

MK2/MK5 are 5-10 [125]. K2 values (which are, due to SPR methodical limitations, 

most likely mixed with 1/K1) of 0.5∙10-6 for CopZ-(Cu)-CopA interactions [126] and 

of 1-19∙10-6 for Atox1-(Cu)-MK interactions [127] have been reported. Although 

slightly different, it seems that our values add to the picture of µM-range for the 

transient interaction equilibrium constants. Our calorimetry analysis resolved 

enthalpic and entropic contributions of each individual step of the transfer reaction. 

Since the heterocomplex involves positive entropy and negative enthalpy changes, 

the Atox-(Cu)-WD4 system is thermodynamically more stable than both its educts 

and products; it may therefore be a stable and long-lived intermediate in vivo. 

The question of heterocomplex formation is not only thermodynamically, but 

also kinetically interesting. This is of utmost importance, since the main assumption 

for the SEC-based analysis is that the dissociation rates k-1 (back reaction of K1) and 

k2 (from K2) of the accrued complex are slow enough to enable a “snap-shot” like 

separation of the individual species of the mixture without changing their 

populations by removal of products or educts. The fact that the peak assigned to the 
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heterocomplex in the chromatogram is best fitted with an asymmetrical log-normal 

curve shows that there is in fact a dissociation of the heterocomplex after the 

separation; asymmetrical peak broadening is a known feature of dissociating 

complexes on SEC [128].  

It should be noted though that we obtain the same peak distribution from both 

directions, meaning that, independently of whether Atox1 or WD4 were loaded with 

Cu and mixed with their respective apo-counterpart, the obtained chromatograms 

looked the same. This is a strong hint that both rates k1 and k-2 are sufficiently fast to 

achieve equilibrium before the chromatography separation comes into effect, while 

k-1 and k2 must, obviously, be much slower, given a chromatography run time from 

injection to detector of roughly 14 minutes at 4°C. Additionally, all five species are 

essentially calculated off the peak separated off first, Atox1 (0). Additional Atox1, 

that will have dissociated off the heterocomplex as apo- (k2) and holo-Atox1 (k-1), 

after the separation off the main-Atox1-peak on the column, will be in the trailing 

shoulder of the heterocomplex peak. Since this shoulder is not influencing the 

absorbance of the individual Atox1 peak, this peak is coming close to the ‘pre-

separation’-state.  

In support of this reasoning are own, preliminary stopped-flow experiments 

suggesting the rate constant k1 around 104 s-1, and k2 on the minutes time scale 

(supplement of [2]). In combination with K1 and K2, this predicts k-1 also to be in the 

range of minutes and, respectively, k-2 faster and closer to k1. 
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6.2 the copper transfer between Atox1 and WD4 

Next, we also wanted to investigate the heterocomplex on a more residue 

specific level. Since the C1XXC2 sequence as metal binding motif exists in several 

different proteins in a wide range of organisms, the motif and its interactions in 

metal-bound state have been subject to research before. As depicted in (figure 5), 

there are several possibilities of tri-coordinate Cu configurations the heterocomplex 

can assume during its existence. Evidence gathered from the yeast secretory 

pathway protein analogs Atx1and Ccc2 [89, 122] as well as from structural [86] and 

in-silico QM/MM [123] work on Atox1 (the latter with WD4 as a binding partner) 

suggests two tri-coordinations involving C1 in one protein and both other Cys, C1 

and C2, of the other. One may speculate that this corresponds to a sequential 

mechanism with two tri-coordinated heterocomplex intermediates (represented by 

the top two of the four complex variants in figure 5).  

6.2.1 the “4C”-variant series 

To investigate in vitro the Cu coordination in the Atox1-WD4 system, we made 

four different single Cys-to-Ala mutations, replacing all four cysteines involved in 

the complex one at a time. While those four variants would by convention be Atox1 

C12A, Atox1 C15A, WD4 C16A and WD4 C19A, the nomenclature used here will 

be Atox1A1C2, Atox1C1A2, WD4A1C2 and WD4C1A2, respectively; all comprised as the 

“4C”. The wild type proteins are therefore, logically, Atox1C1C2 and WD4C1C2. None 

of the 4C proteins binds Cu individually. This behavior is expected since Cu binding 

into the Cu binding site requires both cysteines. 

6.2.2 chromatograpy and coordination of the 4C series 

Using the same approach as for the investigation of the wild type Atox1-WD4 

heterocomplex, we probe the 4C series with the same SEC approach as the wild type 

(6.1): Each of the 4C proteins is paired with its respective wild type holo 

counterpart. Cu-dependent complexes could only be detected for Atox1C1A2 and 

WD4C1A2, but not for Atox1A1C2 and WD4A1C2, where the Cu stays in the wild type 

protein (figure 15). We conclude therefore that C1 in Atox1 and C1 in WD4 are 

essential for heterocomplex formation. Since they participate in complex formation, 

but are not capable of Cu binding individually, the transfer reaction can be “locked” 

at the heterocomplex state, as opposed to an “overall” transfer reaction, that 

comprises both steps 1 and 2. 
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figure 15: SEC: 4C complex formation 

Chromatograms of (A) WD4A1C2 (B) WD4C1A2 (D) Atox1A1C2 and (E) Atox1C1A2, 

mixed with their respective holo-wild type partner proteins. Note that for the A1C2  

mutants (A and D) the Cu stays in the entirely in the wild type protein. (C) and 

(F): apo controls for B and E, respectively. (Adapted after [2]). 

The same, A280/254-based, analysis pattern as for the wild type mixture was 

applied to the two complex-forming mixtures, resulting in equilibrium constants 

and, respectively, free energy values (table 3, page 59). We also verified our 

calculations by deconvolution (5.5.2). 

Since in principle one can assume that the formation of Atox1C1C2-(Cu)-

WD4C1A2-complex reports on step 1, and the formation of Atox1C1A2-(Cu)-WD4C1C2-

complex on the reverse of step 2 of the transfer reaction (figure 5), we can, with 

these variants, assess both steps individually: 
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figure 16: SEC: 4C free energy level diagram 

Free energy diagram for the Atox1-WD4 transfer reaction (as depicted in 

figure 5) based on probing step 1 of the reaction (red) with Cu-Atox1 and WD4C1A2, 

while step 2 (blue) is probed reversely using Cu-WD4 and Atox1C1A2. The free 

energy values for the wild type reaction (black) are taken from table 2, the values 

for the two mutant reactions are taken from table 3 (page 59). Since for both wild 

type and mutant interaction, the Cu is bound to the respective wild type protein, we 

assume identical product and educt free energies in both cases (i.e. the same 

starting level on either side). (Adapted after [2]). 

In figure 16, we compare the free energy values we determined via SEC for 

formation of the two mutant heterocomplexes and the wild type reaction in an 

energy diagram. If we assume that the reactants and products are energetically the 

same in mutant and wild type mixtures (which is reasonable since in both cases Cu 

is bound to the wild type protein), we observe that the Atox1C1C2-(Cu)-WD4C1A2 

complex is higher and the Atox1C1A2-(Cu)-WD4C1C2 is lower in free energy than the 

wild type heterocomplex. This is in agreement with observations in yeast, where the 

Atox1C1A2-(Cu)-WD4C1C2 has been reported to be the one forming almost 

exclusively [122]. If we assume that the wild type heterocomplex is a mixture of 

Atox1C1C2-(Cu)-WD4C1 and Atox1C1-(Cu)-WD4C1C2 coordinated species, we can 

estimate from free energy differences that 60 % of the wild type heterocomplex 

consists of the first, and 40% of the latter side of the equilibrium. 

Although the tri-coordination of Cu in the complex with the C1-cysteines was 

expected given similar results in yeast [89, 122] and by QM/MM calculations for 

Atox1-(Cu)-WD4 [123]; we could confirm this experimentally in vitro.  
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In order to further split free energies in enthalpies and entropies, we turned 

again to ITC, titrating the respective holo-wild type into the respective mutant 

(figure 17): 

 

figure 17: ITC: 4C complex calorimetry 

Exemplary ITC data of the two single-cysteine variants (A) WD4C1A2 titrated 

with wild type Cu-Atox1 and (B) Atox1C1A2 titrated with wild type Cu-WD4. 

Averaged thermodynamic parameters obtained are reported in table 3. (Adapted 

after [2]) 

Since this is a single equilibrium system, conducting the analysis is simpler 

compared to the two-equilibria-system of the wild types (6.1.3). A summary of the 

obtained thermodynamical parameters is shown in table 3:  
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Reaction 
mixture 

 Step 1 Step 2 Overall 

Cu-Atox1C1C2  

WD4C1C2 

ΔG0
SEC (kJ/mol) -30.1 +24.6 -5.5 

KSEC 0.42∙106 M-1 26.1∙10-6 M 11 

ΔH0 (kJ/mol) -25.1 +14.0 -11.1 

ΔS0 (J/mol/K) 

-T∙ΔS0 (kJ/mol) 

+18 

-5 

-38 

+10.6 

-20 

+5.6 

Atox1C1A2  

Cu-WD4C1C2 

ΔG0
SEC (kJ/mol)  +30.5  

KSEC  2∙10-6 M  

KITC  17∙10-6 M  

ΔH0 (kJ/mol)  +52  

ΔS0 (J/mol/K) 

-T∙ΔS0 (kJ/mol) 
 

+84 

-23.3 
 

Cu-Atox1C1C2  

WD4C1A2 

ΔG0
SEC (kJ/mol) -26.5   

KSEC 0.09∙106 M-1   

KITC 0.05∙106 M-1   

ΔH0 (kJ/mol) -52   

ΔS0 (J/mol/K) 

-T∙ΔS0 (kJ/mol) 

-93 

+25.8 
  

table 3: thermodynamic parameters: Atox1-WD4 4C variants 

Step 1 and step 2 relate to figure 5. The data for the wild type reaction, 

involving both steps 1 and 2, is taken from table 2. The mutant data comes from 

SEC (figure 15) and ITC (figure 17). Complex formation of Atox1C1C2-(Cu)-

WD4C1A2 corresponds to step 1, while complex formation of the Atox1C1A2-(Cu)-

WD4C1C2 complex corresponds to an inversion of step 2. Note the similarity between 

KD values determined from SEC and from ITC. The temperature used to calculate 

T∙ΔS0 is 4°C in order to enable comparability to SEC conditions. (Adapted after [2]) 

6.2.3 discussion: the 4C series 

First of all, the observation that free energy changes derived by SEC and ITC 

for the mutant heterocomplexes are similar supports that SEC conditions are close to 

equilibrium conditions. While the overall free energy changes derived from the wild 

type and from both locked mutant-heterocomplexes are in rough agreement for both 

step 1 and step 2, a closer look shows differences in enthalpic and entropic 

contributions to the free energy changes. First, the magnitude of both enthalpies and 

entropies are much larger from either side (i.e. for both step 1 and reverse step 2) for 

the mutant complexes, while smaller for the wild type complex. Secondly, the 

entropic contribution to the formation of the locked complex from either side is now 

unfavorable, while the enthalpic contribution stays negative. This is in contrast to 

the wild type, where both enthalpy and entropy are favorable for complex formation 

from either side (note that overall entropic contribution to the transfer reaction is 

still unfavorable).  
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This can be considered an example of so-called entropy-enthalpy compensation, 

i.e. the magnitudes of ΔS and ΔH both vary, but in such a way that the overall free 

energy change remains similar. This is a common phenomenon in protein-ligand-

interactions, usually caused by the fact that a stronger, thus enthalpically favorable 

binding interaction goes along with a more rigid and less dynamic binding 

environment, in turn lowering favorable entropy [129]. We propose that this 

difference between the two mutant heterocomplexes and the wild type ensemble of 

heterocomplex is due to a rapid inter-conversion of the two Cu-Cys coordinations 

within the wild type heterocomplex. In analogy, a rapid, diffusive iterative 

movement of Cu from one protein to the other was, partially, proposed earlier [89]. 

The mutant heterocomplexes, deprived of one of two possible tri-coordinated 

configurations, are much more rigid; both the binding enthalpy and entropy are more 

negative. Finally, it is also possible to attribute the increase of complex extinction 

coefficient, both at 280 and 254nm, which can be observed upon heterocomplex 

formation, to the inter-conversion system. This effect is much stronger for especially 

the 254 nm trace of the wild type complex, where one would expect additional Cys-

Cu absorbance. 

 

figure 18: summary: 4C enthalpy-entropy compensation 

Thermodynamics of the formation of different heterocomplexes: Step 1 (A) and 

Step 2 (B) of the wild-type reaction as well as the individual steps 1(C) and step 2 

(D) for the formation of Atox1-(Cu)-WD4C1A2 and Atox1C1A2-(Cu)-WD4, respectively. 

Data is taken from table 3. (Adapted after [2]) 

We propose that the rapid switching of Cu coordinations is making the system 

more versatile and flexible (i.e. not stuck in an enthalpic trap), and might contribute 
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to the required dynamics for Cu transfer meaning contributing to Cu buffering and 

shielding the Cu from unwanted ligands. 
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6.3 the complex beyond Cu binding 

6.3.1 Zn vs Cu 

Zinc is, similar to Cu, another 3d trace heavy metal. In difference to Cu (4.2.1) 

however, elemental Zn has a [Ar]d10s2 configuration, making Zn(II) the basically 

exclusively existing ionic form, also in the cytosol. While Cu(I) prefers a trigonal-

planar coordination (4.2.1), Zn(II) is usually bound tetragonally. Still, its ionic 

radius of (83 pm) is close enough to Cu(I), 96 pm, which, along with similar ligand 

preferences, make those two ions direct competitors for cytosolic binding sites.  

Interestingly though, there are cases, where proteins, while clearly having 

affinity to either metal, prefer one strongly over the other (4.3.6). One reported 

example is the Zn transporter ZiaA in the cyanobacterium Synechocystis PCC 6803, 

where the metal binding domain (similar to the metal binding domain of copper 

transporters (4.3.7), which does feature an even higher affinity for Cu than for Zn, 

yet does not transport Cu in vivo [63, 130]. This is explained by a lack of interaction 

with the cyanobacterial Cu chaperone Atx1. Which, although being a Cu chaperone 

in vivo, was found to bind Zn when over-expressed in E. coli [19]. Also the metal 

binding domains of ATP7B have been reported to bind Zn in vitro [131].  

As pointed out above, this illustrates the lack of metal selectivity by affinity and 

the key role of protein-protein interactions, even for those that are water soluble at 

physiological conditions. This is especially interesting given the virtual depletion of 

the cytosol of free trace metal ions [52]. 

6.3.2 MTCXXC vs MDCXXC: “D-variants” of Atox1 and WD4 

Since Zn as a biometal is evolutionary older and in general more abundant than 

Cu (4.3.1, [9]), Zn binding sites are more abundant and not as easy to classify as Cu 

binding sites: Its ligands vary widely from preferred nitrogen in His and Gln to 

thiols in Cys and Met. While Zn binding sites based on oxygen are much rarer 

compared to other metals, they, too, do exist widely, mainly via acidic residues in 

Glu and, to a lesser extent, Asp [132]. 

Comparisons of MX1C1XXC2 sites have noted that, for Cu binding proteins, X1 

is most often Thr [26]; this is also supported by the crystal structure of Atox1 [86] 

where the Thr is hydrogen bonded to one of the Cu-binding Cys (figure 7, page 34). 

Some described Zn sites however tend to have an Asp at this position [133] [134]; 

best described here are the P1B-ATPase transporters ZntA from E.coli [135] and the 

aforementioned ZiaA from Synechocystis [130]. In a comparative study with 

peptides it was shown that X1 being Asp or Thr still let Cu and Zn bind, albeit with 
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different coordination and pH dependences [136]. It has therefore been suggested 

that Asp facilitates Zn binding via its negative side chain, making MDCXXC a 

novel Zn binding site [137]. 

In order to compare the influence of Thr versus Asp on Zn and Cu transfer, we 

designed Atox1 and WD4 mutants with an Asp in the X1 position (termed “D-

variant”). While both D-variants bind Zn as expected, as a major difference to Cu, 

decreases A254 upon binding, while it increases upon Cu binding (figure 9). Also, 

the magnitude of absorbance change is smaller for Zn. And lastly, Zn binding is 

(presumably competitively) prevented by the presence of DTT, which is also 

different to Cu(I) binding. 

It should be noted that due to Zn being soluble in water at physiological pH 

ranges, it was possible to determine Zn binding constants of both wild types and D-

variants using ITC (figure 19): 
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figure 19: ITC: Zn binding to MTCXXC and MDCXXC 

ITC data for zinc titrations to Atox1T (A), Atox1D (B), WD4T (C) and WD4D (D)

(Adapted after [3]). The parameters are given in table 4.  

Atox1 in both variants seems to reach an additional equivalence point around ¼ 

ratio of Zn:protein. A possible explanation could be a partial, loose formation of 

homo-dimers; this would not be too unexpected given that Atox1 crystallizes as 

dimer with tetragonally bound ligands [86]. The analysis of the main Zn binding 

event excludes the first data points for A and B, as indicated by the fitted curve. 
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 protein Atox1T Atox1D WD4T WD4D  

 KA (106∙M-1) 2.3 2.6 3.7 25  

 ΔH0 (kJ/mol) -20.1 -26.8 -19.3 -26.4  

 
ΔS0 (J/mol/K) 

T∙ΔS0 (kJ/mol) 

58.7 

17.5 

33.5 

10.0 

62.9 

18.7 

50.3 

15.0 
 

 KD (nM) 440 390 270 40  

table 4: thermodynamic parameters: Zn binding 

ITC-obtained binding parameters of Zn binding to Atox1 and WD4, both wild 

type and MDCXXC-variant. Note that the T used here for T∙ΔS is 25°C. (Adapted 

after [3]) 

Zn binds tightly with negative enthalpies and favorable entropies (table 4). 

While the Atox1 D-variant’s Zn affinity is only slightly better than the wild type  

this data is to be taken with a grain of salt given the potential influence of a 

dissociating dimer. For WD4 however, the D-variant’s Zn affinity an order of 

magnitude higher. For both D-variants, this is due to a significantly larger enthalpy, 

while the entropy becomes a little more unfavorable, this would in fact point to an 

influence by the additional ionic interaction. 

6.3.3 chromatography of the D-variants 

D-variant SEC binding experiments with Zn and Cu were done to determine the 

A280/254 for apo- and holo-proteins to be used in the analysis of the results obtained 

by heterocomplex SEC. The experiments focused on three different aspects, first 

investigating a possible Cu-mediated heterocomplex with D-variants, second a Zn-

mediated heterocomplex using both Atox1 and WD4 wild types, and third probing 

the D-variants with Zn. Chromatograms of overlaid apo- and holo-runs are shown in 

figure 20:  
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figure 20: SEC: Cu D-variant, Zn wild type, Zn D-variant 

Holo- and apo-chromatograms (top and bottom, respectively) for Atox1D-(Cu)-

WD4D (A, D), Atox1T-(Zn)-WD4T (B, E) and Atox1D-(Zn)-WD4D (C, F). Obtained 

parameters are shown in table 5. (Adapted from [3]). 

Using the hypochroism exhibited upon Zn binding, the established peak analysis 

scheme was applied as before (5.5.1), assuming again a two-step reaction (figure 1, 

page 17) yielding the constants shown in table 5: 

       

 protein mixture metal K1 (step1) K2 (step 2) K1∙K2 (Kex)  

 Atox1T + WD4T Cu 0.4∙106 M-1 26∙10-6 M 11  

 Atox1D + WD4D Cu 0.3∙106 M-1 1∙10-6 M 0.3  

 Atox1T + WD4T Zn 0.5∙106 M-1 2∙10-6 M 1  

 Atox1D + WD4D Zn 4∙106 M-1 0.5∙10-6 M 2  

table 5: equilibrium constants: Zn and D-variant in comparison 

Equilibrium constants for wild type and D-variant protein Cu- and Zn-mediated 

heterocomplexes. Atox1T-(Cu)-WD4T data taken from [1]. (Adapted after [3]) 

While the previously determined (6.1.3) parameters for the Cu-mediated wild 

type heterocomplex Atox1T-(Cu)-WD4T show a clear gradient in Cu transfer 
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towards WD4 (with a Cu exchange factor Kex of 11), for Atox1D-(Cu)-WD4D this 

shifts, in a similarly sized magnitude (Kex of 0.3), towards the opposing side (i.e. 

more holo-Atox1 than holo-WD4). As for the Zn experiments, there is no gradient, 

as the Kex for both wild types and D-variants is close to 1. Both equilibrium 

constants are shifted (K1 one order of magnitude, and K2 even two) towards the 

complex, turning the especially the D-variant complex in a serious metal trap for Zn. 

6.3.4 discussion: the D-variants 

Since we could show that, albeit significant differences, all tested wild type and 

D-variant proteins bind Zn, the question arises how the secretion system evolved to 

avoid being encumbered or even clogged by this metal, should it become available 

in vivo.  

This availability is however the crucial point when it comes to Zn (and other 

trace metals) in the cytosol. Concentrations in solution are very low, and existing 

metal usually bound in either other proteins, or buffered by other molecules [25] 

[138]: As mentioned before (6.3.2), we could not observe any Zn binding to either 

protein in the presence of 2mM DTT, suggesting that GSH could fill a similar role 

in vivo (concentration of GSH in vivo is around 13mM [10]). Overall, our findings 

emphasize the idea that binding site metal selectivity together with protein-protein 

interaction make up lacking specificity, since “wrong” metals are held away from 

the binding sites independently of affinity, even for metals soluble in cytosolic 

environments. Last but not least, we show that, if worst comes to worse, which is 

more likely to happen in cellular stress environments [26] we show that the 

equilibrium for Zn binding still is on the chaperone’s side, keeping it off the 

transporter’s domains. 

It can be summarized that, not quite unexpectedly and as described above 

(4.3.6), metal distribution is not determined by a single factor, but more by a multi-

faceted interplay of different factors, depending on metal and environment [14, 16, 

21, 25, 139, 140]  
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6.4 interaction with other WD domains 

While the focus of my work was (and, respectively, the focus of this thesis is) 

on the interaction of Atox1 with WD4, the feasibility of applying the established and 

proven analysis patterns on similar but different systems, such as other WD 

domains, or other chaperones (6.5), is evident. After having investigated thermal 

stability and domain-domain interaction dynamics, Lina Nilsson, under my guidance 

and instruction,  used my established methods to investigate Cu transfer from Atox1 

to a protein construct consisting of both WD domains 5 and 6, or, in short, WD56. 

She is the first author of the publication this section is based on [4]. 

 

figure 21: Interface and interaction of WD5 and WD6 in WD56 

NMR-based structure of WD56 [106] with charged residues proposed to form 

interactions across the domain−domain interface highlighted in red (E77, K123,

D78, E87). The Cys residues (blue) and the two His (green) are shown as stick 

models. (Adapted from [4]). 

Since the linker between both domains is, compared to the linkers between the 

other WD MBDs, explicitly short (9-10 AAs only, depending on exact domain 

definition), both domains are known to interact in a stacking manner that they 

impact each other’s degrees of freedom significantly [141] , or even have a tendency 

to stack [106]. Furthermore, they are also of specific interest for the understanding 

of the whole ATPase apparatus, given that they are the MBDs closest to the 

previously mentioned ‘platform helix’ (4.4.2) and general transmembrane part of the 

transporter. Hence, by position alone, they are candidates most likely to play a role 
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in potential Cu relay to the transporter channel. Additionally, little can be inferred 

from the bacterial structures published so far: In the structure of CopA (figure 2, 

page 22 [65]), the MBD is not resolved; in a homology-modeled ATP7B based on 

the CopA structure by the same group [97], WD5 and WD6 had to be added 

manually. Also in a little more advanced docking approach by a different group 

[94], also shown in figure 4 (page 29) the known mentioned interactions between 

WD5 and WD6 were ignored. A possible interaction of WD6 with the ‘platform 

helix’ has also been suggested by in silico work [142]. And finally, there is an 

entirely different aspect that opens up, since a strong dependency on close-

environmental pH and ionic strength had been reported [106, 141]. Additionally, a 

significantly higher activity for the whole ATP7B transporter itself has been 

reported at lower pH values in vitro [113], further adding interest to a look on pH 

effects onto Cu delivery by Atox1. 

As initial stability experiments showed a surprisingly strong effect of small pH 

changes on melting point shifts, we speculated that His residues (at least in part) 

contribute to the pH dependence, given their pKas regularly found in that range. 

WD56 has only two His residues, both in the WD6 domain, and both not facing the 

interface (figure 21, page 68). Using NMR chemical shifts, we identified chemical 

differences in the protein between the two pH conditions in the form of four protons: 

At low pH (i.e. below the pKa of His), two His residues (H100 and H148) and the 

second Cys in each Cu site (C22 and C98) become protonated. In the primarily 

deprotonated state (neutral His, negative Cys), WD56 is much more stable than in 

the predominantly protonated (positive His, neutral Cys) state. We propose that 

changes in the surface charge network affect the WD56 relative domain-domain 

fluctuations and thereby overall protein-protein interaction. MD simulations on all 

six individual WD domains [120] have shown that, upon introducing Cu, the rigidity 

of the overall domain increased, maybe alleviating the loss of interaction of the 

whole N terminal domain with the N domain, hence making the actual ATP binding 

site more accessible and the transporter more active (4.4.2). While we also 

positively tested WD56 for increasing stability upon Cu binding, the interaction with 

additional domains of ATP7B was not investigated. 

Yet, we thought that a possible impact of the domain-domain interaction 

dynamics on Cu transfer was likely, and thus we decided to investigate further into 

this direction. We picked two conditions, resulting in different SEC measurement 

series for each buffer condition as depicted in figure 22: 
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figure 22: SEC: Interaction of WD5 and WD6 in WD56 

Cu transfer from Atox1 to WD56. SEC data for various mixtures of WD56 and 

Atox1 (as before, the 280 and 254 nm traces in blue and red, respectively). WD56 

elutes at an (expected) larger molecular weight than Atox. The first lane 

chromatograms show pH 6.0 behaviour, while the second lane pH 7.2 (A, D): Apo 

1:1 mixture of WD56 and Atox1; (B, E) holo Atox1 and (C, F) Holo mixture 1:1:1 

WD56-Cu-Atox1. In difference to the Atox1-WD4 experiments, that yield a Cu-

mediated heterocomplex distinctly visible in the SEC chromatograms (e.g. figure 

12), no heterocomplex can be observed for Atox1-(Cu)-WD56. The change in 254 

absorbance yet indicates that there must have been Cu transfer via a complex too 

transient for observation by SEC. 254 nm extinction coefficient differences are due 

to pH, while differences of ionic strength affect elution volumes to a certain degree; 

this is normal behavior for the system and has also been observed by us on several 

other proteins. (Adapted from [4]). 

Substituting WD4 with WD56 in our regular reaction scheme as depicted in 

figure 5 (page 32), we can again calculate the Cu exchange equilibrium constant Kex 

(=K1∙K2) for both conditions, and find that Atox1 transfer of Cu to WD56 exceeds at 

physiological pH (Kex = 15 for pH 7.2, compared to Kex = 0.5 for pH 6.0) by a factor 

of 30, both in the direction of the WD56 domains.  
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Contributing another piece to the ongoing research of ATP7B regulation, this 

result sheds light on the question of the influence of local pH environments that 

differ from the general pH of the cytosol. It has been shown that acid/base gradients 

can influence local proton concentrations across membranes (though mediated by 

proteins), causing heterogeneous pH distributions on the other side [143]. 

Interestingly, ATP7B always transports into compartments or environments with 

different, often varying, pH values: The trans-Golgi lumen, where ATP7B assumes 

its basal position, usually exhibits a proton concentration about an order of 

magnitude higher than the cytosol. Differences become more pronounced upon 

translocation: Either to the apical membrane, where it would encounter the bile duct: 

Proton concentration here is usually much lower compared to the cytosol (ranging 

up to pH 8.5). Or, on the other side, phagosomes, encountering pH values as low as 

4 in mature phagolysosomes. Given the interaction with such extreme differences on 

the other side of the membrane, on may speculate that the pH could in some way 

influence protonation of certain pronounced, exposed or otherwise susceptible 

residues of ATP7B, translating into regulatory effects. While it is unlikely that both 

high and low pH concentrations would have the same effect, it could well be 

possible that different pH values make other domains more or less susceptible to 

regulation by other molecules, proteins, or Cu itself, hence regulation in the 

phagosomal and apical membrane would differ, maybe even by a large margin. 

Independently, we can, as a general result, conclude that while we can clearly 

observe that WD56 does receive Cu from Atox1 in vitro, which was sometimes 

disputed before [106], we cannot derive an individual preference for one of the 

MBDs. Also, we cannot, at least in our conditions, identify a heterocomplex 

comparable to Atox1-(Cu)-WD4. While this is in sharp contrast to our other work, 

this is perfectly possible, as several other Cu transfer interactions have been 

described as being transient only before, most notably Cox17 and Sco1 [11, 144] or 

Atox1-MD2 and MD5 [125]. Interactions between WD4 and both WD4 and WD5 

were the focus of [106], also with a transient transfer as result, omitting Atox1 

though. Unfortunately, due to the lack of a SEC- (and NMR-) detected intermediate 

heterocomplex further thermodynamical analysis, using e.g. calorimetry, was not 

considered practicable. 

It should be noted that a convenient side effect of using NMR is that we could 

show the stoichiometric binding of Cu to WD56 by chemical shifts of two key 

residues (Val23 in WD5 and Val99 in WD6) after addition of an increasing amount 

of Cu to 15N-labeled WD56 [4]. This is a further confirmation of the feasibility of 

our in vitro Cu loading approach under reducing conditions using DTT. 
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6.5 interaction with other chaperones 

Atox1 is not the only Cu chaperone thought to receive Cu taken up by CTR1 

(4.3.6). The chaperone distributing to the cytosolic SOD1, CCS, is likely to compete 

for the Cu (figure 1, page 17).  

Featuring three distinct domains, the Cu domain of CCS, CSS1, possesses, like 

Atox1 and WD4, the same fold and MTCXXC Cu binding site [145]. This domain is 

also thought to be the initial Cu receiver domain. The other two domains consist of a 

Zn-binding domain, with similarities to, and crucial for interaction with, SOD1 

[145]; and a CXC-domain, that is capable of forming one of the very few known 

cytosolic disulfide bonds. Altogether it is in this setup remarkably similar SOD1, the 

protein it is delivering (at least) Cu to. Additionally, SOD1 requires the delivery of 

Zn and also the formation of its own intra-protein disulfide bond in order to become 

active [146]. While at least one of these steps is catalyzed by CCS, the full process 

of SOD1 maturation (which most likely also involves the Mitochondrial IMS, and 

transport there and back) is not fully understood yet. Worth mentioning is though 

that both proteins’ disulfide bonds’ reduction potential (-230mV) is slightly above 

the cytosolic (-290mV) [12], and since its oxidation is required for SOD1 to become 

active, it is possibly a sensor for oxidative stress.[147] [148].  

The CCS-SOD1 and Atox1-ATP7A/B pathways are considered separate in 

many publications concerning Cu homeostasis (4.3.6), and it was shown at several 

occasions that CCS cannot deliver to ATP7B, while Atox1 fails to load and activate 

SOD1 [11, 41, 94]. But given the similarity of both proteins and the parallel activity 

in the cytosol, it is not far reached to speculate about a possible interaction, and 

maybe even Cu exchange. And in fact, Cu exchange between Atox1 and CCS was 

claimed to have been observed, without showing data though [149]. Complementing 

surface charge distributions, too, let interaction between Atox1 and CCS appear 

possible [150]. 

Under mine and Artur Dingeldein’s guidance and instruction, Svenja Petzoldt 

and Dana Kahra used my established methods to investigate Cu transfer from Atox1 

to a protein construct consisting of the first, the Cu binding domain of CCS (amino 

acids 1-85), termed CCS1. Additionally, a F16W mutation was introduced in order 

to allow a more accurate concentration determination via UV/Vis and to enable 

fluorescence spectroscopy measurements (CCS1 does not contain natural Trp; 

folding of the Trp-variant was verified using CD). Like WD4, SEC chromatograms 

show it eluting at a slightly different size that one would expect, and like for WD4 

(0), we confirmed it being monomeric by NMR tumbling experiments. We also 
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confirmed earlier reports that CCS1 binds Cu in 1:1 ratio [146, 151], and could 

verify that the F16W mutation does not affect the Cu binding capacity. Since NMR 

experiments showed that that CCS1 can multimerize at higher Cu equivalent 

concentrations, we restricted our experiments to 1:1 Cu:CCS1. 

Loading either CCS1 or Atox1 with Cu and mixing it with the respective apo 

counterpart at 1:1:1 ratio results in Cu transfer, yet in no detectable intermediate 

protein heterocomplex (figure 23, page 74) as can be detected for WD4 and Atox1 

(6.1).  

Analog to the Atox-WD56 interaction, we assume that the Cu exchange 

between CCS1 and Atox1 involves more transient, and/or weaker protein-protein 

interaction, making the intermediate undetectable by SEC. Using the A254/280 

ratios as before, we calculate a Cu exchange equilibrium constant (Kex) of around 6 

in the direction of Atox1. Increasing the salt (NaCl) content present in the buffer 

from 50 to 200 mM lowers the Kex close to 1 (i.e. 50/50 distribution). 
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figure 23: SEC: Cu transfer from CCS1 to Atox1 

Elution profiles from SEC, 254 nm in red and 280 nm in blac: Apo CCS1(A) and 

apo Atox1 (B) as well as holo CCS1 (C) and holo Atox1 (D). In the mixing 

experiments, holo Atox1 was mixed with apo CCS1 (E), and vice versa for (F). The 

traces for are normalized so the maximum absorbance at 280 nm is 1 for each 

protein (For the mixtures: Normalized to Atox1). (Adapted from [5]). 
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In order to additionally verify Cu transfer, we collected the peak fractions 

analyzed via UV/Vis on the SEC and let them analyze by ICP-MS: 

         

  apo-CCS1 apo-Atox1 holo-CCS1 holo-Atox1 Mix - CCS1 Mix - Atox1 

ASEC [protein] (µM) 4.6 4.4 4.5 4.5 4.5 5.0 

ICP-MS [Cu] (µM) 0.1 0.2 3.5 4.7 1.7 3.8 

Ratio Cu/protein 0.02 0.05 0.78 1.04 0.37 0.78 

table 6: ICP-MS: Atox1 and CCS1 Cu binding 

ICP-MS Analysis of Atox1 and CCS1 peaks after SEC elution. As expected, the 

apo forms of CCS1 and Atox1 contained negligible amounts of Cu, whereas the holo 

forms contain significant amounts of Cu. The mixture contained Cu in both the 

CCS1 and the Atox1 peaks, indicating that some Cu had been transferred from 

CCS1 to Atox1. As a Cu control, pure CuCl2 was also included among the ICP-MS 

samples; for a solution of 10.2 µM CuCl2 the ICP-MS data reported a Cu 

concentration of 11.4 µM. This implies that measurement errors can be up to 10 %. 

(Adapted from [5]).  

While the measured amounts of Cu in the apo proteins are negligible, the Cu 

content in the single holo proteins as well as the mixtures are according to our 

expectations; the ICP-MS therefore supports our conclusions drawn from SEC. 

We speculate that this reaction may be a way to utilize cytoplasmic Cu ions 

efficiently in living cells. Depending on what pathway – secretory path or to SOD1 

– is in need of Cu, the chaperones may balance this via cross-reactivity in the 

cytoplasm. It is not to be expected that Cu exchange between the proteins does 

proceed via metal release from one protein followed by free metal uptake by the 

other protein since the affinities of Cu for both these proteins are very high (in the 

fM range). Since a chemical reaction equilibrium constant can be described as its 

on-rate constant kon divided by its off-rate constant koff, or, for association reactions, 

KA = 1/KD = kon/koff, this would mean that assuming a kon typical for these binding 

partner sizes of ~106-107 M-1s-1, we could, (for the KA of 1015 we would get at 

femtomolar affinity [17]), expect an off rate of ~10-8-10-9 s-1. For comparison, that 

would be less than one reaction per year, making a solvent-carried transfer not 

feasible. Therefore, the only way to transport the metal to another protein is via 

direct protein-protein interaction.  
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7 summary and conclusion 

In my work, we dissected for the first time the energetic (enthalpic and entropic) 

contributions for the two elementary steps resulting in Cu transfer, using the human 

Cu chaperone Atox1 and the fourth metal-binding domain of the Wilson disease 

protein, WD4, as an exemplary system. We used SEC and calorimetry in a 

combined fashion, taking advantage of the specifically different elution behavior of 

both proteins for the former, obtaining equilibrium constants; and numerically 

solving a two-equilibria system for the latter, obtaining enthalpies and entropies: We 

find that the overall Cu transfer equilibrium is on the side of WD4, and we find that 

it is enthalpically driven, although the intermediate heterocomplex is 

thermodynamically slightly more stable, hence a weakly trapped intermediate. 

While we had treated this intermediate heterocomplex as one single species in 

those first studies, we knew that it most likely contained an equilibrated mixture of 

different Cu-Cys coordinated heterocomplexes, and wanted to elaborate on that. We 

used four single Cys-to-Ala variants of the binding site Cys to dissect the Cu-Cys 

coordinations and accompanying thermodynamics that are involved in the wild-type 

ensemble of Atox1-Cu-WD4 heterocomplexes. In earlier in silico work we had 

showed that the most favorable pathway involved two three-coordinated 

heterocomplexes in which Cu was coordinated by Atox1C1C2 and WD4C1 in one 

and by Atox1C1 and WD4C1C2 in the other heterocomplex sub-species, and we 

could confirm this in vitro; we therefore emphasize the importance of C1 in both 

proteins for Cu transfer. Thermodynamic analysis suggests that there is enthalpy-

entropy compensation in the wild-type hetero-protein ensemble. We propose that the 

two species interconvert between each other’s populations, giving the overall 

heterocomplex a significant amount of internal dynamics. 

Additionally, investigating the Cu binding site beyond the C1XXC2 motif, we 

found that whether the amino acid right before C1 in sequence is an Asp or a Thr 

does have profound effects on both the affinity and the metal exchange rate Kex of 

the transfer reaction, but also that it is not decisive enough to make the binding site 

bind either Cu or Zn exclusively. 

In summary, the formation of a long-lived yet versatile intermediate in vivo may 

be instrumental to determining rearrangements of inter-domain interactions in the 

ATPase. Such rearrangements of domains appear important for the enzymatic 

activation and function and for determining the intracellular localization of the 

ATPase, while shielding the Cu from unwanted ligands or other potentially faster 
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reactions at the same time. It is also possible that in vivo, ATP hydrolysis may speed 

up the reaction and change the kinetics of the Cu transfer steps from chaperone to 

target. 

Finally, it should be noted that many findings in the field are derived and 

inferred from bacterial and yeast systems. While the largest possible overlap is often 

assumed (and the chemistry certainly is the same), biochemistry and biology hold 

several partial and sometimes even obvious differences, with more emerging. It is 

before this background that research with human proteins becomes especially 

important. Nevertheless, several aspects of my findings are of general nature and 

relevance for cellular Cu transfer.  
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8 future perspectives 

In science, every finding opens doors and possibilities for additional, future 

research ideas; and my research is no different. Above all, an area that I would have 

liked to add to my research on Cu interactions, but have nevertheless not achieved to 

come beyond a certain initial threshold with both stopped-flow and SPR approaches, 

is the investigation of interaction kinetics. Some difficulties are involved, since, 

after an initial on-rate, k1 of step 1, the off-rate is determined by both k-1 and k2; 

there a ways and approaches to solve this, though. Especially for the more transient 

interactions in Cu transfer pathways it is possible that they are governed more by 

kinetic than by thermodynamic factors.  

A question that arises In terms of heterocomplex investigation, a methodical 

approach that seems inevitable when it comes to the investigation of the Cu 

coordination is X-ray absorption spectroscopy (XAS), or, as subtype, X-ray 

absorptions near edge spectroscopy (XANES), to investigate bonding angles and 

coordination. While this has been analyzed for individual CXXC Cu binding 

proteins before, it has not been done on the intermediate complex before. 

Additional areas worth elaborating on would be a systematic investigation of the 

protein interaction interfaces, not only for Atox1-WD4 specifically, since this has 

been partially done by our lab before, but on a more general, comparison level, 

including more MBDs, and different chaperones. One step further would be Cu-

dependent interactions of the MBDs with the ‘body’ of the ATPase itself, especially 

the N-domain, to gain more insight into the regulatory function, or Cu-dependent 

interactions with the kinked platform helix, to learn more about an eventual relay of 

the Cu into the actual transport channel. Along these lines would be the influence of 

the catalytic phosphorylation, and, including the hydrolysis of the phosphate, the 

influence of the entire catalytic cycle on the Cu transfer mechanisms to, in and from 

the MBDs. 

On the other end, there is plenty to do, too: The transfer of Cu to Atox1 in the 

first place. Is it from CTR1? Maybe even via CCS? How does Atox1 interplay with 

the membrane, and is this affected by Cu? 

There is still plenty to do in the ongoing deciphering of human Cu homeostasis. 
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ursi/sebastien, du hast als einer der wenigen den ankündigungen taten folgen 

lassen, und warst hier. and of course sean and sarah, I owe you guys, and I am still 

amazed that we manage to keep in touch. we’ll see where the wind blows us next, 

but the kids will meet, some day. und in worte nicht zu fassen auch mein dank an 

meine mentoren thilo und the „big V“ vinzenz, für so unglaublich vieles, mein 

leben wäre ohne euch sehr anders verlaufen. 

da wir nun fast sechs jahre hier sind, wird die liste nur länger: arturchen und 

kristl, wie kurz kennen wir uns erst, und doch frage ich mich, wie langweilig es 

vorher gewesen sein muss. ihr werdet uns sehr fehlen. fehlen werden auch 

constantin und kathrin, ohne euch wären wir nicht hier, und zusammen mit 

lenchen, wart ihr immer zu stelle, für freud und in leid und not, habt alle vielen 

dank. conschtanze, die für uns in zeiten mißgünstiger kindergartenverwaltung ein 

ultimativer glücksfall war, und uns den rücken viele male freigehalten hat. auch du 

hast einen großen anteil an diesem schreibwerk. fine und tini, auch ihr wart 

aufopferungsvoll immer zur stelle, und habt all die jahre hier mitverfolgt. 

alex, viele jahre lang mein täglicher begleiter aller aufs und abs, leider zu früh 

abgehauen, wir werden uns wiedersehen. istvan, сергей, johan, дима, raik, 
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schuggi, you, too will always be part of the umeå experience. thanks for all, and 

good luck with what there is to come. dana, und micha, einen guten start in 

konschtanz. maria, tack att du hjälpte mig lära mig svenska.  

pernilla, it were many years of understandings and misunderstandings. still, it 

turned out ok, and there are many things I am very thankful for. I wish you the best 

for your lab reboot. gerhard, wolfi, erik, ni har varit ett stort stöd under åren, till 

sista dagen. jag tackar er så otrolig mycket. tobias, jag lärde mig mycket av dig, jag 

skulle ha börjat lyssna tidigare. tack för innebandyn! magnus and all others from the 

ever changing KPMG-team, these acknowledgements would not be complete 

without you. nigel, I am honored that you agreed to be my opponent. ett stort tack 

också till maria jansson och liz, jag vet att det var inte lätt att hålla koll på mina 

grejer, men ni klarade allt med stort flexibilitet och tålamod. tack! lotta, tack att jag 

fick vara med som andra författare. lycka till med andra barnet.  

dank gebührt auch all jenen, die mir viele jahre lang die abende unterhaltsam 

und erfolgreich gestaltet haben, vor allem: klim, flo, maike, kerstl, daniel, seb, 

jonez, kalle, hrle und zook: what a long, strange trip it has been. eine zeit, die nicht 

wiederkommen wird, und die ich nie vergessen werde. som leder till de som tog 

över: johan, erik, elias, micke, tack att ni tvingade mig provspela! jag kommer att 

sakna er och WoB.  

und zum schluss: hubert fahnenstich, der uns selbstlos und aufwendig mit all 

seinem können und seinen verbindungen zur seite stand, als die not am größten war. 

annika isberg, för du var den enda på NUS som var alltid ärlig mot oss. och astrid 

lindgrens metin tovi, jag är så tacksam. men ändå verkar det tyvärr så att vi kommer 

att träffas än en gång… 

 

thank you all for so much, and I wish all of you the best, especially those I will 

most likely not see again.  

 

 

Lebt wohl. 
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Das Labyrinth des Zweifels 

musste ich so lang durchwandern. 

Es waren Träume einer Fremden, 

die Gedanken einer andern. 

 

Einst klar und so vertraut - und nun wandre ich umher. 

Was früher war, so stark gebaut - bin ein andrer als bisher. 

Das Fundament, es schwindet schon, 

ist nur noch Blendwerk, Illusion. 

Das Weltbild bricht in sich zusammen, 

zerfällt zu nichts im Flammenmeer. 

 

 

(nach: ASP – Der Wanderer) 
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