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Summary 

Wilson disease (WD) is an autosomal recessively inherited disorder of the copper 

metabolism. A loss-of-function mutation in the copper-transporting ATPase ATP7B 

impairs biliary copper excretion, causing progressive copper accumulation and 

damaging the liver and liver mitochondria, finally leading to fulminant hepatitis. In this 

thesis, liver mitochondria from LPP Atp7b-/- rats – an animal model for WD carrying the 

same genetic defect causing WD in humans – were investigated to further understand 

mitochondrial impairments in WD. 

As liver mitochondria from human WD patients and Atp7b-/- rats show comparable 

copper loads and structural alterations, this animal model can be used for studies of 

mitochondrial impairments in WD. The liver damage markers serum aspartate 

aminotransferase and bilirubin define progressing disease states in Atp7b-/- rats. 

Increasing liver and mitochondrial copper load is observed with disease progression of 

untreated Atp7b-/- rats. The following impairments are found in liver mitochondria of 

these rats with disease progression and rising copper load: structural alterations, a 

decreasing fluidity of mitochondrial membranes, an impaired capacity to undergo large 

amplitude swelling (MPT) and a decreasing ability to block MPT by the addition of 

cyclosporine A and finally, the stability of the mitochondrial transmembrane potential 

decreases, leading to an impaired ATP production. Thus, reducing the mitochondrial 

copper load by copper chelating agents is the prime requirement for an effective 

treatment in this WD animal model. 

Currently available copper chelation treatments in WD target mobilisation of liver 

copper and its excretion via the urine. D-penicillamine (D-PA) and trientine (TETA) – to 

be taken lifelong several times a day – have an intermediate copper affinity, mobilising 

copper from the liver tissue. This copper is excreted via the urine, but a part of it may 

possibly reach the brain leading to secondary neurologic damages. Decoppering of the 

liver using D-PA fails in 10–50% of WD patients, leaving liver transplantation the only 

available treatment possibility. Thus, it would be desirable to have a copper chelating 

agent with a higher copper affinity to avoid secondary brain damage, and a better 

efficiency to decopper liver mitochondria to avoid liver failure. Using the bacterial 

peptide methanobactin (MB) – produced by Methylosinus trichosporium OB3b and 

having a very high affinity for copper – the question is addressed whether it decoppers 

hepatocytes and liver mitochondria more efficient than D-PA or TETA. In contrast to 

D-PA, TETA and ammonium tetrathiomolybdate (TTM), MB significantly reduces the 

copper load in HepG2 cells for 30% within 24 hours without inducing cellular and 

mitochondrial toxicity. Atp7b-/- rats were treated short-term either intraperitoneally with 
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MB or orally with D-PA or TETA. Short-term MB treatment reduces initially elevated 

liver damage markers, paralleled by an efficient decoppering of whole liver and 

especially liver mitochondria. Further, MB restores the mitochondrial structure and ATP 

production. Using D-PA or TETA, liver damage markers cannot be reduced and 

mitochondrial decoppering is less efficient compared to MB. Mitochondrial decoppering 

by MB lasts several weeks and avoids disease progression in Atp7b-/- rats. These data 

indicate a possible new treatment strategy in WD: In contrast to the lifelong treatment 

in humans using D-PA or TETA, MB could be used for short, but intense decoppering 

phases followed by several drug-free weeks. 

In liver mitochondria isolated from Atp7b-/- rats, copper load increases with disease 

progression. Elevated liver mitochondrial copper loads can be balanced up to 

approximately 7 nmol copper per mg mitochondrial protein, thereafter, the 

mitochondrial structure and function break down. Up to now, it is unknown how liver 

mitochondria deal with high copper concentrations in WD. To address this issue, 

protein abundances were analysed in copper-rich fractions from liver mitochondria 

isolated from both, either Atp7b+/- or Atp7b-/- rats. Using proteomic analyses, the 

copper-binding protein COX17 is identified to be upregulated in Atp7b-/- rats compared 

to Atp7b+/- rats. COX17 increases with rising mitochondrial copper load and this 

upregulation may be protective for mitochondria – an issue addressed in the last part of 

this thesis. 

A cell culture model was established to analyse whether upregulation of COX17 is 

protective for copper-loaded Atp7b-/- rat liver mitochondria. Treating human 

hepatocytes (HepG2 cells) with copper-histidine (Cu-His) leads to an increase in 

cellular and mitochondrial copper and a parallel upregulation of COX17. Using this 

model, COX17 upregulation as observed in Atp7b-/- rats can be simulated. This model 

is further used to up- and downregulate COX17 to analyse whether COX17 

upregulation has a protective or damaging function in situations of copper overload. 

Downregulating COX17 increases cellular susceptibility towards rising Cu-His 

concentrations and prolonged treatment with low Cu-His concentrations. HepG2 cells 

with upregulated COX17 are less sensitive towards Cu-His. These data suggest that 

COX17 upregulation is protective in copper-loaded liver mitochondria. 
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Zusammenfassung 

Die Wilsonsche Erkrankung (Morbus Wilson) ist eine autosomal rezessiv vererbte 

Störung des Kupferstoffwechsels. Der genetische Defekt liegt in der kupfer-

transportierenden ATPase ATP7B und führt zu einer beeinträchtigten Ausscheidung 

von Kupfer über die Galle. Dies bewirkt eine erhebliche Akkumulation von Kupfer in der 

Leber und den Lebermitochondrien, die unbehandelt zu einer fulminanten 

Leberentzündung führt. In der vorliegenden Arbeit wurden Lebermitochondrien aus 

LPP Atp7b-/- Ratten untersucht, um mitochondriale Beeinträchtigungen der 

Wilsonschen Erkrankung besser zu verstehen. Bei der LPP Atp7b-/- Ratte handelt es 

sich um ein Tiermodell für Morbus Wilson, welches den gleichen genetischen Defekt 

trägt, der Morbus Wilson im Menschen hervorruft. 

Es wird gezeigt, dass Lebermitochondrien von humanen Wilson-Patienten und Atp7b-/- 

Ratten eine vergleichbare Kupferbelastung und ähnliche strukturelle Veränderungen 

aufweisen. Daher ist dieses Tiermodell geeignet, um mitochondriale 

Beeinträchtigungen der Wilsonschen Erkrankung zu untersuchen. Steigende Marker 

für Leberschäden (Serum Aspartataminotransferase- und Bilirubin-Werte) definieren 

fortschreitende Krankheitsstadien in Atp7b-/- Ratten. Mit fortschreitendem 

Krankheitsstadium und zunehmender Kupferbelastung wurden folgende 

Beeinträchtigungen der Lebermitochondrien unbehandelter Atp7b-/- Ratten gefunden: 

zunehmende strukturelle Veränderungen, eine reduzierte Fluidität der mitochondrialen 

Membranen, der mitochondriale Permeabilitätsübergang (MPT) ist gestört und das 

Ausmaß des Anschwellens der Mitochondrien reduziert. Normalerweise kann der MPT 

durch die Zugabe von Cyclosporin A verhindert werden, jedoch ist diese Wirkung mit 

zunehmendem Krankheitsstadium der Atp7b-/- Ratten beeinträchtigt. Schließlich ist 

auch das mitochondriale Transmembranpotential weniger zeitstabil und geht mit einer 

gestörten ATP-Produktion einher. Daher ist die mitochondriale Entkupferung unter 

Verwendung hochaffiner kupferbindender Substanzen eine wichtige Voraussetzung, 

um Atp7b-/- Ratten zu therapieren. 

Die aktuell verfügbare Therapie der Wilsonschen Erkrankung zielt darauf ab, das in der 

Leber vorhandene Kupfer zu mobilisieren und es über den Urin auszuscheiden. 

D-Penicillamin (D-PA) oder Trientin (TETA) müssen lebenslang mehrfach täglich 

eingenommen werden. Beide Substanzen haben eine mittlere Kupferaffinität und 

können somit das Kupfer in der Leber mobilisieren. Dieses Kupfer wird über den Urin 

ausgeschieden, wobei jedoch ein Teil dieser Komplexe möglicherweise zum Gehirn 

transportiert wird und zu sekundären neurologischen Schäden führt. Bei 10–50 % der 

Wilson-Patienten ist die Entkupferung der Leber unter Verwendung von D-PA 
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ineffizient, sodass eine Lebertransplantation notwendig ist. Daher ist die Frage, ob 

andere Substanzen mit einer höheren Kupferaffinität Lebermitochondrien effizienter 

entkupfern, um sekundäre neurologische Schäden und Leberversagen zu verhindern. 

Unter Verwendung von Methanobactin (MB) – einem Peptid, welches von Methylosinus 

trichosporium OB3b produziert wird und eine sehr hohe Affinität für Kupfer aufweist – 

wurde diese Fragestellung bearbeitet. Im Gegensatz zu D-PA, TETA und 

Ammoniumtetrathiomolybdat (TTM) reduziert MB die Kupferbelastung in HepG2-Zellen 

innerhalb von 24 Stunden signifikant um 30 %. Toxische Effekte von MB werden im 

verwendeten Dosisbereich nicht beobachtet. Daher erhielten Atp7b-/- Ratten in einer 

Kurzzeitbehandlung intraperitoneal MB oder oral D-PA oder TETA. MB ist in der Lage, 

anfänglich erhöhte Marker für Leberschäden zu reduzieren, dabei die Leber und die 

Lebermitochondrien effektiv zu entkupfern und damit die mitochondriale Struktur und 

ATP-Produktion wieder herzustellen. D-PA und TETA können einen Leberschaden 

nicht reduzieren und die mitochondriale Entkupferung ist im Vergleich zu MB weniger 

effizient. Die mitochondriale Entkupferung durch MB bleibt für mehrere Wochen stabil 

und verhindert das Fortschreiten der Erkrankung im Tiermodell. Daher ist eine neue 

Behandlungsstrategie für die Wilsonsche Erkrankung denkbar: Im Gegensatz zu einer 

lebenslangen Behandlung mit D-PA oder TETA, könnte MB für eine intensive 

Kurzzeitbehandlung verwendet werden. Anschließend wären mehrere Wochen einer 

Behandlungspause möglich. 

In Lebermitochondrien von Atp7b-/- Ratten wurde mit fortschreitender Erkrankung eine 

zunehmende Kupferbelastung gemessen. Die steigende Kupferbelastung können die 

Lebermitochondrien bis zu etwa 7 nmol Kupfer pro mg mitochondriales Protein 

regulieren. Übersteigt die mitochondriale Kupferbelastung diesen kritischen Punkt, 

kommt es zu einer irreversiblen Beeinträchtigung der mitochondrialen Struktur und 

Funktion. Gegenwärtig ist unbekannt, wie die Lebermitochondrien mit der hohen 

Kupferbelastung in der Wilsonschen Erkrankung umgehen. Um diese Frage zu 

untersuchen, wurden die Häufigkeiten verschiedener Proteine in kupferreichen 

Fraktionen der Lebermitochondrien von Atp7b+/- und Atp7b-/- Ratten analysiert. Anhand 

einer Proteomanalyse wurde das kupferbindende Protein COX17 identifiziert, welches 

im Vergleich zu Atp7b+/- Ratten in Atp7b-/- Ratten deutlich vermehrt vorkommt. Darüber 

hinaus steigt die Menge von COX17 mit zunehmender mitochondrialer 

Kupferbelastung an. Diese erhöhte Menge von COX17 könnte ein Schutzmechanismus 

für Mitochondrien vor hohen Kupferbelastungen sein – ein Aspekt, der im letzten Teil 

der Arbeit untersucht wird. 

Ob die zunehmende Menge von COX17 einen Schutzmechanismus für kupferbelastete 

Atp7b-/- Rattenlebermitochondrien darstellt oder schädlich ist, wurde anhand eines 
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Zellkulturmodells untersucht. Durch die Behandlung von humanen Leberzellen 

(HepG2-Zellen) mit Histidin gebundenem Kupfer (Cu-His) konnte eine zum Tier 

vergleichbare zelluläre und mitochondriale Kupferbelastung und Erhöhung von COX17 

simuliert werden. Anschließend wurde dieses Modell verwendet, um die Expression 

von COX17 zu reduzieren und zu verstärken. Die Reduktion der COX17 Expression 

erhöht die Empfindlichkeit der HepG2-Zellen gegenüber steigenden Cu-His-

Konzentrationen und einer verlängerten Exposition gegenüber niedrigen Cu-His-

Konzentrationen. HepG2-Zellen mit einer verstärkten Expression von COX17 sind 

weniger empfindlich gegenüber Cu-His wie anhand der verbesserten Vitalität der 

Zellen dargestellt wird. Diese Ergebnisse deuten an, dass die steigende Menge von 

COX17 mit zunehmender Kupferbelastung der Lebermitochondrien zellprotektiv ist. 
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1 Introduction 

1.1 Wilson disease: a copper-storage disease with 

progressive hepatolenticular degeneration 

Wilson disease (WD) was first characterised by Samuel Alexander Kinnear Wilson in 

1912 [3]. It is an autosomal recessively inherited disorder [4] of the copper metabolism [5]. 

Copper is an essential trace element [6, 7] that functions as a cofactor for several 

enzymes, for example the copper-zinc dependent superoxide dismutase (SOD1) or the 

mitochondrial cytochrome c oxidase (CcO) [7-15], being important for metabolic 

processes, such as antioxidative defense and mitochondrial respiration [16-22]. 

Approximately 2 mg copper per day is taken up via the nutrition [23-25]. It is actively 

absorbed by enterocytes [26, 27], bound to albumin or amino acids, especially histidine 

[28-30], and via the portal circulation it is transported to the liver [28, 31-33]. The copper 

transporter CTR1, located in the basolateral membrane of hepatocytes [34-36], mediates 

reduction of Cu(II) to Cu(I) at the plasma membrane [37] and the uptake of Cu(I) into 

liver cells (Figure 1-1) [25, 38]. Copper chaperones like ATOX1, COX17 and 

metallothioneins bind this copper in the cytosol [10-13, 39]. ATOX1 transports copper to 

the secretory pathway of hepatocytes through direct interactions with the P-type 

ATPase ATP7B (Figure 1-1) [39-42]. Depending on the cytosolic copper concentration, 

ATP7B changes its localisation and fulfils two functions [14]: Low copper concentrations 

stabilise the copper-binding at the trans-golgi network and provide the incorporation of 

copper into apoceruloplasmin [14, 43]. This leads to the production of functional 

ceruloplasmin which is excreted into the bloodstream [14, 44-46]. Due to increasing cellular 

copper load, dynactin [47] mediates the redistribution of ATP7B to vesicular 

compartments near the bile duct membranes, leading to biliary copper excretion [14]. 

Whole liver contains approximately 6–12 mg copper in human adults [48] and excessive 

copper is excreted via the bile [25, 49]. In WD, mutations of ATP7B lead to a loss-of-

function of the protein [50-57], on the one hand causing an impaired copper insertion into 

apoceruloplasmin and hence reduced serum ceruloplasmin concentrations and on the 

other hand these mutations affect biliary copper excretion [53]. Especially in the liver and 

liver mitochondria [58-60], copper accumulates about 15-fold [5, 33, 50, 51, 53, 61, 62], inducing 

mitochondrial, plasma membrane [34, 45] and hepatocyte damage [5] and leading to 

chronic and fulminant hepatitis, progressive liver cirrhosis and liver failure [3, 50, 63, 64]. 

The damage of hepatocytes may lead to the spillover of liver copper into the 

bloodstream and thus to deleterious effects in the brain [33, 34, 65, 66]. Neurologic and 

psychiatric manifestations are comparable with these of Parkinson patients and include 
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behavior changes, deteriorated handwriting, dystonia, hypertonia, muscle spasms or 

polyneuropathies [3, 33, 67-69]. 

 

Figure 1-1 Impairment of copper metabolism in Wilson disease patients in comparison to 
healthy humans 

[45]
. 

Copper transporter 1 (CTR1) mediates copper uptake (blue circles) into hepatocytes. Copper 
(Cu) is subjected to copper-binding and -transporting proteins, such as metallothioneins or 
ATOX1. ATOX1 transports Cu to the secretion system of the cell: ATP7B (left). At normal 
cellular Cu concentrations, ATP7B is located at the trans-golgi network (TGN), mediating the 
incorporation of Cu into ceruloplasmin (cp) which is excreted into the blood. Increasing cellular 
copper concentrations lead to the retranslocation of ATP7B to the late endosome, incorporation 
of Cu into vesicles and excretion of these via the bile. Loss-of-function mutations of ATP7B like 
in Wilson disease (right) lead to impairments of copper excretion via the bile and incorporation 
of Cu into cp. Apoceruloplasmin (Cu-free cp) is released into the blood. Cu accumulates in the 
cytosol of hepatocytes, inducing mitochondrial and membrane damages. Reused with kind 
permission. From: Ting Y. Tao and Jonathan D. Gitlin (2003) Hepatic Copper Metabolism: 
Insights From Genetic Disease. Hepatology. 2003 Jun;37(6):1241-7 

[45]
. 

1.2 Mitochondria – essential copper-dependent cell 

organelles that are affected in Wilson disease 

In WD, mitochondria are one major target for liver copper accumulation, leading to 

structural and functional impairments of these organelles [59, 70-73]. 

Mitochondria are ubiquitous and essential organelles, promoting vital functions in most 

eukaryotes [74-76]. The development of mitochondria is described by the endosymbiotic 

theory [77]. According to this theory, prokaryotes were taken up via endocytosis by 

eukaryotes and developed to cell organelles over time – the mitochondria [77, 78]. Due to 

this endocytosis, mitochondria have two membranes, dividing the organelles into four 

compartments [79, 80]: the protein-rich and electron-dense mitochondrial matrix, 

separated by the mitochondrial inner membrane (MIM) [75] from the intermembrane 
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space (IMS) which finally is bounded by the mitochondrial outer membrane (MOM) 

(Figure 1-2) [79, 80]. The MIM has many invaginations called cristae [75], leading to an 

increase of the inner membranes surface [81, 82]. 

 

Figure 1-2 Structure of liver mitochondria in situ and isolated (rat liver). 

Mitochondria in situ and isolated have a double membrane: the mitochondrial outer membrane 
(MOM), which is the boundary to the cytosol, and the mitochondrial inner membrane (MIM), 
which separates the mitochondrial matrix from the mitochondrial intermembrane space (IMS). 
MIM is folded, leading to the formation of cristae. Whereas mitochondria in situ (left) appear in 
the orthodox phenotype, isolated mitochondria (right) appear in the condensed conformation 

[83]
. 

Scale bar: 500 nm. 

The MOM separates the mitochondria from the cellular cytosol [75]. Pores within the 

MOM (voltage-dependent anion channel, VDAC) [84] allow free diffusion of molecules 

up to the size of 5 kDa from the cytosol to the IMS [84-90]. The mitochondrial inner 

membrane is impermeable for molecules and ions such as H+ [87, 91, 92], being essential 

for the characteristic function of the MIM that is the generation of ATP by oxidative 

phosphorylation (OXPHOS) [91, 93-96]. The MIM has a very high protein content of 

approximately 76% [97] most importantly due to the four protein complexes of the 

mitochondrial respiratory chain and the ATP synthase (FOF1 ATP synthase, complex V) 

(Figure 1-3) [98, 99]. The coupling of these five complexes is termed oxidative 

phosphorylation [81, 91, 95, 100, 101]. This process describes the stepwise transfer of 

electrons from electron donors, such as NADH, FADH2 or succinate to oxygen via 

complexes I to IV [95, 99, 101-104]. The flow of electrons is paralleled by the proton transport 

from the matrix into the IMS via complexes I, III and IV, leading to the formation of an 

electrochemical proton gradient (Figure 1-3) [91, 95, 101] and to a difference in charge 

across the MIM of approximately -180 mV [91, 96, 105, 106]. This gradient is called 

mitochondrial transmembrane potential (MMP, ΔΨ) [92, 101, 106] and is used by complex V 

(FOF1 ATP synthase) for ATP production as protons are re-translocated into the matrix 

[91, 101]. ATP is synthesised out of ADP and inorganic phosphate (Pi) [107]. The adenine 

nucleotide transporter (ANT) is located at the MIM and enables the exchange of ATP 

and ADP across this membrane [108, 109], linking cytosolic energy consumption and 

mitochondrial energy formation [110-112]. 

Cristae 

IMS 

MIM 

Matrix 

MOM 
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Figure 1-3 Protein complexes of the oxidative phosphorylation within the mitochondrial 
inner membrane 

[96]
. 

The electron transfer chain is located in the mitochondrial inner membrane (MIM, here 
abbreviated IMM) and contains four complexes (complexes I to IV) that are coupled to 
complex V (FOF1 ATP synthase). During electron (e

-
) transfer, protons are pumped from the 

matrix into the IMS, leading to the formation of an electrochemical proton gradient 
(mitochondrial transmembrane potential, MMP, ΔΨ). This gradient is used by complex V for 
ATP production from ADP and inorganic phosphate. ANT enables the exchange of ATP and 
ADP across the MIM. Reused with kind permission. After: R. J. Gazmuri, J. Radhakrishnan 
(2012) Protecting mitochondrial bioenergetic function during resuscitation from cardiac arrest. 
Critical care clinics. 2012 Apr;28(2):245-70 

[96]
. 

For the activity of complexes I to IV, several prosthetic groups are necessary [99, 113]. 

Typically, these are iron-sulfur-clusters or hem groups, containing metals as cofactor 

for oxidation processes [99, 113]. Complex IV – the cytochrome c oxidase (CcO) – is of 

special interest as copper is necessary for the assembly and function of this complex 

[114-126]. Each CcO complex has three copper ions [125, 127]: two of which are located in 

the CuA (subunit II) and one is located in the CuB (subunit I) center [120, 128]. The CuB 

center stepwise reduces oxygen to water during OXPHOS [126, 129, 130]. The cytochrome 

c oxidase assembly protein SCO1 metalates CcO subunit II [120, 128, 131] and COX11 

metalates the CcO subunit I (Figure 1-4) [132]. Copper loading of SCO1 and COX11 is 

mediated by the cytochrome c oxidase assembly protein COX17 [118]. The unstructured 

N-terminal domain of COX17 can assume several foldings and enables the interaction 

with SCO1 [133] and COX11 [118, 134], thereby mediating copper transfer [122, 123, 134-136]. 

CCS1 (copper chaperone for SOD1) is responsible for copper transport to the 

mitochondria [137]. Copper is driven into mitochondria and to the respective binding 

partners via their individual affinities for copper [138]. Approximately 60–85% of the 

mitochondrial copper is bound to a ligand (CuL, its molecular identity is unknown) 

within the mitochondrial matrix [139, 140], possibly serving as reserve for the metalation of 

newly synthesised CcO and SOD1 under changing physiological conditions [141]. The 

CcO is the most important copper-binding enzyme in mitochondria and contains 

10–40% of the mitochondrial copper [131, 140]. A smaller amount of copper is bound to 
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mitochondrial copper chaperones, such as the cytochrome c oxidase assembly protein 

COX17 which is located in the IMS but also in the cellular cytosol [11, 133, 139]. 

In yeast, Cox17 is involved in the biogenesis of the mitochondrial contact site and 

cristae organisation system (MICOS) [142]. The MICOS complex is important for an 

intact structure of the MIM and cristae formation [142]. Cox17 is either involved in 

assembly and stabilisation of the MICOS complex or in transport of copper ions to the 

complex, thereby regulating the level of mature MICOS complexes [142]. Up to now, the 

clear mechanism of MICOS assembly is unknown, however, Cox17 and copper are 

involved in MICOS biogenesis [142]. 

 

Figure 1-4 Copper sorting and delivery within the mitochondrial intermembrane space 
[128]

. 

The two major mitochondrial cuproenzymes are the cytochrome c oxidase (CcO) and the 
copper-zinc dependent superoxide dismutase (SOD1). COX17 transports copper to COX11 for 
incorporation into the CuB site of the CcO and to SCO1 for incorporation into the CuA site of the 
CcO. CCS1 provides copper for SOD1. The majority of the mitochondrial copper is bound to a 
ligand within the matrix. An unknown transporter is involved in the delivery of copper to the IMS 
for usage by COX17 and CCS1. Reused with kind permission. After: Paul A. Cobine, Fabien 
Pierrel, Dennis R. Winge (2006) Copper trafficking to the mitochondrion and assembly of copper 
metalloenzymes. Biochim Biophys Acta. 2006 Jul;1763(7):759-72 

[128]
. 

In WD, copper accumulated in the liver and liver mitochondria induces mitochondrial 

impairments [59, 70-73]. These include structural alterations, such as altered size (giant 

mitochondria), structure (increased electron density, separation of inner and outer 

mitochondrial membrane, abnormal folding of the mitochondrial inner membrane with 

dilation of mitochondrial cristae) and numerous inclusions like lipids [33, 58, 70-72, 143-145]. 

Moreover, mitochondrial fatty acid catabolism is impaired [70, 71, 145-148] and enzyme 
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activities of the OXPHOS complexes are reduced [59, 70, 149]. Impairment of the 

mitochondrial aconitase [59, 149] leads to increased oxidative damages of mitochondrial 

DNA and impaired capacity of repair mechanisms [73, 150]. Rat liver mitochondria 

triggered with copper undergo swelling (unfolding of the MIM) [19, 151], leading to MOM 

rupture [152] and depletion of the MMP [153]. 

1.3 Treatment of Wilson disease using copper chelators 

Due to the loss-of-function of ATP7B, copper accumulates within the liver and liver 

mitochondria [33, 50, 51, 53, 60-62]. To decrease copper uptake, for WD patients, it is 

recommended to avoid copper-rich foods like seafood, nuts, mushrooms or chocolate 

[33, 154-157]. For treatment of WD, copper chelating agents are necessary to prevent or 

reduce liver copper accumulation [158, 159] and reverse mitochondrial impairments [72]. 

Dimercaprol (BAL), introduced for WD around 1948 [5, 160], mediates copper excretion 

via the urine [161, 162], thereby improving symptoms of WD [163]. For dimercaprol, large 

volumes have to be injected intramuscularly [164] and therefore, it is not longer used for 

clinical application [165]. Currently, the treatment of choice is the orally applicated 

D-penicillamine (D-PA) [158, 166]. Lifelong daily doses of up to 1500 mg D-PA have to be 

taken [158]. D-PA reduces the mitochondrial copper load in vivo [58, 152] and reverses the 

mitochondrial structure [72, 152]. Bound copper is excreted via the urine [158]. For most WD 

patients, D-PA is an effective therapy [33, 158, 166, 167]. If treatment starts before the onset 

of advanced liver and neurologic damage, D-PA will improve clinical symptoms of WD 

patients [168, 169]. About 10–50% of WD patients cannot be treated long-term using D-PA 

[33, 66, 170, 171] as they develop severe side effects like fever, dermal injuries, 

thrombocytopenia, hypersensitivity reactions, nephrotic syndrome or neurologic 

damages [46, 155, 165, 166, 168, 172, 173]. Neurologic deterioration call for termination of D-PA 

treatment, leading to reaccumulation of copper as well as liver damages [33, 167, 174]. 

Alternatively, similar doses of trientine (TETA) can be applicated orally every day and 

lifelong [33, 166-168, 172, 175, 176]. TETA decreases the intestinal copper absorption for up to 

80% [175] and increases urinary copper excretion [33, 175]. Compared to D-PA, TETA has 

fewer side effects, such as rashes, gastritis, sideroblastic anemia or Lupus-like 

reactions [33, 155, 166, 171]. 

In case of a non-acute manifestation or for maintenance therapy, treatment with lower 

doses of copper chelating agents and/or zinc may prevent disease progression [33, 177-

180]. Zinc salts induce metallothioneins in enterocytes [159, 178, 181-183]. These cysteine-rich 

proteins have a higher affinity for copper than for zinc [33, 184, 185], functioning as 

endogenous chelator for copper [33]. This prevents entrance of copper into portal 

circulation [33] and leads to shedding of the intestinal cells through the faeces [33, 178]. 
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Tetrathiomolybdate, which is applicated orally [186, 187], is still in the exploratory phase [33, 

155], and it forms unsoluble complexes with copper-metallothionein that will be 

deposited in the liver [33, 188, 189]. In case of acute liver failure, fulminant hepatitis or if 

patients do not respond to other treatments, liver transplantation is necessary [155, 190, 

191], correcting the metabolic defect of WD [155, 190, 192-194]. An anti-copper treatment is not 

longer required, but lifelong immunosuppression [192, 194-196]. 

Despite these treatment options, other agents are necessary for an efficient 

decoppering of the liver. Zinc salts are not recommended for initial therapy [170]. D-PA 

and TETA can mobilise copper from tissues [197], but as they have an only intermediate 

copper affinity [198], the copper complexes released into the blood may often cause 

secondary effects in the brain and treatment has to be discontinued [199-202]. Moreover, 

D-PA and TETA often are not able to prevent liver copper accumulation, leading to liver 

failure [33, 66, 169]. Therefore, for successful treatment of WD, new agents with a higher 

affinity for copper are necessary. 

1.4 Methanobactin – a peptide with a very high affinity for 

copper 

A very promising candidate compound to reverse the mitochondrial copper overload in 

WD is methanobactin (MB). MB is a small, copper-binding chromopeptide (1154 Da) 

excreted by the methane-oxidising bacterium Methylosinus trichosporium OB3b [203, 204]. 

These bacteria use methane as only carbon and energy source [204-206]. For methane 

oxidation, copper is required [204]. To ensure sufficient copper uptake under copper-

limiting conditions, specific copper uptake mechanisms have been evolved [204, 207]. 

Methanotrophic bacteria excrete MB that binds the copper with a very high affinity 

(>10-21 M) and these complexes are then re-internalised [205-209]. Inside, copper 

regulates expression of methane-monooxygenases and methane oxidation [204]. MB 

has a much higher affinity for copper compared to the known affinities of copper-

binding proteins in eukaryotic cells (10-12–10-15 M) [138]. Due to this high affinity of MB for 

copper, this agent was used for long-term treatment of Atp7b-/- rats and compared to 

the long-term treatment using D-PA [152]. Both copper chelators diminish the 

mitochondrial copper load in Atp7b-/- rats for approximately 70% [152], but also a short-

term treatment of Atp7b-/- rats with MB reduces whole liver copper for approximately 

50% [210]. Thus, alternatively to D-PA, MB may possibly be used for treatment of human 

WD patients [1, 210]. Nevertheless, as MB is a bacterial peptide, an immune response 

could be developed against the MB peptide [1]. 
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1.5 The LPP rat as an animal model for studying 

mitochondrial alterations in Wilson disease 

In this thesis, an animal model is used to analyse mitochondrial impairments and 

mitochondrial decoppering in WD. This animal model is the LPP rat (Figure 1-5), which 

is a crossbreed between the Long-Evans-Cinnamon (LEC) rat and the Piebald Virol 

Glaxo (PVG) rat [2]. The LPP rat has a 13 kb deletion in Atp7b – the gene affected in 

human WD [2]. Due to the recessive inheritance, heterozygous and wild type LPP rats 

have a normal phenotype showing no copper accumulation and therefore, these rats 

served as controls [152]. Homozygous LPP Atp7b-/- rats show a progressive liver copper 

accumulation with increasing age [152]. At an age of approximately 90 days, these rats 

develop fulminant liver damages, indicated by increased serum values of aspartate 

aminotransferase (AST) and bilirubin, leading to liver failure and death [152]. Rat liver 

mitochondria show a massive copper accumulation and structural alterations, such as 

enlarged cristae and an altered shape, leading to loss-of-function of these organelles 

[152, 211]. Similar mitochondrial alterations (see section 1.2) have been reported in WD 

patients [70, 71, 144, 145] and other animal models for WD, such as the Atp7b-/- mouse, the 

Jackson toxic milk mouse and LEC rats [58, 212, 213]. Mitochondrial changes in Atp7b-/- 

rats can be efficiently reversed by long-term treatment with copper chelators if 

treatment starts before the onset of clinically apparent liver damage [152]. 

 

Figure 1-5 LPP rat – an animal model for studying mitochondrial alterations in Wilson 
disease (© photo by Christin Leitzinger). 
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1.6 Aim of this study 

The aim of this work is to further characterise and understand mitochondrial 

impairments in WD. The LPP Atp7b-/- rat model is used to compare the copper 

concentrations in liver homogenate and liver mitochondria as well as the mitochondrial 

structure in LPP rats and human WD patients. Moreover, a detailed analysis of 

mitochondrial alterations depending on the disease state of LPP Atp7b-/- rats is 

addressed in this work, including mitochondrial structure and function as well as 

biochemical characteristics. 

The prime requirement for an effective treatment of WD is to reduce elevated liver 

mitochondrial copper load by using copper chelating agents. This second part of the 

thesis focuses on analysing the toxicity and decoppering efficiency of MB – an agent 

with a high affinity for copper – on HepG2 cells in vitro and liver mitochondria from LPP 

Atp7b-/- rats in vivo in comparison to the low affinity copper chelators D-PA and TETA. 

A treatment scheme consisting of repetitive MB injections is analysed whether this can 

improve the decoppering efficiency in liver mitochondria from Atp7b-/- rats. 

Copper load increases in liver mitochondria from LPP Atp7b-/- rats with disease 

progression. Isolated rat liver mitochondria, containing approximately 7 nmol copper 

per mg mitochondrial protein, show massive structural but slight functional alterations 

[58, 152]. These data indicate that mitochondria can balance the rising copper load up to 

this concentration, thereafter the mitochondria break down. The third part of this work 

addresses the question how mitochondria deal with elevated copper concentrations in 

WD. That is why the abundance of mitochondrial proteins is analysed in 

subfractionated copper-loaded rat liver mitochondria by using mass spectrometry. 

COX17 is found to be upregulated in liver mitochondria isolated from LPP Atp7b-/- rats 

compared to Atp7b+/- rats and as it is a copper-binding protein, it seems to be an 

important protein for balancing elevated mitochondrial copper loads. The fourth aim of 

this thesis is to analyse whether COX17 upregulation in LPP Atp7b-/- rats is protective 

or damaging for mitochondria. To elucidate this question, a cell culture model using 

HepG2 cells is established for up- and downregulating COX17. 
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2 Material and Methods 

2.1 Material 

2.1.1 Cell line 

For cell culture experiments, HepG2 cells obtained from ATCC (ATCC® HB-8065) were 

used [214]. This cell line is a human hepatocellular carcinoma cell line taken from a 

15 years old male Caucasian [214]. 

2.1.2 Bacteria 

Chemo-competent Escherichia coli Top10 (Thermo Fisher Scientific) were used for 

transfection and amplification of plasmids. 

2.1.3 Plasmid and enzymes 

For overexpression of COX17 in HepG2 cells, the plasmid pcDNA3.1(+) (Thermo 

Fisher Scientific, kindly provided by Dr. Michelle Vincendeau and Dr. Karl Kenji 

Schorpp, Helmholtz Center Munich, Institute of Molecular Toxicology and 

Pharmacology, Neuherberg, Germany) was used. 

For endonuclease treatment of plasmid and DNA isolated from HepG2 cells, NheI and 

PmeI, obtained from New England Biolabs, were used. 

2.1.4 Oligonucleotides 

Oligonucleotides used in this thesis are listed in Table 2-1. Synthesis of PCR primers 

was done by Eurofins MWG GmbH, Ebersberg, Germany. SiRNAs were obtained from 

Eurogentec S.A., Seraing, Belgium. 

Table 2-1 Oligonucleotides 

Name Length Sequence in 5’-3’-direction Gene Application 

JBJB611
a
 28 bp CCCATACGTATACAAACACCAAACTA

GA 

Atp7b 

(intron 15) 

Genotyping of LPP 

rats 

(primer mix 1) JBJB616
a
 30 bp CTTTGAACTTTGGACTTCTATCATTGT

TGA 

JBJB618
a
 30 bp ACCAGGTCAGCTACGTGAGCCAAGT

CTCTC 

Pina5.1, 

accession 

#AF120492 

Genotyping of LPP 

rats 

(primer mix 2) JBJB619
a
 30 bp TGGGTGCTGCCTGACTCCAGCCTTTG

TGGG 
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Table 2-1 Oligonucleotides 

Name Length Sequence in 5’-3’-direction Gene Application 

COX17-

siRNA_fwd 

18 bp GCCGGGTCTGGTTGACTC COX17 qRT-PCR COX17 

HepG2 cells 

COX17-

siRNA_rev 

20 bp CTAGGGCTCTCATGCATTCC  

RPII s 19 bp GCACCACGTCCAATGACAT RPII qRT-PCR RPII 

HepG2 cells 
RPII as 18 bp GTGCGGCTGCTTCCATAA  

siRNA 1 21 bp GGAGAAGAACACTGTGGACAT COX17 Knockdown of 

COX17 siRNA 2 21 bp GCCCACAAGGAATGCATGAGA COX17 

siRNA 3 21 bp GAACACTGTGGACATCTAATT COX17 

NHE-

3xFLAG_ 

COX17 (fw)
b
 

111 bp TTCGATGCTAGCATGGACTACAAGGA

TGATGATGACAAGGACTACAAGGATG

ATGATGACAAGGACTACAAGGATGAT

GATGACAAGGCTAGCATGCCGGGTC

TGGTTGAC 

COX17 Overexpression of 

COX17 in HepG2 

cells 

pcDNA3.1(+) vector 

without flag 

PmeI (rev)
b
 47 bp TTCGATGTTTAAACTCATATTTTAAAT

CCTAGGGCTCTCATGCATTC 

COX17 pcDNA3.1(+) vector 

without flag 

a
 These oligonucleotides were described by Ahmed et al. 

[2]
. 

b
 These oligonucleotides were designed by Dr. Michelle Vincendeau. 

2.1.5 Media 

Media and additives used for cell culture are listed in Table 2-2. Media compositions for 

subcultivation (10% FCS) and treatment experiments (2% FCS) are listed in Table 2-3. 

MEM medium was used for experiments shown in section 3.2, whereas DMEM 

medium was used for experiments shown in section 3.4. 

Table 2-2 Media and additives for subcultivation of HepG2 cells 

Medium Manufacturer Order No. 

Antibiotic-Antimycotic (100X) Life Technologies 15240-062 

DMEM (high glucose) Life Technologies 31966-021 

Dulbecco's balanced salt solution (DPBS), no calcium, no 

magnesium 

Life Technologies 14190-094 

Fetal calf serum (FCS) Biochrom S 0115 

MEM non-essential amino acids solution (100X) (NEAA) Life Technologies 11140-035 

MEM, no glutamine, no phenol red Life Technologies 51200-046 

Opti-MEM
®
 Life Technologies 31985-070 

Penicillin-Streptomycin (10 000 U/ml) (Pen/Strep) Life Technologies 15140-122 

Sodium pyruvate (100 mM) Life Technologies 11360-070 

Trypsin-EDTA (0.05%), phenol red Life Technologies 25300-054 
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Table 2-3 Media composition for subcultivation and treatment of HepG2 cells 

Medium 10% FCS medium 2% FCS medium 

MEM 

- Antibiotic-Antimycotic 

- Sodium pyruvate 

- NEAA 

- FCS 

 

5.7 ml 

5.7 ml 

5.7 ml 

57.0 ml 

 

5.3 ml 

5.3 ml 

5.3 ml 

10.5 ml 

DMEM glucose 

- Penicillin-Streptomycin 

- FCS 

 

5.6 ml 

56.0 ml 

 

5.2 ml 

10.3 ml 

Transfection experiments DMEM without Pen/Strep - 

 

2.1.6 Chemicals 

Table 2-4 Chemicals 

Chemical Company Application 

2,4,6-Tris(dimethylamino-

methyl)phenol (DMP30) 

Serva Electron microscopy analysis 

2-Mercaptoethanol Sigma Immunoblot analysis 

2-Propanol VWR Immunoblot analysis 

30% Acrylamide solution Roth Immunoblot analysis 

Acetic acid Merck Destaining buffers 

Adenosine diphosphate (ADP) Sigma ATP assay 

Agar agar (Lennox) Roth LB agar plates 

Agarose Biozym Gel electrophoresis 

Albumin Fraction V, fatty acid free Roth IP
+
 buffer 

Ammonium acetate Sigma Anion exchange chromatography 

Ammonium tetrathiomolybdate (TTM) Gift from K.T. Suzuki 

(Chiba University, 

Japan) 

Cell culture experiments 

Ammonium persulfate (APS) Sigma Immunoblot analysis 

Ampicillin Sigma Cultivation of bacteria 

ATP Bioluminescence Assay Kit Roche ATP assay 

ATP Bioluminescence Standard Roche ATP assay 

Boric acid Roth TBE buffer 

Bromphenol blue Sigma Gel electrophoresis 

BSA standard Sigma Bradford 

Calciumchloride (CaCl2) Roth MMP/MPT 

Carbonyl cyanide m-chloro-

phenylhydrazone (CCCP) 

Sigma-Aldrich Cell culture experiments 

Cell extraction buffer Life Technologies Cell lysis 

Complete Mini (Protease inhibitor 

cocktail tablets) 

Roche Diagnostics 

GmbH 

Cell culture sample preparation for 

immunoblot analysis 

Copper (II) sulfate * 5H2O (CuSO4) VWR MMP/MPT 

Copper (II) chloride dihydrate Sigma Copper-histidine solution 
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Table 2-4 Chemicals 

Chemical Company Application 

Cyclosporine A (CysA) Fluka MMP/MPT 

n-Dodecyl β-D-maltoside (DDM) Sigma Proteomic analysis 

DEPC water Carl Roth GmbH PCR 

Diethylaminoethyl-Sephacel Sigma-Aldrich Anion exchange chromatography 

Dimethylsulfoxide (DMSO) Sigma Polarisation expriments 

Dodecenylsuccinic anhydride (DDSA) Serva Electron microscopy analysis 

D-penicillamine hydrochloride (D-PA) Laborchemie Apolda Treatment of LPP rats, cell culture 

experiments 

DPH (1,6-diphenyl-1,3,5-hexatriene) Sigma Polarisation expriments 

EGTA (Ethylene glycol-bis(2-amino-

ethylether)-N,N,N′,N′-tetraacetic acid) 

Fluka Isolation buffer 

Ethanol Merck Electron microscopy 

Ethidiumbromide AppliChem Gel electrophoresis 

FCCP (Carbonyl cyanide-p-

trifluoromethoxyphenylhydrazone) 

Sigma MMP/MPT 

Glutaraldehyde (2.5%) in 0.1 M 

Sodium Cacodylate buffer 

EMS Science 

Services 

Electron microscopy analysis 

Glycerol Sigma Immunoblot analysis 

Glycidether Serva Electron microscopy analysis 

Glycine Sigma Immunoblot analysis 

Heparin (25 000 U/ml) Roche Inhibition of blood coagulation 

Hoechst 33342 Life Technologies Cell culture (fluorescence staining) 

Hydrochloric acid Merck pH adjustment 

Isoflurane Abbott Laboratories Inhalation anesthesia of rats 

LB medium (Lennox) Roth LB medium 

L-Histidine Sigma Copper-histidine solution 

Magnesium chloride (MgCl2) Sigma ATP assay 

Methanobactin from Methylosinus 

trichosporium OB3b 

Kindly provided by 

Alan A. DiSpirito 

Treatment of LPP rats, cell culture 

experiments 

Methanol Fluka Immunoblot analysis 

Methylnadic anhydride (MNA) Serva Electron microscopy analysis 

MitoTracker
®
 Deep red Molecular Probes 

Inc. 

Fluorescence imaging of HepG2 cells 

Molecular sieve 4 Å Roth Electron microscopy analysis 

MOPS (4-Morpholinepropanesulfonic 

acid) 

Fluka MMP/MPT 

Neutral red Sigma-Aldrich Neutral red assay 

Nitric acid 65% Merck Wet ashing of samples for copper 

determination 

Nonidet
TM

 P 40 Substitute (NP40) Sigma Life Science COX17 immunoprecipitation 

Nonyl acridine orange (NAO) Molecular Probes 

Inc. (Invitrogen) 

Fluorescence imaging of HepG2 cells 

Nuclease-free water PeqLab PCR, transfection experiments 

Nycodenz
®
 Axis Shield Density gradient 
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Table 2-4 Chemicals 

Chemical Company Application 

o-Dianisidine dihydrochloride Sigma Ceruloplasmin oxidase activity 

Osmium tetroxide EMS Science 

Services 

Osmic acid 

PBS (Phosphate buffered saline) Merck Cell culture 

Percoll
®
 GE Healthcare Density gradient 

Phosphoric acid Sigma Swelling buffer 

Pierce 660 nm Protein Assay Thermo Scientific Pierce protein determination 

Poly-D-Lysine hydrobromide Sigma Cell culture 

Ponceau S Sigma Immunoblot analysis 

Potassium chloride (KCl) Merck ATP assay 

Potassium dichromate Sigma Osmic acid 

Potassium ferrocyanide * 3H2O Sigma ATP assay 

Potassium hydroxide (KOH) Merck Osmic acid, isolation buffer 

Powdered milk Roth Immunoblot analysis 

Propylenoxid Serva Electron microscopy 

Protease Inhibitor Cocktail Sigma COX17 immunoprecipitation 

Rhodamine 123 (Rh123) Invitrogen MMP 

Rotenone Sigma MMP/MPT, ATP assay 

Roti
®
-Nanoquant Roth Bradford protein determination 

SDS (10X) Roth Immunoblot analysis 

SDS (sodium salt) Serva Immunoblot analysis 

S.O.C. medium Invitrogen Transformation (COX17 

overexpression) 

Sodium acetate Sigma Ceruloplasmin oxidase activity 

Sodium Cacodylate buffer 0.2 M, 

pH 7.4 

EMS Science 

Services 

Electron microscopy analysis 

Sodium chloride (NaCl) Sigma Rinse of rat liver, osmic acid, MB, 

copper-histidine solution 

Sodium hydroxide solution (NaOH) Fluka pH adjustment 

Succinate Na2-Salt * 6H2O Sigma ATP assay 

Sucrose Fluka Preparation of mitochondria 

Sulfuric acid Merck Ceruloplasmin oxidase activity 

TEMED Sigma Immunoblot analysis 

TES Sigma Isolation buffer 

Tetrahydrofurane Roth Polarisation expriments 

TMA-DPH (1-(4-(trimethylamino) 

phenyl)-6-phenylhexa-1,3,5-triene) 

Sigma Polarisation expriments 

Toluidin blue Roth Staining of semi-thin cuts 

Total Protein Reagent Sigma Protein determination 

Trientine (TETA) Sigma-Aldrich Treatment of LPP rats, cell culture 

experiments 

TRIS VWR Immunoblot analysis 

Triton X-100 Sigma Polarisation expriments 

Trypan blue Sigma-Aldrich Cell culture (life/dead-staining) 
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Table 2-4 Chemicals 

Chemical Company Application 

Tween 20 Sigma-Aldrich Immunoblot analysis 

Uranyl acetate (1%) Science Services Staining of ultrathin cuts (EM) 

Zinc acetate Sigma Zinc-MB 

Zinc sulfate Sigma Treatment of LPP rats 

 

2.1.7 Solutions and buffers 

Table 2-5 Solutions and buffers 

Solution Composition 

Blocking solution 5 g powdered milk per 100 ml 1X TBS-T 

Buffer for osmic acid 6 ml 2.5 N KOH + 50 ml 5% potassium dichromate 

Density gradient 

- Percoll 

 

 

 

 

 

 

- Nycodenz 

 

60 ml IPP buffer (0.1% BSA) + appropriate amount of sucrose: 

solution A: 1.435 g sucrose 

solution B: 2.56 g sucrose 

solution C: 9.24 g sucrose 

18% Percoll: solution A + 5.4 ml Percoll 

30% Percoll: solution B + 9.0 ml Percoll 

60% Percoll: solution C + 18.0 ml Percoll 

40%: 40 ml Nycodenz + 60 ml 10 mM TRIS pH 7.4 

33%: 33 ml 40% + 67 ml 10 mM TRIS pH 7.4 

28%: 84 ml 40% + 216 ml 10 mM TRIS pH 7.4 

27%: 54 ml 40% + 146 ml 10 mM TRIS pH 7.4 

24%: 48 ml 40% + 152 ml 10 mM TRIS pH 7.4 

Destaining solution Immunoblot: 10% acetic acid, 40% technical ethanol, 50% H2O 

Neutral red assay: 1% acetic acid, 50% technical ethanol, 49% H2O 

Developer solution Per 10 ml: each 500 µl ECL 1 and 2 + 9 ml H2O 

Epon 812 130.5 g glycidether, 81.5 g Methylnadic anhydride (MNA), 61.5 g 

dodecenylsuccinic anhydride (DDSA), 3.75 ml 2,4,6-tris(dimethylamino-

methyl)phenol (DMP30) (according to 
[215]

) 

IPP buffer Per 0.5 L: 51.4 g sucrose (final 300 mM), 1146 mg TES (final 10 mM), 38 mg 

EGTA (final 0.2 mM), 0.5 g BSA (fatty acid free), pH 6.9 with 5 M KOH 

Isolation buffer 

(IP buffer) 

IP
-
: per 1 L 102.8 g sucrose (final 300 mM), 1146 mg TES (final 5 mM), 76 mg 

EGTA (final 0.2 mM), pH 7.2 with 5 M KOH 

IP
+
 (with 0.1% BSA): 1 L IP

-
 + 1 g fatty acid free BSA 

Laemmli buffer 4X, per 50 ml: 10 ml 1 M TRIS/HCl pH 6.8 (final 200 mM), 4 g SDS (final 8%), 

0.2 g bromphenol blue (final 0.4%), 20 ml glycerol (final 40%) 

For usage: 500 µl laemmli buffer + 25 µl 2-mercaptoethanol 

LB agar plates Per 1 L: 20 g LB broth (Lennox), 15 g agar agar, 100 µg/ml ampicillin 

Lysis buffer 5 ml cell extraction (CE) buffer + ½ tablet proteinase inhibitor cocktail 

Lysis buffer 

(Immunoprecipitation

COX17) 

300 mM NaCl, 10 mM TRIS/HCl pH 8.0, 0.5% Nonidet
TM

 P 40 Substitute 

(NP40), 5 µl protease inhibitor cocktail, add to 500 µl MilliQ-H2O 

MOPS-TRIS 21 g per 200 ml H2O, pH 7.4 with 2 M TRIS 

Osmic acid 30 ml 4% osmium tetroxide, 30 ml MilliQ-H2O, 30 ml 3.4% NaCl, 30 ml buffer 

(KOH + 5% potassium dichromate; pH 7.2) 
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Table 2-5 Solutions and buffers 

Solution Composition 

Ponceau S Per 1 L: 1% Ponceau S (weight per volume), 5% acetic acid 

Potassium dichromate 5% = 2.5 g/50 g 

SDS lysis buffer 2% SDS, 50 mM TRIS/HCl pH 7.4, 150 mM NaCl 

Separating gel For two gels, 15%: 3.76 ml 1 M TRIS pH 8.8, 5 ml 30% acrylamide, 50 µl 20% 

SDS, 50 µl 10% APS, 5 µl TEMED, 1.2 ml H2O 

Sodium acetate 0.1 M: 8.2 g sodium acetate, 2.6 ml 100% acetic acid, add to 1 L with MilliQ-

H2O 

Stacking gel For two gels: 1.25 ml 1 M TRIS pH 6,8, 1.33 ml 30% acrylamide, 50 µl 20% 

SDS, 50 µl 10% APS, 10 µl TEMED, 7.2 ml H2O 

Stripping buffer Per 1 L: 20 g SDS, 50 ml 1 M TRIS/HCl, pH 6.8 

For usage: 50 ml stripping buffer + 350 µl 2-mercaptoethanol 

Swelling buffer 

(SWP1) 

Per 500 ml: 34.23 g 1 M sucrose (final 0.2 M), 10 ml 0.5 M MOPS-TRIS (final 

10 mM), 10 ml 0.25 M succinate (final 5 mM), 500 µl 1 M Pi (final 1 mM), 

100 µl 50 mM EGTA (final 10 µM), 500 µl 2 mM rotenone (final 2 µM) 

TBE buffer 20X: 121.14 g TRIS + 61.83 g boric acid + 40 ml 0.5 M 

ethylenediaminetetraacetic acid (EDTA), add to 1 L MilliQ-H2O (pH 8.3) 

TBS 10X, per 1 L: 100 ml 1 M TRIS/HCl pH 8.0, 87.75 g NaCl (final 1.5 M) 

TBS-T 100 ml 10X TBS, 900 ml MilliQ-H2O, 500 µl Tween 20 

Transfer buffer Per 2 L: 2.5 ml 20% SDS (final 0.025%), 5.8 g glycine (final 39 mM), 11.6 g 

TRIS (final 48 mM) 

TRIS/HCl 1 M: 60.57 g TRIS per 500 ml MilliQ-H2O 

pH adjusted to 6.8, 7.4 or 8.8, respectively, using 32% HCl 

Urea buffer 8 M urea in 0.1 M TRIS/HCl pH 8.5 

Washing buffer Washing buffer 1: 150 mM NaCl, 10 mM TRIS/HCl pH 8.0 

Washing buffer 2: 300 mM NaCl, 10 mM TRIS/HCl pH 8.0 

Zinc-methanobactin 20 mM MB + 20 mM zinc acetate 

 

2.1.8 Antibodies 

Table 2-6 Antibodies used for immunoblot analysis and immunohistochemistry 

Antibody Order number Company Dilution 

Anti-Biotin #7075 Cell Signaling 1 : 1000 

Anti-Mouse #7076 Cell Signaling 1 : 1000 

Anti-Mouse 710029 KPL Ready to use 

Anti-Rabbit #7074 Cell Signaling 1 : 1000 

COX17 C12231 

sc-100521 

Assay Biotech 

Santa Cruz 

1 : 1000 (immunoblot HepG2 cells) 

1 : 100 (immunoblot rat liver mitochondria) 

1 : 1000 (immunohistochemistry staining of 

rat liver tissue) 

GAPDH 2118 Cell Signaling 1 : 2000 

HSP60 611563 BD 1 : 5000 

Mitochondrial citrate 

synthase 

NBP2-13878 Novus 

biologicals 

1 : 1000 

β-Actin A4700 Sigma 1 : 1000 
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2.1.9 Kits 

Table 2-7 Commercially available kits 

Description Manufacturer Application 

20X LumiGLO
®
 Reagent and 20X 

Peroxide 

Cell Signaling Immunoblot Analysis 

2-log DNA ladder New England Biolabs Gel electrophoresis 

ATP Bioluminescence Assay Kit CLS 

II 

Roche ATP assay 

Biotinylated Protein Ladder Detection 

Pack 

Cell Signaling Immunoblot analysis 

CellTiterGlo
®
 2.0 Assay Promega Measurement of ATP content (cell 

culture) 

DirectPCR
®
 Lysis Reagent Tail/Ear PeqLab DNA isolation from rat tails or ears 

DNA ligation kit Thermo Fisher 

Scientific 

Ligation of vector and insert (COX17 

overexpression) 

dNTPs Qiagen PCR – genotyping of LPP rats 

Expand High Fidelity PCR system Roche Amplification of cDNA 

FuGENE
®
 HD Transfection Reagent Promega COX17 overexpression 

Gene Ruler DNA ladder 100 bp Fermentas Gel electrophoresis 

Lipofectamine
®
 RNAiMAX 

Transfection Reagent 

Invitrogen COX17 knockdown 

NucleoSpin
®
 Gel and PCR Clean-up Macherey-Nagel PCR clean up and gel extraction 

NucleoSpin
®
 Plasmid Macherey-Nagel Preparation of plasmid DNA (small 

scale) 

One Step SYBR
®
 PrimeScript

TM
 RT 

PCR Kit II 

TaKaRa Clontech qRT-PCR 

peqGold Proteinase K Peqlab DNA isolation from rat tails or ears 

Plasmid Maxi Kit Qiagen Preparation of plasmid DNA (large 

scale) 

Precision Plus Protein™ Dual Color 

Standards 

Bio-Rad Immunoblot analysis 

Protein G Sepharose 4 Fast Flow GE Healthcare Life 

Sciences 

COX17 immunoprecipitation 

QIAshredder Qiagen RNA isolation from HepG2 cells 

RNAse free DNAse set Qiagen RNA isolation from HepG2 cells 

RNeasy Micro Kit Qiagen RNA isolation from HepG2 cells 

Taq DNA-Polymerase (250 units) Qiagen PCR – genotyping of LPP rats 

Verso cDNA Synthesis Kit Thermo Fisher 

Scientific 

Translation of RNA in cDNA 

 

2.1.10 Equipment and consumables 

Equipment, tools and consumables used in this thesis are listed in Table 2-8, Table 2-9 

and Table 2-10. 
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Table 2-8 Equipment 

Equipment Name Manufacturer 

Absorbance measurement 

- Photometer 

- UV Spectrophotometer 

- Spectrophotometer 

 

BioPhotometer 

UV-1800 

NanoDrop 2000 

 

Eppendorf 

Shimadzu 

Thermo Scientific 

Anesthetic vaporizer (isoflurane) Sigma Delta  Penlon 

Autoclave VX-95 Systec 

Cell Viability Analyzer Vi-Cell
TM

 XR Beckman Coulter 

Centrifuges Avanti J-26S XP 

L-70 ultracentrifuge 

Optima Max 130 

Ultracentrifuge 

Centrifuge 5415 D 

Centrifuge 5417 R 

Centrifuge 5810 R 

1K15 

3K15 

3-30K 

Beckman Coulter 

Beckman Coulter 

Beckman Coulter  

 

Eppendorf 

Eppendorf 

Eppendorf 

Sigma 

Sigma 

Sigma 

Contrasting device QG-3100 Automated 

TEM Stainer 

RMC 

Diagnostic system Reflotron
®
 Plus Roche 

Electrophoresis Power Supply Consort EV243 

PowerPac™ Basic 

Sigma 

Bio-Rad 

Heating block HB-130 Unitek 

Homogenizer Potter S B. Braun Melsungen AG 

Imaging systems 

- Gel imaging 

- Immunoblot imaging 

- UV transilluminator 

 

Gel iX20 

ChemoCam Imager 3.2 

UST-30M-8R 

 

Intas 

Intas 

VWR 

Incubator 

- 37 °C, 5% CO2 (cells) 

- 37 °C, 5% CO2 (bacteria) 

- 60 °C (electron microscopy) 

- 37 °C, shaker (bacteria) 

 

BBD 6220 

Function Line 

UNB400 

Shaker Series I 26 

 

Heraeus Instruments 

Heraeus Instruments 

Memmert 

New Brunswick Scientific 

Light Cycler LightCycler
®
 480 II Roche 

Magnetic mixer Combimag RCT IKA 

Microplate reader 

- Multi-Mode reader 

- Fluorescence imaging 

- Luminescence 

- Absorbance 

 

Synergy 2 

Operetta 

Centro LB 960 

Spectra Max 340 

 

Biotek 

PerkinElmer 

Berthold Technologies 

Molecular Devices 

Microscopes 

- Transmitted-light microscope 

- Fluorescence microscope 

- Transmission electron microscope 

 

Labovert 

EVOS FL 

EM10 

 

Leitz 

Life Technologies 

Zeiss 

PCR cycler Mastercycler gradient 

GeneAmp PCR System 

9700 

Eppendorf 

Applied Biosystems 

pH meter PB-11 Sartorius 

Precision pump Pump 11 Elite Harvard Apparatus 
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Table 2-8 Equipment 

Equipment Name Manufacturer 

Printer DPU-414 Seiko Instruments GmbH 

Rotors 12024-H 

12154-H 

12156-H 

12349 

19776-H 

70.1 Ti 

JA25-50 

JA10 

JA12 

Swing out SW55Ti 

Sigma 

Sigma 

Sigma 

Sigma 

Sigma 

Beckman Coulter 

Beckman Coulter 

Beckman Coulter 

Beckman Coulter 

Beckman Coulter 

Sample trimmer EM TRIM 2 Leica 

Shaker REAX 2000 

Rotatory Mixer 

Shaker DRS-12 

Thermomixer comfort 

Titramax 100 

VF2 

Vibrax-VXR 

Heidolph 

Kisker 

Neolab 

Eppendorf 

Heidolph 

IKA 

IKA 

Tissue stainer DISCOVERY XT Ventana Medical System, 

Roche 

Ultramicrotome Ultracut E Reichert-Jung 

Ultrapure water system Purelab Flex Elga Veolia 

Ultrasonic device UP400S Hielscher 

Waterbath GFL 1002 (37 °C) GFL 

Weighing scale Kern 440-47N 

Kern PCB 

AB204 

PB3002-S/PH 

PE3000 

Kern & Sohn GmbH 

Kern & Sohn GmbH 

Mettler TOLEDO 

Mettler TOLEDO 

Mettler 

Work bench UVF 6.18 S BDK 

 

Table 2-9 Tools 

Tool Manufacturer 

Blotting chamber Mini PROTEAN
®
 Tetra Cell Bio-Rad 

Cell Homogenizer with tungsten carbide sphere Isobiotec 

Centrifuge tubes Nalgene, Beckman Coulter 

Diamond knives for semi and ultra thin cuts Diatome 

Dissecting set (tweezers, sciccors, scalpel) Various 

Electrophoresis system Novex
®
 Mini-Cell Invitrogen 

Laboratory glass ware Schott 

Migration chamber Bio-Rad 

Mini trans-blot module Bio-Rad 

Neubauer haemocytometer Marienfeld 
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Table 2-9 Tools 

Tool Manufacturer 

Pipettes 

- Accu-jet
®
 Pro 

- Research Plus (0.1–2.5 µl) 

- Research (0.5–10 µl, 2–20 µl, 10–100 µl, 

20–200 µl, 100–1000 µl) 

- Finnpipette 12x 50–300 µl 

 

Brand, Wertheim 

Eppendorf 

Eppendorf 

 

Thermo Labsystems  

S.G.E. Gas Tight Luer Lock Syringe 1 ml Sigma-Aldrich 

Spatula Various 

Storage box for grids Plano GmbH 

Telfon-glass homogenizer with compatible pestles 

(15 ml, 30 ml) 

B. Braun Biotech Melsungen 

 

Table 2-10 Consumables 

Consumable Manufacturer 

BEEM capsules, size 00 PLANO GmbH 

Combitips advanced Eppendorf, Hamburg 

Conical Centrifuge Tubes (15 ml, 50 ml) Falcon 

Dropping bottles Bürkle 

Easy Embedding Mold, Size 3 Science Services 

EconoPac
®
 10 DG Columns Bio-Rad 

Gel cassettes 1.0 mm Novex Life Technologies 

Griffin beakers, PP Bürkle 

Multiwell plates 

- 12-well 

- 96-well, clear, V shape 

- 96-well, clear, flat bottom 

- 96-well, white, flat bottom 

- 96-well, black, clear flat bottom 

- 96-well, black, clear glass bottom 

- Light Cycler Plates (Frame Star
®
 480) 

 

Falcon 

Nunc 

Falcon 

Thermo Fisher Scientific 

Greiner Bio-One 

PerkinElmer 

4titude 

Parafilm Sigma 

Pasteur pipettes 

- Glass 

- PE 

 

Hirschmann 

Brand 

Petri dishes (5 cm, 10 cm) Falcon 

Pipette tips 

- 0.01–10 µl, 2–200 µl, 50–1000 µl 

- 10 µl, 20 µl, 200 µl, 1000 µl (filter) 

- Gel loading tips multiflex 

- Pipettes sterile (5 ml, 10 ml, 25 ml, 50 ml) 

 

Eppendorf 

Starlab 

Roth 

Greiner Bio-One 

Polypropylene Round-Bottom Tubes (14 ml) Falcon 

Polyvinyldifluoride (PVDF) membranes Bio-Rad 

Razor blades Apollo 
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Table 2-10 Consumables 

Consumable Manufacturer 

Reaction vessels 

- 0.2 ml, clear, thinwall (PCR) 

- 0.5 ml, clear, safe lock, biopur 

- 1.5 ml; 2.0 ml, clear, non-sterile 

- 1.5 ml, 2.0 ml, clear, safe lock, biopur 

- 1.5 ml, black 

- 5.0 ml, clear, safe lock, non-sterile 

 

Eppendorf 

Eppendorf 

Sarstedt 

Eppendorf 

Roth 

Eppendorf 

Reflotron test stripes (AST, bilirubin) Roche 

Screw thread vials (glass) with caps Neolab 

Semi-micro cuvette, PS, capacity 1.5 ml Brand 

Single-use hypodermic needles (size 18; 25) B. Braun 

Single-use spatula Heathrow Scientific 

Sterile filter 0.22 µm GE Healthcare 

Sterile hypodermic syringes Injekt
®
 Solo (1 ml, 

2 ml, 5 ml, 10 ml, 20 ml) 

B. Braun 

TEM Grids, Formvar Film coated, 1000 µm, Single 

Hole, Cu 

Science Services 

Transparencies for immunoblots 5star 

Vials of polyethylen Minis 2001 scintillation tubes ZINSSER ANALYTIC 

Whatman Gel Blotting Paper GB005, 58x58 cm VWR 

 

2.1.11 Software 

Table 2-11 Software 

Program Application 

Adobe Photoshop CS6 Image editing 

BioEdit 7.1.11 Sequence analysis 

ChemoStar Imager Chemiluminescent imaging of immunoblots 

UV Probe 2.43 Ceruloplasmin measurement 

Curve Analyst; Evaluator; 

MATLAB Compiler Runtime 7.17 

Analysis of mitochondrial transmembrane potential and 

mitochondrial permeability transition 

Definiens Tissue Studio 3 Quantification of immunohistochemistry staining for COX17 

Endnote X5 Citation of literature 

Gen5 Synergy 2 Biotek Reader 

GraphPad Prism 7 Statistical analysis 

ImageJ 149 Quantification of immunoblots 

Light Cycler
®
 480 Software Release 

1.5.0 SP4 

Quantitative Realtime PCR 

MicroWin 2010, Version 5.17 ATP assay 

Harmony 3.5.2 Immunofluorescence analysis 

Scaffold 4 Analysis of proteomic data 

SoftMaxPro 5.2 Determination of protein content in cell culture samples 

Vi-Cell XR 2.04 Growth curves 
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2.2 Methods 

2.2.1 Wilson disease patient liver samples 

WD patient liver samples were kindly provided by Karl-Heinz Weiss, University 

Hospital Heidelberg, Germany. 

Patients were enrolled by giving their informed consent, and the study protocol 

conformed to the ethical guidelines of the 1975 Declaration of Helsinki as reflected in 

the a priori approval by the ethical committee of the Medical University of Heidelberg. 

Four WD patients with liver failure, transplanted at the University Hospital Heidelberg 

for Wilson disease, were included in this thesis. Two patients (no. 1 and 2, sections 

3.1.2, 3.1.3 and 3.3) were not treated with copper chelators, while two patients (no. 3 

and 4) underwent liver failure after D-penicillamine (D-PA) treatment [1]. After 

explantation, WD patient livers were shock frozen in liquid nitrogen and stored at  

-80 °C [1]. Thawed tissue samples were immediately fixed for electron microscopy 

analysis using glutaraldehyde [1]. 

2.2.2 Animal experiments 

All parts of animal experiments were done together with Josef Lichtmannegger 

and Tamara Rieder. 

Animal experiments were verified by the Ausschuss für Tierversuche und 

Versuchstierhaltung (ATV) at the Helmholtz Center Munich, Neuherberg, Germany, 

and approved by the ethical committee of the Regierung von Oberbayern, Munich [1]. 

2.2.2.1 Animals 

The LPP rat strain was provided by Jimo Borjigin, University of Michigan, Ann Arbor, 

Michigan, USA [1, 2, 152]. The LPP rat is a crossbreed between LEC rats, carrying a 

deletion in the Atp7b gene, and PVG rats [2, 152]. Rats had access to an ad libitum 

Altromin 1314 diet (Altromin Spezialfutter GmbH, copper content of the rat diet was 

13 mg/kg) and tap water [1, 152]. All rats were housed under the guidelines for the care 

and use of laboratory animals of the Helmholtz Center Munich, Neuherberg, Germany 

[152]. In this study, heterozygous Atp7b+/- rats served as controls [1]. 
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2.2.2.2 Genotyping of LPP rats 

Genotyping of LPP rats was done as described previously [2] with slight modifications. 

In brief, DNA isolation was performed from rat tailes or ear punches using DirectPCR® 

Lysis Reagent Tail or Ear Kit from Peqlab according to the manufacturer’s instructions. 

Polymerase chain reaction was done using 2.5 µl 10X PCR buffer (Qiagen), 0.5 µl 

dNTPs (Qiagen), each 1 µl primer mix 1 and 2 as described in section 2.1.4, 0.12 µl 

Taq DNA polymerase (Qiagen), 17.88 µl PCR water (Sigma), and 2.0 µl of isolated 

DNA per sample. PCR program includes 15 minutes at 95 °C for initial denaturation, 

35 cycles of 30 seconds at 94 °C for denaturation, 30 seconds at 57 °C for primer 

annealing, and one minute at 72 °C for DNA synthesis, and finally ten minutes at 72 °C 

for terminal DNA synthesis. PCR product was loaded on a 1% agarose gel with 

ethidium bromide and analysed against 100 bp DNA ladder obtained from Fermentas. 

If PCR result was not unambigous, sublingual sampled blood obtained from the rats 

was mixed with 5 µl heparin and centrifuged for two minutes at 16 100 rcf to gain 

plasma. Plasma was analysed regarding ceruloplasmin oxidase activity as described 

by Schosinsky et al. [216]. In common with WD patients, LPP Atp7b-/- rats show no 

ceruloplasmin oxidase activity in comparison to heterozygous and homozygous wild 

type rats [217]. 

2.2.2.3 Examination of serum and plasma parameters and definition of 

animal disease states 

For determination of serum or plasma aspartate aminotransferase (AST) and bilirubin 

concentrations, sublingual blood (during monitoring) or blood from vena cava (final 

blood sampling) was collected in 1.5 ml reaction vessels without or with 5 µl heparin 

(25 000 U/ml), mixed, and centrifuged for two minutes at 16 100 rcf for gaining serum or 

plasma. Based on the staining of the test stripes, reflection measurement of blood 

values was done using Reflotron® Plus according to the manufacturer’s instructions 

(Roche Diagnostics, Germany). Increased AST (>200 U/L) and bilirubin values 

(>0.5 mg/dl) are indicators for liver disease. The following parameters were defined for 

several disease states of LPP Atp7b-/- rats: affected (AST <200 U/L, bilirubin 

<0.5 mg/dl), disease onset (AST >200 U/L, bilirubin <0.5 mg/dl), diseased (AST 

>200 U/L, bilirubin >0.5 mg/dl) and moribund (AST >200 U/L, bilirubin >8 mg/dl) [1]. 
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2.2.2.4 Animal treatments 

Atp7b-/- rats were treated with D-PA [152, 165, 218], trientine (TETA) [219] or methanobactin 

(MB) with or without zinc (Zn) [1] as summarised in Table 2-12. For D-PA, the long-term 

oral application of 100 mg/kg bw/d successfully prevents the onset of hepatitis in LEC 

rats [165, 218]. The oral application of 3000 ppm TETA via the drinking water revealed no 

toxicity in subchronic toxicity studies in rats [1, 219]. At the age of treatment start (about 

day 85), Atp7b-/- rat livers have a copper content of approximately 250 µg/g w.w. [1, 152]. 

As an Atp7b-/- rat liver of 8 g w.w. contains around 31.5 µmol copper, single MB doses 

were applicated equimolar to this copper amount [1]. The copper chelators were applied 

at a molar ratio of MB 1 : D-PA 4.3 : TETA 17.4 [1]. MB was kindly provided by Alan A. 

DiSpirito. Agents were dissolved in drinking water (D-PA, TETA) or sodium chloride 

(MB). 

Table 2-12 Treatment of LPP Atp7b-/- rats 

Agent Treatment Dosage Application Rats 

D-PA 4 d 100 mg/kg bw/d 
[165, 218]

 Orally (drinking water) 4 

TETA 4 d 480 mg/kg bw/d [219]
 Orally (drinking water) 4 

MB 3 d, 1x/day 150 mg/kg bw/injection Intraperitoneally 3 

MB 5 d, 1x/day 150 mg/kg bw/injection Intraperitoneally 6 

MB + Zinc 5 d, 1x/day + 2–3 

weeks Zn 

150 mg/kg bw/injection + 

80 mg/kg bw/d 

Intraperitoneally (MB), 

orally (food, Zn) 

3 

MB 8 d, 2x/day 150 mg/kg bw/injection Intraperitoneally 4 

MB 5 d, 3x/day + 

observation periods 

150 mg/kg bw/injection Intraperitoneally 4 

 

2.2.3 Cell culture experiments 

2.2.3.1 Cell cultivation 

For cell culture experiments, HepG2 cells with different genetic background were used. 

HepG2 cells without any genetic alterations are named as wild type (WT), whereas 

HepG2 cells with COX17 knockdown or overexpression are named as COX17- and 

COX17+, respectively. WT cells were passaged twice a week and not longer used than 

20 passages. For subcultivation, medium containing 10% FCS (standard subcultivation 

condition) was used, whereas for all treatments, medium containing 2% FCS (termed 

as “control”) was used. 
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Subcultivation 

For subcultivation of HepG2 cells, cells were washed once with PBS without calcium 

and magnesium and trypsinised for six minutes at 37 °C and 5% carbon dioxide 

(standard subcultivation conditions). Trypsination was stopped using warmed 10% FCS 

containing medium. After centrifugation for five minutes at 200 xg, cell pellets were 

resuspended in medium with 10% FCS and cells were separated using a hallow 

needle. Cell number was determined using a Neubauer haemocytometer. 

Differentiation between live and dead cells was done using trypan blue. 

Cell proliferation 

Growth curves were done to analyse proliferation and viability of HepG2 cells. 

1 x 105 cells per 1 ml DMEM supplemented with 10% FCS were seeded per well of a 

12-well plate and grown for 24 hours. Afterwards, for the 24 hour value, supernatant 

from one well per condition was collected and the well was washed once using PBS 

without Ca2+ and Mg2+. Cells were trypsinised with 250 µl trypsin for five minutes at 

37 °C and 5% CO2. Trypsination was stopped by adding 250 µl DMEM with 10% FCS. 

Wells were rinsed with another 500 µl DMEM with 10% FCS. Cell counting was done 

using live-dead staining with trypan blue in a Cell Viability Analyzer (Beckman Coulter). 

Remaining wells were used for medium shift to 1 ml of fresh DMEM with 10% FCS 

(standard subcultivation condition), DMEM with 2% FCS (control) or 15 µM copper-

histidine (Cu-His) in DMEM with 2% FCS and allowed to grow for another 24 to 

48 hours. 

Neutral red assay 

For cellular cytotoxicity analyses, neutral red assay was performed as described by 

Repetto et al. with slight modifications [220]. The uncharged dye neutral red is taken up 

by endocytosis into the acidic lysosomes and protonated, preventing the dyes release 

from the cells [220]. Not viable cells do not take up neutral red and are not stained [220]. 

2 x 104 HepG2 cells per well were seeded in columns one to eleven of a sterile clear 

96-well flat bottom plate and grown for 24 hours at 37 °C and 5% CO2. Column twelve 

just contains medium without cells as it functions as background. Afterwards, growth 

medium was discarded from four wells and 100 µl DMEM with 1.6 µM Hoechst 33342 

was added for 20 minutes at 37 °C and 5% CO2 for nucleus staining. Nuclei were 

counted using fluorescence microscope EVOS FL (Life Technologies) to ensure a 

similar cell amount among repeated neutral red assays. For treatment, 100 µl of the 

agents diluted in MEM (D-PA, TETA, MB, TTM, CCCP, Figure 3-10) or DMEM (Cu-His, 
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section 3.4) supplemented with 2% FCS were added and incubated for 24 hours. 

Medium was removed and 100 µl of freshly prepared and filtrated neutral red solution 

was added for two hours at 37 °C and 5% CO2. Cells were washed once with 150 µl 

PBS and neutral red was removed from cells using 150 µl destain solution by shaking 

for ten minutes at room temperature and 5 rpm. Fluorescence was measured at 

ex 520/25 nm and em 620/40 nm. Amount of viable cells from several treatments was 

calculated relative to the control. 

Cellular ATP content 

For the analysis of the cellular ATP content of HepG2 cells, bioluminescence signals of 

luciferase was measured using CellTiterGlo Assay Kit according to the manufacturer’s 

instructions [221]. Living cells produce ATP, whereas dead cells do not [221]. 2 x 104 

HepG2 cells per well were seeded in white 96-well plates and grown for 24 hours at 

37 °C and 5% CO2. Medium was displaced by 100 µl agent (increasing concentrations 

of copper-histidine) diluted in DMEM supplemented with 2% FCS and incubated for 

24 hours in a 37 °C incubator. Wells were washed twice with PBS. ATP standard was 

diluted in PBS from 4 µM to 0.05 µM. From each standard dilution step 100 µl were 

pipetted in two wells. Finally, luminescence was measured after adding 30 µl of 

CellTiterGlo reagent to each well, shaking for two minutes at 5 rpm and room 

temperature as well as incubation for ten minutes at room temperature. ATP content 

was calculated according to the standard measured in parallel and referred relative to 

the control. 

Immunofluorescence stainings 

Immunofluorescence analyses of HepG2 cells were done using black poly-d-lysine 

coated 96-well plates with clear glass bottom. 2 x 104 HepG2 cells were seeded into 

each well and grown for 24 hours at 37 °C and 5% CO2 
[1]. Medium was displaced by 

100 µl agent (medium, 500 µM MB, 10 µM TTM, 250 µM CCCP) diluted in MEM 

supplemented with 2% FCS and incubated for two to six hours in a 37 °C incubator [1]. 

Cells were stained for 40 minutes at 37 °C and 5% CO2 with 1.6 µM Hoechst 33342 (ex 

360–400 nm, em 410–480 nm), 300 nM MitoTracker® Deep Red (ex 620–640 nm, em 

650–760 nm) and 1 µM nonyl acridine orange (NAO, ex 460–490 nm, em 500–550 nm) 

[1]. Finally, cells were washed twice using MEM without phenolred and measured using 

operetta fluorescence imaging system [1]. 
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Treatment of HepG2 cells for metal content determination 

For determination of copper values, 3 x 106 HepG2 cells were seeded into 10 cm plates 

and incubated for 24 hours at 37 °C and 5% CO2. Cells were treated for 24 hours with 

500 µM MB. Moreover, cells were first treated for 24 hours with 15 µM Cu-His and for 

another 24 hours with medium (control), 500 µM MB, 10 µM TTM, 1000 µM D-PA or 

1000 µM TETA (cells in MEM medium, Figure 3-12). HepG2 cells were trypsinised as 

described above and counted using a haemocytometer. 2.5 x 106 HepG2 cells were 

wet ashed using 65% HNO3 and analysed for copper content. 

2.2.3.2 Copper-histidine solution 

Copper-histidine solution (Cu-His) was prepared as described by Hoppe-Tichy [222]. In 

brief, 0.108 g Cu(II)chloride dihydrate and 0.3666 g L-histidine were mixed, solved in 

80 ml 0.9% sodium chloride, pH was adjusted to 7.4 at 37 °C using 0.2 N sodium 

hydroxide, and finally, volume was added to 100 ml with 0.9% sodium chloride. 

Solution was sterile filtrated and stored in 10 ml aliquots at 4 °C. 

For analysis of cellular proliferation, treatment of HepG2 cells for isolation of 

mitochondria and COX17 knockdown and overexpression experiments, a dose of 

0.2 nmol Cu-His per 105 cells was used (marked in italics, Table 2-13). This dose is 

determined to be non-toxic to HepG2 cells, but significantly increases cellular copper 

load (see section 3.4). 

Table 2-13 Concentration and respective dose of Cu-His used for several assays 

A dose of 0.2 nmol Cu-His per 10
5
 cells (marked in italics) was used for analysis of cellular 

proliferation, treatment of HepG2 cells for isolation of mitochondria and COX17 knockdown and 
overexpression experiments. 

Assay Neutral red,  

ATP content 

Metal content 

determination 

Dose [nmol/10
5
 cells] 

Plate 96-well 10 cm  

Cell number 2 x 10
4
/well 3 x 10

6
/plate  

Treatment volume 100 µl 5 ml  

Cu-His [µM] 0.02 0.03 0.0004 

 2 3 0.04 

 10 15 0.2 

 200 300 4 

 1000 - 20 

 2000 - 40 
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2.2.4 Isolation and analysis of mitochondria from liver tissue 

and HepG2 cells 

Freshly isolated rat liver mitochondria were used for analyses of swelling (mitochondrial 

permeability transition, MPT), mitochondrial transmembrane potential (MMP), 

membrane fluidity, ATP synthesis and fixed with glutaraldehyde for subsequent 

electron microscopy analyses [1]. Stored frozen mitochondria were used for metal and 

immunoblot analyses. 

2.2.4.1 Subfractionation of human and rat liver tissue and isolation of 

liver mitochondria 

LPP rats were sacrificed according to the ethical guidelines and national legislation 

using overdose of isoflurane [223]. After opening of the abdomen, vena cava was cutted 

and liver was rinsed using 10 ml physiologic sodium chloride. Remaining fat and 

diaphragm were removed and liver was weighed. Mitochondria were derived from 

freshly prepared rat liver homogenate by differential centrifugation and density gradient 

as described previously [152, 224]. Isolated rat liver mitochondria from MB and zinc treated 

LPP Atp7b-/- rats were purified using percoll density gradient as described elsewhere [1, 

225]. For all other animals, nycodenz density gradient was used [1]. 

Human liver mitochondria were isolated from frozen explanted WD patient livers as 

described previously [1, 152, 224]. 

2.2.4.2 Isolation of mitochondria from HepG2 cells 

Isolation of mitochondria from HepG2 cells was performed as described by Schmitt 

et al. with slight modifications [226, 227]. In brief, 7 x 106 HepG2 cells/ml were pumped 

four times with a speed of 1400 µl/minute through the cell homogenizer. Mitochondria 

(without purification via a density gradient) were collected and used for metal content 

determination and immunoblot analysis. 

2.2.4.3 Measurement of the mitochondrial membrane fluidity 

The mitochondrial membrane fluidity was measured by fluorescence polarisation using 

DPH and TMA-DPH as described previously [228-230]. Both compounds insert into 

biological membranes like the MIM: DPH in the membrane inner lipid phase and 

TMA-DPH in the lipid-water interface [230-232]. Excitation of the fluorophores with a 

defined wavelength leads to the emission of polarised light, whereby polarisation 
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depends on the rotation of fluorophores within the membrane and thus on the 

membrane fluidity [233]. Less rotation leads to stronger polarised light, indicating less 

membrane fluidity, and strong motion ejects wider spread signals, indicating more fluid 

membranes [233]. 1500 µg of isolated rat liver mitochondrial protein were incubated with 

50 µM DPH solved in tetrahydrofurane or 20 µM TMA-DPH solved in anhydrous 

dimethylsulfoxide for 30 minutes at 37 °C [1]. To a 96-well plate containing 175 µl 

standard swelling buffer, 75 µg mitochondrial protein was added. Measurement was 

done for three hours in three minute intervals at 37 °C in a fluorescence reader 

(Synergy 2, BioTek, Germany) with ex 366 nm and em 425 nm [1]. For measurement of 

fluorescence polarisation, excitation was done with vertically polarised monochromatic 

light [228]. Emission intensity was detected through an analyser oriented parallel (I‖) or 

perpendicular (I┴) to the direction of polarisation of the excitation light [228]. Polarisation 

was calculated in mPol using the formula P = (I║ - G * I┴) / (I║ + G * I┴), whereby 

G = 0.89 is a correction factor for the optical system [1, 230]. 

2.2.4.4 Simultaneous measurement of MMP-loss and MPT-induction and 

curve sketching 

MMP of freshly isolated rat liver mitochondria was measured using the fluorescence 

dye rhodamine 123 (Rh123) [234, 235]. Intact mitochondria take up Rh123, leading to  

self-quenching of the dyes fluorescence [234, 235]. If MMP becomes impaired, the dye is 

released, leading to increasing fluorescence signals [235]. Swelling was measured to 

analyse the mitochondrias ability to unfold their inner membrane. Treating isolated 

mitochondria with cations [236] depolarises the MMP and uncouples OXPHOS from 

mitochondrial ATP production [237-239]. This induces an unspecific increase in the 

permeability of the MIM [237, 240] and molecules and ions for up to 1.5 kDa can enter the 

matrix [236, 238, 240]. The increasing ion concentration within the matrix is accompanied by 

an increased influx of water, leading to matrix swelling [237, 241], unfolding of the MIM and 

finally to mitochondrial outer membrane permeabilisation (MOMP) and rupture  

[239, 241, 242]. A 96-well plate containing 75 µg per well freshly isolated rat liver 

mitochondria in standard swelling buffer supplemented with Rh123 was parallel 

monitored for MMP-loss (fluorescence, ex 485/20 nm, em 528/20 nm) [1, 243] and MPT 

(light scattering, decrease of OD540 nm) [1, 244] in a Synergy2 plate reader (BioTek, 

180 minutes, three minute intervals, 37 °C) [1]. Detailed conditions are summarised in 

Table 2-14. Appropriate curve slopes were calculated using MATLAB software as 

described by Schulz et al. [245]. For calculation, in cases with onset but not finished 

MMP depletion, end values were set to 180 minutes [1]. MPT extent was calculated by 
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using the optical density from the respective end time of the MPT process (obtained by 

MATLAB software) in % relative to the optical density at the start of MPT induction. 

Table 2-14 Inducers for measurement of MMP and swelling in mitochondria 

Inducer Analysed Parameter 

SWP1 Stability of MMP 

100 µM Ca
2+

 Induction of mitochondrial swelling (ability of the 

mitochondria to unfold their inner membrane, swelling extent) 

100 µM Ca
2+

 + 5 µM CysA Inhibition of calcium-induced mitochondrial swelling 

100 µM Cu
2+

 Induction of mitochondrial swelling (ability of the 

mitochondria to unfold their inner membrane, swelling extent) 

1 µM FCCP Disruption of the MMP 

 

2.2.4.5 ATP synthesis 

ATP synthesis from freshly isolated rat liver mitochondria was measured by 

bioluminescence using firefly luciferase from ATP Bioluminescence Assay Kit CLS II, 

Roche, according to the manufacturer’s instructions [1]. 

2.2.5 Protein analyses 

2.2.5.1 Determination of mitochondrial and cellular protein concentration 

Protein concentration of isolated mitochondria was determined by the method of 

Bradford [246]. Pierce reagent was used for the measurement of the protein 

concentration in lysates from cell culture samples similar to the manufacturer’s 

instructions for microplate procedure [247]. In detail, 75 µl Pierce reagent and 5 µl of 

sample were used for measurement. 

2.2.5.2 Immunoblot analyses 

Immunoblot analyses of proteins were performed according to Towbin et al. with slight 

modifications [248]. 20 µg protein were subjected to SDS-PAGE and separated proteins 

were transferred onto a polyvinyldifluoride (PVDF) membrane at 4 °C. Ponceau S 

staining was used to control protein transfer. Protein binding sites were saturated with 

5% milk in TBS-T for 30 minutes at 4 °C. Binding of the primary (over night) and 

secondary antibody (one hour) was done at 4 °C and chemiluminescence signals were 

detected using ChemoCam Imager 3.2. Chemiluminescence signals were quantified 

using ImageJ and normalised to the following house keeping enzymes: mitochondrial 
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citrate synthase (CS) for isolated mitochondria (Figure 3-20, Figure 3-25B) or β-actin 

(Figure 3-25A) or GAPDH (Figure 3-26B, Figure 3-27B) for HepG2 cell lysates. To 

detect several proteins, primary and secondary antibodies were removed from the 

membrane with SDS according to Kar et al. [249]. 

2.2.5.3 Proteomic analyses of Atp7b rat liver mitochondria 

Sample preparation 

Proteomic analyses of isolated rat liver mitochondria and mitochondrial subfractions 

were done to identify mitochondrial proteins that are involved in copper metabolism in 

WD. 100 µg mitochondrial protein were solubilised in 100 µl 1% weight per volume 

n-Dodecyl β-D-maltoside (DDM) for 30 minutes at 4 °C on a rotator. 10 µg were diluted 

1 : 5 in IP- buffer. Each 5 µg from the two fractions with the highest copper content from 

anion exchange chromatography were collected as described in section 2.2.7. 

For the identification of interaction partners of COX17, samples were prepared as 

described in section 2.2.8.1. 

Liquid-chromatography-mass spectrometry/mass spectrometry  

(LC-MS/MS) 

Proteomic analyses, protein identification and quantification were done by 

Dr. Christine von Törne, Helmholtz Center Munich, Research Unit Protein 

Science, Neuherberg, Germany. Comparative analyses of protein abundances 

were done by myself and are shown in section 3.3. 

MS sample preparation and mass spectrometry 

Mitochondria and subfractions were lysed at 70 °C in 2% SDS lysis buffer and 

sonicated on ice six times for 15 seconds. 10 µg protein were diluted in urea buffer and 

reduced by dithiothreitol (DTT) at 60 °C. Samples were centrifuged on a 30 kDa cut-off 

filter device (PALL). Proteins were proteolytically cleaved for two hours at room 

temperature using 1 µg lysyl endopeptidase (Lys-C; Wako) and for 16 hours at 37 °C 

using 2 µg trypsin (Promega). Peptides were collected by centrifugation and analysed 

by LC-MS/MS analysis on a LTQ-Orbitrap XL (Thermo Scientific) [250]. Samples were 

loaded onto a nano trap column (300 μm inner diameter × 5 mm, packed with Acclaim 

PepMap100 C18, 5 μm, 100 Å; LC Packings, Sunnyvale, CA) and peptides were 

separated by reversed phase chromatography (PepMap, 25 cm, 75 µm ID, 2 µm/100 Å 

pore size, LC Packings) on a nano-HPLC (Ultimate 3000, Dionex) using a nonlinear LC 

gradient from 5–31% of 98% acetonitrile, followed by a 31–95% gradient of 98% 
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acetonitrile and equilibration for 15 minutes to starting conditions. The ten most 

abundant peptide ions from the MS prescan were fragmented in the linear ion trap if 

exceeding an intensity of 200 counts and being at least doubly charged. The MS 

spectrum was acquired in the Orbitrap with a mass range from 300 to 1500 Da. 

Protein identification and label-free relative quantification 

The RAW files (Thermo Scientific) were analysed using the Progenesis LC-MS (v4.1, 

Nonlinear Dynamics) as described previously [250, 251], with the following changes: 

Spectra were searched using the search engine Mascot (Version 2.4, Matrix Science) 

against the Ensembl rat database (release 75; 25724 sequences). Search parameters 

used were: 10 ppm peptide mass tolerance, 0.6 Da fragment mass tolerance, one 

missed cleavage allowed, carbamidomethylation as fixed and methionine oxidation as 

well as asparagine or glutamine deamidation as variable modifications. Using the 

Percolator algorithm (score cut-off 15, significance threshold p<0.05), an average 

peptide false discovery rate of <1% was calculated. Normalised abundances of all 

unique peptides were summed up and allocated to the respective protein. 

2.2.6 Molecular biological methods 

Knockdown and overexpression of COX17 in HepG2 cells was done under the 

supervision of Dr. Michelle Vincendeau, Helmholtz Center Munich, Institute of 

Molecular Toxicology and Pharmacology, Neuherberg, Germany. 

2.2.6.1 Knockdown of COX17 in HepG2 cells using siRNA 

For all knockdown experiments with siRNA, sterile filter tips were used. Inducing 

knockdown of COX17 in HepG2 cells was done using Lipofectamin® RNAiMAX reagent 

from Life Technologies according to the reverse transfection protocol of the 

manufacturer. Knockdown was proofed by both, immunoblot analyses and quantitative 

realtime PCR (qRT-PCR, see section 2.2.6.2). Three different siRNAs with the 

sequences listed in Table 2-1 and synthesised by eurogentec were tested. SiRNA 3 

showed the best knockdown results without inducing massive cell death and was 

therefore used for all following experiments. 

2.2.6.2 Overexpression of COX17 in HepG2 cells 

RNA isolation from HepG2 cells 

RNA isolation from HepG2 cells was performed using RNeasy® Micro Kit from Qiagen 

according to the manufacturer’s instructions. For cell disruption, 5 x 105 HepG2 cells 
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were resuspended in 350 µl RLT supplemented with 3.5 µl 2-mercaptoethanol, added 

to a Qiashredder column and centrifuged for one minute at 16 100 rcf. RNA was 

isolated from HepG2 WT cells for establishing overexpression of COX17 and from 

transfected HepG2 cells (nonsilencing RNA, COX17-, empty pcDNA3.1(+) vector, 

COX17+) for qRT-PCR. RNA content was measured using NanoDrop 2000. 

Translation of RNA to cDNA 

For translation of RNA into cDNA, Verso cDNA Synthesis Kit from Thermo Scientific 

was used. 4 µl 5X cDNA synthesis buffer, 2 µl dNTPs, each 1 µl random hexamer 

primer, RT enhancer and Verso enzyme mix, and 1 µg RNA added to 20 µl with 

nuclease-free water were incubated for 30 minutes at 42 °C and two minutes at 95 °C. 

Amplification of cDNA 

Amplification of cDNA was done using Expand High Fidelity PCR system (Roche). 

Primers (NHE-3xFLAG_COX17 (forward) and PmeI (reverse)) were diluted to 20 µM 

with nuclease-free water. PCR samples contained 5 µl 10X reaction buffer with MgCl2, 

1 µl 10 mM dNTPs, each 1 µl 20 µM primer forward and reverse, 1 µl cDNA or water 

(control) and 0.75 µl Taq DNA polymerase added to 50 µl with nuclease-free water. 

PCR cycling conditions were as follows: initial denaturation for five minutes at 95 °C, 

30 cycles at 95 °C for 30 seconds denaturation, 60 °C for 30 seconds annealing of 

primers and 72 °C for one minute for elongation. Final elongation was done for seven 

minutes at 72 °C. 

Agarose gel electrophoresis 

Gels containing 1.5% agarose and 1 : 10 000 diluted 1% ethidium bromide (dissolved in 

1X TBE buffer) were used for electrophoresis at 110–120 V. As standard, 2-log DNA 

ladder from New England Biolabs was used. Bands with respective size were cutted 

using a scalpel. 

Isolation of DNA from agarose gels 

DNA isolation from agarose gels was done using NucleoSpin Gel and PCR Clean-up 

Kit from Macherey-Nagel according to the manufacturer’s instructions. 

Endonuclease treatment 

Endonuclease treatment of DNA and plasmid was done for 90 minutes at 37 °C as 

summarised in Table 2-15. 
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Table 2-15 Endonuclease treatment 

Component Plasmid pcDNA3.1(+) COX17 cDNA (NheI/PmeI) 

Template amount 1.5 µg 10 µl 

Buffer    5 µl Cut Smart   5 µl Cut Smart 

Enzyme 1    1 µl NheI   1 µl NheI 

Enzyme 2    2 µl PmeI   2 µl PmeI 

Nuclease-free H2O Add to 50 µl Add to 50 µl 

 

Ligation of vector and insert 

For ligation, an insert to vector ratio of three to one was used. Amount of insert was 

calculated using the formula: Insert [ng] = (50 ng vector x 0.2 kb insert) / (x kb vector). 

For the pcDNA3.1(+) vector, 5.5 ng of insert was used. Ligation was performed for 

30 minutes using the following approach from the Rapid DNA Ligation Kit (Thermo 

Fisher Scientific): 5 µl dilution buffer, 5 µl ligation buffer, 0.75 µl T4 DNA ligase as well 

as the respective amount of vector and insert. Vector-insert constructs were sequenced 

by Eurofins MWG GmbH, Ebersberg, Germany and analysed using BioEdit 7.1.11. 

Plasmid amplification 

Escherichia coli Top10 cells were thawed on ice for five to ten minutes. Either 1 µg 

pcDNA3.1(+) plasmid or whole ligation approach was added to the bacteria and chilled 

on ice for 30 minutes. Heat shock was done for 45 seconds at 42 °C and subsequently 

hold on ice for two minutes. After addition of 250 µl S.O.C. medium, bacteria were 

incubated at 37 °C and 800 rpm for one hour. Transformation samples were shortly 

centrifuged, 100 µl of the supernatant discarded, the remaining samples were plated to 

LB agar plates with antibiotic (ampicillin for pcDNA3.1(+)) and these were incubated 

upside down over night at 37 °C. 

Minipreparation of plasmid DNA 

For mini culture, single colonies from plasmid amplification were transferred to 5 ml LB 

medium containing 1 : 1000 diluted ampicillin as antibiotic and shaked over night at 

37 °C and 180 rpm. Isolation of plasmid DNA from Escherichia coli was performed 

using NucleoSpin® Plasmid Kit from Macherey-Nagel according to the manufacturer’s 

instructions. 

Maxipreparation of plasmid DNA 

For maxi culture, 150 ml LB medium with 1 : 1000 diluted antibiotic (ampicillin) and 

500 µl of mini culture were shaked over night at 37 °C and 180 rpm. Maxipreparation 

was done using Qiagen® Plasmid Maxi Kit according to the manufacturer’s instructions. 
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Sequence of vector and insert was reexamined by Eurofins MWG GmbH, Ebersberg, 

Germany and analysed using BioEdit 7.1.11. 

2.2.6.3 Reverse transfection of HepG2 cells with COX17 

For overexpression of COX17 in HepG2 cells, per 1 x 105 cells 40 µl Optimem, 200 ng 

of the vector with or without insert and 1.2 µl Fugene transfection reagent were 

incubated according to the manufacturer’s instructions. The respective amount and 

cells were added to the plates, mixed and allowed to grow for 24 hours before 

treatment started. 

2.2.6.4 Quantitative realtime polymerase chain reaction (qRT-PCR) 

For analysis of COX17 expression level relative to RNA Polymerase II (RPII) in 

knockdown and overexpression experiments, One Step SYBR® PrimeScriptTM RT-PCR 

Kit II (Perfect Real Time) from TaKaRa was used. In brief, 12.5 µl 2X One Step SYBR 

RT-PCR Buffer IV, 1 µl PrimeScript 1 step Enzyme Mix II, each 0.5 µl 20 µM forward 

and reverse primer, and 25 ng RNA added to 25 µl with MilliQ-H2O were incubated as 

follows: Reverse transcription was done with each one cycle of five minutes at 42 °C 

and ten seconds at 95 °C, amplification was done at 95 °C for five seconds, 60 °C for 

20 seconds and 72 °C for 15 seconds, repeated 40 times, during this step 

quantification was done, and finally, melting curves were recorded in one cycle at 95 °C 

for one second and 65 °C for 15 seconds. 

Expression level of COX17 normalised to the housekeeping gene RPII [252] was 

calculated according to the formula: Expression = 2(-(Cp
COX17

-Cp
RPII

)). Cp values are 

crossing points (the cycle number upon which fluorescence of SYBR green is 

significantly higher than the background fluorescence by the staining solution SYBR 

green) derived by the LightCycler® 480 Software (Roche) [253, 254]. COX17 levels 

normalised to RPII were referred to the nonsilencing RNA for COX17 knockdown or 

vector control for COX17 overexpression, respectively. 

2.2.7 Chromatography of mitochondrial proteins 

The following methods were used for mitochondrial protein separation. 

Isolated mitochondria were thawed on ice, shortly centrifuged and two aliquots of each 

400 µl were taken in 1.5 ml reaction tubes. For subfractionation and enrichment of 

soluble proteins from the mitochondrial matrix and intermembrane space, after 
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sonication (five bursts, cycle 0.9, amplitude 80), an 18-hour ultra-centrifugation at 

100 000 xg and 4 °C was done. Membranous proteins were not analysed in this study. 

2.2.7.1 Gel filtration 

After centrifugation, the supernatants from the duplicates were pooled. Each sample 

was added on an IP- equilibrated EconoPac® 10 DG Column (as specified by the 

manufacturer of this size exclusion column, proteins with a molecular weight of more 

than 6 kDa were collected). After the samples had moved into the filter, 10 ml IP- buffer 

were added to the column and ten fractions of each 1 ml were collected. From each 

sample 50 µl were used for determination of the copper concentration. 

2.2.7.2 Anion exchange chromatography 

For anion exchange chromatography, buffer was removed from the columns, 5 ml 

diethylaminoethyl-Sephacel was added and the filter was inserted. The column was 

washed using 20 ml 20 mM ammonium acetate. The two fractions from gel filtration 

with the highest copper concentrations (fractions two and three) were pooled and 

added to the column. Upon sample entry, the column was washed twice using 20 ml 

20 mM ammonium acetate. Elution was done using 10 ml 1 M ammonium acetate (ten 

fractions, each 1 ml). Finally, copper concentrations from the ten fractions were 

determined. For proteomic analyses (see section 2.2.5.3), the two fractions with the 

highest copper concentrations were used. 

2.2.8 Miscellaneous 

2.2.8.1 Immunoprecipitation 

Immunoprecipitation was done using isolated and purified rat liver mitochondria 

according to the method established by the working group of Dr. Alexander Wolf, 

Helmholtz Center Munich, Institute of Molecular Toxicology and Pharmacology, 

Neuherberg, Germany, and modified as follows. 1500 µg mitochondrial protein was 

pelleted by centrifugation for ten minutes at 9000 xg. Pellet was resuspended in 500 µl 

lysis buffer (containing detergent NonidetTM P 40 Substitute) and incubated for 

30 minutes on ice by shaking every ten minutes. 30 µl Sepharose G Beads were 

equilibrated by washing three times for two minutes at 5000 xg with 500 µl washing 

buffer 1. 500 µl washing buffer 1 was added to lysed mitochondria and centrifuged for 

twelve minutes at 13 000 xg. 100 µl of the supernatant were supplemented with 100 µl 

2X laemmli and 1 µl 2-mercaptoethanol, boiled for five minutes at 95 °C, and stored as 
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“input fraction” at -20 °C. Equilibrated beads were incubated for 15 minutes at 4 °C with 

100 µl of the antibody (COX17, Santa Cruz) and, after addition of the remaining 

supernatant, the mixture was incubated for three hours at 4 °C on a rotator. After 

centrifugation for two minutes and 5000 xg, 100 µl from the supernatant were 

supplemented with 100 µl 2X laemmli and 1 µl 2-mercaptoethanol, boiled for 

five minutes at 95 °C, and stored as “flow fraction” at -20 °C. The COX17-antibody-

beads containing pellet was washed twice with 500 µl washing buffer 1 and once with 

500 µl washing buffer 2, each for two minutes at 5000 xg. Bead fraction was 

resuspended in 50 µl 1X laemmli with 3.75 µl 2-mercaptoethanol, boiled for five 

minutes at 95 °C and stored at -20 °C until proteomic analysis. All centrifugation steps 

were done at 4 °C. 

2.2.8.2 Metal content determination 

Metal content determination was done by Peter Grill, Helmholtz Center Munich, 

Research Unit Analytical BioGeoChemistry, Neuherberg, Germany. 

Copper concentrations were measured in rat liver homogenates, mitochondria, 

mitochondrial subfractions (see section 2.2.7), cell lysates of HepG2 WT cells and 

mitochondria isolated from HepG2 WT cells. All solutions used for cell culture 

experiments were analysed for metal content to avoid unwanted copper carryover. 

Analyses were done by inductively coupled plasma optical emission spectrometry (ICP-

OES; Ciros Vision, SPECTRO Analytical Instruments GmbH, Kleve, Germany) after 

wet ashing of samples with 65% nitric acid (Merck KGaA, Darmstadt, Germany) [1]. 

2.2.8.3 Electron microscopy 

Electron microscopy was done together with Carola Eberhagen (Helmholtz 

Center Munich, Institute of Molecular Toxicology and Pharmacology, 

Neuherberg, Germany), Dr. Bastian Popper (Ludwig-Maximilian-University 

Munich, Institute of Anatomy, Planegg-Martinsried, Germany), Gabriele 

Mettenleiter and Dr. Michaela Aichler (Helmholtz Center Munich, Institute of 

Pathology, Neuherberg, Germany). 

Liver tissue from WD patients and rats was cutted in 1 x 1 x 1 mm pieces in 2.5% 

glutaraldehyde. Electron microscopy from isolated mitochondria and human as well as 

rat liver tissue was done as described previously [1, 244, 255]. Briefly, samples were fixed 

in 2.5% glutaraldehyde and postfixed and prestained using 1% osmium tetroxide. After 

dehydration with ethanol and propylene oxide, samples were embedded in Epon 812 
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[255]. Ultrathin sections were negative stained with uranyl acetate and lead citrate and 

examined with an EM 10 CR transmission electron microscope (Zeiss, Germany). 

For structural analyses, isolated rat liver mitochondria were grouped into four 

categories: (1) normal structured mitochondria of the “condensed” type [256],  

(2) mitochondria with minor alterations like slightly increased cristae, (3) mitochondria 

with massively increased cristae and (4) mitochondria with massive matrix 

condensations, matrix vacuolisation, detachments of the inner boundary membrane 

and severe cristae deformations [1]. For quantification, mitochondria from six figures of 

the 20 000-fold magnification per rat were counted. 

2.2.8.4 Immunohistochemistry 

Immunohistochemical staining of LPP rat liver tissue for COX17 was done in 

close collaboration with Claudia-Mareike Pflüger and Dr. Michaela Aichler; Dr. 

Annette Feuchtinger did the quantification of tissue staining, all from Helmholtz 

Center Munich, Institute of Pathology, Neuherberg, Germany. 

Immunohistochemical staining of rat liver tissue was done using DISCOVERY XT 

(Ventana Medical System, Roche, Mannheim, Germany) according to the 

manufacturer’s instructions. Primary antibody was COX17 (Santa Cruz) and the 

secondary antibody was anti-mouse (KPL). Quantification of tissue staining was done 

using Definiens Tissue Studio 3. Regions of interest were annotated manually and 

single cell-based analysis was done. Depending on the staining intensity of the cells, 

four categories were defined and their relative amount was calculated according to 

Feuchtinger et al. [257]. 

2.2.9 Statistics 

In this thesis, “N” equals the number of biological replicates (analysed animals or cell 

culture experiments, respectively) and “n” the number of measurements or technical 

replicates [1]. Data are presented as mean ± standard deviation or mean and 25% as 

well as 75% quartile. If more than four technical replicates were available, Grubbs 

outlier test (ESD method, extreme studentized deviate) was performed with a 

significance level of α = 0.05 [1]. If comparing three or more sample sets, statistical 

significance was analysed using one-way ANOVA with Tukey’s multiple comparisons 

test (GraphPad Prism 7) [1]. For comparison between two groups, the unpaired  

two-tailed Student’s t-test with Welch’s correction was used (GraphPad Prism 7) [1]. 

Throughout this study statistically significant p-values are: *p<0.05, **p<0.01, 

***p<0.001, ****p<0.0001. 
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3 Results 

3.1 The LPP Atp7b-/- rat – an animal model for liver failure in 

Wilson disease 

The animal model used in this study is the LPP rat [2]. This rat strain carries a 13 kb 

deletion in Atp7b [2], the homologous gene affected in human Wilson disease (WD) [2]. 

3.1.1 Progressing disease states in the Wilson disease LPP Atp7b-/- rat 

model 

Liver copper accumulation promotes progressive liver damage, finally leading to liver 

failure and death of Atp7b-/- rats [152]. This raises the question of whether different 

disease states can be defined in Atp7b-/- rats. To address this issue, the liver damage 

markers aspartate aminotransferase (AST) and bilirubin [71, 190] were measured in 

serum from Atp7b+/- and Atp7b-/- rats (Table 3-1). As WD is an autosomal recessively 

inherited disorder [1, 4], Atp7b+/- rats are comparable to wild type rats and served as 

controls [152]. AST is below 200 U/L and bilirubin is below 0.5 mg/dl in serum from 

Atp7b+/- rats (termed as “control”) [1]. In serum from Atp7b-/- rats, AST and bilirubin 

levels lower and greater than 200 U/L or 0.5 mg/dl, respectively, are measured allowing 

the definition of the following disease states: Atp7b-/- rats with serum AST <200 U/L and 

bilirubin values <0.5 mg/dl are defined as “affected” [1]. These affected Atp7b-/- rats 

present with massive copper accumulation (see 3.1.2) but no apparent clinical signs of 

liver damage. Atp7b-/- rats with serum AST values >200 U/L but serum bilirubin values 

<0.5 mg/dl are defined as “disease onset” and Atp7b-/- rats with serum AST values 

>200 U/L and serum bilirubin values >0.5 mg/dl as “diseased” (Table 3-1) [1]. 

Table 3-1 Serum AST and bilirubin values enable the definition of different disease 
states of Atp7b-/- rats. 

Disease state Control Affected Disease onset Diseased 

Atp7b genotype +/- -/- -/- -/- 

Number of animals 33 14 11 9 

AST [U/L] 116 ± 28 142 ± 33 276 ± 60 463 ± 107 

Bilirubin [mg/dl] <0.5 <0.5 <0.5 6.3 ± 6.5 
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3.1.2 Copper increasingly accumulates in liver homogenate and 

mitochondria from Wilson disease patients and Atp7b-/- rats with 

disease progression 

The copper concentrations in liver homogenate and isolated liver mitochondria 

obtained from Atp7b+/- and Atp7b-/- rats with progressing disease states were measured 

spectrometrically by ICP-OES. Figure 3-1 shows low copper concentrations in liver 

homogenate and mitochondria from Atp7b+/- control rats (Co). In comparison, 

increasing copper accumulation in liver homogenate and liver mitochondria isolated 

from Atp7b-/- rats is observed with disease progression compared to Atp7b+/- rats [1]. To 

compare the rat liver and mitochondrial copper load to humans, four WD patients were 

included in these analyses: two of the WD patients received no treatment (Figure 3-1, 

no. 1 and 2) and the other two received unsuccessful D-PA treatment (Figure 3-1, no. 3 

and 4) [1]. Due to acute liver failure, all four WD patients underwent liver transplantation 

[1]. Figure 3-1 demonstrates that copper load is comparable in liver homogenate and 

liver mitochondria obtained from untreated WD patients and the Atp7b-/- rats [1]. D-PA 

treatment reduces copper load in liver homogenate and mitochondria approximately 

three- to fourfold compared to untreated WD patients, nevertheless, copper loads are 

still four- to 30-fold higher compared to Atp7b+/- control rats [1]. D-PA often reduces liver 

copper load, but neurologic deterioration requires termination of D-PA treatment, 

leading to copper reaccumulation and acute liver failure [33, 158, 166, 167, 174]. Regarding the 

liver and mitochondrial copper load, the Atp7b-/- rat is a valid animal model for studying 

mitochondrial alterations in WD. 
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Figure 3-1 Copper load in liver homogenate and liver mitochondria increases with disease 
progression of Atp7b

-/-
 rats and is highly comparable to untreated WD patients. 

Atp7b
+/-

 control rats (Co) have a low copper load in liver homogenate (A) and liver mitochondria 
(B). Copper concentrations increase in both compartments of affected Atp7b

-/-
 rats (Af) and 

further increase with disease progression of Atp7b
-/-

 rats. Liver homogenate and liver 
mitochondria from untreated WD patients (no. 1 and 2) show copper loads comparable to  
Atp7b

-/-
 rats. WD patients that received D-PA treatment before acute liver failure (no. 3 and 4) 

have lower copper concentrations in both compartments compared to WD patients that received 
no treatment prior to liver transplantation. (Co) control Atp7b

+/-
: N=34; (Af) affected Atp7b

-/-
: 

N=14; (Do) disease onset Atp7b
-/-

: N=11; (Di) diseased Atp7b
-/-

: N=8. WD patients: 1 and 2 
untreated, 3 and 4 D-PA pretreated. Data are outlier corrected. One-way ANOVA with Tukey’s 
multiple comparisons test. *Significant to control, 

#
significant to affected, 

†
significant to disease 

onset, **p<0.01, ****p<0.0001. ▬ median, ♦ mean value, 25% and 75% quartile are indicated. 
Adapted from Josef Lichtmannegger et al. (2016) Methanobactin reverses acute liver failure in a 
rat model of Wilson disease. J Clin Invest. 2016 Jul;126(7): p. 2721-35 

[1]
. 

3.1.3 Structural alterations are comparable among mitochondria from 

Wilson disease patients and diseased Atp7b-/- rats 

WD is characterised by massive structural alterations of liver mitochondria [33, 58, 70-72, 143-

145]. The structure of liver mitochondria from WD patients was compared to diseased 

Atp7b-/- rats using electron miscroscopy (Figure 3-2). Liver mitochondria in situ from 
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WD patients and diseased Atp7b-/- rats show similar structural alterations. These 

include separation of inner and outer mitochondrial membrane, cristae dilations as well 

as brightening and vacuolisation of the normally electron-dense matrix [1], depicting the 

typical WD mitochondrial phenotype [33, 58, 70-72, 143-145]. Liver mitochondria from D-PA 

pretreated WD patients show heterogenous structure impairments compared to 

mitochondria from untreated WD patients (Figure 3-2B) [1]. Some areas contain intact 

mitochondria with a brightened matrix, whereas others show mitochondria with massive 

structural alterations [1]. These differences probably result from zonal differences as 

liver tissue from WD patients is highly fibrotic [1]. 

 

Figure 3-2 Mitochondrial structure impairments are highly similar between WD patients and 
diseased Atp7b

-/-
 rats in situ. 

Liver mitochondria (in situ) from WD patients with acute liver failure (A: untreated, and B: D-PA 
pretreated prior to liver transplantation) show similar structural alterations as liver mitochondria 
from diseased Atp7b

-/-
 rats (C). Separation of inner and outer boundary membrane (arrowhead), 

cristae dilations (arrow) as well as brightening of normally electron-dense matrix and 
transparent vacuoles of varying sizes (asterisk) can be observed. Some liver mitochondria from 
D-PA pretreated WD patients are relatively intact (upper panel), whereas others demonstrate 
severe structural impairments (bottom panel). Scale bar: 500 nm. Adapted from Josef 
Lichtmannegger et al. (2016) Methanobactin reverses acute liver failure in a rat model of Wilson 
disease. J Clin Invest. 2016 Jul;126(7): p. 2721-35 

[1]
. 

3.1.4 Increasing mitochondrial copper load is paralleled by structural 

alterations of liver mitochondria from Atp7b-/- rats 

Are the structural alterations of Atp7b-/- rat liver mitochondria related to the respective 

disease states of these animals? To address this issue, liver mitochondria from Atp7b-/- 

rats with progressing disease states were analysed in situ using electron microscopy 

(Figure 3-3). Liver mitochondria from Atp7b+/- control rats are normally structured, 

whereas liver mitochondria from Atp7b-/- rats show increasing impairments with disease 

progression (Figure 3-3) [1]. In affected Atp7b-/- rat liver mitochondria, detachment of the 

inner (MIM) and outer mitochondrial membrane (MOM) can be observed. In liver 
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mitochondria from disease onset and diseased Atp7b-/- rats, the distance between MIM 

and MOM increases. Liver mitochondria from diseased Atp7b-/- rats show further 

massive structural alterations, such as cristae dilations as well as brightening and 

vacuolisation of the normally electron-dense matrix [1]. 

 

Figure 3-3 Mitochondrial structural alterations are absent in Atp7b
+/-

 control rat livers and 
increase with disease progression of Atp7b

-/-
 rats. 

Liver mitochondria in situ from Atp7b
+/-

 control (Co) rats show no structural alterations (A). Liver 
mitochondria from affected Atp7b

-/-
 rats (Af) present with structural impairments (B) that further 

increase with disease progression of Atp7b
-/-

 rats (C and D, disease onset (Do) and diseased 
(Di), respectively). Liver mitochondria from Atp7b

-/-
 rats present with separation of inner and 

outer boundary membrane (arrowhead), cristae dilations (arrow) as well as brightening of 
normally electron-dense matrix and transparent vacuoles of varying sizes (asterisk). Scale bar: 
500 nm. Adapted from Josef Lichtmannegger et al. (2016) Methanobactin reverses acute liver 
failure in a rat model of Wilson disease. J Clin Invest. 2016 Jul;126(7): p. 2721-35 

[1]
. 

To quantify mitochondrial structural impairments in different disease states from  

Atp7b-/- rats, freshly isolated rat liver mitochondria were analysed using electron 

microscopy. Four classes of mitochondria are defined (Figure 3-4A): (1) normal 

structured mitochondria, no cristae dilations, no membrane detachment, electron-

dense matrix, (2) slight structural alterations indicated by mild cristae dilation,  

(3) intermediate alterations with increasing cristae dilation and (4) mitochondria with 

massive cristae dilation, detachment of inner and outer mitochondrial membranes, 

matrix deformation as well as electron-dense deposits within the mitochondrial 

intermembrane space (IMS) [1]. For quantification, types 1 and 2 are summarised as 

“normal”, whereas types 3 and 4 are combined as “altered”. About 85% of the 

mitochondria from Atp7b+/- rats have a normal structure and approximately 15% show 

structural alterations. In affected Atp7b-/- rats, approximately 40% of the liver 

mitochondria show massive structural alterations, such as detachment of MIM and 

MOM and cristae dilations. These alterations increase with disease progression of 

Atp7b-/- rats [1]. Especially the mitochondrial membranes are affected with disease 
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progression of Atp7b-/- rats (see increased cristae and ruptured MOM in type 4 

mitochondria). 

 

 

Figure 3-4 Disease progression of Atp7b
-/-

 rats is paralleled by massive structural 
alterations of isolated rat liver mitochondria. 

(A) Four classes of mitochondrial structural alterations are defined: (1) normal, no 
structural alterations, no cristae dilations, no separation of inner and outer 
mitochondrial membrane, electron-dense matrix, (2) slight structural alterations 
characterised by mild cristae dilations, (3) intermediate alterations shown by 
increasing cristae dilation, (4) mitochondria with massive cristae enlargement and 
separation of inner and outer mitochondrial membrane. Scale bar: 500 nm. 

(B) Structural alterations of isolated rat liver mitochondria are quantified from Atp7b
+/-

 and 
progressing disease states of Atp7b

-/-
 rats. Types 1 and 2 are summarised as “normal” 

and types 3 and 4 as “altered” (see (A)). Atp7b
+/-

 rat liver mitochondria mainly show a 
normal structure. In affected Atp7b

-/-
 rats, isolated liver mitochondria show structural 

alterations that further increase with disease progression of Atp7b
-/-

 rats. (Co) control 
Atp7b

+/-
: 75–146 d, N=8, n=1413; (Af) affected Atp7b

-/-
: 66–93 d, N=9, n=1283; (Do) 

disease onset Atp7b
-/-

: 80–107 d, N=8, n=1284; (Di) diseased Atp7b
-/-

: 84–107 d, N=6, 
n=1119. N=number of rats, n=number of analysed mitochondria. One-way ANOVA 
with Tukey’s multiple comparisons test. *Significant to control, **p<0.01, ***p<0.001, 
****p<0.0001. ▬ median, ♦ mean value, 25% and 75% quartile are indicated. 

Adapted from Josef Lichtmannegger et al. (2016) Methanobactin reverses acute liver failure in a 
rat model of Wilson disease. J Clin Invest. 2016 Jul;126(7): p. 2721-35 

[1]
. 
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3.1.5 Mitochondrial membrane fluidity and swelling is reduced in 

Atp7b-/- rats with disease progression 

Ultrastructural analyses of liver mitochondria from Atp7b-/- rats show alterations 

(especially at the mitochondrial membranes) that progress with disease state and 

copper load (Figure 3-2 – Figure 3-4). How are the membranes affected by this 

progressive copper burden? To address this issue, the mitochondrial membrane fluidity 

was measured by fluorescence polarisation in liver mitochondria freshly isolated from 

Atp7b+/- and Atp7b-/- rats using the fluorophores DPH and TMA-DPH [228-232]. Both 

compounds insert into biological membranes like the MIM: DPH in the membrane inner 

lipid phase and TMA-DPH in the lipid-water interface (Figure 3-5A) [230-232]. Excitation of 

the fluorophores with a defined wavelength leads to the emission of polarised light, 

whereby polarisation depends on the rotation of fluorophores within the membrane and 

thus on the membrane fluidity [233]. Less rotation leads to stronger polarised light, 

indicating less membrane fluidity, and strong motion ejects wider spread signals, 

indicating more fluid membranes [233]. 

For DPH, no alteration in polarisation is observed among the different disease states of 

Atp7b-/- rats relative to Atp7b+/- rats, indicating that the mitochondrial membrane fluidity 

is unaffected at the membrane inner lipid phase (Figure 3-5B, C) [1]. In contrast, 

polarisation of TMA-DPH increases in mitochondria from Atp7b-/- rats with disease 

progression compared to mitochondria from Atp7b+/- rats (Figure 3-5B, D) [1]. These 

results indicate a reduced membrane fluidity at the lipid-water interface (TMA-DPH) 

possibly induced by accumulated copper at the membrane surface [1]. 
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Figure 3-5 Mitochondrial membrane fluidity is reduced at the lipid-water interface in 
isolated Atp7b

-/-
 rat liver mitochondria. 

(A) Localisation of the fluorophores DPH and TMA-DPH within membranes, adapted from 
Grebowski et al. 

[230]
. DPH is localised at the membrane inner lipid phase, whereas 

TMA-DPH is localised at the lipid-water interphase. 
(B–D) Fluorescence polarisation of isolated liver mitochondria in Atp7b

+/-
 control and Atp7b

-/-
 

rats from different disease states is shown. Membrane fluidity of the inner lipid phase 
(DPH) shows no alterations among Atp7b

+/-
 and Atp7b

-/-
 mitochondria (B, C). In 

comparison, membrane fluidity of the lipid-water interface is reduced in Atp7b
-/-

 rat 
liver mitochondria compared to Atp7b

+/-
 control mitochondria and is increasingly 

harmed with disease progression of Atp7b
-/-

 rats (B, D). N=number of rats, n=number 
of measurements. 

a
N=3, n=5. Data are outlier corrected. One-way ANOVA with 

Tukey’s multiple comparisons test. *Significant to control, *p<0.05, **p<0.01, 
***p<0.001. Adapted from Josef Lichtmannegger et al. (2016) Methanobactin reverses 
acute liver failure in a rat model of Wilson disease. J Clin Invest. 2016 Jul;126(7): p. 
2721-35 

[1]
. 

Calcium (Ca2+) or copper (Cu2+) attacks mitochondrial membranes, leading to an 

increased water uptake and mitochondrial swelling (mitochondrial permeability 

transition, MPT) [152, 241, 242, 244]. This process describes the ability of mitochondria to 

unfold their inner membrane (MIM) [258]. As the mitochondrial membrane fluidity is 

progressively reduced in liver mitochondria isolated from Atp7b-/- rats (Figure 3-5B, D), 

it is hypothesised that the unfolding of the MIM is increasingly harmed with rising 
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mitochondrial copper load and disease progression of Atp7b-/- rats. To experimentally 

verify this hypothesis, the extent of swelling was measured by the change of the optical 

density at 540 nm (Figure 3-6). Swelling extent of mitochondria isolated from Atp7b+/- 

control rats was set to 100% and used as reference point for mitochondria from Atp7b-/- 

rats. Upon challenge of mitochondria from Atp7b-/- rats with 100 µM Ca2+ or 100 µM 

Cu2+, swelling extent decreases with rising mitochondrial copper load and disease 

progression of Atp7b-/- rats [1]. Results are similar for Ca2+ and Cu2+ triggered MPT. 

These data show that mitochondria isolated from Atp7b-/- rats have a reduced ability to 

unfold their MIM with disease progression relative to mitochondria from Atp7b+/- rats. 

Possibly, copper deposition at the MIM induces these effects. 

 

Figure 3-6 Mitochondrial swelling is reduced in Atp7b
-/-

 rats with disease progression 
compared to Atp7b

+/-
 rats. 

Isolated mitochondria from Atp7b
+/-

 control (Co) and Atp7b
-/-

 affected (Af) rats undergo large 
amplitude swelling if triggered with calcium (left) or copper (right). This process is significantly 
reduced in Atp7b

-/-
 mitochondria from diseased (Di) and disease onset (Do) rats. (Co) control 

Atp7b
+/-

: N=3, n=6; (Af) affected Atp7b
-/-

: N=3, n=6; (Do) disease onset Atp7b
-/-

: N=2, n=4; (Di) 
diseased Atp7b

-/-
: N=3, n=6. Data are outlier corrected. One-way ANOVA with Tukey’s multiple 

comparisons test. *Significant to control, 
#
significant to affected, 

†
significant to disease onset, 

*p<0.05, **p<0.01, ****p<0.0001. ▬ median, ♦ mean value, 25% and 75% quartile are indicated. 
Adapted from Josef Lichtmannegger et al. (2016) Methanobactin reverses acute liver failure in a 
rat model of Wilson disease. J Clin Invest. 2016 Jul;126(7): p. 2721-35 

[1]
. 

MPT is mediated by cyclophilin D (CypD) as it binds to the MPT pore, mediating its 

opening [259, 260]. This process can be inhibited by the binding of cyclosporine A (CysA) 

to CypD [259-261]. As swelling is reduced in liver mitochondria from Atp7b-/- rats with 

disease progression, the question arises whether inhibition of this process is affected. 

Liver mitochondria isolated from Atp7b+/- and Atp7b-/- rats were triggered with 100 µM 

Ca2+ and 5 µM CysA and duration of the swelling process was calculated. Swelling is 

decelerated in liver mitochondria from Atp7b+/- rats to approximately 70 minutes 

(Figure 3-7). Start as well as end of swelling is approximately 20–30 minutes earlier in 

progressed disease states from Atp7b-/- rats compared to affected Atp7b-/- rats. These 
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data show that the ability of CysA to block calcium-induced swelling of the MIM is 

increasingly impaired in mitochondria from Atp7b-/- rats with disease progression of the 

animals. This indicates that copper attacks inner mitochondrial membrane processes. 

Disease state Control Affected Disease 

onset 

Diseased 

Atp7b genotype +/- -/- -/- -/- 

Legend ▬○▬ ▬▬ ▬▬ ▬▬ 

N (n) 3 (6) 2 (4) 2 (3) 3 (5) 

Start [min]   71 ± 26 32 ± 3* 23 ± 3**  9 ± 4*** 

End [min] 113 ± 35    80 ± 4   66 ± 0 47 ± 11** 

Figure 3-7 Inhibition of calcium-induced swelling with CysA is increasingly harmed in liver 
mitochondria isolated from Atp7b

-/-
 rats with disease progression compared to 

Atp7b
+/-

 rats. 

Calcium-induced (100 µM) swelling can be efficiently inhibited by CysA (5 µM) in Atp7b
+/-

 rat 
liver mitochondria. This effect is massively impaired in mitochondria from diseased and disease 
onset Atp7b

-/-
 rats. Table shows mean values and standard deviations, whereas curves depict 

one exemplary measurement. N=number of rats, n=number of measurements. Data are outlier 
corrected. One-way ANOVA with Tukey’s multiple comparisons test. *Significant to control, 
*p<0.05, **p<0.01, ***p<0.001. Adapted from Josef Lichtmannegger et al. (2016) Methanobactin 
reverses acute liver failure in a rat model of Wilson disease. J Clin Invest. 2016 Jul;126(7): p. 
2721-35 

[1]
. 

3.1.6 Mitochondrial function is increasingly harmed in Atp7b-/- rats with 

disease progression 

An intact MIM is necessary for establishing a stable mitochondrial transmembrane 

potential (MMP) [92, 105, 106]. As shown in Figure 3-5 to Figure 3-7, mitochondrial 

membranes have altered characteristics in Atp7b-/- rats with disease progression. That 

is why the mitochondrial function was analysed by measuring the MMP of freshly 

isolated rat liver mitochondria using rhodamine 123, a fluorescence dye that is taken up 

by intact mitochondria, leading to self-quenching of the dyes fluorescence [234, 235]. If the 

MMP becomes impaired, the dye is released, leading to increasing fluorescence 

signals [235]. MMP is stable for approximately 120 minutes in liver mitochondria isolated 

from Atp7b+/- rats. With disease progression of Atp7b-/- rats, stability of MMP is 

increasingly harmed, as shown by an approximately 22–67 minutes earlier start of 

MMP loss in comparison to Atp7b+/- control rats (Figure 3-8) [1]. 

An intact MMP is the most important requirement to ensure mitochondrial ATP 

production [92, 105, 106]. The MMP stability is reduced in liver mitochondria isolated from 

Atp7b-/- rats with disease progression, promoting the hypothesis of an impaired 

mitochondrial energy production. ATP production was measured in liver mitochondria 

isolated from Atp7b-/- relative to mitochondria from Atp7b+/- rats using 
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luciferin/luciferase assay. Figure 3-9 shows a significantly reduced ATP production in 

liver mitochondria from Atp7b-/- rats and decreases in parallel with disease progression 

of these rats [1]. 

Disease state Control Affected Disease 
onset 

Diseased 

Atp7b genotype +/- -/- -/- -/- 

Legend ▬○▬ ▬▬ ▬▬ ▬▬ 

N (n) 3 (6) 3 (6) 2 (3) 3 (6) 

Start [min] 116 ± 26 94 ± 9 77 ± 1 

 

49 ± 19 

**** ## 

End [min] 171 ± 9 163 ± 15 138 ± 1 

** # 

124 ± 8 

**** ### 

Figure 3-8 Mitochondrial transmembrane potential is less stable in liver mitochondria 
isolated from Atp7b

-/-
 rats with disease progression compared to liver 

mitochondria from Atp7b
+/-

 rats. 

MMP is stable in mitochondria from Atp7b
+/-

 control rats for 120 minutes. MMP loss starts earlier 
in Atp7b

-/-
 mitochondria with disease progression compared to control mitochondria. Table 

shows mean values and standard deviations, whereas curves depict one exemplary 
measurement. N=number of rats, n=number of measurements. Data are outlier corrected.  
One-way ANOVA with Tukey’s multiple comparisons test. *Significant to control, 

#
significant to 

affected, *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001. Adapted from Josef Lichtmannegger 
et al. (2016) Methanobactin reverses acute liver failure in a rat model of Wilson disease. J Clin 
Invest. 2016 Jul;126(7): p. 2721-35 

[1]
. 

 

Figure 3-9 ATP production is increasingly harmed in liver mitochondria isolated from 
Atp7b

-/-
 rats with disease progression compared to Atp7b

+/-
 rats. 

ATP production progressively decreases in mitochondria isolated from Atp7b
-/-

 rats at different 
disease states compared to mitochondria from Atp7b

+/-
 control rats. (Co) control Atp7b

+/-
: n=47, 

(Af) affected Atp7b
-/-

: n=20, (Do) disease onset Atp7b
-/-

: n=14, (Di) diseased Atp7b
-/-

: n=6. 
n=number of measurements. Data are outlier corrected. One-way ANOVA with Tukey’s multiple 
comparisons test. *Significant to control, **p<0.01, ***p<0.001. ▬ median, ♦ mean value, 25% 
and 75% quartile are indicated. Adapted from Josef Lichtmannegger et al. (2016) 
Methanobactin reverses acute liver failure in a rat model of Wilson disease. J Clin Invest. 2016 
Jul;126(7): p. 2721-35 

[1]
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The data demonstrate that increasing mitochondrial copper burden in Atp7b-/- rats is 

paralleled by progressive impairments of the mitochondrial structure and function, such 

as the membrane fluidity and swelling of the MIM, causing instability of the MMP and a 

decreased ATP production. The progressing mitochondrial impairments are in parallel 

with disease progression of Atp7b-/- rats. Consequently, depletion of the mitochondrial 

copper overload may be a prerequisite for an efficient treatment in this WD animal 

model [1]. 

3.2 Methanobactin – a highly efficient agent to decopper 

liver mitochondria in a Wilson disease rat model 

For treatment of WD, copper chelating agents such as D-PA or TETA are used [33, 158, 

166-168, 172, 175, 176]. As both agents have an intermediate affinity for copper [198], they 

mobilise copper from the liver to the blood, which is maybe partially transported to the 

brain, leading to secondary neurologic effects [199-202]. Hence, other chelating agents 

with a higher affinity for copper and not inducing toxic side effects are necessary for 

successful treatment of WD [262]. One potential agent is the bacterial peptide 

methanobactin (MB) [206, 209]. 

3.2.1 Methanobactin efficiently decoppers HepG2 cells without severe 

toxic effects 

Liver mitochondria from WD patients and Atp7b-/- rats show increasing copper burden 

with disease progression (Figure 3-1) [1]. In contrast to D-PA and TETA, ammonium 

tetrathiomolybdate (TTM) and MB were found to significantly reduce the copper load in 

liver mitochondria from Atp7b-/- rats [1]. Thus, the question arises whether these copper 

chelators can decopper HepG2 cells. Initially, cellular toxicity of increasing MB 

concentrations was analysed on HepG2 cells after 24 hours using neutral red assay 

and compared to D-PA, TETA and TTM (Figure 3-10). Millimolar concentrations of 

D-PA and TETA are not toxic to HepG2 cells (Figure 3-10B). MB induces cell death at 

millimolar concentrations, whereas 500 µM TTM reduces the amount of viable cells to 

approximately 50% (Figure 3-10A) [1]. As a positive control, HepG2 cells were treated 

with CCCP, as this agent is known to dissipate the MMP and to induce cell death. 
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Figure 3-10 D-PA, TETA and MB are less toxic to HepG2 cells than TTM. 

Cellular toxicity of chelators with a high (A: MB, TTM) and an intermediate (B: D-PA, TETA) 
affinity for copper on HepG2 cells (N=3, n=9, neutral red assay) is shown. MB is toxic at 
millimolar concentrations, whereas even 0.5 mM TTM reduces the amount of viable cells for 
approximately 50%. Toxic concentrations of D-PA and TETA are above 1 mM. The MMP 
dissipating protonophor CCCP serves as toxic positive control. One-way ANOVA with Tukey’s 
multiple comparisons test. *Significant to buffer control, 

#
significant to respective concentration 

of MB. ****p<0.0001. Adapted from Josef Lichtmannegger et al. (2016) Methanobactin reverses 
acute liver failure in a rat model of Wilson disease. J Clin Invest. 2016 Jul;126(7): p. 2721-35 

[1]
. 

As MB has a very high affinity for copper [206, 209], it could possibly induce mitochondrio-

toxic effects by affecting the mitochondrial copper metabolism and copper-dependent 

mitochondrial enzymes, such as the cytochrome c oxidase (CcO). Therefore, it was 

analysed whether MB affects the mitochondrial transmembrane potential. Intact HepG2 

cells were treated for two to six hours with either 0.5 mM MB or 0.01 mM TTM and 

MMP was analysed by immunofluorescence staining. Staining of HepG2 cells was 

done with Hoechst 33342 (nuclei, blue), MitoTracker® Deep Red (mitochondria with an 

intact MMP, orange-red) and NAO (mitochondria without an intact MMP, green) [1]. 

NAO stains mitochondria independent of their MMP [263], whereas uptake of 

MitoTracker® Deep Red depends on an intact MMP [264]. Non-toxic MB concentrations 

(0.5 mM) induce an intermediate loss of MMP after two hours which could be restored 

after six hours (Figure 3-11) [1]. In contrast to MB, 0.01 mM TTM dissipates MMP after 
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two hours of treatment that cannot be recovered after six hours. Toxic concentrations 

of CCCP fully dissipate MMP. 

 

Figure 3-11 MB induces an intermediate loss of MMP after two hours of treatment which is 
recovered after six hours. 

Compared to control (N=2), HepG2 cells treated with 0.5 mM MB show intermediate phases of 
MMP loss (two hours) which is regenerated after six hours (N=2). MMP loss induced by 
0.01 mM TTM after two hours cannot be restored after six hours (N=1). Treatment with toxic 
concentrations of CCCP (250 µM) fully dissipates MMP and reduces amount of cells (N=2). 
Staining indicates nuclei (blue), mitochondria with MMP (orange-red) and mitochondria without 
MMP (green) 

[1]
. Scale bar: 50 µm. Adapted from Josef Lichtmannegger et al. (2016) 

Methanobactin reverses acute liver failure in a rat model of Wilson disease. J Clin Invest. 2016 
Jul;126(7): p. 2721-35 

[1]
. 
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After excluding cellular toxicity of 1 mM D-PA and TETA, as well as 0.01 mM TTM and 

0.5 mM MB, their decoppering efficiency on HepG2 cells was analysed. Therefore, 

HepG2 cells were treated for 24 hours with 0.5 mM MB and cellular copper 

concentration was measured in comparison to control cells (Supplementary Figure 1). 

MB significantly reduces cellular copper load to approximately 50%. Further, HepG2 

cells were preloaded for 24 hours with 15 µM copper-histidine (Cu-His). This Cu-His 

concentration increases the cellular copper load approximately 50-fold compared to 

untreated control cells (Supplementary Figure 1, Figure 3-12). Treating copper-

preloaded HepG2 cells for 24 hours with copper-chelators decreases the cellular 

copper concentration for 10–30% whereby MB has a significant decoppering efficiency 

(Figure 3-12). 

 

Figure 3-12 In contrast to TTM, D-PA and TETA, MB significantly reduces cellular copper 
concentration in copper-preloaded HepG2 cells. 

0.5 mM MB treated HepG2 cells, preloaded for 24 hours with 15 µM Cu-His, have a significantly 
reduced cellular copper load compared to control cells or HepG2 cells treated for 24 hours with 
1 mM D-PA, 1 mM TETA or 10 µM TTM. N=4–6, one-way ANOVA with Tukey’s multiple 
comparisons test, *significant to control, *p<0.05. 

3.2.2 Short-term methanobactin treatment of Atp7b-/- rats decoppers 

liver mitochondria in vivo 

To test for in vivo toxicity of MB, Atp7b+/- rats were treated intraperitoneally once daily 

on two consecutive days with MB [1]. Body weight, the liver damage markers serum 

AST and bilirubin as well as copper concentrations in liver homogenate and liver 

mitochondria are not altered in comparison to untreated Atp7b+/- control rats 

(Supplementary Table 2) [1]. ATP production of liver mitochondria isolated from 

MB-treated and untreated Atp7b+/- rats is highly similar (Figure 3-17) [1]. These data 

show that MB has no apparent toxic effects on Atp7b+/- rats and rat liver mitochondria, 
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leading to further experiments regarding its ability to prevent disease progression and 

to decopper liver mitochondria in Atp7b-/- rats [1]. 

To analyse whether MB can prevent liver damage and disease progression in rats, 

Atp7b-/- rats received a short-term treatment, consisting of single daily MB i.p. injections 

on three or five consecutive days at the age of disease onset (82–90 days) [1]. For 

comparison, rats were treated orally for four days using the copper chelators D-PA or 

TETA [1]. All MB treated animals regain body weight (Supplementary Table 2) [1]. Serum 

AST and bilirubin were analysed for the evaluation of the degree of liver damage 

(Figure 3-13, Supplementary Table 2). Upon treatment, all Atp7b-/- rats that received 

MB have normal serum AST and bilirubin levels, indicating that disease progression is 

successfully prevented [1]. Of note, three Atp7b-/- rats treated for five days with MB (two 

disease onset and one diseased animal at the start of treatment) are rescued from liver 

failure, as serum AST and bilirubin values are <200 U/L and <0.5 mg/dl, respectively [1]. 

In contrast, an increase of serum AST and bilirubin cannot be prevented using D-PA 

and TETA, indicating progressive liver damage (Figure 3-13) [1]. 

 

Figure 3-13 In contrast to D-PA and TETA, short-term MB treatment of Atp7b
-/-

 rats reduces 
the liver damage marker AST. 

AST values decrease down to normal (<200 U/L) in two out of three and in four out of six  
Atp7b

-/-
 rats treated for three or five days with MB, respectively, but not in untreated (U, N=6,  

3 x affected, 3 x diseased) or short-term D-PA and TETA treated Atp7b
-/-

 rats. Treatment start:  
82–90 days. Numbers indicate the respective animal number. After Josef Lichtmannegger et al. 
(2016) Methanobactin reverses acute liver failure in a rat model of Wilson disease. J Clin Invest. 
2016 Jul;126(7): p. 2721-35 

[1]
. 

The high efficiency of MB to decopper liver mitochondria was further evaluated in vivo 

and compared to D-PA and TETA treatment. From the above treated rats, liver 

mitochondria were isolated. Copper load was measured in liver homogenate and 

mitochondria. Compared to untreated Atp7b-/- rats, MB leads to a 31% reduction of 

whole liver copper which becomes significant in the mitochondria (65% reduction) 

(Figure 3-14) [1]. D-PA and TETA do not reduce the copper load in liver homogenate, 

but reduces it in liver mitochondria on average for approximately 46%. A broad 
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distribution of the mitochondrial copper load is found due to different disease states of 

the animals in the D-PA and TETA treated groups. The mitochondrial decoppering is 

much more efficient in MB treated Atp7b-/- rats compared to D-PA or TETA treated 

ones. 

 

Figure 3-14 Short-term MB treatment of Atp7b
-/-

 rats reduces copper burden in liver 
homogenate and isolated rat liver mitochondria. 

Slight reduction of the whole liver (left) and significant reduction of the mitochondrial copper 
level (right) is shown in short-term MB treated rats (3 days MB N=3, age 88–89 days, 2 x 
affected, 1 x disease onset, 5 days MB N=5, age 89–95 days, 5 x affected), but not in untreated 
(U, age 90–91 days, N=4, 2 x affected, 2 x diseased) or D-PA and TETA (N=4, age 86–89 days,  
3 x affected, 1 x disease onset, each) treated Atp7b

-/-
 rats. One-way ANOVA with Tukey’s 

multiple comparisons test. *Significant to untreated controls. *p<0.05. ▬ median, ♦ mean value, 
25% and 75% quartile are indicated. Adapted from Josef Lichtmannegger et al. (2016) 
Methanobactin reverses acute liver failure in a rat model of Wilson disease. J Clin Invest. 2016 
Jul;126(7): p. 2721-35 

[1]
. 

The efficient copper depletion of MB treatment, as observed in Atp7b-/- rat liver 

mitochondria (Figure 3-14), was validated on ultrastructural and functional level [1]. The 

structure of liver mitochondria isolated from untreated and MB, D-PA or TETA treated 

Atp7b-/- rats was analysed using electron microscopy. As in Figure 3-4, four types of 

mitochondrial structural alterations were defined. Figure 3-15B includes only 

mitochondria with massive structural alterations (type 4; Figure 3-4) relative to all 

mitochondria seen in each figure. Mitochondria with massive structural alterations 

(type 4) are present for approximately 5% in isolates from MB treated Atp7b-/- rats and 

for approximately 10% in isolates from D-PA or TETA treated animals (Figure 3-15B) 

[1]. On functional level, mitochondrial ATP production was measured using 

luciferin/luciferase assay. Impaired ATP production of liver mitochondria isolated from 

untreated Atp7b-/- rats is fully restored by MB treatment (Figure 3-17) [1]. D-PA or TETA 

treatments are without therapeutic effect [1]. These results demonstrate that MB 

efficiently rescues mitochondria in Atp7b-/- rats. 
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Figure 3-15 Short-term MB but not D-PA or TETA treatment of Atp7b
-/-

 rats normalises 
mitochondrial structure. 

(A) Short-term MB treatment reverses massively impaired mitochondrial structure in 
contrast to mitochondria from untreated Atp7b

-/-
 controls and D-PA or TETA treated 

Atp7b
-/-

 rats. Scale bar: 1 µm. 
(B) Quantification to Figure A. N=number of EM micrographs, n=number of mitochondria; 

(Af) affected Atp7b
-/-

: N=31, n=807; (Do) disease onset Atp7b
-/-

: N=24, n=734; 3 days 
MB: N=12, n=291; 5 days MB: N=18, n=460; D-PA: N=10, n=221; TETA: N=12, 
n=329. One-way ANOVA with Tukey’s multiple comparisons test, 

†
significant to 

disease onset, 
†
p<0.05. ▬ median, ♦ mean value, 25% and 75% quartile are 

indicated. After Josef Lichtmannegger et al. (2016) Methanobactin reverses acute liver 
failure in a rat model of Wilson disease. J Clin Invest. 2016 Jul;126(7): p. 2721-35 
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3.2.3 Acute treatment with methanobactin rescues diseased Atp7b-/- rats 

from liver failure 

D-PA or TETA treatment has to start before the onset of liver damage; otherwise 

treatment fails, leading to acute liver failure in WD patients [1, 155, 168, 169, 190, 191]. MB is 

shown to prevent disease progression in Atp7b-/- rats (Supplementary Table 2). 

However, the question has to be answered whether MB can rescue diseased Atp7b-/- 

rats from liver failure and death. Four Atp7b-/- rats with clear signs of liver damage, as 

shown by increased serum AST and partially bilirubin values, were treated by twice 

daily MB i.p. injections for eight days (Supplementary Table 2) [1]. Body weight, the liver 

damage markers serum AST and bilirubin, the mitochondrial function, structure as well 

as liver and mitochondrial copper load were analysed. All rats survive and gain body 

weight [1]. Elevated serum AST and bilirubin levels decrease to normal (AST <200 U/L, 

bilirubin <0.5 mg/dl) [1]. Mitochondrial ATP production recovered, reaching levels 

comparable to control rats (Figure 3-17). Atp7b-/- rats with massively increased serum 

AST and bilirubin values (termed as moribund) that receive no treatment, die within few 

days [1]. One such MB treated rat gains approximately 29% in body weight and shows a 

clearly improved structure of liver mitochondria in situ as well as isolated (Figure 3-16) 

[1]. Mitochondrial copper load decreases up to 85% (rat no. 3, Supplementary Table 2). 

Thus, in contrast to D-PA or TETA (Figure 3-13), MB treatment rescues diseased 

Atp7b-/- rats from acute liver failure and death with clear signs of liver regeneration [1]. 

 

Figure 3-16 Acute MB treatment normalises the structure of liver mitochondria in Atp7b
-/-

 
rats. 

Mitochondria, either isolated (left) or in situ (right) from an untreated (A) and MB treated (B) 
moribund Atp7b

-/-
 rat are shown. Only minor structural alterations are observed in MB treated 

Atp7b
-/-

 rats in contrast to the untreated rat. Scale bar: 500 nm. After Josef Lichtmannegger 
et al. (2016) Methanobactin reverses acute liver failure in a rat model of Wilson disease. J Clin 
Invest. 2016 Jul;126(7): p. 2721-35 

[1]
. 
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Figure 3-17 In contrast to D-PA and TETA, short-term MB treatment reverses ATP 
production in liver mitochondria isolated from Atp7b

-/-
 rats. 

Short-term MB treatment reverses impaired mitochondrial ATP production, whereas D-PA and 
TETA do not. Data are outlier corrected, n=number of measurements, (Co) control Atp7b

+/-
: 

n=47, 2x MB i.p.: n=7, (Af) affected Atp7b
-/-

: n=20, (Do) disease onset Atp7b
-/-

: n=14,  
(Di) diseased Atp7b

-/-
: n=8, D-PA: n=4, TETA: n=4, 5x MB i.p.: n=4, 16x MB i.p.: n=8. One-way 

ANOVA with Tukey’s multiple comparisons test. *Significant to control, 
§
significant to 5x MB i.p. 

*p<0.05, **p<0.01, ***p<0.001, ****p<0.0001. Adapted from Josef Lichtmannegger et al. (2016) 
Methanobactin reverses acute liver failure in a rat model of Wilson disease. J Clin Invest. 2016 
Jul;126(7): p. 2721-35 

[1]
. 

3.2.4 A new treatment strategy for Wilson disease using methanobactin 

WD is currently treated by the daily and lifelong administration of D-PA or TETA [33, 66, 

158, 166, 167, 172, 175, 265]. Termination of this treatment leads to acute liver failure in WD 

patients [33, 167, 174]. In section 3.2.2, it is shown that short-term MB treatment of Atp7b-/- 

rats prevents liver failure, reduces mitochondrial copper load and improves 

mitochondrial structure as well as ATP production. For how long does a single MB 

treatment cycle (five days) postpone the onset of liver failure in this WD rat model? 

This was analysed by a new treatment regimen in Atp7b-/- rats, consisting of short-term 

MB treatment (once daily on five consecutive days) followed by two to three weeks of 

observation [1]. In parallel to MB application, 1000 ppm zinc was given via the food [1], 

as this metal is clinically used for maintenance therapy in WD patients [33, 165, 177-180]. The 

disease progression was observed by measuring the liver damage markers serum AST 

and bilirubin. Upon MB treatment, serum AST and bilirubin values of all treated rats 

decrease to normal levels (AST <200 U/L, Figure 3-18A; bilirubin <0.5 mg/dl, data not 

shown) [1]. Both liver damage markers stay normal for at least two weeks [1], 

demonstrating a postponed disease onset in Atp7b-/- rats. Thereafter, AST levels and 

with a delay of one week bilirubin levels start to rise again [1]. At the time of analysis, 
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one animal is still healthy (rat no. 1), whereas the other two rats manifest different 

stages of liver disease (no. 2 and 3) [1]. The reoccurrence of increased serum AST and 

bilirubin values is in parallel with rising mitochondrial but not total liver copper load 

(Figure 3-18B) and progressing structural alterations of liver mitochondria 

(Figure 3-18C) [1]. As a result, a five days MB treatment cycle postpones disease onset 

in Atp7b-/- rats for at least two weeks. 

 

 

Figure 3-18 Short-term MB treatment postpones the onset of liver failure in Atp7b
-/-

 rats for 
at least two weeks. 

(A) Short-term treatment of Atp7b
-/-

 rats with MB (animal age at treatment start 
84–85 days) reduces and stabilises serum AST and bilirubin values (not shown) for at 
least two weeks. At the time of analysis, one animal (rat no. 1) is still healthy, whereas 
rats no. 2 and 3 are diseased. 

(B) Progression of liver and mitochondrial damage is paralleled by increasing 
mitochondrial copper load, whereas the copper concentration in liver homogenate is 
not affected. 5 days MB: N=5. 

(C) Reoccurrence of elevated serum AST levels and mitochondrial copper load is 
paralleled by progressing structural alterations of liver mitochondria isolated from rat 1 
to rat 3. Scale bar: 500 nm. 

Adapted from Josef Lichtmannegger et al. (2016) Methanobactin reverses acute liver failure in a 
rat model of Wilson disease. J Clin Invest. 2016 Jul;126(7): p. 2721-35 

[1]
. 
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In Atp7b+/- control rats, MB is detectable in the serum for only 30 minutes [1]. This allows 

for repetitive MB applications per day. MB was applicated to Atp7b-/- rats 

intraperitoneally on five consecutive days three times daily and followed by several 

weeks of drug-free observation (Table 3-2). This initial experiment was done to analyse 

whether decoppering of Atp7b-/- rat liver mitochondria can be optimised and whether 

disease onset of Atp7b-/- rats can be further postponed. Five Atp7b-/- rats as well as five 

age and sex-matched Atp7b+/- untreated controls were analysed regarding the liver 

damage markers serum AST and bilirubin, liver and mitochondrial copper load and 

mitochondrial ATP production [1]. Pairs of rats were analysed at experimental days 1, 8, 

29, 36 and 85, respectively (Table 3-2) [1]. At experimental day one, all animals are 

healthy as indicated by normal serum AST and bilirubin values (data not shown) [1]. The 

first Atp7b-/- rat shows a 10- to 70-fold increased copper load in liver mitochondria and 

homogenate, respectively, compared to the Atp7b+/- control rat (pair 1). This is 

paralleled by a 13% decreased ATP production compared to its Atp7b+/- control (data 

not shown) [1]. The remaining four Atp7b-/- rats received the first treatment cycle, 

consisting of three daily MB i.p. injections for five days [1]. After this week, all animals 

have normal serum AST values. A 40% reduction of copper load is measured at 

experimental day eight (pair 2) [1]. After three weeks of observation, copper increases 

back to the starting level (pair 3, experimental day 29) [1]. The second treatment cycle 

decreases copper loads to 25% of the starting level (pair 4, day 36) [1]. The last Atp7b-/- 

rat is observed for another seven weeks – during this time the rat stays healthy, as 

indicated by normal serum AST levels (pair 5, day 85) [1]. Liver and mitochondrial 

copper loads are similar to the Atp7b-/- rat at start of treatment [1]. Mitochondrial ATP 

production is decreased for 35% (data not shown). Using this treatment regimen, 

disease onset can be postponed in Atp7b-/- rats to more than 166 days of age, meaning 

a doubling of age when untreated Atp7b-/- rats become diseased [1]. 

This new treatment regimen, consisting of short intense decoppering treatment cycles 

and drug-free observation periods, indicates that the mitochondrial parameters copper 

concentration, structure and biochemical function can serve as early markers for 

disease progression in Atp7b-/- rats [1]. In Atp7b-/- rats, these parameters allow the 

evaluation of the treatment efficiency and reoccurrence of liver damage after treatment 

[1]. The repetitive MB injections show no toxic effects on Atp7b-/- rats. All rats gain body 

weight during treatment [1]. In contrast to the currently lifelong daily treatment regimen 

using D-PA or TETA in humans, MB treatment could be followed by drug-free 

observation periods without leading to the reoccurrence of immediate liver damage in 

Atp7b-/- rats [1]. 
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Table 3-2 A new treatment regimen, consisting of intense MB treatment (3x/d i.p.) 
cycles interrupted by drug-free observation periods, postpones the 
disease onset in Atp7b-/- rats to more than 166 days of age. 

A 77% reduced mitochondrial copper load is found in Atp7b
-/-

 rats after the second treatment 
cycle, paralleled by a disease-free state until experimental day 85 – corresponding to a doubling 
of age when untreated Atp7b

-/-
 rats become diseased 

[1]
. Adapted from Josef Lichtmannegger 

et al. (2016) Methanobactin reverses acute liver failure in a rat model of Wilson disease. J Clin 
Invest. 2016 Jul;126(7): p. 2721-35 

[1]
. 

 

Rat pair 1 2 3 4 5 

Atp7b genotype +/- -/- +/- -/- +/- -/- +/- -/- +/- -/- 

Age [d] 82 82 89 89 109 109 117 116 166 166 

Sex f f f f f f m m m m 

Ceruloplasmin [U/L] 234 8 227 1 194 1 163 0 188 0 

AST [U/L] Start - - - 88 - 110 - 94 - 88 

AST [U/L] End 118 113 93 88 78 86 90 83 137 109 

Body weight [g] Start - - - 156 - 151 - 258 - 278 

Body weight [g] End 170 179 163 155 186 177 349 291 413 357 

Cu [µg/mg protein] 

Homogenate 

Mitochondria 

 

0.013 

0.028 

 

0.917 

0.296 

 

0.014 

0.027 

 

0.593 

0.167 

 

0.012 

0.027 

 

1.001 

0.267 

 

0.013 

0.028 

 

0.226 

0.067 

 

0.014 

0.023 

 

1.019 

0.266 

 

3.3 Increasing mitochondrial copper load is paralleled by 

COX17 upregulation 

In section 3.1.2, it is shown that the mitochondrial copper load increases with disease 

progression of Atp7b-/- rats. In Atp7b-/- rats, the mitochondrial function can be 

maintained up to a mitochondrial copper load of approximately 7 nmol copper per mg 

mitochondrial protein [58, 152]. If Atp7b-/- rats become diseased, the mitochondrial copper 

load exceeds this point to be regulated, leading to the break down and massive 

functional impairments of liver mitochondria [58, 152]. This raises the question how 

mitochondria buffer progressing copper accumulation in WD. It is known that in Atp7b-/- 

rats mitochondrial copper reacts with thiol-containing proteins [152]. A detailed analysis, 

which mitochondrial proteins are involved in copper binding in WD, is absent. To 

address this issue, mitochondria from each two heterozygous control (Rats 1 and 2) 

and Atp7b-/- rat livers (Rats 3 and 4) were isolated. Protein subfractionation was done 

by sonication, gel filtration and anion exchange chromatography using a similar 

1 2 3 4 5 

Experimental day 1 5 29 33 
3x MB/d 3x MB/d Observation Observation 

Rat pair 

85 8 36 

Treatment 
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protocol described by Cobine et al. [139, 140]. Copper-rich fractions (Figure 3-19A) finally 

underwent proteomic analysis. 

 

Figure 3-19 Subfractionated Atp7b
-/-

 rat liver mitochondria have an increased copper load 
compared to Atp7b

+/-
 rats. 

(A) Scheme for subfractionation of isolated rat liver mitochondria. 
(B) Liver mitochondria isolated from copper-burdened Atp7b

-/-
 rats (rat 3 and 4) have an 

up to sevenfold increased mitochondrial copper load compared to Atp7b
+/-

 controls 
(rats 1 and 2). 

(C) Isolated rat liver mitochondria from (B) were sonicated and centrifuged over night. 
Determination of copper concentrations indicates a shift of copper from the pellet 
fraction to the supernatant. 

(D) Supernatant from (C) was used for gel filtration. Fractions two and three contain the 
highest amount of copper, indicating copper-binding proteins with a molecular weight 
greater than 6 kDa. 

(E) Fractions two and three from (D) were pooled and purified via an anion exchange 
column. Fractions three and four contain the highest amount of copper and are used 
for proteomic analysis. 

Liver mitochondria isolated from Atp7b-/- rats contain an approximately sevenfold 

increased copper load compared to mitochondria from Atp7b+/- rats (Figure 3-19B). 

After sonication of the mitochondria and centrifugation over night, increasing copper 

concentrations are detected in the supernatant with a concomitant decrease of the 

copper load in the pellet fraction of Atp7b-/- rat liver mitochondria (Figure 3-19C). In this 
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analysis, the supernatant is of interest, as copper-binding proteins, such as SOD1 or 

CCS1, are soluble proteins [266]. The supernatants were used for gel filtration, whereby 

fractions two and three contain the highest copper amount (Figure 3-19D). These data 

indicate, as specified by the manufacturer of the size exclusion column, copper-

containing proteins with a molecular weight of more than 6 kDa. Fractions two and 

three were pooled and subjected to anion exchange chromatography, upon which the 

highest copper concentrations are measured in fractions three and four (Figure 3-19E). 

Protein abundances from proteomic analysis were used for the identification of proteins 

that are related to the copper overload in WD. Therefore, it was analysed which 

proteins are enriched in fractions three and four from anion exchange chromatography 

relative to native mitochondria (IEX_F3/mitochondria and IEX_F4/mitochondria; 

proteomic analysis was done in close collaboration with Dr. Christine von Törne). The 

ratio for each fraction was compared among the two rat genotypes to identify proteins 

that are upregulated in copper-loaded Atp7b-/- rats compared to Atp7b+/- rats 

(Table 3-3). This calculation identifies 14 proteins to be upregulated in IEX_F3 and 

IEX_F4 in Atp7b-/- rats compared to Atp7b+/- rats. Out of these, COX17 is the only 

protein with known copper ion binding. It is about eightfold upregulated in Atp7b-/- rats 

compared to Atp7b+/- rats. Other mitochondrial proteins with a function in copper 

metabolism, such as SCO1, SOD1 and COX11 are either up- or downregulated in one 

of the two fractions or unregulated (Supplementary Table 3). Another point to consider 

is the appearance of electron-dense deposits within the IMS of liver mitochondria from 

diseased Atp7b-/- rats (Figure 3-4, Figure 3-16, Figure 3-18). As COX17 is localised 

within the IMS [11, 133, 139], this supports the hypothesis that these deposits may be 

copper-COX17 complexes. Due to these results, further analyses focus on the copper-

binding protein COX17. 

Table 3-3 Proteomic analysis of subfractionated rat liver mitochondria presents 
COX17 as an important protein for balancing the mitochondrial copper 
overload in Atp7b-/- rat liver mitochondria. 

Proteins that are upregulated in IEX_F3 and IEX_F4 from Atp7b
-/-

 rats compared to Atp7b
+/-

 
rats are listed. Additionally, the appropriate accession number, regulation, localisation and 
function of the proteins are denoted. Information about localisation and function are obtained 
from UniProt. 

Protein Accession No. Ratio -/- vs. +/- Localisation Function 

 IEX_F3 IEX_F4   

CHCHD4 (MIA40) 

(Mitochondrial intermembrane 

space import and assembly 

protein 40) 

Q5BJN5 577.44 10.28 IMS Protein import into IMS 
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Table 3-3 Proteomic analysis of subfractionated rat liver mitochondria presents 
COX17 as an important protein for balancing the mitochondrial copper 
overload in Atp7b-/- rat liver mitochondria. 

Protein Accession No. Ratio -/- vs. +/- Localisation Function 

 IEX_F3 IEX_F4   

LOC691083 

(Uncharacterised protein) 

D4AEL0 81.15 6.14 Mitochondrion Unknown 

ATPAF1 

(ATP synthase mitochondrial 

F1 complex assembly  

factor 1) 

NP_001101429 23.19 3.18 Mitochondrion Protein complex assembly 

RHOC  

(Transforming protein RhoA) 

P61589 21.84 3.66 Mitochondrion GTPase activity 

TTC19 

(Tetratricopeptide repeat 

protein 19) 

D4A6D7 14.52 4.19 MIM Component of the PAM 

complex (translocation of 

transit peptide-containing 

proteins from the MIM into 

the mitochondrial matrix in an 

ATP-dependent manner) 

PRDX3 

(Thioredoxin-dependent 

peroxide reductase) 

Q9Z0V6 7.36 2.34 Mitochondrion 

(human homologue: 

matrix) 

Redox regulation of the cell 

COX17 

(Cytochrome c oxidase 

assembly protein) 

NP_445992 6.97 8.90 IMS Copper chaperone activity, 

copper ion transport 

CAR5B 

(Carbonic anhydrase 5B) 

Q66HG6 5.89 2.53 Mitochondrion Reversible hydration of 

carbon dioxide 

FDX1 

(Adrenodoxin-like protein) 

P24483 5.80 4.96 Matrix Synthesis of various steroid 

hormones, iron ion binding 

COASY 

(Bifunctional coenzyme A 

synthase) 

NP_001006955 5.65 2.40 Matrix Coenzyme A biosynthetic 

process 

NUDT9 

(Nucleoside diphosphate-

linked moiety X motif 19) 

Q5XIG0 5.59 4.50 Mitochondrion 

(human homologue: 

matrix) 

Hydrolyses ADP-ribose 

(ADPR) to AMP and ribose 

5'-phosphate 

HDHD3 

(Haloacid dehalogenase-like 

hydrolase domain-containing 

protein 3) 

NP_001102981 4.89 3.79 Mitochondrion Hydrolase activity 

FAM82A2 

(Regulator of microtubule 

dynamics protein 3) 

Q66H15 3.57 2.81 MOM Cellular calcium homeostasis 

regulation 

ISCA2 

(Similar to HESB like domain 

containing 1 (RGD1563216)) 

NM_001109278 3.21 2.44 Mitochondrion Iron-sulfur cluster assembly 
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The increased COX17 abundance in Atp7b-/- rats raises the question of whether 

COX17 levels depend on the disease state of these rats and whether it is increased in 

WD patients as well. COX17 abundances were analysed in liver mitochondria isolated 

from Atp7b+/- controls, Atp7b-/- rats of progressing disease states and WD patients 

using immunoblot analysis (Figure 3-20). COX17 level is low in mitochondria isolated 

from Atp7b+/- control rats, increases approximately threefold in affected and 

approximately sixfold in diseased Atp7b-/- rats. COX17 abundances in liver 

mitochondria isolated from untreated WD patients are comparable to those of diseased 

Atp7b-/- rats. Liver mitochondria isolated from D-PA pretreated WD patients have a 

reduced COX17 amount compared to untreated WD patients (Figure 3-20B) which is in 

parallel with the reduced mitochondrial copper load (Figure 3-1). 

A Rat ID 1 2 3 4 5 6 7 8 
 Atp7b genotype +/- +/- +/- -/- -/- -/- -/- -/- 
 AST [U/L] 111 95 127 89 173 437 351 540 
 Bilirubin [mg/dl] <0.5 <0.5 <0.5 <0.5 <0.5 3.0 7.9 17.2 
 Mitochondrial Cu [µg/mg protein] 0.052 0.028 0.029 0.363 0.463 1.338 1.097 1.699 
 Disease state healthy affected diseased 

 

 

Figure 3-20 Protein amount of mitochondrial COX17 increases with disease progression of 
Atp7b

-/-
 rats and is comparable to that from WD patients. 

(A) Immunoblot analysis for COX17 in liver mitochondria isolated from Atp7b
+/-

 controls 
and different disease states of Atp7b

-/-
 rats. COX17 abundance increases with disease 

progression. 
(B) Quantification of COX17 amount normalised to the mitochondrial citrate synthase (CS, 

immunoblot) in liver mitochondria isolated from Atp7b
+/-

 controls and different disease 
states of Atp7b

-/-
 rats. As shown in (A), COX17 amount increases with disease 

progression. Similar COX17 amounts are detected for untreated WD patients (1 and 
2). D-PA pretreated WD patients (3 and 4) show reduced COX17 levels. (Co) control 
Atp7b

+/-
: N=8, (Af) affected Atp7b

-/-
: N=9, (Do) disease onset Atp7b

-/-
: N=9, 

(Di) diseased Atp7b
-/-

: N=5. One-way ANOVA with Tukey’s multiple comparisons test. 
*Significant to Atp7b

+/-
 control, **p<0.01. ▬ median, ♦ mean value, 25% and 75% 

quartile are indicated. 
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Immunohistochemistry staining of rat liver tissue with COX17 (done in close 

collaboration with Dr. Michaela Aichler, Claudia-Mareike Pflüger and Dr. Annette 

Feuchtinger) confirms the results obtained by immunoblot analyses (Figure 3-21). 

Scanned tissue sections were quantified using Definiens Developer. Cells were 

characterised due to their staining intensity into (1) unstained, (2) low staining, (3) 

middle intensity and (4) strong staining. State 3 and 4 are quantified for Figure 3-21B. 

Liver tissues from Atp7b+/- rats show very low detection of COX17 positive cells, 

whereas the amount of COX17 stained cells increases with disease progression of 

Atp7b-/- rats. These data show that COX17 upregulation is in parallel with the 

mitochondrial copper load and disease progression of Atp7b-/- rats, in agreement with a 

potential copper-buffering role for COX17 in mitochondria from Atp7b-/- rats (see 

section 3.4). 

 

Figure 3-21 Amount of COX17 positive liver cells increases in liver tissue with disease 
progression of Atp7b

-/-
 rats. 

(A) Immunohistochemical staining for COX17 of rat liver tissue. Heterozygous control 
tissues show a few COX17 positive cells, whereas in liver tissues from Atp7b

-/-
 rats 

amount of COX17 positive cells increases with rising mitochondrial copper load and 
disease progression. Each one out of three experiments is shown. Scale bar: 20 µm. 

(B) Quantification of COX17 immunohistochemical staining from (A). Medium and strongly 
stained cells are summed up. N=3, each. (Co) control Atp7b

+/-
, (Af) affected Atp7b

-/-
, 

(Do) disease onset Atp7b
-/-

, (Di) diseased Atp7b
-/-

. One-way ANOVA with Tukey’s 
multiple comparisons test. *Significant to Atp7b

+/-
 control, 

#
significant to Atp7b

-/-
 

affected, 
†
significant to Atp7b

-/-
 disease onset. *p<0.05, **p<0.01, ***p<0.001. 
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In liver mitochondria from copper-loaded Atp7b-/- rats, copper possibly alters 

interactions among proteins. To identify interaction partners of COX17 in situations with 

elevated copper such as WD, immunoprecipitation for endogenous COX17 was 

performed using liver mitochondria isolated from Atp7b+/- and diseased Atp7b-/- rats 

followed by proteomic analysis of the bead fraction (containing COX17 protein, 

antibody against COX17 and beads; Figure 3-22). COX17 is enriched in liver 

mitochondria from both genotypes, whereby COX17 amount is higher in liver 

mitochondria from Atp7b-/- rats compared to Atp7b+/- controls (Figure 3-22A). The bead 

fraction from Atp7b-/- rat liver mitochondria contains an approximately fourfold higher 

copper amount (Figure 3-22B left) paralleled by an approximately threefold increased 

COX17 abundance (Figure 3-22B right) compared to the bead fraction from Atp7b+/- rat 

liver mitochondria. Possible interaction partners of COX17 are identified according to 

the following evaluation and are summarised in Figure 3-22C: 

1) proteins were detected in all three replicates of the bead fraction of the two groups 

(Atp7b+/- and Atp7b-/- rat liver mitochondria, respectively), 

2) abundances of the proteins in the two groups were referred to the COX17 

abundance of the respective group (defined as relative protein abundance), 

3) relative protein abundances from the Atp7b-/- group were referred to the relative 

protein abundance of the Atp7b+/- group to identify proteins that are enriched in 

mitochondria with copper overload (proteins with a threshold >1.5), and 

4) possible interaction partners were localised within the mitochondrial intermembrane 

space or the mitochondrial inner membrane to interact with COX17. 

Two of the four listed proteins, the acyl-CoA dehydrogenase family member 11 

(ACAD11) and the MICOS subunit Mic25 (CHCHD6, marked in bold), are located at 

mitochondrial membranes (Figure 3-22C). ACAD11 is involved in β-oxidation and 

CHCHD6 is involved in maintaining the mitochondrial ATP production and cristae 

structure. In Atp7b-/- rats, liver mitochondria present with progressing structural 

(Figure 3-3) and functional impairments, including reduced stability of the MMP 

(Figure 3-8) and a reduced capacity for ATP production (Figure 3-9). Not only CHCHD6 

[267, 268], but also COX17 [142] is involved in the mitochondrial contact site and cristae 

organisation system (MICOS). Thus, CHCHD6 would be of particular interest as an 

interaction partner for COX17. 
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C     

Protein Accession 

No. 

Ratio 

-/- vs. +/- 

normalised to 

COX17 

Localisation Function 

ACAD11 
(Acyl-CoA dehydrogenase 

family, member 11) 

1306270 3.51 Mitochondrial inner 

membrane 

Fatty acid β-oxidation using 

acyl-CoA dehydrogenase 

(maximal activity towards 

saturated C22-Co) 

ACO2 
(Aconitase 2) 

621360 3.06 Mitochondrion 
(human homologue: 

matrix) 

Tricarboxylic acid cycle 

GLDC 
(glycine dehydrogenase 

(decarboxylating)) 

1308660 2.06 Mitochondrion 
(human homologue: 

matrix) 

Pyridoxal phosphate binding 

CHCHD6 

(MICOS complex subunit 

Mic25) 

D4A7N1 1.92 Mitochondrial inner 

membrane 

Maintaining mitochondrial 

cristae morphology, ATP 

production and oxygen 

consumption 

Figure 3-22 ACAD11 and CHCHD6 are possible interaction partners of COX17 in situations 
with elevated copper, such as Wilson disease. 

(A) Immunoblot analysis of COX17 confirms its enrichment in the bead fraction from 
diseased Atp7b

-/-
 rats and heterozygous controls. COX17 level is much higher in 

Atp7b
-/-

 rats compared to Atp7b
+/-

 rats. N=3. P: pellet, I: input, F: flow, B: beads. 
(B) Bead fraction from (A) is analysed for copper load (left) and COX17 abundance using 

proteomic analysis (right). Due to COX17 immunoprecipitation, COX17 is confirmed to 
be upregulated in Atp7b

-/-
 rats paralleled by an increased copper load. Unpaired  

two-tailed Student’s t-test with Welch’s correction. *Significant to Atp7b
+/-

, *p<0.05. 
(C) Possible interaction partners of COX17 in WD. CHCHD6 (marked in bold) would be of 

particular interest, as it is involved in maintaining the mitochondrial structure and ATP 
production. Abundances of the proteins were normalised to the abundance of COX17 
of the respective genotype (Atp7b

+/-
 or Atp7b

-/-
, respectively). The ratio from the 

consequential values from Atp7b
-/-

 versus Atp7b
+/-

 was used to analyse which proteins 
are in relation to WD. Information about localisation and function of the proteins are 
obtained from UniProt. 
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3.4 COX17 upregulation is simulated in Cu-His treated 

HepG2 WT cells 

In section 3.3, COX17 is found to be upregulated in liver mitochondria isolated from 

Atp7b-/- rats with disease progression. Here, the question is addressed whether COX17 

upregulation due to increasing mitochondrial copper load is protective or damaging for 

these organelles. Simulating an increasing mitochondrial copper load was done by 

treating human hepatocytes (HepG2 cells) with a copper-histidine solution (Cu-His). 

3.4.1 Millimolar Cu-His concentrations are toxic to HepG2 WT cells 

First, the susceptibility of HepG2 wild type (WT) cells towards Cu-His was analysed 

using neutral red and CellTiterGlo assay to determine a non-toxic copper concentration 

after 24 hours of treatment. Viable cells take up neutral red, whereas non-viable cells 

do not [220]. CellTiterGlo assay uses luciferase to measure cellular ATP content [221]. In 

contrast to dead cells, living cells produce ATP [221]. Figure 3-23 demonstrates that 

10 µM Cu-His (0.2 nmol copper per 105 cells) is not toxic to HepG2 WT cells after 

24 hours of treatment, as shown by an unaffected vitality (Figure 3-23A) and ATP 

content (Figure 3-23B) of these cells. HepG2 WT cells are sensitive towards increasing 

Cu-His concentrations after 24 hours of treatment. Millimolar concentrations of Cu-His 

reduce cellular vitality for 38% and ATP content for 30%. No toxic effects on WT cells 

are observed with histidine alone (data not shown). 

 

Figure 3-23 Millimolar Cu-His concentrations are toxic to HepG2 WT cells. 

Neutral red assay (A) and ATP content (B) for HepG2 WT cells treated for 24 hours with 
increasing Cu-His concentrations. Millimolar concentrations of Cu-His reduce cellular viability for 
22–38% and ATP content for 15–29%. Neutral red assay: N=5, n=15. CellTiterGlo assay: N=3, 
n=9. One-way ANOVA with Tukey’s multiple comparisons test. *Significant to control, *p<0.05, 
***p<0.001, ****p<0.0001. 
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The concentration of 0.2 nmol copper per 105 cells (Table 2-13, here meaning 15 µM 

Cu-His) was used to assess the cellular vitality and proliferation for up to 48 hours of 

treatment (Table 3-4). The number of control cells increases threefold, whereas the 

number of Cu-His treated cells increases approximately twofold within 48 hours of 

treatment, meaning a 34% reduced cellular proliferation compared to control cells. 

Treating HepG2 cells for 48 hours with Cu-His reduces vitality for 25%. These data 

show that Cu-His (in concentrations that are not acutely toxic to HepG2 cells) reduces 

cellular vitality and proliferation, leading to the question of whether this is due to copper 

accumulation within cells and mitochondria. 

Table 3-4 15 µM Cu-His reduces cellular proliferation and vitality of HepG2 WT 
cells for approximately 30%. 

Parameter Treatment 

[hours] 

Condition * Change [%] 

relative to control 

Cellular proliferation 

*[Cell number x 105 cells/well] 

N=3 

24 Control 0.21  

48 Control 0.32  

24 15 µM Cu-His 0.16 -25.9 

48 15 µM Cu-His 0.21 -33.8 

Vitality 

*[%] 

N=3 

24 Control 82  

48 Control 86  

24 15 µM Cu-His 82 0.0 

48 15 µM Cu-His 65 -24.4 

 

3.4.2 Treatment of HepG2 WT cells with rising Cu-His concentrations 

raises cellular and mitochondrial copper load 

Millimolar concentrations or prolonged treatments with Cu-His are toxic to HepG2 WT 

cells. For comparison, in Atp7b-/- rats, progressive copper accumulation in liver and 

mitochondria lead to mitochondrial structural alterations and functional impairments. 

Toxic effects of Cu-His on HepG2 WT cells are possibly due to increased copper 

accumulation within cells or mitochondria. To address this issue, HepG2 WT cells were 

treated for 24 hours with non-toxic Cu-His concentrations and cellular and 

mitochondrial copper concentrations were measured using ICP-OES. With increasing 

Cu-His concentration, cellular copper load raises in HepG2 WT cells (Figure 3-24A). At 

least, 15 µM Cu-His (0.2 nmol copper per 105 cells) is necessary to induce a 

significant, 38-fold increase in cellular copper load (0.3627 µg copper per 1 x 106 cells) 

compared to control cells (0.0096 µg copper per 1 x 106 cells). Due to this significant 
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increase in cellular copper load but non-toxic effects on HepG2 WT cells after 24 hours 

of treatment, this concentration is used for the following analyses. The mitochondrial 

copper load was measured in mitochondria isolated from control cells and 24 hours 

15 µM Cu-His treated cells. Cu-His treatment of the cells raises the mitochondrial 

copper concentration twelvefold to approximately 1.4 µg copper per mg protein 

(Figure 3-24B). This mitochondrial copper load is comparable to liver mitochondria 

isolated from diseased Atp7b-/- rats. 

 

Figure 3-24 Treatment of HepG2 WT cells with increasing Cu-His concentrations induces a 
raise in cellular and mitochondrial copper load. 

(A) Treating HepG2 WT cells with increasing Cu-His concentrations progressively raises 
cellular copper concentrations. At least, a concentration of 15 µM Cu-His is necessary 
to reach cellular copper concentrations comparable to liver homogenate from Atp7b

-/-
 

rats. N=4. One-way ANOVA with Tukey’s multiple comparisons test. *Significant to 
control, ****p<0.0001. 

(B) Treating HepG2 WT cells with 15 µM Cu-His significantly raises the mitochondrial 
copper load up to twelvefold. The mitochondrial copper load of approximately 1.4 µg 
Cu per mg protein is comparable to liver mitochondria isolated from diseased Atp7b

-/-
 

rats. N=3. Unpaired two-tailed Student’s t-test with Welch’s correction. *Significant to 
control, **p<0.01. 

3.4.3 Cu-His treatment of HepG2 WT cells increases cellular and 

mitochondrial COX17 abundance 

In Atp7b-/- rats, a rising copper load of the liver mitochondria is paralleled by an 

increasing abundance of COX17 (Figure 3-1, Figure 3-20). Thus, the question is of 

whether the increasing cellular and mitochondrial copper load in Cu-His treated HepG2 

WT cells is paralleled by an upregulation of COX17. HepG2 WT cells were treated with 

increasing Cu-His concentrations (see section 3.4.2) and lysed for immunoblot 

analysis. Figure 3-25A shows an approximately two- to threefold increasing COX17 

abundance with rising Cu-His concentrations in HepG2 WT cells. In mitochondria 

isolated from 24 hours 15 µM Cu-His treated HepG2 WT cells, COX17 abundance 
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increases approximately twofold relative to mitochondria isolated from control cells 

(Figure 3-25B). These data demonstrate that increasing mitochondrial copper load is 

paralleled by an upregulation of COX17 in mitochondria isolated from Cu-His treated 

HepG2 WT cells as observed in Atp7b-/- rat liver mitochondria. 

 

Figure 3-25 Treating HepG2 WT cells with increasing Cu-His concentrations raises cellular 
and mitochondrial abundance of COX17. 

(A) Treating HepG2 WT cells with increasing Cu-His concentrations progressively raises 
cellular COX17 level compared to control cells. N=4. Normalised to actin. 

(B) Mitochondria isolated from 15 µM Cu-His treated HepG2 WT cells have an 
approximately 2.5-fold increased level of COX17. Normalised to the mitochondrial 
citrate synthase (CS). N=3. Unpaired two-tailed Student’s t-test with Welch’s 
correction. *Significant to control, *p<0.05. 

3.4.4 COX17+ cells are less susceptible towards Cu-His than COX17- 

cells 

As shown in section 3.3, upon progressive copper accumulation in liver tissue and liver 

mitochondria from Atp7b-/- rats, COX17 is upregulated. A similar result is found in 

Cu-His treated HepG2 WT cells (section 3.4.3). These data indicate a potentially 

protective role of COX17 towards excess copper in mitochondria. To corroborate this 

hypothesis, HepG2 cells were modified as follows: 

1) HepG2 WT cells were treated with siRNA against COX17 (COX17-) to 

downregulate the protein abundance and 

2) HepG2 WT cells were transfected with pcDNA3.1(+) with human COX17 

(COX17+) to upregulate the abundance of this protein. 
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3.4.4.1 Establishing COX17 knockdown and overexpression 

Establishing COX17 knockdown and overexpression was done under the supervision 

of Dr. Michelle Vincendeau. HepG2 cells were reverse transfected with siRNA 

(nonsilencing RNA or siCOX17) or vector (containing or not containing COX17). 

24 hours post-transfection cells received fresh medium and were incubated up to 48 

and 72 hours post-transfection. COX17 expression level was analysed by quantitative 

real-time PCR (qRT-PCR) from RNA isolated from transfected cells 48 and 72 hours 

post-transfection as these time points are relevant to the performed experiments. 

Expression level of COX17 was normalised to the RNA of the house-keeping enzyme 

RNA polymerase II (RPII) [252]. Normalised expression level was further calculated 

relative to the controls not influencing COX17 expression – nonsilencing RNA or empty 

vector, respectively. Another aliquot of cells was lysed for immunoblot analysis and 

protein abundance was normalised to GAPDH as loading control [269]. 

For COX17 knockdown, HepG2 cells were reverse transfected with three different 

siRNAs against COX17 using Lipofectamin RNAiMAX on day one. Out of the three 

tested siRNAs, the first induces massive cell death and the second cannot reduce 

expression of COX17 (data not shown). Only siRNA3 shows no toxic effects while 

inducing knockdown of COX17 for 90–95% 48 to 72 hours post-transfection 

(Figure 3-26). Similar results are obtained on immunoblot analysis (Figure 3-26B). Due 

to these results, siRNA3 is used for all other COX17 knockdown experiments. 

 

Figure 3-26 Knockdown of COX17 in HepG2 cells reduces COX17 level for up to 95% 
relative to the nonsilencing control. 

(A) Transfecting HepG2 cells with siCOX17 induces an approximately 90–95% reduction 
of COX17 48–72 hours post-transfection. Expression level of COX17 is normalised to 
RNA polymerase II (RPII). Values are further related to the respective expression level 
of the nonsilencing control RNA (Nonsil) at 48 and 72 hours post-transfection. N=2. 

(B) Immunoblot analyses of siCOX17 transfected HepG2 cells 48 and 72 hours 
post-transfection. COX17 (~7 kDa) is efficiently downregulated using siCOX17 
compared to cells transfected with nonsilencing control RNA (Nonsil). One out of two 
experiments is shown. 
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For overexpression, COX17 was specifically amplified and cloned into pcDNA3.1(+) 

vector without any tags as this construct is the least modified. Vector with COX17 insert 

was reverse transfected into HepG2 cells on day one using Fugene [270]. 48 to 72 hours 

post-transfection COX17 mRNA is increased about 200-fold (Figure 3-27A) and protein 

is increased about twofold relative to the empty vector control (Figure 3-27B). 

 

Figure 3-27 Overexpression of COX17 in HepG2 cells increases cellular COX17 level up to 
2.5-fold relative to the vector control. 

(A) Transfecting HepG2 cells with pcDNA3.1(+) vector containing human COX17 insert 
increases COX17 expression approximately 200-fold 48–72 hours post-transfection. 
Expression level of COX17 is normalised to RNA polymerase II (RPII). Values are 
further related to the respective expression level of the empty vector control at 48 and 
72 hours post-transfection. N=2. 

(B) Immunoblot analyses of COX17 overexpressed HepG2 cells 48 and 72 hours  
post-transfection. COX17 is upregulated using pcDNA3.1(+)-COX17 compared to 
cells transfected with empty vector control. One out of two experiments is shown. 
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3.4.4.2 COX17 protects HepG2 cells against toxic Cu-His 

The effects of COX17 knockdown and overexpression on HepG2 cells were analysed 

to address the question of whether COX17 upregulation is a buffering system for 

balancing elevated cellular copper concentrations. Cellular proliferation and vitality of 

untreated and Cu-His treated COX17- and COX17+ cells were analysed time- and 

dose-dependently and compared to the respective control cells (HepG2 cells 

transfected with nonsilencing RNA for COX17- cells, HepG2 cells transfected with 

empty pcDNA3.1(+) vector for COX17+ cells; Table 3-5, Supplementary Figure 3). 

Cells were treated for 24 to 48 hours with medium containing or not containing Cu-His. 

At standard subcultivation conditions, 48 hours after treatment cellular proliferation of 

COX17- cells is reduced for 21% and vitality is reduced for 10% compared to control 

cells (Table 3-5). 48 hours post-treatment, proliferation of COX17+ cells is increased 

for about 26% compared to the control cells, whereas vitality is reduced for 7.5% in 

COX17+ cells compared to control cells. 

Treating COX17- cells with 15 µM Cu-His reduces cellular proliferation for 37% and 

cellular vitality for 11% 48 hours post-treatment compared to HepG2 cells transfected 

with the nonsilencing control RNA. 15 µM Cu-His treated COX17+ cells show an 9% 

increased cellular proliferation and a 15% increased cellular vitality 48 hours post-

treatment compared to control cells. 

The treatment of COX17- cells with increasing Cu-His concentrations progressively 

reduces cellular vitality. Millimolar Cu-His concentrations reduce the amount of viable 

cells for 25% compared to control cells. For COX17+ cells, high Cu-His concentrations 

have no effect on cellular vitality compared to control cells. 

These data show that COX17+ cells are less susceptible towards 48 hour treatment 

with 15 µM Cu-His or higher concentrations of Cu-His for 24 hours than COX17- cells. 

Therefore, COX17 protects HepG2 cells against toxic effects of elevated copper 

concentrations. 
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Table 3-5 COX17- cells are more susceptible towards Cu-His treatment than 
COX17+ cells. 

COX17 knockdown inhibits cellular proliferation under standard subcultivation conditions and 
15 µM Cu-His, and reduces vitality towards rising Cu-His concentrations in HepG2 cells 
compared to HepG2 cells transfected with the nonsilencing control RNA (marked in italic). 
COX17 overexpression promotes cellular proliferation under standard subcultivation conditions 
and improves tolerance of 15 µM Cu-His 48 hours post-treatment compared to cells transfected 
with the empty vector control. Regarding increasing Cu-His concentrations, 24 hours post-
treatment no alterations are measured for cellular vitality of COX17+ cells compared to the 
empty vector control. Negative values indicate a reduction, whereas positive values indicate an 
improvement relative to the respective control. N=3–4, n=6–8. 

Assay Treatment 

[hours] 

Condition Change [%] relative to 

control 

COX17- COX17+ 

Cellular proliferation 24 Standard subcultivation 

condition 

-17.7 -3.0 

 48 Standard subcultivation 

condition 

-20.9 +25.6 

Vitality 24 Standard subcultivation 

condition 

-1.5 -2.4 

 48 Standard subcultivation 

condition 

-9.8 -7.5 

Cellular proliferation 24 15 µM Cu-His -2.7 +4.7 

 48 15 µM Cu-His -37.0 +8.7 

Vitality 24 15 µM Cu-His -2.3 +4.2 

 48 15 µM Cu-His -11.1 +14.7 

Vitality 24 0.02 µM Cu-His +3.7 +4.6 

 24 2 µM Cu-His +0.0 +1.3 

 24 10 µM Cu-His +1.8 +0.2 

 24 200 µM Cu-His -7.7 +0.1 

 24 1000 µM Cu-His -15.5 -2.6 

 24 2000 µM Cu-His -24.6 -2.1 
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4 Discussion 

4.1 The LPP rat as an animal model for studying alterations 

of liver mitochondria in Wilson disease 

The first part of this thesis aimed to further understand liver mitochondrial alterations in 

Wilson disease (WD) by using the LPP rat as an animal model. The LPP rat used in 

this study carries a loss-of-function mutation in the Atp7b gene [2], resulting in impaired 

copper excretion via the bile [49, 53] and copper accumulation within the liver, leading to 

acute liver failure and death of these animals [152]. As this animal model bears the same 

genetic dysfunction as human WD patients [2], it is a valid model to analyse alterations 

of liver mitochondria in WD. 

4.1.1 Liver mitochondrial damage in diseased Atp7b-/- rats is highly 

comparable to that observed in Wilson disease 

The liver damage markers serum aspartate aminotransferase (AST) and bilirubin were 

used to classify Atp7b-/- rats into progressing disease states: affected (AST <200 U/L, 

bilirubin <0.5 mg/dl), disease onset (AST >200 U/L, bilirubin <0.5 mg/dl) and diseased 

(AST >200 U/L, bilirubin >0.5 mg/dl; Table 3-1) [1]. In a previous study, 

immunohistochemical analysis of the liver tissue from Atp7b-/- rats showed increasing 

liver tissue damage with disease progression [1]. The increased level of liver damage 

markers observed in Atp7b-/- rats was paralleled by an approximately 40- to 100-fold 

higher copper accumulation in liver mitochondria and liver homogenate compared to 

Atp7b+/- control rats (Figure 3-1). Liver copper values are comparable to a previous 

study, in which this parameter was not related to defined disease states but to the 

increasing age of rats [152]. In this thesis, it was demonstrated that copper 

concentrations in liver homogenate and liver mitochondria isolated from untreated WD 

patients are similar to those from diseased Atp7b-/- rats (Figure 3-1) [1]. Electron 

micrographs of liver mitochondria isolated from WD patients and diseased Atp7b-/- rats 

showed identical structural alterations (Figure 3-2), such as separation of the inner and 

outer mitochondrial membrane, cristae dilations, brightening of the normally electron-

dense matrix and several vacuoles [1]. Such mitochondrial structural alterations were 

described from WD patient samples by Sternlieb et al. [33, 58, 70-72, 143-145]. Thus, the 

Atp7b-/- rat demonstrates mitochondrial features characteristic for WD. 

In the present study, liver samples from four WD patients were included [1]. Two of the 

WD patients received no treatment prior to liver transplantation. The other two patients 
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received D-penicillamine (D-PA) treatment but, as this treatment could not prevent the 

development of acute liver failure, both patients underwent liver transplantation [1]. Liver 

homogenate and liver mitochondria from D-PA pretreated WD patients show a three- to 

fourfold reduction in copper load compared to untreated WD patients (Figure 3-1). The 

clinically used copper chelating agent D-PA slowly reduces body copper stores (it is six 

to twelve months until urinary copper excretion is within the normal range) [56], but D-PA 

is often ineffective in patients with chronic WD and fails to rescue WD patients with 

acute fulminant hepatitis and liver failure, as exemplified by the two included D-PA 

pretreated WD patients [1, 33, 34, 65, 66, 271]. The majority of mitochondria from D-PA 

pretreated WD patients showed massive structural impairments (Figure 3-2) [1]. Even 

so, some regions still contain mitochondria without these structural alterations, 

demonstrating an at least partial improvement of the mitochondrial structure 

(Figure 3-2) [1]. D-PA is described to be successful in reversing WD symptoms and 

mitochondrial structure back to normal, but only if treatment starts before the onset of 

clinical symptoms [72, 152, 168, 169]. The heterogeneity of the mitochondrial structure in 

D-PA pretreated WD patients possibly results from the lack of homogeneity and the 

highly fibrotic nature of liver tissue [1]. If D-PA treatment fails, not only structural [33, 58, 70-

72, 143-145], but also biochemical impairments can be observed in liver mitochondria from 

WD patients [59]. As Gu et al. excluded toxic effects of D-PA on liver mitochondria [59], 

the mitochondrial impairments might be due to the still increased mitochondrial copper 

load [59, 70-73]. This is in line with results obtained from liver mitochondria isolated from 

D-PA treated Atp7b-/- rats (Figure 3-15). The ineffectiveness of D-PA in short-term 

treatments to decopper liver mitochondria and to prevent disease progression in severe 

cases of WD defines a medical need for new therapies in WD. 

4.1.2 The detrimental effect of mitochondrial copper overload in Atp7b-/- 

rats 

With increasing mitochondrial copper load, mitochondrial membrane fluidity was 

progressively reduced at the lipid-water interface (TMA-DPH [230-232]), but not at the 

membrane inner-lipid-phase (DPH [230-232], Figure 3-5), thus specifically impairing the 

mitochondrial membrane surface [1]. This can be explained by increasing copper 

deposition to mitochondrial membrane proteins [1, 152]. Copper mediates the oxidation of 

cysteine residues, leading to the formation of stable disulfide bonds within [272] and 

crosslinks among proteins [152], thereby possibly reducing mitochondrial membrane 

fluidity. 

The increasing mitochondrial copper load together with the reduced mitochondrial 

membrane fluidity impair the organelles ability to unfold their inner membrane upon 
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elicitation of the cation-induced mitochondrial permeability transition (MPT; Figure 3-6, 

Figure 3-7) [1, 258]. Exposing mitochondria to cations, such as calcium or copper, leads 

to an increase of the mitochondrial inner membrane (MIM) permeability [236, 237, 240], 

allowing molecules and ions smaller than 1.5 kDa to enter the matrix [236, 238, 240]. The 

increasing ion concentration within the matrix, and the concomitant increased water 

influx, lead to matrix swelling [237, 241], MIM unfolding and finally to mitochondrial outer 

membrane permeabilisation (MOMP) and rupture [239, 241, 242]. The extent of swelling of 

mitochondria from Atp7b-/- rats was increasingly impaired with disease progression of 

these rats relative to mitochondria from heterozygous controls (Figure 3-6) [1]. 

Triggering copper-loaded liver mitochondria isolated from Atp7b-/- rats with 100 µM 

Ca2+ has already been shown to reduce the extent of swelling [273]. Perhaps the 

massive copper deposition at the mitochondrial membrane surface inhibits 

mitochondria from undergoing the full extent of swelling upon the permeability transition 

[273]. Typically, a calcium-induced MPT can be efficiently blocked by cyclosporine A 

(CysA) [274], as this agent binds to cyclophilin D (CypD) [1, 260, 261, 275-277], preventing the 

opening of the mitochondrial permeability transition pore (MPTP, consisting of FO 

dimers of the ATP synthase and requiring inorganic phosphate; cyclophilin D binds to 

the FO subunit of the ATP synthase [278-280]) localised within the mitochondrial 

membranes [259, 260]. In Atp7b-/- rats, the ability of CysA to prevent MPT was reduced 

with disease progression of the rats [1]. Two explanations for this are that copper could 

crosslink CypD to the MPT pore or, it may instead bind to the CysA binding site of 

CypD [273]. Both possibilities would inhibit the binding of CysA to CypD and thus, MPT 

induction cannot be prevented [273]. In order to further explore the role of copper in 

MPT, future studies could distinguish between these possibilities. 

Increasing copper deposition at mitochondrial membranes has biochemical 

consequences [1]. Liver mitochondria isolated from Atp7b-/- rats lost their MMP much 

earlier compared to mitochondria from Atp7b+/- control rats (Figure 3-8) [1]. A permeable 

MIM would impair electron transport via the mitochondrial electron transport chain [281]. 

Moreover, the formation of pores (MPTP) within the MIM would dissipate the proton 

gradient across the membrane [281, 282]. Both possibilities would reduce the 

mitochondrial transmembrane potential, leading to reduction of mitochondrial ATP 

production [281]. Hosseini et al. discussed that the oxidation of mitochondrial 

membranes leads to the disruption of the mitochondrial energy transfer chain, 

dissipation of the MMP and a reduction in mitochondrial ATP production [281]. 

Measurement of the mitochondrial respiration would answer the question of whether 

MIM becomes increasingly permeable due to copper overload [211]. However, Sokol 

et al. found that coupling of electron transport and ATP production is not affected in 
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copper-loaded rat liver mitochondria, indicating that increasing mitochondrial copper 

load does not affect the permeability of the mitochondrial inner membrane [211]. Rather, 

it is more likely that the electron transport chain itself is impaired, possibly due to an 

altered structure or composition of the MIM [211]. The reduced MMP stability indicates 

impaired mitochondrial membrane integrity. The less stable MMP was paralleled by a 

decreased capacity of liver mitochondria isolated from Atp7b-/- rats to produce ATP 

(Figure 3-9) [1]. This relation increases with disease progression of Atp7b-/- rats [1]. This 

might be explained by an enforced interaction of copper with the adenine nucleotide 

transporter (ANT) located at the MIM [283, 284]. ANT has pairs of cysteine residues that 

have been shown to be attacked by copper [152, 283, 284]. Consequently, the exchange of 

ATP and ADP across the MIM would be impaired [109, 283, 285], leading to an imbalance of 

cytosolic energy consumption and mitochondrial energy formation [111, 112]. 

The presented results show that the structural and functional mitochondrial 

impairments progress with rising mitochondrial copper load and disease progression in 

LPP Atp7b-/- rats [1]. Consequently, a reduction of the mitochondrial copper load may 

recover the mitochondrial structure and function [1]. This might be achieved by 

compounds with a high affinity for copper, such as those discussed in detail in the next 

section. 

4.2 Methanobactin – a highly efficient treatment prevents 

disease progression in a Wilson disease rat model 

The second part of this thesis focused on the treatment of LPP Atp7b-/- rats with the 

bacterial peptide methanobactin (MB). This copper chelator has a much higher affinity 

for copper (>10-21 M [209]) than mitochondrial copper-binding proteins in eukaryotic cells 

(10-12–10-15 M [138]), making this compound a strong candidate for treating WD [1]. 

4.2.1 Methanobactin efficiently decoppers HepG2 cells 

The cellular toxicity of MB was compared to D-PA, TETA and TTM (Figure 3-10, 

Figure 3-11). 1 mM D-PA and TETA as well as 0.5 mM MB did not affect viability of 

HepG2 cells, whereas 0.5 mM TTM reduced cellular viability for approximately 50%, 

demonstrating that TTM is more toxic than the other tested copper chelators [1]. MB 

induced an intermediate reduction of the mitochondrial transmembrane potential after 

two hours of treatment, but this is reversed after six hours of treatment [1]. On the 

contrary, 50 µM TTM was not toxic in neutral red assay (Figure 3-10) but significantly 

impaired cytochrome c oxidase activity in isolated rat liver mitochondria [1] and several 

cell lines [286], and 10 µM TTM irreversibly impaired the MMP (Figure 3-11), confirming 
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the higher toxicity of TTM compared to MB [1]. This could be explained by a higher 

affinity of TTM for copper, leading to the decoppering of the cytochrome c oxidase [287, 

288] – the mitochondrial copper-dependent complex that maintains MMP [91, 95, 101, 114-126]. 

Moreover, TTM forms insoluble complexes with copper that could possibly be toxic [33, 

188, 189]. In animals, due to its high copper affinity, TTM may even induce copper 

deficiency [287, 288]. 

For the evaluation of decoppering efficiency of the above mentioned copper chelators 

on copper preloaded HepG2 cells, the following non-toxic concentrations were used: 

1 mM D-PA and TETA, 0.5 mM MB and 10 µM TTM. 0.5 mM MB significantly reduced 

cellular copper load for approximately 30% after 24 hours of treatment (Figure 3-12), 

whereas the other copper chelators did not significantly reduce the cellular copper load. 

These data are in agreement with the approximately 50% reduction in copper load in 

isolated Atp7b-/- or copper-preloaded control rat liver mitochondria using MB or TTM, 

whereas D-PA and TETA do not reduce the mitochondrial copper load [1]. In contrast to 

D-PA, TETA and TTM, MB reduced liver copper concentration on the whole organ level 

by about 25% [1]. During liver perfusion experiments in Atp7b-/- rats, MB-bound copper 

was excreted largely via the bile – the major physiological excretion route for copper [1]. 

D-PA and TETA direct copper to the urine [158, 175] and TTM leads to the formation of 

precipitates within the liver [33, 188, 189]. Thus, these results point to a superior therapeutic 

effect of MB versus other copper chelators towards an efficient decoppering associated 

with low toxicity and physiological copper excretion. 

4.2.2 Short-term methanobactin treatment prevents acute liver failure in 

Atp7b-/- rats 

To test for efficient decoppering of liver mitochondria via MB in vivo, the effects of 

short-term treatment were investigated in Atp7b-/- rats. Instead of the typical WD 

treatment regimen comprising long-term oral application of D-PA or TETA, a short-term 

treatment by repetitive MB i.p. injections was compared to the short oral treatment with 

D-PA and TETA (Figure 3-13 – Figure 3-15, Figure 3-17, Supplementary Table 2) [1]. 

Using this treatment procedure, MB reduced elevated liver damage markers 

(Figure 3-13, [1]), whereas short-term oral treatment with D-PA or TETA did not. This 

was paralleled by decreasing liver and mitochondrial copper loads in MB treated  

Atp7b-/- rats (Figure 3-14). For D-PA and TETA, no reduction of copper load was 

observed in liver homogenate, and in the respective mitochondria decoppering was 

20% less compared to MB. In contrast to D-PA and TETA, decoppering of liver 

mitochondria isolated from MB treated Atp7b-/- rats was paralleled by an improvement 

in mitochondrial structure (Figure 3-15) and a recovery of mitochondrial ATP production 
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(Figure 3-17). These data show that the superior treatment effect of MB in Atp7b-/- rats 

aims to mitochondria. 

In contrast to MB, D-PA or TETA treatment has to start prior to the onset of liver 

damage. But, is MB able to reduce liver damage in already diseased Atp7b-/- rats by 

improving decoppering efficiency? In a recent study, a very short systemic residence 

time of approximately 30 minutes of MB in the blood was found [1], allowing repeated 

daily i.p. injections of MB (twice daily for eight consecutive days; Figure 3-16). This 

enforced MB therapy caused a massive reduction of mitochondrial copper load for up 

to 85% (Supplementary Table 2). This was in parallel with an increase in body weight, 

a decrease in the liver damage markers serum AST and bilirubin as well as an 

improvement of the mitochondrial structure and biochemical function (ATP production; 

Figure 3-17). 

This treatment approach is extremely promising for rescuing diseased Atp7b-/- rats with 

strongly elevated serum AST and bilirubin levels from acute liver failure by a rapid and 

efficient decoppering of liver mitochondria [1]. Short-term D-PA [152] and TETA 

treatments are not suitable for Atp7b-/- rats with increased liver damage markers 

(serum AST and bilirubin), as mitochondrial decoppering is ineffective. If diseased 

Atp7b-/- rats receive no treatment, they normally die within few days [1]. 

4.2.3 Methanobactin – a new treatment strategy to decopper liver 

mitochondria in Wilson disease 

As short-term MB treatment efficiently decoppers liver mitochondria and prevents acute 

liver failure in Atp7b-/- rats, a new treatment strategy was analysed to answer the 

question of whether, and how long, MB can postpone the onset of liver failure in these 

rats [1]. Atp7b-/- rats were treated i.p. for five days with MB and subsequently observed 

for two to three weeks (Figure 3-18) [1]. MB reduced elevated serum AST levels. All rats 

remained healthy for at least two weeks, indicating delayed disease onset 

(Figure 3-18A) [1]. At the time of analysis, the disease state of these rats is reflected by 

serum AST, mitochondrial structure and copper load, but not at the whole liver copper 

load (Figure 3-18) [1]. The mitochondrial parameters copper concentration, structure 

and biochemical function cannot only serve as early markers for disease progression in 

Atp7b-/- rats, but also be used to monitore treatment efficiency and reoccurrence of liver 

damage after treatment of these rats (Figure 3-18) [1]. 

In an additional experiment, Atp7b-/- rats were treated with MB i.p. three times daily for 

five consecutive days and observed for three to seven weeks (Table 3-2) [1]. This 

treatment intermediately reduced the liver and mitochondrial copper load approximately 



4 Discussion 

91 

fourfold (Atp7b-/- rat from pair 4) compared to the untreated Atp7b-/- rat (pair 1). Liver 

damage markers remained within the normal range (serum AST <200 U/L, serum 

bilirubin <0.5 mg/dl, all rats) [1]. Disease onset was postponed to an age greater than 

166 days, meaning a doubling of the disease-free state in the Atp7b-/- rat [1]. 

Using bacterial siderophores for treatment of humans is not unknown, as shown by the 

use of desferrioxamine from Streptomyces pilosus [1, 289]. This agent is used for the 

treatment of iron intoxication [1, 289]. Methanobactin – produced by Methylosinus 

trichosporium OB3b – is another siderophore-like peptide [206, 208]. Its very high copper 

affinity of >10-21 M [209] is much higher than that of copper-binding proteins in eukaryotic 

cells (10-12–10-15 M) [138]. Consequently, a short but intense decoppering treatment 

using MB might be a very promising therapeutic strategy against disease progression 

in WD [1]. 

4.3 COX17 – balancing the mitochondrial copper overload in 

Wilson disease 

In the first part of this study, it was shown that the liver mitochondrial structure and 

function is increasingly impaired with disease progression of untreated LPP Atp7b-/- 

rats. The mitochondria can regulate their copper load up to approximately 7 nmol 

copper per mg mitochondrial protein [58]. At a late stage of liver damage (diseased 

Atp7b-/- rats), the mitochondrial copper load exceeds this concentration, leading to the 

break down of the mitochondrial structure and function. This raises the question how 

mitochondria balance elevated copper concentrations up to this threshold. 

4.3.1 COX17 upregulation for the export of excess mitochondrial copper 

In a previous study, copper has been shown to interact with thiol-containing membrane 

proteins, such as VDAC or ANT [152]. This may explain structural and functional 

alterations of rat liver mitochondria [152]. However, it remains unknown which proteins 

are involved in balancing elevated mitochondrial copper loads in WD. To address this 

question, liver mitochondria and copper-rich mitochondrial subfractions from Atp7b+/- 

and Atp7b-/- rats were proteomically analysed (Figure 3-19, Table 3-3). Around 400 

mitochondrial proteins have been identified in the present analysis for quantitative 

comparison. For the identification of proteins involved in balancing elevated copper in 

WD, the following parameters were defined: 

1) Proteins of interest were enriched during subfractionation and upregulated in 

fractions from Atp7b-/- rats compared to Atp7b+/- rats. 
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2) The proteins should have a function in copper metabolism to bind and detoxify 

excess copper in liver mitochondria from Atp7b-/- rats. 

According to the first parameter, 14 mitochondrial proteins were enriched in all fractions 

with high copper load and in Atp7b-/- rats compared to Atp7b+/- rats (Table 3-3). For 13 

of these proteins identified in the proteomic analysis, nothing is known to date 

regarding their involvement in copper ion binding. In WD, these proteins could have an 

additional function in copper metabolism, such as copper binding or crosslinking of 

proteins, containing sulfide residues. 

Other mitochondrial proteins with a known function in copper ion binding are COX11, 

SCO1 and SOD1 [118, 120, 128, 131]. These proteins either presented with an increased or 

decreased abundance in one of the two copper-enriched fractions or showed no 

alteration (Supplementary Table 3), indicating that these proteins are not highly 

important in regulating mitochondrial copper overload in WD. But these proteins are 

important for maintaining the mitochondrial function as they are responsible for the final 

assembly of the CcO [118] and the antioxidative function of SOD1 [20]. 

Out of the 14 identified proteins, the copper chaperone COX17 was found to be the 

only protein with a known function in copper metabolism [11], suggesting that COX17 is 

a very important protein for balancing elevated copper loads in liver mitochondria in 

WD. Within the IMS, COX17 is partially oxidised, binds one copper ion between the two 

cysteine residues localised at the N-terminal domain [122, 135, 136, 290], and each four 

partially oxidised COX17 molecules build a tetramer [123, 136, 291, 292]. The higher 

abundance of COX17 in Atp7b-/- rats was confirmed on the level of isolated liver 

mitochondria using immunoblot analysis (Figure 3-20) and on the level of rat liver 

tissue using immunohistochemistry staining for COX17 (Figure 3-21, result received 

from Dr. Michaela Aichler and Dr. Annette Feuchtinger). COX17 amount increased in 

parallel with disease progression and rising mitochondrial copper loads of Atp7b-/- rats. 

The analysis of liver mitochondria from WD patients extended these results 

(Figure 3-20). Protein level of COX17 in untreated WD patients was comparable to 

diseased Atp7b-/- rats. WD patients that received unsuccessful D-PA treatment before 

liver transplantation displayed decreased COX17 comparable to the level of affected 

Atp7b-/- rats, which can be explained by reduced mitochondrial copper concentrations 

(Figure 3-1). A comparable scenario was found at the cell culture level. Treatment of 

human hepatocytes (HepG2 cells) with increasing Cu-His concentrations raises cellular 

copper load and COX17 amount to approximately 38- and threefold, respectively 

(Figure 3-24A, Figure 3-25A). Treating HepG2 cells with 15 µM Cu-His increased 

mitochondrial copper load approximately twelvefold (Figure 3-24B) and COX17 level 

approximately 2.5-fold compared to control cells (Figure 3-25B), being comparable to 
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the levels of diseased Atp7b-/- rats (Figure 3-1, Figure 3-20). An increase in COX17 

protein levels in copper-treated cells was not only detected in HepG2 cells (this study), 

but also in human umbilical vein endothelial cells (HUVEC) [293, 294]. A decrease in the 

copper load in HUVEC is paralleled by a decrease in COX17 protein level [294]. Thus, 

an increasing copper load in mitochondria from Atp7b-/- rats, WD patients and HepG2 

and other cells is paralleled by elevated COX17 amounts. Consequently, increasing the 

amount of COX17 might be a mechanism by which mitochondria deal with rising 

copper loads. Possibly, due to mitochondrial copper accumulation, COX17 import into 

mitochondria increases. Within the mitochondria, two pathways for copper direction are 

feasible: First, copper is translocated into the matrix and bound to the copper ligand. 

Excess mitochondrial copper that is not needed for enzymatic activities is stepwise 

transferred back into the IMS, bound to COX17 and exported into the cytosol. As 

reported by Wang et al., COX17 knockdown leads to an increase in the mitochondrial 

copper load [137], promoting the hypothesis that COX17 is involved in copper export 

from the mitochondria to the cytosol [137]. Second, copper that is taken up into the IMS 

is directly bound to COX17. In both cases, COX17 would bind and thereby detoxify 

copper [58] that would otherwise induce oxidative damage. This hypothesis is supported 

by the result that liver mitochondria from affected and disease onset Atp7b-/- rats 

present with slight structural impairments compared to mitochondria from diseased 

Atp7b-/- rats, indicating that a mitochondrial copper load up to 7 nmol copper per mg 

mitochondrial protein [58] is balanced. When this mitochondrial copper load is exceeded, 

copper binding and export by COX17 might be saturated or failing, leading to massive 

mitochondrial impairments. Whereas copper load in liver homogenate is nearly 

identical among the three disease states from Atp7b-/- rats (approximately 1.2–1.4 µg 

copper per mg protein), mitochondrial copper load progressively increases (affected: 

0.37 µg copper per mg protein, disease onset: 0.52 µg copper per mg protein, 

diseased: 1.24 µg copper per mg protein). This finding again emphasises the decisive 

role of the mitochondrial copper state for WD progression. 

In this context, questions of further interest are: 

1) How is COX17 translocated to the IMS? The unfolded cytosolic conformation of 

COX17 can be transported into the IMS via channels located in the MOM, probably 

by TOM complexes (translocase of the outer membrane) [122, 295]. The C-terminal 

IMS targeting signal (ITS) of COX17 interacts with MIA40 (mitochondrial 

intermembrane space import and assembly protein 40, CHCHD4) [296]. Binding 

between these two proteins leads to the formation of the inner disulfide bond of 

COX17, to a conformational change and folding, stabilising the first disulfide bond 

[297]. The formation of the outer disulfide bond leads to the final folding of COX17 and 
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the release from MIA40 [297]. The formation of the two disulfide bonds is paralleled by 

partial oxidation of COX17, retaining this protein within the IMS [123, 295]. This leads to 

the hypothesis that rising mitochondrial copper load as in WD leads to an 

upregulation of MIA40 to improve COX17 uptake into mitochondria. Indeed, the 

abundance of MIA40 was increased in proteomic analysis in copper-rich 

mitochondrial subfractions from Atp7b-/- rats compared to Atp7b+/- rats (Table 3-3), 

supporting the hypothesis of an increased uptake of COX17 into mitochondria. 

Increased amounts of MIA40 remain to be proved using other methods, such as 

immunoblot analysis of liver mitochondria or immunohistochemistry staining of liver 

tissue from Atp7b-/- rats. Alternatively, as shown in the present study, treatment of 

HepG2 cells with Cu-His increases mitochondrial copper load and COX17 levels. 

This model can further be used to analyse MIA40 expression on mRNA and protein 

level. 

2) Electron-dense deposits were detected within the IMS of liver mitochondria from 

diseased Atp7b-/- rats (Figure 3-4, Figure 3-16, Figure 3-18). As the mitochondrial 

copper load was increased in these rats and COX17 is located within the IMS, these 

deposits are potentially copper-COX17 complexes. Moreover, a possible copper 

export function of COX17 [137] would support the hypothesis of copper-COX17 

complexes within the IMS. This can be examined using immunogold antibodies [298] 

for COX17 and elemental analysis [299] for copper. Cells with COX17 overexpression 

and treated without and with copper could be analysed regarding such deposits and 

could confirm the theory of copper-COX17 complexes. 

3) Is COX17 upregulation in copper-loaded mitochondria protective or damaging? This 

question was addressed in section 3.4 and is discussed in the next section. 

4.3.2 Upregulation of COX17 protects HepG2 cells towards Cu-His-
induced damage 

To analyse whether the increased mitochondrial COX17 abundance (due to increased 

mitochondrial copper load) is protective for mitochondria and cells, a cell culture model 

was established using copper-histidine (Cu-His) treated HepG2 cells. Using this cell 

culture model, COX17 expression was down- and upregulated by genetic interference 

to analyse the susceptibility of these cells towards Cu-His. 

COX17 knockdown reduced proliferation and vitality of HepG2 cells at standard 

subcultivation conditions by 10–21% (Table 3-5). Downregulation of COX17 increased 

the susceptibility of these cells towards millimolar Cu-His concentrations and 15 µM 

Cu-His impaired cellular proliferation by 37%. These results are in line with the finding 

that knockdown of COX17 in several other organsims (yeast, HeLa cells) lead to 
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proliferation impairments [11, 118, 124]. Most importantly, knockout of COX17 in mice is 

embryonically lethal [116]. There are two possible reasons for these negative effects: 

First, COX17 is a copper-binding protein that is essential for the assembly of the 

copper-dependent cytochrome c oxidase (CcO) [116, 118-120, 123, 124]. Due to knockdown of 

COX17, CcO assembly and, as a result, mitochondrial respiration is impaired [11, 118, 124]. 

Second, due to Cu-His treatment, copper accumulates within mitochondria. As less 

COX17 is available in these knockdown cells, copper could not be removed from the 

mitochondria, leading to the production of reactive oxygen species promoting 

mitochondrial impairments [146, 148]. At present, no information is available about the 

mitochondrial copper load and function (complex IV activity, MMP stability, ATP 

production) in 15 µM Cu-His treated COX17- cells. Because of technical reasons (large 

amounts of transfection reagent are necessary to induce a 95% reduction of COX17 

expression in a low amount of HepG2 cells), mitochondria cannot be isolated from 

these minute amounts of cells in sufficient yield for downstream analyses. 

HepG2 cells with upregulated COX17 showed no altered sensitivity to 24 hour 

treatment with rising Cu-His concentrations compared to the empty vector control 

(Table 3-5). After 48 hours of treatment with 15 µM Cu-His, COX17+ cells presented 

with an improved vitality. These data strengthen the hypothesis that COX17 

upregulation protects mitochondria from copper overload. Copper toxicity is reduced by 

COX17, possibly by promoting export of excess copper from mitochondria or by stably 

binding excess copper. At standard cultivation conditions (no additional copper) cellular 

proliferation of COX17+ cells is improved. Beers et al. showed that due to COX17 

overexpression, COX17 levels mainly increase in whole cells (approximately 100-fold) 

and to a small extent (approximately eightfold) in mitochondria [133, 300]. This leads to the 

following hypothesis: At standard subcultivation conditions, COX17 is upregulated in 

whole COX17+ cells. As mitochondria have a normal copper load, no additional 

COX17 and no COX17 mediated copper export is needed in mitochondria. Hence, 

COX17 just slightly increases in mitochondria to maintain CcO assembly and complex 

IV activity. If treating COX17+ cells with Cu-His, however, copper accumulates in 

mitochondria, leading to a redistribution of COX17 from the cytosol to the IMS. In this 

case, COX17 could export excess copper from the mitochondria, protecting them 

towards copper-induced damages or just bind this excess copper. In the present work, 

mitochondrial COX17 amount was not analysed in COX17+ cells, as large amounts of 

transfection reagent are necessary to increase COX17 abundance. As COX17 has two 

distinct loci [11, 133, 139], in future experiments, the localisation of COX17 could be 

analysed in COX17+ cells with normal copper load, to clarify the question of whether 

COX17 is more located in the cellular cytosol or within the mitochondria in COX17+ 
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cells. This can be done using tagged COX17, e.g. biotin tags, or antibodies against 

COX17 [133]. Cellular and mitochondrial copper load as well as mitochondrial functions, 

such as ATP production and MMP stability, could also be analysed in HepG2 cells with 

COX17 overexpression. 

In conclusion, knockdown and knockout of COX17 has life threating effects in yeast, 

several human cell lines and mice upon elevated copper exposure [11, 116, 118-120, 123, 124]. 

These studies as well as the fact that this protein is evolutionary conserved [121] and 

expressed in all tissues (whereby regulation of expression is tissue-dependent) [301], 

indicate an essential function of COX17 in all organsims to regulate mitochondrial 

copper. Further, increased COX17 abundance has a protective effect towards cellular 

copper challenges by a copper-chelating function and possibly by copper export from 

mitochondria to the cytosol. 

4.3.3 Possible interaction partners of COX17 in Wilson disease are 
involved in maintaining the mitochondrial structure and energy 
production 

Several interaction partners of COX17, e.g. MIA40, are known [295, 296, 302-305]. As COX17 

was upregulated in Atp7b-/- rat liver mitochondria, it is of interest to determine whether 

the profile of interaction partners changes upon mitochondrial copper accumulation. 

Using liver mitochondria isolated from Atp7b+/- and diseased Atp7b-/- rats, 

immunoprecipitation [306] of endogenous COX17 followed by proteomic analysis was 

performed. The proteins ACAD11 and CHCHD6 (MIC25) were identified as enriched 

mitochondrial interaction partners of COX17 in copper-burdened Atp7b-/- rat liver 

mitochondria (Figure 3-22C). This enhanced interaction of COX17 with ACAD11 and 

CHCHD6 may possibly lead to an activity change of ACAD11 and CHCHD6, due to a 

potential mislocalisation or diminished enzymatic activity of these proteins. 

An impaired function of ACAD11 reduces fatty acid degradation [307], leading to fat 

accumulation and steatosis and as a consequence to reduced fatty acid biosynthesis. 

In agreement, steatosis is frequently observed in WD patients [148]. For future studies, it 

remains to determine whether an enhanced binding of ACAD11 to COX17 is causative 

for an altered lipid metabolism in copper-burdened Atp7b-/- rat liver mitochondria. 

CHCHD6 (MIC25) shows an increased interaction with COX17 in Atp7b-/- compared to 

Atp7b+/- rat liver mitochondria. CHCHD6 is part of the mitochondrial contact site and 

cristae organisation system (MICOS complex) [267, 268]. MICOS is responsible for 

maintaining the structure of the MIM [142]. Knockdown of CHCHD6 has been shown to 

induce severe defects in mitochondrial cristae organisation and mitochondrial structure 

and function [267]. Thus, the enhanced interaction of COX17 and CHCHD6 in Atp7b-/- rat 
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liver mitochondria could possibly participate in the observed mitochondrial structural 

changes upon increasing copper load. Future studies have to validate these 

hypotheses. 
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5 Conclusions 

In this thesis, similar copper loads and structural alterations in liver mitochondria from 

LPP Atp7b-/- rats and human Wilson disease (WD) patients present the Atp7b-/- rat as a 

valid animal model to further analyse mitochondrial impairments in WD. The increasing 

liver damage markers aspartate aminotransferase and bilirubin define progressing 

disease states in Atp7b-/- rats during which ongoing alterations in the mitochondrial 

structure, membranes and function can be observed – parameters that are altered in 

parallel with rising mitochondrial copper loads. Therefore, the prime requirement for an 

effective treatment of WD is to reduce the mitochondrial copper load by using copper 

chelating agents. 

In 10–50% of WD patients, despite the lifelong treatment with D-penicillamine (D-PA) 

or trientine (TETA), decoppering of liver mitochondria is ineffective. To optimise 

mitochondrial decoppering, agents are necessary that have a higher copper affinity 

than D-PA or TETA. Very promising is the bacterial peptide methanobactin (MB) – 

produced by Methylosinus trichosporium OB3b. Using MB, mitochondrial copper load, 

structure and function are reversed in Atp7b-/- rats more efficiently than using D-PA or 

TETA. MB is suitable for short, intense treatment cycles during which the mitochondrial 

copper load is reduced which lasts several weeks. Atp7b-/- rats received dosages of 

150 mg MB/kg bw, meaning about 24 mg/kg bw in adult WD patients [1, 308]. A similar 

dosage of desferrioxamine – a bacterial peptide from Streptomyces pilosus – is used in 

patients with iron intoxication [1, 289]. Hence MB could be another candidate in this 

pharmaceutical class and could be the drug of choice for a more efficient and patient-

side treatment of WD [1]. 

In Atp7b-/- rat liver mitochondria, copper load increases with disease progression. 

Mitochondrial structure and function break down if the copper load exceeds 

approximately 7 nmol copper per mg mitochondrial protein. Thus, the question is how 

mitochondria deal with elevated copper loads below this treshold. Proteomic analyses 

of rat liver mitochondria identified the copper-binding protein COX17 to be upregulated 

in Atp7b-/- rats compared to Atp7b+/- rats. COX17 increases in parallel with rising 

mitochondrial copper loads. Increasing mitochondrial copper loads and COX17 

amounts are simulated by treating HepG2 cells with copper-histidine (Cu-His). 

Knockdown of COX17 in these cells increases cellular susceptibility towards Cu-His, 

whereas cells with upregulated COX17 are less sensitive towards Cu-His, presenting 

COX17 upregulation to be protective for rising mitochondrial copper load. These data 

highlight a new mechanism by which liver mitochondria deal with elevated copper loads 

in HepG2 cells and the WD Atp7b-/- rat model. 
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Supplementary Figure 1 Treatment of HepG2 cells with MB reduces cellular copper load for 
approximately 50% compared to untreated control cells. 

Treating HepG2 cells for 24 hours with 0.5 mM MB reduces cellular copper load for 
approximately 50% compared to untreated control cells (N=3). Unpaired two-tailed Student’s 
t-test with Welch’s correction. *Significant to control, *p<0.05. 
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Supplementary Figure 2 Single cell-based analysis shows an increase of COX17 positive 
liver cells with disease progression of Atp7b

-/-
 rats. 

(A) Immunohistochemical staining for COX17 of liver tissue from Atp7b
+/-

 controls and 
Atp7b

-/-
 rats with progressing disease states. Blue: nuclei; brown: COX17 stained 

cytosol. 
(B) Nuclei (blue) and cellular cytosol (green) is marked. 
(C) Classification of hepatocytes according to the COX17 staining signal. White: negative; 

yellow: weak staining; orange: medium stained; dark red/brown: strong staining; grey: 
excluded due to artefacts. 
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Supplementary Figure 3 COX17- cells are more susceptible towards Cu-His compared to 
non-transfected HepG2 WT cells and COX17+ cells. 

(A) Cellular vitality from non-transfected HepG2 WT cells, COX17- cells and COX17+ 
cells treated with 15 µM Cu-His 24 hours post-seeding (WT) or post-transfection 
(COX17-, COX17+). Transfected cells show a 10% reduced vitality 24 hours  
post-transfection compared to non-transfected WT cells which is due to toxic effects of 
the transfection reagents. 48–72 hours post-seeding or post-transfection vitality 
progressively decreases in WT and COX17- cells, whereas it is stabilised in COX17+ 
cells. N=3. Mean and standard deviation is indicated. 

(B) Neutral red assay was used for the measurement of cellular vitality for WT, COX17- 
and COX17+ cells treated for 24 hours with increasing Cu-His concentrations. At 
2000 µM Cu-His, cellular vitality is reduced for 15% in COX17- cells compared to WT 
cells. No difference in cellular vitality can be observed for COX17+ cells compared to 
WT cells. N=3–5, n=6–15. Mean and standard deviation is indicated. 
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Supplementary Table 1 Copper concentrations in liver homogenate and liver mitochondria 
progressively increase with disease progression of Atp7b

-/-
 rats. 

Atp7b
-/-

 rats with massively increased serum AST and bilirubin values are termed as moribund 
and die within few days if no treatment takes place. Adapted from Josef Lichtmannegger et al. 
(2016) Methanobactin reverses acute liver failure in a rat model of Wilson disease. J Clin Invest. 
2016 Jul;126(7): p. 2721-35 

[1]
. 

Group (genotype) Age Weight cp AST Bilirubin Cu 

     Sex, rats [days] [g] [mU/ml] [U/L] [mg/dl] [ng/mg protein] 

      Homogenate Mitochondria 

Control (+/-)        

     f,   N=20 

     m, N=14 

 82–161 

 75–166 

  175 ± 17 

  295 ± 48 

225 ± 35 

141 ± 17 

113 ± 26 

122 ± 29 

<0.5 

<0.5 

14 ± 2 

15 ± 3 

27 ± 2 

  42 ± 10 

Affected (-/-)         

     f,   N=5 

     m, N=9 

 82–92 

 66–93 

  168 ± 14 

  254 ± 26 

  5 ± 2 

  0 ± 2 

133 ± 31 

146 ± 33 

<0.5 

<0.5 

1266 ± 204 

1139 ± 144 

392 ± 80 

358 ± 60 

Disease onset (-/-)         

     f,   N=5 

     m, N=6 

 83–93 

 80–107 

146 ± 9 

  275 ± 41 

26 ± 6 

  7 ± 9 

315 ± 48 

244 ± 50 

<0.5 

<0.5 

1477 ± 189 

1337 ± 141 

556 ± 32 

  476 ± 145 

Diseased (-/-)         

     f,   N=1 

     m, N=4 

 84 

 91–107 

162 

  274 ± 17 

35 

  27 ± 12 

590 

412 ± 107 

0.5 

 1.3 ± 1.1 

1389 

1389 ± 69 

670 

1129 ± 284 

Moribund (-/-)         
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