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1.1 THE ROLE OF COPPER IN BIOLOGICAL SYSTEMS 

Transition metal ions, such as copper, iron, molybdenum and cobalt, play central roles in 

biology, largely because they are able to exist in multiple oxidation states in vivo.
1,2,3

 Copper 

ions undergo unique chemistry due to their ability to adopt distinct redox states, either 

oxidized as Cu (II) or in the reduced state Cu(I).
4,5

 Cells use copper as a structural element in 

regulatory proteins and harness the chemistry of this element in single-electron-transfer 

reactions.  

 Copper clearly is required for the immune system, the nervous system, the 

cardiovascular system, skeletal health, for iron metabolism, and for formation of red blood 

cells. However, the roles of copper in other functions such as the regulation of cholesterol, 

glucose, and blood clotting are not well understood. Some disorders of the vascular and 

nervous systems induced by copper deficiency during prenatal development in animals cannot 

be reversed by copper supplementation after birth. Thus, copper must be provided during 

pregnancy. Copper's role in cardiovascular and skeletal health also has important implications 

for major public health problems seen in industrialized nations, namely heart disease and 

osteoporosis. 
6
 

The bioavailability of copper is decreased by high intakes of several nutrients, including 

zinc, iron, molybdenum, ascorbic acid, sucrose, and fructose. It is well documented that high 

intakes of zinc interfere with copper absorption in humans and animals.
6
 The mechanism 

appears to involve the induction by zinc of metallothionein synthesis in the intestine and 

copper becomes ‗trapped‘ in this protein and is not available for transport into the circulation. 

Zinc probably has little influence on copper content when the zinc to copper ratio is 15:1 or 

less.
6
  

Copper plays a vital role as a co-factor for a number of metalloenzymes including Cu/Zn 

superoxide dismutase (antioxidant defense), cytochrome c oxidase (mitochondrial 

respiration), lysyl oxidase (development of connective tissue), tryrosinase (melanin 

biosynthesis), ceruloplasmin (iron homeostasis), hephaestin  (intestinal iron efflux), dopamine 

β-hydroxylase (catecholamine production), and peptidylglycine α-amidating mono-oxygenase 

(peptide hormone processing).
7
 



―Structural and functional properties of proteins involved in metal transfer and redox reactions‖  

Chapter 1 – Introduction 

 

 

- 3 - 

1.1.1 Copper enzymes 

Copper enzymes have been classified into three types having distinctive geometries and 

ligand environments surrounding the metal center.
8
 The Cu sites observed in proteins are 

classified into three types based on their structural and spectroscopic properties. Type I, Type 

II, and Type III (Tab.1). Blue, or type I, copper proteins are spectroscopically characterized 

by their intense absorption at 600 nm, resulting from a sulfur to copper ligand to metal charge 

transfer. 
9
 Typically, type I copper sites exhibit a trigonal planar coordination geometry with 

the sulfur of one cysteine residue and two nitrogens from histidine residues. Often, there are 

one or two weakly bound ligands in the axial positions. Type I sites are usually electron 

transfer sites. They are found in small electron transfer proteins like cupredoxins that ferry 

electrons between larger enzymes such as components of the denitrification pathway and 

photosynthesis. Also, they are found in the larger enzymes nitrite reductase and multicopper 

oxidase and function in intramolecular electron transfer to copper active sites. Within some of 

the large enzymes, a CuA site functions as an electron entry point. This site is an expansion of 

the type-1 site by a second Cu to form a metal-metal bond. Both type-1 and CuA sites are 

rigid and characterized by low reorganization energies to facilitate electron transfer.
1011

  Type 

II sites are, generally, four or five coordinate structures of distorted tetrahedral or tetragonal 

geometry, respectively, and have strictly nitrogen or oxygen donors as ligands. Also, type II 

sites generally have very weak optical spectra but do have a very characteristic EPR spectrum. 

Type II copper sites are catalytically active sites, carrying out oxygen activation. In addition, 

they are able to perform the dismutation of superoxide and reduce nitrite to nitric oxide. A 

Type III or coupled dinuclear site, contains two antiferromagnetically coupled copper atoms 

bridged by molecular oxigen or hydroxyl, generally involved in oxygen binding or oxygen 

activation.
12
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Table 1. Classification of copper proteins by Cu centre type 
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1.2 COPPER TOXICITY AND DISEASES 

However, the redox property that makes copper an essential element of biological 

systems also contributes to its inherent toxicity. Redox cycling between Cu
2+

 and Cu
1+

 can 

catalyse the production of highly toxic hydroxyl radicals, with subsequent damage to lipids, 

proteins, DNA and other biomolecules.
13

 It appears to be responsible to fort the intracellular 

generation of superoxide. 
14

 High levels of copper can be fatal. Toxic effects of copper can be 

seen after ingestion of one gram. The fatal dose for an adult is estimated at more than 10 

grams of copper.
15

 Acute copper poisoning has the symptoms of diarrhea, circulatory 

collapse, and haemolysis. Chronic copper poisoning can lead to hepatic failure.
16

 Disruptions 

to normal copper homeostasis are evident in three human genetic disorders: Menkes disease 

(MD), occipital horn syndrome (OHS) and Wilson‘s disease (WD). Each disease results from 

the absence or dysfunction of homologous copper - transporting ATPases. 

Wilson‘s disease is a genetic disorder caused by a mutation of the protein that transports 

copper out of the liver, the Wilson‘s disease protein (ATP7B) (Figure 1.1). As a result, copper 

accumulates in the body, as it cannot be excreted into the bile. The symptoms of Wilson‘s 

disease include mental retardation and fulminant hepatic failure.
17

 Treatment of WD consists 

on orally administered chelator agents or zinc salts to remove excess copper from the body 

with no toxic side effects. 
18

  

 

 

Figure 1.1. Cu
1+

 delivery pathway to P-type ATPases that mediate Cu excretion in the bile and Cu 

passage into the lumen of the secretory apparatus 

Cytosolic Cu
1+

 is bound by the Atox1 Cu chaperone on an exposed surface. A series of ligand exchange 

reactions between Atox1 and the metal binding motifs of ATP7B (CxxC) results in the movement of Cu
1+

 from 

Atox1 to ATP7B, followed by transport across the hepatocyte membrane into the bile. [Reprinted from B.-E. 

Kim et al. Nat.Chem.Biol. 2008] 
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MD, also called the kinky hair disease or Menkes kinky hair syndrome is a fatal X-linked 

disorder caused by diverse mutations in a copper-transporter gene, ATP7A. Symptoms of the 

disease are mostly associated with the lack of activity of copper dependent enzymes leading 

to various clinical features such as weak muscle tone, seizures, mental retardation, 

developmental delay, and premature death.
19

 MD can be diagnosed by genetic screening to 

ascertain mutations in the ATP7A gene. Historically, the treatment of MD required 

subcutaneous or intravenous administration of copper salts. The knowledge gained from the 

studies of its chemistry and physiological significance led to treatment of MD by copper–

histidine formulations.
18

 

Among others, there is now increasing evidence that, altered copper homeostasis may be 

involved in the progression of neurodegenerative diseases.
20,21

 Protein-metal interactions 

appear to play a critical role in protein aggregation and are therefore likely to provide a link 

between the accumulation of aggregated proteins, oxidative damage of the brain, and neuronal 

cell loss in an age-dependent manner.
22

 Actually, copper is also implicated in Creutzfeldt 

Jakob (prion) disease,
23

 Disturbed copper homeostasis has been implicated in diseases such as 

Alzheimer disease, cystic fibrosis and Parkinson disease.
24

  

Alzheimer‘s disease (AD) is a progressive neurodegeneration disease characterized by 

extra cellular deposition of Aβ peptides in senile plaques and intracellular accumulation of 

hyperphosphorylated τ protein in neuronal cells as neurofibrillary tangles. Potentially toxic 

Aβ peptides are generated from the copper-binding APP which is actively involved in 

balancing copper concentration in cells.
25

 

Parkinson‘s disease (PD), the second most common neurodegenerative disorder, is 

associated with the degeneration of dopaminergic neurons in the substantia nigra pars 

compacta. Occupational exposure to transition metals, especially Fe and Cu, has been 

proposed as risk factor for the development of PD.
24

 

Copper toxicity also results from the high affinity that Cu(I) and Cu(II) exhibit for a 

range of protein sites, with cysteine, methionine and histidine side chains as potential ligands, 

resulting in the displacement of native metal ions from their active sites, as well as in the 

misfolding of proteins.
26

  

The remarkable metabolic changes that have long been known to occur in cancer cells 

have been associated, among other factors, with copper handling and copper utilizing 

proteins.
27

 Mixtures constituted by the combination of copper(II) salts and specific copper 
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chelators have been shown to suppress proliferation and clonogenicity of different types of 

human cancer cells.
28

 

 In addition, the reduction of Cu(II) to Cu(I) under anaerobic conditions lead to the 

increase of the copper toxicity. 
29

  

1.3 COPPER HOMEOSTASIS 

Due to the copper toxicity the copper uptake, distribution, utilization and excretion must 

be tightly regulated, and copper ions must be bound to proteins or low molecular weight 

ligands.
30,31

 The distribution of copper among the various proteins and ligands in the cell is 

therefore dictated by thermodynamics if copper is exchangeable, and by kinetics, that ensures 

thermodynamic process with subsequent block of copper.
32

 Several highly sophisticated 

systems of cellular copper transport  have been discovered in both prokaryotic and eukaryotic 

cells. 
33

 

Keeping the importance of cupric Cu in biological function, an elaborate mechanism is 

set  by Nature for maintaining Cu homeostasis, which includes a wide array of proteins 

namely (i) family of Cu bearing proteins (metallothioneins, prion proteins), (ii) 

cuproenzymes, (iii) Cu transporters (high-affinity transporter CTR1, low-affinity transporter 

CTR2 and the copper efflux transporters ATP7A and ATP7B) and (iv) Cu chaperone proteins 

(CCS, Atox1, Cox17, Sco1 and Sco2).
34

 In recent years, it has also become apparent that, in 

addition to membrane transporters, cells contain a complex network of soluble regulator 

molecules that allow for the fine tuning of copper homeostasis and precise temporal and 

spatial allocation of copper in a cell.
34

 Interactions with dynactin, ADP-ribosylation factor 

(Arf)1 GTPase, phosphatidylinosytol-binding protein (COMMD1), ubiquitinating machinery 

and other proteins have been reported, illustrating the potential dependence of normal copper 

distribution on many cellular factors that have not been traditionally linked to copper 

metabolism. 
35,36,37

 

The family of Cu bearing proteins plays a significant role in metal detoxification and 

keeps the Cu in non ionic curpric state. They are metallothioneins, prion protein, albumin, 

transcuperin, CP, phycocyanins of blue green algae and haemocyanins of blue blooded 

organisms.
38
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1.3.1 Copper uptake into the cell 

Dietary copper, absorbed in the stomach and upper intestinal tract, reaches liver as a 

complex with serum proteins, albumin or transcuperin or the amino acid histidine.
38

 Studies 

of Nose provide the evidence that Ctr1 in enterocytes is required for a complex process of 

transfering dietary copper from the lumen of the intestine into the blood.
39

 (Figure 1.2) 

 

Figure 1.2. Model for intestinal Cu absorption and peripheral distribution.  

[Reprinted from B.-E. Kim et al. Nat.Chem.Biol. 2008] 

 

The permeating form of copper is Cu(I). Metalloreductases (Fre1 and Fre2 are needed to 

keep copper in the Cu(I) state, but how this oxidation state may be stabilized in the presence 

of oxygen is not clear yet.
40,41

 In addition, when competitive studies have been performed 

using other metal ions, there is no inhibition of copper transport by added divalent cations, 

such as Zn, Mn, Cd, etc, but Ag causes inhibition. 
42

 It has been assumed that Ag(I) would 

also be transported, although this has not been demonstrated. The similarity in size of Cu(I) 

and Ag(I) cations has been taken as good evidence that Cu(I) is the permeant species. Genetic 

experiments with baker‘s yeast resulted in the identification of the plasma membrane-

associated high-affinity copper transport protein Ctr1.
43

 Zhou et al. isolated the human high-

affinity copper transporter 1 (hCtr1), and it was determined to be 29% identical to Ctr1 of S. 

cerevisiae.
44

 All members of the Ctr family of copper transporters possess a significant 

sequence homology and remarkable functional conservation. Ctr1 mRNA is ubiquitously 

expressed, with the highest levels found in the liver and lower levels detected in the brain and 

spleen. Northern blot analysis using human tissues revealed that hCtr1 has two major 

transcripts of approximately 2 and 5.5 kb in size and a less abundant transcript of 8.5 kb.
44
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Ctr1 has three transmembrane domains, a hydrophilic amino terminus typically rich in 

methionine residues outside of the membrane and a number of Cys/His conserved residues at 

the C-terminus in he cytoplasm. It exists as a homotrimer, and has been shown to be 

extensively glycosylated.
42,45

 Ctr oligomer has a symmetrical channel-like structure. The 

protein has a visible pore surrounded by monomers, where copper is likely to enter the 

transporter. The conserved Met residue of the MxxxM motif in transmembrane helix 2 may 

provide binding sites for copper and facilitate copper entry into the pore.
46

 (Figure 1.3) 

 

 

Figure 1.3. Structural model for the Ctr1 Cu1+ channel 

a) A human Ctr1 monomer of 190 amino acid residues has two methionine-rich domains (MX2M, shown in 

green) that function to enhance Cu
1+

 uptake and Ctr1 endocytosis at low Cu
1+

 concentrations. Three membrane-

spanning domains are shown (orange), with the MX3M motif in domain II having an essential function in Cu
1+

 

import that may involve direct binding to Cu
1+

. A cysteine-histidine motif (purple), typical of this protein family 

but with unknown function, is present at the C terminus of Ctr1. (b) A model for Ctr1 in a phospholipid bilayer. 

Each monomer is shown as a unique color, with the N termini projecting outside the cell or into the lumen of an 

endosomal vesicle. Cu is represented by blue spheres, and the phospholipid bilayer is modeled in blue and gray. 

[Reprinted from B.-E. Kim et al. Nat.Chem.Biol. 2008] 

In the suggested model for the function of the Ctr protein family Cu(I) first coordinates to 

the methionine-rich (Mets) motifs in the Ctr extracellular N-terminus. Then it involves in a 

chain of copper exchange reactions between defined Cu(I)-binding sites, involving well-

defined conformational changes. This way copper ions move through Ctr from N-terminal 

extracellular binding sites, furnished by the Met conserved residues, to Cys/His conserved 

residues in the cytoplasmic C - terminus, which in turn serve as intracellular donors for Cu(I) 

and its mobilization to the copper chaperones. Although it is currently unclear whether the 

copper chaperones directly dock to the Ctr1 homotrimer to engage in cargo transfer or 

whether there are other intermediates in the delivery system.
47
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It is not yet clear how hCTR1 abundance, localization, or transport activity changes in 

response to the extracellular copper concentration. Also unknown is whether copper levels 

inside the cell might modulate the activity, trafficking, or localization of hCTR1.
48

 It seems 

reasonable to suppose that the transport activity, or the abundance of hCTR1 in the plasma 

membrane, or both might also change in response to copper deficit or excess. The absorption 

of copper by intestinal epithelial cells might also be regulated by hCTR1 abundance or 

transport activity.  

In contrast to eukaryotes, bacteria may not have a general requirement for cytoplasmic 

copper. Copper proteins are localized to the cytoplasmic membrane or the periplasm, and 

copper loading of these proteins could take place in these compartments. For example, E. coli 

has copper-requiring proteins only in the periplasm and embedded in the plasma membrane.
5
 

Similarly no cytoplasmic protein requiring copper to function have been found in gram-

positive bacteria.
49

 Thus, many bacteria do not appear to have a requirement for intracellular 

copper, and the copper homeostatic machinery in these organisms may have the sole purpose 

of eliminating adventitious copper ions. This concept is supported by the complete absence of 

copper chaperones in many bacteria
50

, whereas in eukaryotes, copper chaperones are essential 

for delivering copper to enzymes such as cytochrome c oxidase and superoxide dismutase. 

Nevertheless, specific copper importers that are expressed under copper-limiting conditions or 

in metal-sensitive E. coli strains have been described in the gram-positive E. hirae
51

 and B. 

subtilis and in the gram-negative Ps. aeruginosa Q9I147 
52

, but the functional meaning of the 

copper import process in the cytoplasm remains to be tested. 

1.3.2 Copper trafficking pathways 

Despite of the copper abundance, the concentration of free o labile form of copper ion in 

the cytoplasm of eukaryotic cell is less, than 10
-18

 M, which represents many orders of 

magnitude less than one atom of free copper per cell. 
31

 So free copper is a thermodynamic 

term, which corresponds to aquo (hydrated) Cu(I) or Cu(II) complexes not coordinated by 

tight binding ligands such as amino acids or biopolymers. A similar conclusion regarding the 

scarcity of free intracellular copper ions can also be derived in kinetic terms; less than 0.01% 

of the total cellular copper becomes free in the cytoplasm during the lifetime of the cell. 
30

 

Part of this pool is bound to general metal binding proteins called metallothioneins.  Recently 

have been identified another elements for the management of cellular copper is the copper 

chaperone.
 30,53,54,55

 Copper chaperones can acquire the metal under conditions where the 
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metalloenzymes can not. They perform a dual role of both binding free copper, to inhibit any 

possible toxic reactions, and they also sequester copper for delivery to proteins that utilize 

copper. In essence, these molecules act to escort copper ions and protect them from copper-

scavenging detoxification mechanisms.
54

 Once it has been  transferred across the cell 

membrane, copper is delivered to intracelullar destinations through pathways of protein-

protein interactions. Thus far, three copper trafficking pathways have been identified that 

require the action of copper chaperones. These include: (i) copper delivery to the secretory 

pathway for activation of enzymes destined for the cell surface or extracellular milieu; (ii) 

copper delivery to Cu/Zn superoxide dismutase (SOD1) in the cytoplasm; and (iii) delivery of 

copper in the mitochondria for activation of cytochrome oxidase.
54

 (Figure 1.4) In the 

following sections I will describe in details the above pathways. 

 

Figure 1.4. Copper pathways in a human cell.  

Cu(I) is imported through the high-affinity Ctr1 copper transporter and delivered through an unknown 

mechanism to copper chaperones: (i) Atox1 for delivery to the P-type ATPases ATP7A and ATP7B in the Golgi 

apparatus; (ii) CCS, the copper chaperone for copper/zinc superoxide dismutase 1 (SOD1), for transfer to SOD1; 

(iii) the mitochondrion, through an unknown transporter, for insertion into cytochrome c oxidase (CcO) and 

SOD1. Metallothioneins also bind copper ions in the cytoplasm and in the IMS and may serve as copper 

reservoirs during times of deficiency. In the mitochondrial intermembrane space (IMS), Cox17 delivers Cu(I) to 

either Sco1/Sco2 for transfer to subunit II of CcO or Cox11 for delivery to subunit I. [Reprinted from L.Banci et 

al. Nat.Prod.Rep. 2010] 
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1.3.2.1 Copper delivery to the trans-Golgi network 

The best understood metallochaperone protein, Atx1, was originally isolated as an 

antioxidant protein in Saccharomyces cerevisiae.
56

 Atx1 delivers Cu(I) to Ccc2, the yeast P-

type ATPase, in the trans-Golgi network, where it can then be incorporated into enzymes such 

as the multicopper ferroxidase Fet3. Atx1‘s human homolog, known as Hah1 or Atox1, 

delivers copper to the Menkes and Wilson‘s disease P-type ATPases (ATP7A and ATP7B, 

respectively), which in turn are able to pump the copper ions in the Golgi organelle for 

subsequent incorporation into copper enzymes.
57

 The Atx1-like proteins and their target 

ATPases are characterized by  conserved MT/HCXXC motif. In the structure the CXXC 

motif housed on a solvent-exposed loop. (Figure 1.5) The important elements of this sequence 

are the two ligating cysteines, which change conformation as a function of copper transfer and 

release.
58

 This type of metal binding site was first structurally characterized with metal ions 

other than copper due to the instability of Cu(I) in aqueous solution.
53

 

 

Figure 1.5. The Cu(I) form of Hah1 protein. (PDB 1TL4) 

 

The overall structure of Atx1-like copper chaperones comprises a βαββαβ fold. This fold 

has been shown to provide a tight Cu(I)-binding site and protects the metal center from both 

oxidants and from capture by excess competing thiols such as glutathione.  

The target ATPases is the class of ion transporters, that use energy from the hydrolysis of 

ATP and undergo a structural change upon phosphorylation that leads to Cu(I) ion pumping 

across cell membranes.
59

 They are 160–170-kDa membrane proteins with eight TM segments 

and several cytosolic domains: A-domain and ATP-binding domain. The transmembrane 

helices define the ion chanel. The highly conserved CPC sequence in the sixth helix is one of 

the specific characteristic. Another particular feature of these proteins is the presence of a 
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long N-terminal tail, which contains variable independently folded domains,
50

 (Figure 1.6) 

each of them contains copper binding sites formed by GMxCxxC motif and possesses a 

βαββαβ ferredoxin fold, similar to that dicribed for the Atx-like proteins. The ATP-binding 

domain consists of two parts, the N- and P-domains, and is involved in ATP binding and 

hydrolysis. The solution structure of A-domain is characterized by seven antiparallel β-strands 

arranged in two sheets packed against each other and forming a distorted double-stranded 

beta-helix fold (Figure 1.6).  

 

 

Figure 1.6. Schematic representation of the topology of copper(I)-transporting ATP7A and ATP7B in 

analogy with SERCA.  

The topological scheme includes the A-domain (PDB 2KIJ), the ATP-bound N-domain (PDB code 2KMV) and 

each NMBDs (domain1 PDB code 1KVJ; domain2 PDB code 1S6U; domains 3–4 PDB code 2ROP; and 

domains 5–6 PDB code 2EW9) structures. The structure of the P-domain was modeled using as template the 

structure of corresponding domain in the homologous protein from A. fulgidus (PDB code 2B8E). The structural 

arrangement of the eight transmembrane helices is obtained from the cryoelectron microscopy model of CopA 

from A. fulgidus (PDB code 2VOY). The copper(I)-binding cysteines in both N-terminal domains and 

transmembrane CPC region are shown as yellow spheres. The predicted position of the residues constituting site 

II in the transmembrane region are shown as orange spheres. [Reprinted from L.Banci et al. Cell.Mol.Life Sci. 

2010] 

The A-domain interacts with the ATP-binding domain and is required for conformational 

changes during ATP hydrolysis.
34

 The characteristic mechanistic feature of this family of P-

type ATPases is the formation of a transient phosphorylated intermediate during ATP 

hydrolysis.
59

 Under basal conditions, these transporters are located in the TGN, where they 

receive copper from Hah1. Hah1 transfers copper to one of the metal-binding sites in the N-

terminal domain of Cu-ATPase.
60

 Initial copper binding results in a conformational change 

that allows Hah1  transfer copper to other sites in the N-terminal domain or between sites
61

, or 
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even donate copper to the TM-sites, as suggested by studies in the archeal CopA
62

. The last 

one can be considered as a plausible alternative for the copper transfer to the ATPases. 

Copper is required for the formation of a weak, reversible interaction between the partners, 

indication that the intermolecular complexes are metal-mediated.
63

 Similar to the mechanism 

observed by coupling mutagenesis and advanced NMR experiments, for the interactions 

between Atx1 and the N-terminal metal binding domains of Ccc2.
64

 The mechanism of copper 

transfer from Atx1 to the Ccc2 copper transporter is shown in Figure 1.7.  

 

 

Figure 1.7. The mechanism for the transfer of Cu(I) between Atx1 and Ccc2a.  

The interaction between these two proteins is metal-mediated. The top structures show Cu(I) bound to Cys15 and 

Cys18 of Atx1, and Ccc2a in its apo state. In the center structures, copper is additionally bound by Cys16 and 

Cys13 of Ccc2a, while Cys18 of Atx1 detaches from the metal ion.62 The lower structures show the completed 

copper transfer, with Atx1 in its apo state and copper bound to Cys13 and Cys16 of Ccc2a. [Reprinted from 

L.Banci et al. Nat.Prod.Rep. 2010] 

Copper transfer to the TM domain is accompanied by ATP hydrolysis and 

phosphorylation of the catalytic Asp. This in turn induces the change in protein conformation 

exposing copper to the lumen of the TGN vesicles. The low pH within the TGN may facilitate 
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copper release, leading to Cu-ATPase dephosphorylation and return in the original state. 

When Cu is elevated, all sites within the N-terminal domain are saturated with copper; this 

results in weakening interactions between the N-terminus and the ATP-binding domain and 

an increased rate of catalytic phosphorylation
65

. Thus, copper is not only a transported ion but 

also a modulator of its own transporter activity. Both of these proteins exhibit copper-induced 

trafficking and redistribution in response to changes in copper abundance.
66

  

 

1.3.3.2 Copper delivery to superoxide dismutase in cytosol 

One of the cellular defense systems from oxidative stress is the antioxidant enzyme 

Cu,Zn-superoxide dismutase (SOD1). SOD1 is a copper-zinc enzyme, catalyzing the 

disproportionation of superoxide anion to oxygen and hydrogen peroxide.
67

 In eukaryotes, it 

is mainly localized in cytosol with a smaller fraction in the mitochondrial intermembrane 

space (IMS).
68

 It has also been reported in nuclei, lysosomes and peroxisomes.
69

 Both the 

primary sequence and the three-dimensional structure of SOD1 are highly conserved from 

prokaryotes to eukaryotes.
70

 SOD1 forms a tight non-covalent homodimer with a dissociation 

constant of 1.0 * 10
-10

 M
-1

 for the human enzyme
71

, and each subunit has an immunoglobulin-

like β-sandwich fold with an intrasubunit disulfide bond. SOD1 has to undergo several post-

translational modifications before reaching its mature form. The protein requires insertion of 

zinc and copper atoms, followed by the formation of a disulfide bond between Cys-57 and 

Cys-146, which makes the protein fully active.
72

 One copper and one zinc ion are bound per 

monomer subunit (Figure 1.8).  

 

Figure 1.8.  Human CuZnSOD1 (PDB 1L3N) 
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The Cu(II) ion is coordinated by four histidine residues (His46, 48, 63 and 120), forming 

a distorted square plane, and interacts with a water molecule. His 63, is also a ligand of the 

Zn(II) ion, which completes its coordination sphere with three other amino acid residues 

(His71, His80 and Asp83) in a distorted tetrahedral arrangement. Binding of the Zn(II) ion is 

not essential for the dismutation reaction, but stabilizes SOD1 structure.
73

 An intramolecular 

disulfide bond is highly conserved in the SOD1 proteins from all known species. It confers 

stability to the protein fold and plays a structural role through the formation of a hydrogen 

bond with Arg 143 for the uptake of the superoxide anion.
73

  

Although SOD1 binds copper with high affinity in vivo and in vitro, copper insertion 

requires a copper chaperone protein, the copper chaperone for superoxide dismutase 

(CCS).
31,74

 CCS, which is found in both yeast (yCCS) and humans (hCCS), belongs to an 

emerging family of metallochaperone proteins that function specifically in the intracellular 

delivery of metal ions.
55

 

These 26–30-kDa proteins possess an Atx1-like sequence at the N terminus, complete 

with the MXCXXC metal- binding motif, which is fused to a sequence homologous to its 

SOD1 target (Figure 1.9).  

 

Figure 1.9. Structual model of copper chaperone for superoxide dismutase.  

 

The C-terminal region of CCS has high sequence homology with CCS proteins from 

other species, and also contains two highly conserved cysteine residues.
75

 The three regions 

correspond to domain 1 (Atx1-like), domain 2 (SOD1-like), and domain 3, representing a 

unique CCS sequence (Figure 1.10). The domain 1 (~8 kDa) has a structure similar to Atx1 
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copper chaperone  and can bind one copper ion when the domain is expressed as isolated, but 

is not essential to SOD1 activation in cells under normal conditions.
76

 Recent crystallographic 

structures for yeast and human CCS show that domain 2 from yeast and human adopts a 

―Greek key‖ β-barrel fold that is quite similar to its target enzyme SOD1.
77,78

 The dimeric 

domain 2 of hCCS contains a Zn(II) site similar to SOD1 but lacks the ligand set for Cu 

coordination: three of the four histidine residues present in the SOD1 copper-binding site are 

also conserved in domain 2 of  hCCS, with the fourth histidine replaced by an aspartate. The 

copper ion is not bound at this site, Copper binding to domain 2 would thus not be required 

for copper incorporation into SOD1. In contrast, yCCS domain 2 lacks both the Zn and Cu 

centers. Domain 2 is important for docking with SOD1 during the activation reaction.
79

  

Domain 3 of CCS is a short polypeptide (30–40 amino acids) without any tendency to form 

secondary structures, but is essential to CCS function. It exhibits a low homology with a 

portion of prolyl cis-trans isomerase and features a CXC motif, which is highly conserved 

among all species. The domain 3 polypeptide alone is sufficient to bind a Cu(I). 
76

 

 

Figure 1.10. Structure-based alignments comparing the amino acid sequences of CCS to Atx1 and to 

SOD1 

a, The sequences of yCCS (Domain I) and hCCS are aligned with yeast Atx1 and its human homolog Atox1. b, 

The sequences yCCS (Domain II) and hCCS are aligned with yeast and human SOD1. The positions of the 

yCCS secondary structure elements determined from the crystal structure are shown above the yCCS sequence. 

-strands are shown as blue arrows, -helices are shown as thick yellow lines, and loop regions are shown as 

thin gray lines. Residues that are identical in all four sequences are shown in red. Similar residues are shown in 
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green. Residues involved in metal ion coordination are denoted by magenta asterisks. The SOD1 zinc subloop is 

enclosed in a red box, the SOD1 electrostatic channel binding loop is enclosed in a blue box, and residues 

involved in dimerization in CCS and SOD1 are enclosed in black boxes. Dimerization residues are defined as 

residues whose accessible surface area decreases by >1 Å
2
 upon dimer formation. The most conserved regions in 

CCS and SOD1 clearly correspond to the dimer interface. [Reprinted from A.Lamb et al. Nat.Struct.Bio.  1999] 

Copper coordination in full-length CCS is still quite controversial as, variable amounts of 

bound copper ions have been observed in both  yeast and human CCS proteins. Extensive 

EXAFS experiments gave rise to the possibility of the formation in hCCS of two distinct 

clusters with different stoichiometry: a polynuclear Cu4S6 cluster involving extra Cys residues 

from domain 2 and a dinuclear Cu2S4 cluster when these extra Cys residues are unavailable. 

The functional significance of this complex copper(I) coordination in CCS is still not 

clear.
80,81 

Several laboratories have suggested that the most likely mode of copper delivery from 

yCCS or hCCS to SOD1 occurs via a mechanism where a monomer of the CCS forms a 

domain 2-mediated heterodimer with a monomer of SOD.
82

 The heterodimer interfaces are 

similar to both the SOD and CCS homodimeric interfaces. However, the metal binding region 

in the Atx1-like domain is approximately 40 Å from the copper binding site in SOD.
83

 

Therefore, for direct copper transfer to occur via this domain, there must be substantial 

motion to donate the copper to SOD. One of the theoretical modeling study based on a 

monomer of the hCCS forming a heterodimer with human SOD suggested that the flexible 

CXC motif in domain 3 can coordinate copper held in the domain 1 and then move to deposit 

copper into the SOD copper binding site. But also this mode of copper delivery would  

require a very large movement.
84

 However, the metal binding studies performed for the 

tomato CCS showed, that domain 1 and 3 may bridge via a dinuclear copper cluster in the 

fully metallated protein, suggesting a mechanism for a transfer of a single metal ion from the 

sequestring site to the translocation site.
85,86

 SOD1 is a very tight homodimer and exists in 

many-fold excess relative to the copper chaperone in vivo.
75

 Full-length yCCS (hCCS) is also 

dimeric.
77

 These facts, coupled with the problems inherent in the heterodimer model 

described above, led scientists to search for an alternative mechanism of copper delivery to 

SOD that can involve dimer of dimers CCS and SOD interactions. This model possesses some 

advantages over the heterodimer one. There is no need to disrupt the very stable SOD 

homodimer and the movement by either domain 1 or the CXC motif of domain 3 to the 

copper binding site of SOD, would be much shorter, minimizing the possibility of copper 

loss.
82

 However, the crystal structure of the   y SOD1-yCCS complex supports the monomer-

monomer interaction model.
87,88

 The formation of the intermolecular disulfide between SOD1 
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and CCS in the crystal structure suggests the involvement of CCS in SOD1 disulfide 

formation. It has recently been shown that the copper-bound yCCS can activate the disulfide-

reduced apo-ySOD1 monomeric form in the presence of oxygen.
89,73

  The model, proposed by 

O‘Halloran group suggests (Figure 1.11) that Cu-charged CCS interacts with newly 

synthesized SOD1 polypeptides prior to completion of its native fold with the formation of 

noncovalent heterodimeric complex. Zn(II) binding to SOD1 can occur either prior to CCS 

complex formation or concomitantly. The subsequent reaction of the docked heterodimer with 

dissolved O2, leads to formation of a disulfide-linked heterodimer of CCS and SOD1. After 

the oxidation step, the intermolecular disulfide is envisioned to undergo exchange to give an 

intramolecular disulfide in SOD1 thus releasing active enzyme.
73

 Thus CCS plays a 

functional role in the SOD activation not only in copper insertion, but also in the disulfide 

bond formation. 

 

Figure 1.11. Proposed mechanism of the O2-dependent post-translational modification of SOD1 by Cu-

hCCS.  

 

However, it was discovered that CCS is not the only way to activate SOD1.
90

 Some 

experiments with CCS-knockout mice cells  showed that a certain degree of SOD1 activity 

remain in the absence of the copper chaperone.
91

 It was found that the reduced glutathione is 

needed for activating SOD1 with Cu in the cells null for CCS. 
90

 Although, in all organisms 

tested until now, maximal SOD1 activity is obtained with CCS, suggesting that CCS may 

represent the preferred route of enzyme activation, while the CCS-independent pathway acts 
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as a backup under conditions in which CCS is limited. 
91

 The dual pathway for SOD1 

activation can be interpreted by dual role of SOD1 in oxidative stress protection and cell 

signaling in higher organisms: ander aerobic conditions the maximal activity can be achieved 

through oxygen-regulated CCS and inder hypoxic the reactant oxygen species products and 

reactants of SOD can effect cell signaling processes.
91

 

Posttranslational activation of SOD1 including Cu/Zn binding and disulfide formation 

should be well coordinated. If defects are present in the posttranslational activation pathway, 

the SOD1  could be toxic to the cell. In particular, SOD1 protein aggregates have been found 

in the motor neurons of SOD1-related amyotrophic lateral sclerosis (ALS) patients and 

transgenic mouse models, and have therefore been proposed to be related to the familial form 

of amyotrophic lateral sclerosis.
92

 ALS mutantions in SOD have been  demonstrated to 

increase the propensity of the protein to for insoluble aggregates by decreasing both disulfide 

stability and metal affinity
93

  

1.3.3.3 Copper trafficking to the mitochondrion and assembly of mitochondrial copper 

enzymes 

The mitochondrial pathway appears to be the most complex of the three currently known 

copper chaperone pathways. The essential need for copper in mitochondria derives from its 

role in the cytochrome c oxidase (CcO) enzyme, which is required for cellular utilization of 

oxygen. Copper is also needed in the mitochondrion for the protection against oxidative 

stress. Indeed, cellular energy production occurring in mitochondria is obviously beneficial 

for the cell, but also bears the risk of producing oxygen radicals that have a high redox 

potential, damaging important mitochondrial components. In order to avoid superoxide 

accumulation, which determines serious cellular oxidative damage, eukaryotic cells exploit 

mitochondrial superoxide dismutase (SOD) enzymes both in the intermembrane space 

(IMS)
68

, as Cu,Zn-SOD1, and in matrix, as MnSOD2
94

. Mitochondrial SOD1 is imported in 

the IMS in the apo-form, so its metallation must likewise occur within the IMS. Moreover, 

since the copper-binding subunits of CcO are encoded by the mitochondrial genome, its 

copper metallation must also occur within the organelle. The presence of two copper 

metalloenzymes that are metallated within the mitochondrion needs a specific copper 

transport pathway to this organelle for the correct functioning of CcO and SOD1 enzymes. 

However, how copper is trafficked from the cytoplasm to mitochondrion is still an open 

question. A labile copper pool was found in mitochondria of yeast and human cells, and it was 
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proposed to be the source of copper used in the metalation of CcO and of SOD1 within the 

IMS
95

. The labile copper pool is formed by a low mass ligand complex that resides within the 

matrix and stably binds Cu(I) in an anionic complex (CuL), but its nature has yet to be 

elucidated. The suggested model predicts that Cu(I) binding to the ligand within the cytosol 

triggers the translocation of the anionic CuL complex to the mitochondrion
95

. Once copper 

ions reach the IMS, complex protein machinery operates in the case of CcO to correctly insert 

them in the nascent CcO enzyme (Figure 1.12).  

 

Figure 1.12.  Cuproproteome of mitochondrion 

 

Cytochrome c oxidase - (common abbreviations: CO, CcO, COX, or complex IV) is the 

terminal enzyme of electron transport chains in eukaryotes and some prokaryotes. It belongs 

to the superfamily of terminal oxidases known as the heme-copper oxidases. Members of this 

superfamily are redox driven proton pumps that couple the reduction of molecular oxygen to 

vectorial translocation of protons across the membrane.
96

 Cytochrome c oxidase (CcO) is an 

oligomeric complex localized within the mitochondrial inner membrane (Figure 1.13).  

Eukaryotic COX is a 200kDa complex enzyme, which consists of 11–13 subunits 

depending on the organism.
97

 Prokaryotic homologues usually have a less complex 

organization. The core of the eukaryotic enzyme is formed by three subunits, which are 

encoded by mitochondrial DNA and translated on mitochondrial ribosomes. The three core 

subunits are highly conserved between different organisms. Their prokaryotic homologues 

constitute the functional enzyme. They contain a couple of redox-active metal centers which 

play a key role in the assembly steps and function of the enzyme. 
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Figure 1.13. Structure of Bovine Heart Cytochrome c Oxidase (PDB 1OCC) 

 

The low-spin heme a and a bimetallic site composed of high-spin heme a3 and a copper 

ion (CuB) reside in subunit Cox1p. The binuclear CuA center is coordinated by subunit Cox2p 

and—together with heme a—constitutes the entry site for electrons which are channelled 

through the respiratory chain to COX. The other subunits are encoded by the nuclear genome, 

that complicates the assembly of the enzyme. The subunits synthesized in two compartments 

must be coordinately recruited to assembly sites. Besides the above mentioned metal centers, 

COX contains magnesium, sodium and zinc ions. Only few data are available on the role of 

these metals for COX function.
98

 

Based on a large body of spectroscopic and kinetic data
99

 it is generally accepted that 

internal electron transfer in oxidase proceeds, in four repetitive steps, from the CuA center 

located in subunit II to the three redox sites in subunit I, heme a and the binuclear center 

composed of heme a3 and CuB where dioxygen reduction to water is catalyzed: 

4cyt c 
red 

+ 8H
+

(in) + O2 → 4 cyt c 
ox

 + 2H2O + 4 H
+

(out) 

Electrons enter the oxidase complex exclusively via its CuA center. Subunit II has been 

described as the main docking site for cytochrome c. Its interaction with oxidase is based on 

long-range electrostatic preorientation between the highly basic mitochondrial cytochrome c 

and an extended lobe of acidic residues on the surface of subunit II close to the CuA site.
100

 

Assembly of a functional cytochrome c oxidase apparently is an ordered multistep 

process in humans and other eukaryotes, while the sequence of assembly events is less strict 

in prokaryotic organisms. In this process about thirty accessory proteins have been identified 
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necessary for the complex assembly. The putative process of the cytochrome oxidase 

assembly could be devided in four steps.
101

 (Figure 1.14)  

 

 

Figure 1.14. Model of the assembly pathway of human CcO.  

I: Cox1, II: Cox2, III: Cox3, IV: Cox4, V: Cox5, VI: Cox6, VII: Cox7, VIII: Cox8, SURF1: Surf1, COX10: 

Cox10, Heam A: heme a, Heme A3: heme a3, SCO:Sco. [Reprinted from J.-Taanman et al., Biochem Soc. Trans 

2001] 

At the first step, the Cox1 is folded into the inner membrane and that concurrently the 

heme a moiety is buried inside the protein by the interaction with Cox10/Cox15. The inner-

membrane protein Surf1 is possibly involved in heme a insertion or in the folding of Cox1. 

The first subcomplex comprises Cox1 and Cox4 subunits. In the next step, the CuB-haem a3  

centre of Cox1 is formed and, simultaneously, Cox2 associates with Cox1 to stabilize the 

active site. The CuA centre of Cox2 is also created at this phase. Possibly that the CuB centre 

of Cox1 is generated at a later stage. A number of proteins are involved in the copper 

insertion at two copper sites of the CcO, including Cox11, Cox17, Sco1 and Sco2, that will be 

described subsequently. In the final steps of the assembly, Cox3, Cox5a, Cox5b, Cox6b, 

Cox6c, Cox7c and Cox8 subunits become part of the subcomplex Cox1/Cox4/Cox2. The 

monomeric enzyme is formed when Cox6a and Cox7a subunits associate to Cox3 subunit. 

The assembly is completed with the holoenzyme dimerization. 
102

 

 

Cox17 - It has been demonstrated that Cox17, a copper chaperone that was originally a 

candidate for the transport of cytosolic copper to the mitochondrial IMS, functions in the 

delivery of copper to CcO within the IMS.
103

 Unlike Atx1 and CCS that donate Cu(I) directly 

to the target molecule, Cox17-mediated Cu(I) donation to cytochrome c oxidase subunits 

involves two accessory proteins Cox11 and Sco1, which function in the metallation of the 
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CuB site in CcO subunit Cox1 and CuA site in Cox2 subunit respectively.
104

 Cox17 is a small 

hydrophilic protein of 63 residues in humans. Prokaryotic homologs of Cox17 have not been 

identified.
105

 The mammalian Cox17 contains six conserved cys residues and can exist in 

three redox states corresponding to the fully reduced Cox170S-S, the partially oxidized 

Cox172S-S, and the fully oxidized Cox173S-S protein.
106

 Redox reactions are important for 

targeting of Cox17 into IMS, where Cox170S-S is oxidized to Cox172S-S through a mechanism 

mediated by Mia40 proteins.
107

 The oxidation leads to the formation of an active protein with 

coiled coil helix–coiled coil helix structural motif (CHCH), where two short helixes are 

connected with two interhelical disulfide bonds and oxidative folding is crucial for retention 

of this protein in IMS. Cox172S-S is also a functional form of Cox17, it is responsible for the 

metallation of  Sco1 chaperone.
108

 Cox17 binds Cu(I) in one monomer conformer consisting 

of a simple helical hairpin structure stabilized by two disulfides. Although Cu(I)Cox17 can 

adopt multiple oligomeric states forming polycopper clusters.
108

 (Figure 1.15) Recent data 

indicate that metal transfer between Cox17 and Sco1 might be coupled to electron transfer 

and highlighting the importance of redox reactions in functioning of Cox17.
109 

 

 

 

Figure 1.15. Copper  metallochaperone Cox17. 

Disulfide bonds between two pairs of cysteine residues (yellow) on antiparallel α-helices (violet) create a helical 

hairpin of Cox17  (PDB 2RNB) 

Sco1 and Sco2 - Both human Sco1 and Sco2 proteins are required for CcO biogenesis 

and have nonoverlapping functions.
110

 Sco1 and Sco2 are highly similar proteins with C-

terminal region protruding the IMS and tethered to the IM by a single transmembrane helix at 

the N-terminus. The function of Sco1 is dependent on its single transmembrane helix since 

targeting of Sco1 to IMS as a soluble protein yields a nonfunctional protein.
111

 Cells lacking 

yeast Sco1 are respiratory deficient and are devoid of CcO activity, while yeast sco2Δ cells 
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lack a obvious phenotype associated with respiration
69

. Cu(I) is trigonally coordinated by two 

cysteinyl residues within a CPDVC sequence motif plus a histidine imidazole.
112

 (Figure 

1.16) Mutation of the Cys or His residues abrogates Cu(I) binding, resulting in a 

nonfunctional CcO
112

. These proteins have thioredoxin folds, raising questions about whether 

Sco proteins may function in redox reactions. Thus it was found, that Thermus Sco1 functions 

as an oxidoreductase, rather than a Cu(I) donor, to form the CuA center in CcO. The direct 

Cu(I) transfer from Cu-PCuAC to subunit II may involve ligand-exchange steps with the two 

Cys residues in the CuA center.
113

  

Direct Cu(I) transfer from Cox17 to Sco1 has been shown in vitro and in vivo. This likely 

occurs through a highly transient interaction of the two molecules
108

. The Cu(I) ions 

transferred from Cox17 to Sco1 appear to be donated subsequently to Cox2 as an intermediate 

step in CcO assembly. The Sco1-mediated metallation of Cox2 likely occurs after extrusion of 

the Cox2- soluble domain into the IMS by the Cox18 translocase. Information on the Sco1-

mediated metallation of Cox2 in eukaryotes is limited, although a group of conserved residues 

on the dynamic protruding loop in Sco1 was shown to be important for function with Cox2.
114

 

Sco1 proteins transfer both a Cu(I) and Cu(II) ion to form the mixed valent CuA site. This 

molecular mechanism has been recently investigated in a bacterial organism showing that, 

even if the proteins involved in the bacterial CuA assembly are partially different with respect 

to the eukaryotic ones, a sequential insertion of two Cu(I) ions occurs yielding a reduced CuA 

site that can be converted to the oxidized, mixed valence site through electron transfer after 

the complex assembly.
113

  

 

Figure 1.16. Copper  metallochaperone Sco1. 

Sco1 is tethered to the inner membrane (IM) (hydrophobic α-helix not shown) with a thioredoxin fold (β-strand,  

blue; histidine, cyan) in the intermembrane space (PDB 2GQM) 
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Cox11 - Formation of the CuB site is also dependent on accessory proteins for both the 

insertion of copper and heme groups. A copper-binding protein of the IM space, Cox11, is 

implicated in the formation of the CuB site of CcO. S. cerevisiae lacking Cox11 has impaired 

CcO activity and lower levels of Cox1.
115

 Cox11 has a single transmembrane helix just 

downstream the N-terminal mitochondrial targeting sequence and a C-terminal domain 

protruding into the IMS which binds a single Cu(I) ion.
116

 Three conserved Cys residues were 

candidate ligands for the Cu(I) ion. The structure of the globular domain of a Cox11 homolog 

from Sinorhizobium meliloti adopts an immunoglobulin-like β fold.
117

 Two of the conserved 

cysteines are located on one side of the β-barrel structure, while the third is located far from 

the others in the unstructured N-terminal region only five/four residues from the IM. (Figure 

1.17) Cox11 dimerizes upon Cu(I) binding to form a binuclear Cu(I) thiolate cluster at the 

dimer interface.
116

 If Cox11 directly transfers the metal to Cox1 subunit, the copper transfer 

could occur in a heterodimeric Cox1-Cox11 complex at the membrane interface. Therefore, it 

might be possible that the dimeric state of Cox11 may stabilize copper binding, protecting the 

copper ion until transfer to Cox1 occurs. Thus, Cox11 may disrupt the dimer to form a 

heterodimer with Cox1 to insert co-translationally the copper ion in the CuB site.
118

 CuB site 

formation occurs in Cox1 prior to addition of the Cox2 or Cox3 subunits. The CuB-heme a3 

binuclear site forms in an early assembly intermediate of Cox1 that is stabilized by the Shy1 

assembly factor. Cox11 forms a transient interaction with Shy1, which may be important to 

coordinate CuB site formation.
104

 

 

Figure 1.17. Copper  metallochaperone Cox11. 

Cox11 is tethered to the IM (hydrophobic α-helix not shown) with an immunoglobulin-like β-barrel in the IMS 

(PDB 1SPO) 

As it was already mentioned also the mitochondrial fraction of the SOD1 undergoes the 

assembly process whithin the IMS of the mitochondria. The SOD1 cross the OM only in its 

non-metallated and disulfide reduced state. Once inside the IMS, SOD1 maturation is 
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facilitated by mitochondrially-localized CCS, through the same modifications described for 

the cytosolic SOD1.
119

 Moreover, it was proposed, that the SOD1 import indirectly depends 

on Mia40/Erv1 disylfide relay system and respiratory chain function, via the interaction with 

mitochondrial CCS.
120

 According to this mechanism, apoCCS enters the IMS, where it forms 

a disulfide intermediate with Mia40. This interaction results in the formation of the 

intramolecular disulfide bond in CCS, which trap it in IMS. In turn, mature CCS interacts 

with incoming apoSOD1 and promotes its folding and metallation, trapping SOD1 in IMS.
120

 

It has been shown that the high levels of CCS in IMS promote the import of SOD1 protecting 

the cells against oxidative damaged. The CCS control of mitochondrial uptake of SOD1 could 

have important implications with regard to SOD1-linked ALS. In one hypothesis for the 

disease, the mitochondrial pool of mutant SOD1 causes damage to mitochondrial function and 

structure. Mitochondrial uptake of ALS mutant SOD1 is increased upon CCS overexpression, 

resulting in mitochondrial respiratory defects and anacceleration in SOD1-linked motor 

neuron disease.
121

 

1.3.3 GSH and metallothioneins 

For mantaining cellular copper homeostasis in addition to proteins involved in described 

trafficking machinery the Cu(I) ions are coordinated to low molecular weight ligands such as 

reduced glutathione (GSH), which is the most abundant intracellular low molecular weight 

copper ligand found in living cells
122

. It is present at high concentration in a number of 

tissues, and has been shown to bind Cu(I) and to play a role in biliary excretion of copper.
123

 

In addition, GSH can transfer copper to cuproproteins including metallothioneins.
124

 

Metallothioneins (MTs) are a class of low molecular weight proteins that have one of the 

highest affinity for copper(I), and may play special roles in the regulation of cellular copper 

distribution; however, for kinetic reasons they cannot demetallate copper enzymes.
32

 Found in 

all eukaryotes and some prokaryotes, metallothioneins are thought to be involved in the 

detoxification of metals including nonessential and excess essential metals, storage of 

essential metals, sequestration of reactive oxygen and nitrogen species and electrophiles, and 

intracellular trafficking of zinc.
125,126

 MTs are generally devoid of histidines and aromatic 

amino acids, but their amino acid content is up to one-third cysteine. These proteins typically 

have a one- or two-domain structure, and these structures and the nature of their metal binding 

reveal extensive evolutionary diversification.
127

 In its fully metallated form, mammalian MT 

adopts a conformation with distinct metal–thiolate clusters located within two domains with 
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stoichiometries of M3(Scys)9 and M4(Scys)11 for divalent metal ions.
128

 The folding of the 

protein chain around the clusters is entirely driven by the coordination of the metal ions. The 

exact mechanism of metal ion chelation: the order of metal binding, the eventual cooperativity 

of the process, the rate of binding of each metal ion is not well clarified so far, but this 

information is probably the key to reveal the role of MTs in the cell.The two main copper 

thioneins in eukaryotes are Cup1 and Crs5.
129

 

 

1.4  AIMS AND TOPICS OF THE RESEARCH 

My research during the three years of the doctorate was focused on the study of the  

mechanisms that ensure the copper homeostasis in both eukaryotes and prokaryotes. In 

particular,  I studied metalloproteins belong to two different copper trafficking pathways: i.e. 

copper delivery to the cytochrome c oxidase and to superoxide dismutase.   

The first project contributes to the understanding of the molecular function of the Sco 

proteins. The implication of Sco proteins in the copper delivery to cytochrome c oxidase was 

proposed more than  ten years ago. But the futher structural and biochemical studies strongly 

suggested that Sco proteins may exhibit more than one function that include copper transfer. 

In our work, we analyzed the genome of Pseudomonas putida KT2440, which contains six 

Sco-like sequences in different genomic contexts. The protein named pp3183,  containing a 

Sco-like sequence fused with a Cyt c-like sequence has been chosen as a target to investigate 

the electron transfer properties of Sco protein family and they possible  role  as a redox 

proteins. To address this question, the solution structures of both cyt c and Sco domains, 

separately expressed, were determined and the electron transfer reaction between them was 

investigated in accordance to their here measured redox potentials. Copper binding and 

thioredoxin properties of the Sco domain were also investigated to characterize this class of 

the proteins in order to understand the evolution link between thioredoxins and copper 

chaperones. 

The second project dealt with human coper chaperone for superoxide dismutase. This 

metallochaperone activates the target enzyme through the insertion of the copper cofactor by 

unknown mechanism. Knowledge of the mechanism by which copper is transferred from CCS 

to SOD could provide the opportunity to interfere with copper incorporation and to plan a 

strategy for reducing or preventing degeneration in ALS. Newly synthesized SOD1 

polypeptide undergoes several post-translational modifications prior the formation of an 
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active enzyme, that involve  copper and zinc binding, disulfide formation, and dimerization. 

The structural interplay of conserved disulfide bond and metal-site occupancy in human 

Cu,Zn-SOD1 is of increasing interest as these post-translational modifications are known to 

dramatically alter the catalytic chemistry, the subcellular localization, and the susceptibility of 

the protein to aggregation. The general aim of this project is to study protein-protein 

interactions between hCCS and it‘s physiological partner protein SOD1 in order to understand 

recognition details, mechanism of the copper transfer process and disulfide linkage formation. 

For this purpose the hCCS full length protein as far as the constructs of the separate domains 

of this protein have been cloned and expressed for subsequent biochemical and biophysical 

studies and interactions of these proteins with different forms of SOD1 proteins have been 

performed by solution NMR and ESI - mass spectrometry. 
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2.1 GENOME BROWSING 

Over the past few decades rapid developments in genomic and other molecular research 

technologies and developments in information technologies have combined to produce an 

incredible  amount of information related to molecular biology. Genome sequencing projects 

have made available, the complete genome of more than 60 species in addition to the 

thousands of viruses and primary sequence of an enormous number of new genes. This 

sudden increase in the amount of genomic information, has provided a new starting point for 

understanding our basic genetic machinary. This wealth of genomic data can be fully 

exploited only through elucidation of the three-dimensional structures of the corresponding 

proteins. Structural genomics requires a large number of process steps to convert sequence 

information into a 3D structure, which includes: choosing proper expression constructs, 

setting up of right growth conditions and efficient purifying strategy.
 
And different scientific 

fields like bioinformatics, biochemistry and molecular biology have to cooperate in order to 

proceed in the target selection, protein expression, and finally structural and functional 

characterization.
 

Bioinformatics has an essential role in understanding genomic and proteomic data, and in 

organizing experimental data. It is an interdisciplinary research area at the interface between 

the biological and computational science.  

A number of data banks are available and provide the scientific community with tools for 

searching gene banks, for the analysis of protein sequences, for the prediction of a variety of 

protein properties. Databases contain information and annotations of DNA and protein 

sequences, protein structures and protein expression profiles. The most used databases and 

genome browsing softwares are: 

 NCBI: is a web site which integrates information from several databases (Swissprot, 

EMBL and all geneBank). [www.ncbi.nlm.nih.gov/Entrez/],  

 PDB: A 3-D biological macromolecular structure database. [www.rcsb.org/pdb], 

 PFAM: is a collection of different protein families organized in terms of different 

domains as obtained from multiple alignment. [http://pfam.wustl.edu],  

  PROSITE: SCANPROSITE allows to scan a protein sequence, provided by the user, 

for the occurrence of patterns and profiles stored in the PROSITE database, or to 

search in protein databases all sequences with a user entered pattern 

[www.expasy.org/prosite/],  
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 STRING: is a database of predicted functional associations among genes/proteins. 

Genes of similar function tend to be maintained in close neighbourhood and tend to be 

present or absent together [www.dag.embl-heidelberg.de]. 

 BLAST (The Basic Local Alignment Search Tool): is a set of similarity search 

programs designed to explore all of the available sequence databases regardless of 

whether the query is protein or DNA. PHIBLAST is designed to search for proteins 

that contain a pattern specified by the user, and simultaneously are similar to the query 

sequence. [www.ncbi.nlm.nih.gov/BLAST/].  

 CLUSTALW: is a general purpose multiple sequence alignment program for DNA or 

proteins. It produces biologically meaningful multiple sequence alignments of 

divergent sequences. It calculates the best match for the selected sequences, and lines 

them up so that the identities, similarities and differences can be seen. Evolutionary 

relationships can be seen via viewing Cladograms or Phylograms 

[www.ebi.ac.uk/clustalw/] 

Once selected a protein target of particular interest is subjected to further bioinformatics 

investigations. In case where the target will be used for recombinant protein expression the 

following characteristic of the protein can predicted and be used for defining constructs:  

a) Post-translational modification prediction: signal peptides, glycosylation, 

phosphorylation and cleavage sites: TargetP, SIGNALP.
1
 

b) Topology prediction of transmembrane (TM) regions:  prediction of membrane-

spanning regions and their orientation: TMHMM
2
, TMpred

3
,  HMMTOP.

4
  

c) Secondary structure prediction: of the regions with tendency to form helices, beta-

sheet, coil or turns. Combining these predictions with homologue proteins alignment, 

can be used to select the exact residues that define a construct minimizing the 

possibility of destroying a region with certain secondary structure. NPS@. 
5
 

d) Prediction of intrinsically unstructured /disordered regions: recognition of such 

regions from the amino acid sequence based on the estimated pairwise energy content. 

The underlying assumption is that globular proteins are composed of amino acids 

which have the potential to form a large number of favorable interactions, whereas 

intrinsically unstructured proteins adopt no stable structure because their amino acid 

composition does not allow sufficient favorable interactions to form. IUPred.
6
  

e) Rare codon calculation: Over-expression of recombinant protein in E. coli may be 

severely diminished (to the point of being undetectable) if the ORF that codes for the 
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protein uses "rare" codons that are infrequently used by E. coli. In particular, codons 

for arginine (AGG, AGA, CGA), leucine (CTA), isoleucine (ATA), and proline (CCC) 

may be a problem.
7
 

2.2 CLONING TECHNIQUES 

2.2.1 Gene cloning 

The terms "recombinant DNA technology," "DNA cloning," "molecular cloning," and 

"gene cloning" all refer to the same process: the transfer of a DNA fragment of interest from 

one organism to a self-replicating genetic element such as a bacterial plasmid. The DNA of 

interest can then be propagated in a foreign host cell. This technology has been around since 

the 1970s, and it has become a common practice in molecular biology labs today.  

The strategy for cloning the target protein has to be carefully designed since it will 

influence the behaviour of the protein, e.g. yield, solubility, folding, etc. Standard procedure 

when setting out to express a recombinant protein is to screen a series of constructs to identify 

the most appropriate vehicle for the generation of sufficient soluble protein for downstream 

purposes. 

The first step of the cloning process consists in the amplification of target gene from 

cDNA (synthetic or extracted from the organism of interest) or plasmids via PCR 

(Polymerase Chain Reaction) using specific primers. After purification, the amplified product 

is inserted into a specific expression vector using one of the methods described below. The 

protein can be cloned in different vectors in order to obtain a native protein or a protein fused 

with different tag. The tag has a known size and biological function and can enhance, for 

example, solubility or affinity for some specific purification systems or can permit the 

transport of protein in the periplasmic compartment. Later on, these tags can be removed by a 

proteolytic cleavage with an enzyme such as factor XA or TEV.
8,9,10 

The classic method to insert a gene in a vector is using restriction enzymes that cleave 

DNA at specific recognition sites. Both DNA and a cloning vector have to be treated with two 

restriction enzymes that create compatible ends. The next step is the ligation of the insert into 

the open vector. This involves the formation of phosphodiester bonds between adjacent 5'-

phosphate and 3'-hydroxyl residues, a reaction catalyzed by the bacteriophage T4 DNA ligase. 

Finally an aliquot of this reaction is transformed in DH5α E. coli competent cells and 

positives clones are screened both by PCR and DNA sequencing. The yield of this procedure 
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depends on the efficiency of the ligation step which is affected by the DNA concentration, the 

vector/DNA insert ratio and the transformation efficiency of the cells. Moreover the 

parallelization of this approach is not so easy because not all the host vectors and the target 

genes can be cleaved by the same restriction enzymes.
11

 

The other cloning strategy exploits ligation-independent cloning (LIC), such as Gateway 

(Invitrogen, The Netherlands), is useful for simultaneous preparation of plasmids for different 

expression systems. (Figure 2.1) It‘s a universal cloning method that takes advantage of the 

site-specific recombination properties of bacteriophage lambda.
12

 Mainly it consists in the 

creation of a common entry vector that can be recombined in several compatible vectors 

without the use of any restriction enzyme. The entry vector can be obtained via a ligation 

reaction of the entry vector with DNA construct amplified; the reaction is catalyzed by the 

topoisomerase I. After isolation of the entry vector, the second step is to generate an 

expression vector by performing a recombination reaction between the entry clone and a 

Gateway destination vector of choice. 

 

Figure 2.1. The flexibility of the Gateway Technology.  

After cloning the gene of interest into the Entry vector, you can transfer the gene of interest simultaneously into 

multiple destination vectors. [Reprinted from Gateway Technology handbook] 

In the present thesis as cloning system was used mainly the Gateway Cloning System, 

pENTR/TEV/D-TOPO version. As expression vectors the following vectors have been used: 

pDEST-17/O (His), pETG-20A (His-Trx), pETG-30A (His-GST), pDEST-His-MBP, pDEST-

His-MBPperi, and pTH34 (His-GB1).  
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2.2.2 Site directed mutagenesis 

Site-directed mutagenesis is a technique for carrying out vector modification and 

characterizing the dynamic, complex relationships between protein structure and function. 

The basic procedure (Figure 2.2) utilizes a supercoiled double-stranded DNA vector with 

insert the gene of interest and two synthetic oligonucleotide primers, both containing the 

desired mutation. The primers, each complementary to opposite strands of the vector, are 

extended during PCR reaction by a high fidelity DNA polymerase (PfuUltra, Stratagene). 

Extension of the oligonucleotide primers generates a mutated plasmid. After PCR reaction the 

product is treated with an endonuclease specific for methylated and hemimethylated DNA, 

DpnI. This enzyme is used to digest the parental DNA template and thus select only the 

mutation-containing synthesized DNA; this happens because DNA isolated from almost all E. 

coli strains is dam methylated and therefore susceptible to endonuclease digestion. The vector 

containing the desired mutations is then transformed into XL1-Blue supercompetent cells and 

subsequently subjected to sequencing analysis. 

 

 

 

Figure 2.2. Overview of the QuikChange II Site-directed Mutagenesis Method. 
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2.3 PROTEIN EXPRESSION 

2.3.1 Expression systems 

Several host systems are available for protein production, including bacteria, yeast, plants, 

fungi, insect and mammalian cells.
13

 The choice of an expression system for the high-level 

production of recombinant proteins depends on many factors. These include cell growth 

characteristics, expression levels, intracellular and extracellular expression, posttranslational 

modifications, and biological activity of the protein of interest, as well as regulatory issues in 

the production of therapeutic proteins. In addition, the selection of a particular expression 

system requires a cost breakdown in terms of process, design, and other economic 

considerations.
14

 The many advantages of E. coli have ensured that it remains a valuable 

organism for the high-level production of recombinant proteins, since it is the easiest, 

quickest and cheapest expression system. There are many commercial and non-commercial 

expression vectors available with different N- and C-terminal tags and many different 

bacterial strains which are optimized for special applications. Moreover one of the major 

advantages of E. coli is that the production of isotope labelled protein for NMR, is less 

complex compared to other systems. However, in spite of the extensive knowledge on the 

genetics and molecular biology of E. coli, not every gene can be expressed efficiently in this 

organism. This may be due to the unique and subtle structural features of the gene sequence, 

the stability and translational efficiency of mRNA, the ease of protein folding, degradation of 

the protein by host cell proteases, major differences in codon usage between the foreign gene 

and native E. coli, and the potential toxicity of the protein to the host. The major drawbacks of 

E. coli as an expression system include the inability to perform many of the posttranslational 

modifications found in eukaryotic proteins, the lack of a secretion mechanism for the efficient 

release of protein into the culture medium, and the limited ability to facilitate extensive 

disulfide bond formation. Many eukaryotic proteins can be produced in E. coli but sometimes 

they are produced as non-functional inclusion bodies protein.
14,15

 Therefore, researchers have 

recently turned to eukaryotic yeast and insect cell expression systems for protein production. 

2.3.2 Recombinant proteins production in E.coli. 

Similarly to gene cloning, also for protein production the best strategy is the use of a 

parallel expression strategy; depending on the number of targets the possible choices are: (i) 
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to express more genes in the same bacterial strain, (ii) to express a single gene in different 

strains or (iii) to express more genes in different strains.
16

 

A preliminary expression test is performed in a small-volume scale. Since E. coli is a 

simple organism, it is highly amenable for growth in 96–24-deep-well block format (1–

10 mL) using standard shaking incubators. This utility allows many hundreds of parameters to 

be analysed simultaneously in very small volumes which therefore allows the rapid 

identification of clones, constructs, fusion tags, induction conditions, which provide optimal 

conditions for the generation of large quantities of a soluble recombinant protein.
17

 Usualy we 

perform these tests using three groups of  strains (e.g.: Bl21(DE3)pLysS a protease deficient 

strain, Rosetta(DE3) for rare codons containing genes and Origami(DE3) for disulphide 

containing proteins), three expression temperatures (37-25-17°C), three inducer (isopropyl-

beta-D-thiogalactopyranoside) concentrations, different expression time (3h, 5h and 

overnight) and three culture media of different composition. Expression results are checked 

on SDS polyacrylamide gel (SDS-PAGE).  

In case of negative or partially positive results some or all variables can be modified, in 

particular the more influencing ones like the choice of bacterial strain, the induction times, the 

kind of vectors and expression promoters used. If the main fraction of the protein is produced 

in the insoluble fraction, refolding trials can be performed. The last choices are to redesign the 

expressed domains or to use another expression system. 

Dependence of the expression purposes, protein expression is performed in differently 

composed media. In fact, when large amounts of proteins must be isolated for techniques that 

do not require isotopic labelling, the culture is usually performed in a so-called rich or 

complex medium. Rich media contain water soluble extracts of plant or animal tissue (e.g., 

enzymatically digested animal proteins such as peptone and tryptone), and for this reason are 

rich in nutrients and minerals, assuring a fast bacterial growth and a high expression level. 

Their exact composition is unknown and this can impair the reproducibility of cultures. 

Chemically defined (or minimal) media are composed of pure ingredients in measured 

concentrations, dissolved in purified water; this way the exact chemical composition of the 

medium is known, allowing high reproducibility of protein yields. Typically, this class of 

media is composed of a buffering agent to maintain culture pH around physiological values, a 

carbon source like sugar (glucose) or glycerol, and an inorganic nitrogen source, usually an 

ammonium inorganic salt. Depending on the bacterial strain and the expressed proteins 

various mineral salts can be added and, if necessary, growth factors such as purified amino 
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acids, vitamins, purines and pyrimidines. Chemically defined media are easier to isotopically 

enrich, simply by using 
15

N and 
13

C enriched nitrogen and carbon sources. 

2.4 PROTEIN PURIFICATION 

The strategy of purification depends mainly upon the localization of the produced protein 

within the host; for example the protein can be excreted into the growth media, transported in 

the periplasmic space or produced like a soluble or insoluble (inclusion bodies) protein within 

the cytoplasm and finally directed to the cell membranes. In each of the cases the isolation has 

to be performed in different ways.
18,19

 

Cell lysis is the first step in protein purification and the technique chosen for the 

disruption of cells must be compatible with the amount of material to be processed and the 

intended downstream applications. Many techniques are available, spanning from physical to 

detergent-based methods. The most frequently used method for cell disruption in our 

loboratory is sonication, which comprises pulsed, high frequency sound waves to agitate and 

lyse cells. Gentler ways of disrupting cells are freeze-thaw lysis, detergent lysis, enzymatic 

lysis and osmotic lysis. The latter method is well suited when the protein is expressed in the 

periplasm of the cell and it was used fort the purification of ppCyt c and SOD AS proteins. 

The big advantage of this technique is that all the interferents coming from the cytoplasmic 

region are eliminated, since the inner membrane is not broken, preventing also genomic DNA 

and proteases release.  

The following step of purification procedure is composed of normally two or more rounds 

of chromatography, based on the different physical chemical and biological characteristics of 

the protein. A powerful chromatographic technique is Ion exchange chromatography (IEX) 

that separates the proteins on the basis of a reversible interaction between the polypeptide 

chain and a specific, charged ligand attached to a chromatographic matrix (Figure 2.3). The 

sample is applied in conditions that favour specific binding, e.g. low ionic strength of the 

solution and carefully calibrated pH, in order to enhance interaction with the target of interest. 

The unbound material is washed away and the bound protein is recovered by changing 

conditions to those favouring desorption. This can be achieved by changing pH or ionic 

strength of the eluent. The most used resin is the anionic one, since the majority of proteins 

carry an overall net negative charge at physiological conditions.  
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Figure 2.3. Scheme of the ion exchange chromatography. 

 

Size-exclusion chromatography (SEC) is the simplest and mildest of all the 

chromatographic techniques; the support for gel filtration chromatography is composed of 

beads which contain holes, called "pores," of given sizes. Larger molecules, which can't 

penetrate the pores, move around the beads and migrate through the spaces which separate the 

beads faster than the smaller molecules, which may penetrate the pores (Figure 2.4). In this 

technique the buffer composition does not play any role in the resolution. SEC can be 

performed on a ―rough‖ level, separating the components of a sample in major groups to 

remove for example high or low molecular weight contaminants or to exchange buffers, while 

high resolution fractionation of biomolecules allows to isolate one or more components of a 

protein mixture, to separate monomers from aggregates, to determine molecular weights or to 

perform a molecular weight distribution analysis, provided that suitable standards are 

available. 
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Figure 2.4. Scheme of the size exclusion chromatography. 

 

In case of peptide fusion tags, a variety of affinity purification methods are available. 

Immobilized metal ion affinity chromatography (IMAC) is currently the most used affinity 

technique, it exploits the interaction between chelated transition 

metal ions (generally Zn
2+

 or Ni
2+)

 and side-chains of specific 

amino acids (mainly histidine) on the protein. In IMAC 

chromatography, the target protein is usually washed from the 

impurities and then eluted using increasing concentration of imidazole, which acts like a 

competitive agent.  

Enzymatic digestion using a specific protease is then necessary to remove the fusion 

partner from the target protein and a second IMAC purification is generally performed in 

order to separate the two proteins. TEV, Fatt.Xa, Thrombin, Prescission Protease, 

recombinant Enterokinase are some example of proteases that are normally used for the 

cleavage of fusion proteins. The protease specific recognition site is selected and cloned in the 

vector codifying for the protein sequence at the cloning step. For each protease/fusion protein 

pilot experiments should be done to find out suitable conditions. 

2.5 SAMPLE PREPARATION 

Copper and zinc metalloproteins, which in many cases bind metal atoms through Cys 

residues are not easy to handle. Disulfide reduction prior to metallation have to be performed. 

Protein reduction and metallation were carried out under nitrogen atmosphere in an anaerobic 
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chamber to prevent oxidation of the cysteine residues. Dithiothreitol (DTT) was added to the 

protein in a 0,5 - 5mM concentration to reduce the cysteine residues in the metal binding 

motif prior to metal reconstitution. The excess of DTT was removed after using PD-10 

desalting column or dialysis.  In order to obtain Cu(I)-, Cu(II)-metallated protein, progressive 

titration, monitored by UV-Visible spectroscopy or 
1
H-

15
N-HSQC experiment were 

performed, using the metals respectively in the  [Cu(I)(CH3CN)4]PF6 and Cu2SO4 forms. The 

titration was performed using a maximum protein concentration of 0.2 mM avoiding 

aggregation of the protein. The excess of metals was removed by PD-10 desalting column or 

dialysis. All the NMR samples were prepared in phosphate buffer at pH 6-7.5.  

2.6 BIOCHEMICAL AND BIOPHYSICAL CHARACTERIZATION 

2.6.1 Circular dichroism spectroscopy 

Circular dichroism (CD) is a spectroscopy based on the differential absorption of left- 

and right-handed circularly polarized light. CD is an excellent tool for rapid determination of 

the secondary structure and folding properties (i.e.arrangement of peptide bonds in secondary 

protein structure elements like helices and strands) of proteins that have been obtained using 

recombinant techniques. One of most widely used application of CD in protein studies is to 

determine whether a purified protein is folded and how a mutation or conditions of sample 

(denaturant) affects its conformation or stability.  

In proteins the major optically active groups are the amide bonds of the peptide 

backbone (peptide bond: absorption below 240 nm, aromatic aminoacid side chains: 

absorption in the range 260 to 320 nm and disulphide bonds: weak broad absorption bands 

centred around 260 nm), typically disposed in highly ordered arrays such as α-helices or β-

pleated sheets. The different types of regular secondary structure found in proteins give rise to 

characteristic CD spectra in the far UV (Figure 2.5).
20
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Figure 2.5. CD spectra of poly-lysine in three conformations.  

 

The CD investigations were carried out in a Jasco J-715 spectropolarimeter using a 

0.1-cm pathlength cell with cooling jacket connected to a water thermostatic device at 25
o
C. 

Spectra were recorded from 190-250nm at a scan speed of 20 nm/min and resulted from 

averaging 4 scans. The final spectra were baseline-corrected by subtracting the corresponding 

buffer obtained under identical conditions. Results were expressed as the mean residue 

ellipticity [] at a given wavelength. The data were fitted with the secondary structure 

estimation program DicroProt 
21

 

2.6.2 Dynamic light scattering  

Dynamic light scattering (DLS), also known as Photon correlation spectroscopy or 

Quasi-elastic light scattering is a technique which can be used to determine the size 

distribution profile of small particles in solution like proteins. In the present thesis DLS was 

applied in chromatography mode for the investigation of the aggregation state of the proteins. 

0.1–1 mM protein samples were injected on a Superdex75 HR-10/30 size-exclusion column 

on an AKTAFPLC system (Amersham Pharmacia Biosciences) connected with a multiangle 

light scattering (DAWN-EOS, Wyatt Technologies, Santa Barbara, CA) coupled with 

quasielastic light scattering detectors (Figure 2.6). Data analysis and average MW were 

automatically calculated by the Wyatt's Astra software. 
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Figure 2.6. Diagram of light scattering in the chromatography mode. 

The protein sample is injected (injector), separated in the size-exclusion column. After elution the different 

properties of the protein are measured by the detectors. [Reprinted from Alliance protein laboratories home 

page] 

2.6.3 UV-visible spectroscopy 

UV-visible spectroscopy involves the spectroscopy of photons in the UV-visible 

region. It uses light in the visible and adjacent near ultraviolet (UV) and near infrared (NIR) 

ranges. In this region of the electromagnetic spectrum, molecules undergo electronic 

transitions. UV-visible spectroscopy is routinely used in the quantitative determination of 

protein and DNA solution. Protein concentration can be determined by the absorption at 280 

nm (mainly due to Tyr and Trp residues) using the protein extinction coefficient, estimated by 

Protparam [www. expasy.org/tools/protparam/], or by any colorimetric assay e.g. Bradford. 

The molar extinction coefficient (or molar absorptivity) is defined via the Beer-Lambert law: 

lc


  

where A  absorbance, c the sample concentration (M) and l the length of light path 

through the sample in cm.  

DNA quantification is based on the absorption purines and pyrmidines which show 

absorption maxima around 260nm (alternatively DNA can be quantified on agarose gel by 

ladder markers).  

2.6.4 Metals content determination by ICP 

Inductively Coupled Plasma (ICP) is an analytical technique used for the detection of 

trace metals and allows multi-elemental, simultaneous analysis of most elements in the 
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periodic table, with excellent sensitivity (ng/L or ppt) and high sample throughput. The 

analytical principle used is optical emission spectroscopy, triggered by plasma ionization. The 

liquid sample is introduced in the prechamber, usually by mean of a peristaltic pump, then 

nebulized and entrained in the flow of plasma support gas, which is typically Argon. The 

analytes are excited into a state of radiated light emission by the plasma vapour and the 

emitted radiation is converted to an electrical signal that can be measured quantitatively by 

resolving the light into its component radiation (almost always by means of a diffraction 

grating). The light intensity is measured, at the specific wavelength for each element line, 

with a CCD (charge coupled device, basically an array of tiny, light-sensitive diodes) which 

converts it to electrical signals. The electron signal intensity is then compared to previously 

measured intensities of standard solutions of the target elements, and a concentration is 

computed. This spectroscopic technique is very suitable for the proteins metal content 

determination, since it requires very small amounts of sample, and is not perturbed by the 

polypeptidic matrix. 

 The samples were diluted 50 times with HNO3 at pH 1,5 and analized with ICP-AES 

Varian 720-ES supplied with supersonic pulverizer CETAC 5000AT+. 

2.6.5 Mass Spectrometry 

Mass spectrometry is an important emerging method for the characterization of proteins. 

The two primary methods for ionization of whole proteins are electrospray ionization (ESI) 

and matrix-assisted laser desorption/ionization (MALDI).
22 

They are strategies that can be 

used to retrieve information regarding protein–metal and protein–ligand noncovalent 

complexes. Indeed, when using carefully controlled conditions in the atmospheric pressure–

vacuum interface of the mass spectrometer, and when sample preparation is optimized, it is 

possible to preserve large specific multiprotein–metal–ligand noncovalent complexes during 

MS analysis.
23 

For molecular mass definition the samples were preparing, using micro C18 ZipTips. The 

proteins were eluted from the ZipTips with a 20μl elution solution of 50% acetonitrile and 

0.1% TFA in water. Alpha-cyano-4-hydroxycinnamic acid was used as matrix. Mass spectra 

were recorded in positive reflectron mode of a MALDI-TOF mass spectrometer (Bruker 

Daltomics Ultraflex TOF/TOF). The measured protein mass profiles were then analyzed using 

the PERL script algorithm. 
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For the metal binding studies the  protein samples or their Cu(I)/Zn(II) complexes were 

prepared in 20mM ammonium acetate pH 7.5 containing various concentrations of DTT. 

They were  injected into the electrospray ion source of a QSTAR Elite ESI-Q-TOF MS 

instrument (Applied Biosystems) by a syringe pump at 6 ml min21. ESI-MS spectra were 

recorded for 5 min in the m/z region from 500 to 3,000 Da with the following instrument 

parameters: ion spray voltage 5,500 V; source gas 45 l min21; curtain gas 20 l min21; 

declustering potential 60 V; focusing potential 320 V; detector voltage 2,300 V. 

 

Figure 2.7. Electrospray ion source and interface to mass spectrometer. 

Solution containing analyte is supplied to the metal ES spray tip by syringe via a flexible glass capillary. A 

positive potential is applied to the spray tip (positive ion mode). Positively charged droplets emerge from the 

spray capillary tip. Solvent evaporation of the charged droplets leads to gas-phase ions. A mixture of ions, small 

charged droplets and solvent vapor in the ambient gas enters the orifice leading to the nitrogen countercurrent 

chamber. The weak nitrogen counterflow removes solvent vapor. The ions, driven by an electric potential and 

pressure difference, enter the lowpressure chamber through the heated capillary. An electric field between the 

capillary and the skimmer accelerates the ions for a further collision activated ‗‗clean-up‘‘ of the ions. 

2.7 NMR SPECTROSCOPY 

NMR spectroscopy and X-ray crystallography are the two main techniques that can 

provide structures of macromolecules at atomic resolution. Both techniques are well 

established and play already a key role in structural biology as a basis for a detailed 

understanding of molecular functions. Whereas X-ray crystallography requires single crystals, 

NMR measurements are carried out in solution under conditions that can be as close as 

possible to the physiological state. In the NMR experiments, solution conditions such as the 

temperature, pH and salt concentration can be adjusted so as to closely mimic a given 

physiological fluid.
24

 Or the other way round, the solutions may be changed to quite extreme 

non physiological conditions, for example, for studies of protein denaturation. Furthermore, in 

addition to protein structure determination, NMR applications include investigations of 
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dynamic features of the molecular structures, as well as studies of structural, thermodynamic 

and kinetic aspects of interactions between proteins and other solution components.
25, 26

 

2.7.1 Structure Determination of Proteins with NMR Spectroscopy 

NMR spectra are generated by placing a sample in a magnetic field and applying radio-

frequency pulses, which perturb the equilibrium nuclear magnetization of those atoms with 

nuclei of nonzero spin. Transient time domain signals are detected as the system returns to 

equilibrium. Fourier transformation of the transient signal in to a frequency domain yields a 

one-dimensional NMR spectrum, which is a series of resonances from the various nuclei at 

different frequencies, or chemical shifts. The electrons in a molecule surround the nuclei and 

create a small magnetic field which shields the nuclei slightly from the external field. 

Therefore, the frequencies of different nuclei vary due to their different chemical 

environment. This effect is called 'chemical shift'. It is one of the major parameters of NMR 

spectroscopy since it causes the different positions of the signals in a NMR spectrum. The 

chemical shift of an atom depends on the electronic environment of its nucleus. The 1H atom 

is the only atom normally present in proteins that can be observed by NMR. 
15

N and 
13

C are 

used because the most abundant carbon isotope (
12

C) does not give a NMR signal and the 

most abundant nitrogen isotope (
14

N) has undesired NMR properties. In order to get NMR 

resonances sufficiently sharp for adequate resolution, the molecule must tumble rapidly. The 

current is around 35kDa but recent advances in both hardware and experimental design 

promise to allow the study of much larger proteins.
26

 Moreover, the protein must be soluble at 

high concentration (0.2-1 mM, 6-30 mg/ml) and stable for days without aggregation under the 

experimental conditions. For the NMR measurements the protein is dissolved in 0.25 to 0.5 

ml of aqueous buffer that contains about 10 % of D2O which is necessary for the stabilization 

of the NMR instrument during the measurement.  

NMR spectra of biological macromolecules contain hundreds or even thousands of 

resonance lines which cannot be resolved in a conventional one-dimensional spectra (1D). 

With the introduction of additional spectral dimensions these spectra are simplified and some 

extra information is obtained. The information about protein conformation that is present in 

NMR spectra arises from the interactions between hydrogen atoms that occur through the 

covalent bonds (through-bond J couplings) or through space (the nuclear Ovcrhauser, NOE).  

Classical example of homonuclear 2D pulse sequences are: 
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1) 2D COSY: In the COSY (COrrelation SpettroscopY) experiment, magnetization is     

transferred by scalar coupling. Protons that are more than three chemical bonds apart give no 

cross signal because the 4J coupling constants are close to 0. Therefore, only signals on 

protons which are two or three bonds apart are visible in a COSY spectrum (red signals in 

Figure 2.8a). 

2) 2D TOCSY: In the TOCSY (TOtal Correlation SpettroscopY) experiment, 

magnetization is dispersed over a complete spinsystem of an amino acid by successive scalar 

coupling. The TOCSY experiment correlates all protons of a spin system. Therefore, not only 

the red signals are visible (which also appear in a COSY spectrum) but also additional signals 

(green, shown in Figure 2.8b) which originate from the interaction of all protons of a spin 

system that are not directly connected via three chemical bonds. Thus a characteristic pattern 

of signals results for each amino acid from which the amino acid can be identified. However, 

some amino acids have identical spin systems and therefore identical signal patterns. They 

are: cysteine, aspartic acid, phenylalanine, histidine, asparagine, tryptophane and tyrosine 

('AMX systems') on the one hand and glutamic acid, glutamine and methionine ('AM(PT)X 

systems') on the other hand. 

  

Figure 2.8. General overview a) COSY and b) TOCSY spectra 

 

3) 2D-NOESY: The NOESY experiment uses the dipolar interaction of spins (the 

nuclear Overhauser effect, NOE) for correlation of protons. The intensity of the NOE is in 

first approximation propotional to 1/r6, with r being the distance between the protons: The 

correlation between two protons depends on the distance between them, but normally a signal 

is only observed if their distance is smaller than 5 Å. The NOESY experiment correlates all 

protons which are close enough. It also correlates protons which are distant in the amino acid 
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sequence but close in space due to tertiary structure. This is the most important information 

for the determination of protein structures. 

For unlabelled proteins smaller than 10 kDa the combination of the [
1
H,

1
H]-COSY or 

TOCSY, used for the sequential assignment, with the [
1
H, 

1
H]-NOESY spectrum allows the 

assignment of most proton NMR signals to individual protons.
25,26

 For larger proteins 

extensive signal overlap prevents complete assignments of all 
1
H signals in proton spectra. 

This barrier can be overcome with 3D NMR technique and uniformly 
13

C and 
15

N labelled 

proteins. In this way it‘s possible to further spread out the signals in a third dimension, so that 

they are distributed in a cube instead of a plane, combining NOESY or TOCSY with a HSQC 

step.   

With sufficient NOE data, a folded conformation can be determined in great detail but 

only if it is sufficiently stable to be present in a substantial fraction of the molecules. If there 

is substantial inter conversion of conformations on the NMR time scale all the NMR 

parameters are averages. The result of NMR structure determination is the set of similar 

models all of which fit the experimentally determined constraints. A final structure is 

obtained by averaging the models, and then finding the conformation of minimum energy 

that lies nearest to this average conformation. 
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Table 2. Summary of experimental procedures 
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3. RESULTS 

 

 

NOTE:  The author of the thesis performed the molecular biological and biochemical part of 

the all presented projects, performing the cloning of all studied protein constructs, 

expression and purification of the target proteins. She carried out the protein 

caracterization using analytical gel filtration, light scattering, circular dichroism and 

simple NMR experiments. Also she spent some period at the Department of Gene 

Technology of Tallinn University of Technology performing ESI-MS analysis in 

order to determining metal binding affinity of studied proteins implicated in cellular 

copper distribution. Participated in data analysis and interpretation, drafted the 

manuscripts. 
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INTRODUCTION 

 

SOD1 is a well known cuproenzyme implicated in the efficient catalityc detoxification 

of reactive superoxide anion, a normal product of cellular respiration, to molecular oxygen 

and hydrogen peroxide [2O
-
2 + 2H

+
→ H2O2 + O2].

131
 In mammalians SOD1 is ubiquitously 

expressed in all tissues and whithin cells it is basically localized in the cytosol, although small 

amounts are found also in the nucleous, peroxisomes and IMS of mitochondria.
132,133,134,135,136

 

Most structurally characterized forms of eukaryotic SOD1 are remarkably stable homodimer, 

retaining enzymatic activity at elevated temperatures and in the presence of denaturating 

agents.
137,138

 Each subunit of the mature protein folds as an eight-stranded Greek-key -barrel 

with, one Zn and one Cu ion. The highly conserved disulfide bridge between Cys57 and 

Cys146 confers stability to the protein fold and plays an important role in orientation of the 

molecule for the superoxide anion uptake.
139,140 

At micromolar concentrations the apoSOD1 

homodimer dissociates into free monomers upon reduction of the Cys57-Cys146 disulphide 

bond.
138,141,142

 The disulfide breakage results indeed in an enhanced confomrational flexibility 

of the zinc coordinating loop IV which leads to a weakening of the interactions across the 

dimer interface.
143

 Upon metals binding, the disulphide-depleted protein restores its ability to 

dimerize.
141,142,138

  In the active protein the Cu(II) ion is coordinated by four histidines (His46, 

48, 63 and 120), forming a distorted square plane, and interacts with a water molecule. One of 

the histidines, His 63, is also a ligand of the Zn
2+ 

ion which completes its coordination sphere 

with three other amino acid residues (His71, His80, and Asp83) in a distorted tetrahedral 

arrangement. Binding of the Zn
2+

 ion is not essential for the dismutation reaction, but confers 

high protein stability to SOD1.
144

 The copper ion is in the catalytic center. 

While copper and zinc incorporation into the apo-SOD1 polypeptide can be achieved 

in vitro by addition of the corresponding metal salts
145

, the process is more complex in the 

cell. The copper chaperone for superoxide dismutase, CCS, was proposed to be implicated in 

the copper delivery to SOD in 1997 by the group of Culotta, observing the effect on yeast 

mutants lacking the copper chaperone for superoxide dismutase.
146

 CCS proteins have been 

identified in various species including humans, rodents, insects, and plants. While CCS is 15- 

to 30-fold and 5-fold less abundant than SOD1 in mammalian 
147

 and yeast cells
148

 

respectively, the cellular distribution and expression of CCS appear to parallel those of SOD1. 

It has also been found that post-translational modifications of apo-SOD1 by CCS requires 
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oxygen.
149

 In vitro experiments have shown that CCS can activate apo-SOD1 under aerobic 

conditions but not in the absence of oxygen.
149

 

hCCS is a dimeric protein where each monomer is constituted by three distinct 

polypeptide domains. The N-terminal domain 1 (~8kDa) harbours the MXCXXC metal 

binding motif typical for the Atx-like family metallochaperones, but it is not essential for the 

SOD1 activation under normal conditions and only seems necessary for copper aquiring under 

extreme copper limit conditions.
150

 Domain 2 exhibits 47% sequence identity and adopts a 

similar tertiary fold with it‘s target enzyme SOD1. It has been postulated that this domain 

plays a critical role in target recognition prior copper transfer.
151,150,152

  While no metal 

binding sites are present in yeast CCS Domain II, all of the SOD1 zinc binding ligands are 

conserved in the human protein. In fact, an equimolar amount of zinc ion is bound in human 

CCS Domain II when overexpressed in E. Coli.
153

 Zinc binding is essential to human CCS 

function possibly because it contributes to protein stabilization.
154

 Three of the four histidine 

residues present in the SOD1 copper binding site are also conserved in Domain II of human 

CCS, with the fourth histidine replaced by an aspartate. The copper ion is not bound at this 

site, and SOD1 activation by CCS is still observed after mutations of these His residues to 

Ala.
150

 Domain 3 is a short polypeptide tail (30-40 aminoacids) with disordered secondary 

structure, that was proposed to be essential to the CCS function.
150

 It is sufficient alone to 

bind Cu
+
 ions. However, extensive EXAFS experiments have recently led to the proposal that 

human CCS can form two distinct clusters with different stoichiometry: a polynuclear Cu4S6 

cluster involving extra Cys residues from Domain II and a dinuclear Cu2S4 cluster when these 

extra Cys residues are unavailable.
155,156,157,158

 Futhermore the experiments with the tomato 

CCS support the fact of the simultaneous involvement of both domains in Cu binding.
159

 But 

the copper coordination in the full length hCCS protein still remains controversial. 

The mechanism of SOD1 activation as a main subject has been tackled in the 

numerous reviews.
138,160,161,162

 Given the similarity of SOD1 and CCS dimer interfaces, a 

monomeric CCS molecule has been proposed to interact with a monomeric SOD1 molecule 

through its SOD1-like Domain II, thus mimicking SOD1 dimerization. Based on the high 

dimer stability of either SOD1 (Kd, 1 × 10
−10

 M
-1

)
163

 or CCS (Kd, 3.0 × 10
−6

 M
-1

 in yeast) the 

hetero-tetramer model, in which both proteins do not need to dissociate into monomers, has 

been proposed.
164

 However, the heterodimerization model supported by crystalografical data 

has endured  lately upon the heterotetramer model.
165

 According to the first model, the initial 

step of SOD1 activation is the incorporation of Zn
2+

 ion into the disulfide-reduced protein, 
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since it is expected, that this could prevent the aggregation of the immature apo protein and 

future re-reduction of the disulfide bridge.
143

 Zn
2+ 

ion would thus serve a structural role in 

organizing the monomeric SOD1 polypeptide to a state suitable for reaction with Cu-

CCS
144,143 

Futher, the reduced E,ZnSOD1SH forms the heterodimeric complex with CCS, as far 

as reduced disulfide favours the monomeric state of the protein.
144

 Complex formation in the 

presence of oxigen permit copper transfer and intermolecular disulfide linkage between two 

proteins.
144

 The subsequent conformational changes induce isomerisation of the 

intermolecular disulfide into intramolecular disulfide within SOD1 molecule and promote the 

dissociation of the docked complex to the separate proteins. 

This work contributes to the understanding of the molecular mechanism of target 

recognition and copper transfer process between the hCCS and it‘s physiological patner 

protein SOD1 in order to shed some light on the post-translational mechanism of the SOD1 

activation process assisted by it‘s coppper chaperone proten. To elucidate this mechanism we 

executed NMR titrations of apo- and E,ZnSOD1 with the disulphide bond oxidized and 

reduced, with hCCS protein and investigated the thermodynamical and kinetical basis of 

copper transfer from hCCS to SOD1 by ESI-MS spectrometry. 

To avoid interference effect arising from Cys6 and Cys 111 in this study we used the 

thermostable mutant of hSOD1AS (C6A, C111S), which is structurally and functionally 

equivalent to the wild type protein.
166,167,168

  

 

 

EXPERIMENTAL PROCEDURES 

 

Protein expression and purification-The hCCS gene was amplified by PCR, cloned into 

the Gateway pDONR 221 Entry vector (Invitrogen), and subcloned into the pTH27 

Destination vector by a Gateway LR reaction to generate an N-terminal, His fused protein.The 

truncated forms of hCCS: D1; D1,2; D2; D2,3 were cloned using a pENTR/TEV/D-TOPO 

version of Gateway technology. They were expressed as MBP-D1; GB1-D2; Trx-D1,2; GB1-

D2,3 fusions. The hCCS were expressed in Escherichia coli BL21(DE3) Codon Plus RIPL 

cells (Stratagene), BL21(DE3)C41 pRosetta (Stratagen) and  Origami pLysS (Novagen) for 

the full length protein and truncated constructs of the protein respectively. The cells were 

grown in LB (for mass experiments) and isotopically labeled minimal media [(
15

NH4)2SO4 

and/or 
13

C6H12O6] (for NMR experiments). Protein expression was induced with 0.7 mM 

isopropyl β-D-thiogalactopyranoside for 16 h. ZnSO4 was added in the culture to a final 
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concentration of 1 mM. Purification was performed by using a HiTrap chelating HP column 

(Amersham Pharmacia Biosciences) charged with Ni(II). The His tag was cleaved with 

AcTEV. The digested protein was concentrated by ultrafiltration and loaded in a 16/60 

Superdex 75 chromatographic column (Amersham Biosciences) to separate CCS from the N-

terminal His domain. The fractions showing a single component by SDS/PAGE were 

collected, and the protein concentration was measured using the Bradford protein assay. To 

investigate the aggregation state of CCS, 0.4-1.0 mM (100 μL) protein samples were run on a 

Superdex 75 HR-10/30 size-exclusion column on an Äkta-FPLC system (GE Healthcare, 

Giles, United Kingdom) connected to a multiangle light scattering analyzer (DAWN-EOS, 

Wyatt Technologies, Santa Barbara, CA) coupled with quasi-elastic lightscattering detectors. 

The metal content was determined by inductively coupled plasma MS. The samples were 

analyzed with ICP-AES Varian 720-ES supplied with a CETAC 5000AT+ supersonic 

pulverizer.  

Human asSOD1 (hasSOD1) was expressed in the Escherichia coli TOPP1 

(Stratagene) cells. The enzymes were secreted, after induction with 0.5 mM isopropyl β-D-

thiogalactopyranoside, for 16h. Cells were ruptured by osmotic shock and the protein purified 

to homogeneity by anion-exchange chromatography on DEAE-Sepharose CL-6R (Amersham 

Pharmacia Biosciences). The apo-protein was obtained by dialysis against 10 mM EDTA in 

50 mM sodium acetate pH 3.8. The chelating agent was removed by extensive dialysis against 

100 mM NaCl in the same buffer and then against acetate buffer alone, gradually increasing 

the pH from 3.8 to 5.5. The metalated derivatives of the protein were obtained through 

addition of a CoCl solution. Metal uptake was followed spectrophotoinetrically with 

subsequnt remetalation of the protein by addition of a stoichioinetric amount of  ZnSO4 

or/and  [Cu(I)(CH3CN)4]PF6 solution.  The reduction of disulfide bridge and preparation of 

fully reduced proteins apo-hasSOD1SH-SH and E,Zn-hasSOD1SH-SH was accomplished by 

addition of 200mM dithiothreitol under a nitrogen atmosphere in an anaerobic chamber. The 

NMR samples of the E,Zn-hasSOD1SH-SH were in 100 mM sodium phosphate buffer, pH 6, 

90% H2O/10% D2O. The final protein concentration ranges between 0,3 and 1 mM. 0,5 ml of 

sample was loaded into high quality NMR tubes that were capped with latex serum caps in the 

glovebox.  

Interaction of hCCS with copper- hCCS full length and truncated forms D1, D2,3 were 

reduced with 2 mM DTT, which was then removed in an anaerobic chamber through PD-10 
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desalting column. Titrations of reduced proteins with copper were performed by additions of 

Cu(I), added as Cu(I)(CH3CN)4 PF6 up to a metal:protein ratio of 2:1.  

Reconstitution of CCS proteins with Cu(I) ions forESI-MS. Prior to metal reconstitution, 

all hCCS proteins were reduced by addition of 2 mM DTT and purified by SEC on a 

Superdex 75 10/300 column (GE Healthcare, Giles, United Kingdom) connected to a Äkta 

Purifier system (GE Healthcare, Giles, United Kingdom) by using 20 mM ammonium acetate 

pH 7.5 as the elution buffer. Apo forms of copper proteins, were reconstituted with slight 

excess of Cu(I)-DTT complex in the presence of excess DTT. Specifically, by the addition of 

15 μM Cu(I)DTT complex to 10 μM apo-protein samples in 20 mM ammonium acetate, pH 

7.5 and containing 0.25 mM DTT, formation of the monometallic Cu(I)-protein form was 

observed for all proteins, with a small amount of the apo-protein form still present as detected 

by ESI-MS spectra. CCS exposed in ESI-MS in addition to broad peaks of dimers also 

monomer peaks, which were formed in electrospray ionization process. It was possible to 

resolve peaks of metallated CCS monomers, which were taken into account in determination 

of Cu(I)-binding affinity of Cu1Zn1CCS in metal competition experiments. The Cu(I)DTT 

complex was prepared by dissolving Cu(II)acetate at 1.3 mM concentration in argon-saturated 

20 mM ammonium acetate, pH 7.5, containing 10 mM DTT. 

Determination of metal-binding equilibria in the presence of DTT. In a standard 

experiment, increasing concentrations of DTT were added to the metallated proteins. Samples 

were then incubated for 2 min, and finally analysed by ESI-MS as described below. DTT is a 

nonionic compound and thus has only a slight influence on the ionization efficiency of 

proteins in the ESI-MS process, enabling detection of protein peaks even when DTT is 

present at 50mM concentration.  

ESI-MS measurements. 10 μM samples of proteins or their Cu(I) complexes in 20mM 

ammonium acetate pH 7.5 containing various concentrations of DTT were injected into the 

electrospray ion source of a QSTAR Elite ESI-Q-TOF MS instrument (Applied Biosystems, 

Foster City, USA) by a syringe pump at 7 μl/min and ESI-MS spectra were recorded during 

for 5 min in the m/z region from 500-5000 Da with the following instrument parameters: ion 

spray voltage 5500 V; source gas 55L/min; curtain gas 20 L/min; declustering potential 60V; 

focusing potential 320 V; detector voltage 2550V. Thanks to the original settting of the 

aerosol current over the orifice hole and retrograde curtain gas flow in the ESI chamber of the 

QSTAR Elite QTOF MS/MS instrument, DTT did not contaminate or block the orifice hole 
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during experiments at high DTT concentrations. Determination of dissociation constants for 

Cu(I)-ligand complexes.  

Calculation of dissociation constants for Cu-protein complexes. Apparent dissociation 

constants (KCu) for the Cu1-protein complexes were determined using DTT as a competing 

metal-binding ligand and calculated according to the following simplified reaction scheme, 

already introduced in previous studies
169,170

: 

 
where KD is the conditional dissociation constant for the Cu(I)-DTT complex, which at 

pH = 7.4, I = 0.1, T = 25° C is equal to 7.94×10-12 M 16. KCu was calculated in two steps: 

first, the concentrations of free Cu(I) ions in the presence of various concentrations of DTT 

were calculated by using the KD value for the Cu(I)-DTT complex. Secondly, the fractional 

content of Cu1-protein species (Y), calculated from the intensities of apoprotein and Cu(I)1-

protein peaks in ESI-MS spectra (Y = ICu1-protein / (I Protein + ICu1-protein)), was correlated with the 

concentration of free Cu(I) ions in the sample, were non-linearly fitted with a common 

hyperbolic equation, corresponding to a simple 1:1 binding equilibrium with the program 

―Origin 6.1‖ (OriginLab Corporation, USA). In all cases, a good fit was obtained and, 

therefore, there is no need to use more complicated binding schemes. The obtained apparent 

dissociation constants for Cu1Protein and CunProtein complexes, KCu, are in all cases equal to 

the concentration of free Cu(I) ions at 50% loading of the protein with Cu(I) ions and as such 

these constants are comparable among different proteins. In all reactions the equilibrium 

between the apo- and copper-loaded forms of the hCCS proteins was reached within the 

minimal mesurement time of the ESI-MS spectrometer, order minutes. 

Calculation of dissociation constants for Zn-protein complexes- The hCCS D1 was 

reconstituted with the slight excess of Zn(II) in the presence of DDT as a competing metal-

binding ligand and mainly the peaks of ZnD1 were observed in ESI-MS spectra. The increase 

of the DTT concentration resulted in decrease of the Zn-bound D1 peak and increase of the 

apo-protein form, indicating that millimolar concentration of DTT competes with protein for 

binding of Zn(II) ions. The dissociation constant for Zn(II)-DTT complex used in calculations 

is equal 1,25*10
-7

M (pH 7,5; T=25
0
C, I=0,1). The calculations were performed according to 

the scheme discribed above for the Cu-protein complexes.  
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NMR experiments- NMR spectra were acquired using Bruker Avance 900, 800, 700, 600 

and 500 spectrometers operating at proton nominal frequencies of 899.20, 800.13, 700.13, 

600.13, and 500.13 MHz, respectively. All used triple-resonance (TXI 5-mm) probes were 

equipped with pulsed-field gradients along the z-axis. The 900, 800, 700 and 500 MHz 

spectrometers were equipped with a triple-resonance cryoprobe. All 2D and 3D spectra were 

collected at 298K and 310K forhCCS proteins, processed using the TOPSPIN software 

package.  

hCCS - asSOD1 interactions- Titrations of asSOD1 with hCCS proteins were performed 

as follow:  solutions at different concentrations of reduced or oxidized, unlabelled or 
15

N 

labeled E,E-asSOD1 or E,Zn-asSOD1, obtained as described above, were prepared in 100mM 

phosphate and 100mM NaCl buffer at pH 6. Similarly, solutions at different concentrations of 

unlabeled or 
15

N labeled reduced hCCS (full length or truncated form) were prepared in the 

same buffer as described previously. Additions of aliquots from the solution of reduced, 

unlabelled hCCS to the solution of reduced (or oxidized) 
15

N labeled E,E-asSOD1 (or 

E,ZnSOD1) were performed and 
1
H-

15
N-HSQC spectra acquired at 298K for each addition. 

The other titration was performed by additions of aliquots from the solution of  unlabelled 

E,E-asSOD1 (or E,ZnSOD1) to the solution of 
15

N labeled reduced hCCS and 
1
H-

15
N-HSQC 

spectra acquired at 310K for each addition.  

 

 

RESULTS AND DISCUSSION 

 

Protein expression  

In addition to the full length hCCS we have produced various constructs of the hCCS and 

characterized them in terms of their metal binding ability, thermodynamics of their 

metallation as well as their behavior in metal transfer to hSOD1. Thus domain 1, domain 2, 

domain1,2  and domain 2,3 (here after D1; D2; D1,2; D2,3) have been expressed in E.coli to a 

yield of about 10mg/L in minimum medium. In the analytical gel filtration and light scattering 

the aggregation state of the both copper bound and copper depleted form of the full length 

protein appears to be a dimer. The final pure protein was isolated with one equivalent of zinc 

per monomeric protein. Copper ions were only present in a range of 10-20% with respect to 

monomeric protein concentration. The isolated D2, D1,2 and D2,3 proteins in the MALDI 

spectrum represented apparent molecular massses of 33,1; 54,7; 41,8kDa corresponding to the 
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expected values of the dimeric species and they also contained 1eq of Zn per monomer. The 

D1 monomeric polypeptide showed the molecular mass of 9,3kDa.  

The D1 and D2  are well folded proteins as monitored by the dispersion of the amide 

signals. The full length hCCS and the D2,3 construct show, together with well dispersed 

amide signals, also a number of signals clustered in the typical spectral region of unstructured 

proteins. The latter peaks mainly correspond to the D3 domain which is a short polypeptide 

without any tendency to form a secondary structure. Moreover the D1 and D2 are structurally 

independent each other, as their 
15

N HSQC spectra. 

 

Metal binding properties of hCCS 

When the various constructs are titrated with Cu(I) ion, different behavior have been 

observed. Addition of Cu(I) to the D1 construct leads to the formation of the copper bound 

derivative. When this process is followed by NMR through 
15

N HSQC spectra on 
15

N labelled 

D1, two sets of signals arising from the apo and Cu(I)-bound forms of D1 are observed, 

indicating that the metallated form exchanged with the free one at rates slower than the 

resonance frequency differences between the two forms. Similar behaviour was also observed 

when 
15

N labelled D1 sample was titrated with a Zn(II) ion. Changes of chemical shifts upon 

Zn(II) addition were observed for the same residues as for the copper one, indicating that D1 

is able to bind either Cu(I) or Zn(II) (Figure 1). 

Apparent affinity constant of hCCS D1 for Cu(I) and Zn(II), determined through ESI-MS 

according to scheme discribed in ―Methods‖ are 40±0,23fM and 0,47±0,06nM respectively 

(Figure 2, 3). The observed affinity constant for Zn(II) ion suggests that metalation of D1, 

might occur in the cellular conditions. And as a biological implication of this process D1 of 

hCCS could be involved in Zn(II) transfer to SOD1. 

When D2,3 of hCCS construct was titrated with Cu(I) a variation of the chemical shifts of 

some signals was observed in the 
15

N HSQC spectra. Only one set of NH signals was always 

present within the titration steps, whose chemical shift changed upon addition of increasing 

amounts of Cu(I), indicating that the Cu(I)-bound form and the apo- form exchanged with the 

faster rate respect to the resonance frequency differences of the two species. Moreover a 

substantial number of signals also became broad beyond detection by increasing Cu(I) 

amount. The behaviour of the full length hCCS is more complex as it is the sum of the 

behaviour of the two individual D1 and D2,3 constructs. Indeed, while the signals of the apo 



―Structural and functional properties of proteins involved in metal transfer and redox reactions‖  

Chapter 3 – Results  

 

 

- 90 - 

D1  disappear and those of the Cu(I)-bound form appear, the signals of the D2,3 show 

changes in chemical shift with increasing amount of copper ions.  

 

hCCS and SOD1 interactions. Metal transfer 

Consistently with its copper chaperone function, Cu(I)-bound hCCS is able to transfer Cu(I) 

to hSOD1 either to apo or to the E,Zn form and either with the oxidized or reduced disulfide 

bond, even if the behaviour and process is different in the latter two cases. The ability of 

entire hCCS and  the different copper-loaded constructs of hCCS to transfer Cu(I) to hSOD1 

have been studied through NMR and ESI-MS spectroscopy. First, the interaction between 

SOD1 and the Cu(I) loaded full length hCCS protein was investigated by adding the latter to 

15
N-enriched SOD1 (E,E and E,Zn form). In both cases we observed the transfer of Cu(I) ion 

from the hCCS protein to hSOD1 and the appearance of NH signals of a Cu(I)-bound hSOD1 

in the case of  E-ESOD(S-S) and of the Cu-ZnSOD1 species in the case of E-ZnSOD(S-S) 

(Figure 4). Both spectra were superimposable, with those obtained after metallation of 

corrisponding species E-ESOD1(S-S) and E-ZnSOD1(S-S) with Cu(CH3CN)4
+
. ESI-MS 

spectrometry allowed us to observe partial transfer of the Cu(I) ion from the full length hCCS, 

to E-ESOD1(S-S) protein within 2 minutes, but not to the EZnSOD1 (S-S) species. It is 

important to note that the timescale of the performed NMR experiments and the ESI-MS 

experiments is much different. No protein-protein complex formation was detected in both 

titrations through NMR and ESI-MS spectroscopy.  

In contrast no metal transfer from the Cu(I)-bound D1 to the 
15

N labelled-E,ZnSOD1(S-

S) was observed and only partial transfer to the E,ESOD1(S-S) in the presence of a large 

excess of Cu(I) loaded hCCS D1, as showed in the 
1
H spectra (Figure 5 ). When similar 

experiments was performed by ESI-MS after 1h of incubation we could detect less than 40% 

of Cu(I)-bound form of SOD1 S-S, in case of E,ESOD1(S-S) used as initial reactant and again 

we didn‘t observe Cu(I) transfer from Cu(I)-bound D1 to the E,ZnSOD1(S-S) species. The 

same results were obtained with a double domain construct containing Cu(I)-bound domain 1 

and 2 of hCCS (Cu(I)-D1,2).  

Since CCS D1 is unable to efficiently metallate E,ESOD1(S-S) at variance with what 

observed with the full-length protein, we tested if the D2,3 of hCCS construct alone is capable 

to metalate hSOD1 or whether the concomitant presence of all the three domains of hCCS are 

required for this process. Thus, the titration experiments, followed by ESI-MS were 

performed adding the Cu(I)-bound form of a D2,3 of hCCS construct (Cu(I)-D2,3) to either 
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E,ESOD1 (S-S) or E,ZnSOD1 (S-S) proteins. The formation of the copper bound form of 

SOD1 was not observed within 1h but the appearence of two new twin-peaks were detected in 

both titrations. The deconvolution of these peaks in the E,ESOD1 (S-S) titration yields 

molecular masses of 36,856Da and 36,920Da and in the E,ZnSOD1 (S-S) titration molecular 

masses of 36914Da and 36983Da. These molecular masses correspond to the heterodimer 

SOD1/D2,3 and SOD1/CuD2,3 complexes, respectively. (Figure 6) Similar peaks were 

detected also when Cu(I)-D2,3 was added to the reduced E-ESOD1(SH-SH) or E-

ZnSOD1(SH-SH) forms. Specifically, in the latter cases the twin-peaks have much higher 

intensity with respect to the SOD1(S-S)/Cu(I)-D2,3 mixtures, indicating that these complexes 

are highly populated only when the disulfide bond is reduced. Similar results were found 

when the Cu(I)- D1,2 or D2 constructs were added to the reduced forms of both E,ESOD1 

and E,ZnSOD1 proteins. Indeed, peaks corresponding to the molecular mass of an 

heterodimer complex (43370Da corresponding to E,ESOD/CuD1,2; 43436Da-  

E,ZnSOD/CuD1,2; 32486Da and 32549Da for E,ESOD1/D2 and E,ZnSOD1/D2 respectively) 

were detected in the ESI-MS spectra. When the disulfide bond of SOD1 is present, no 

protein-protein complexes have been observed. These results are in agreement with the 

proposed role for D2 of hCCS in the target recognition and complex formation and suggest 

the necessity of  hSOD1 disulfide reduction  for the efficient complex formation. The 

interactions between hCCS and the reduced forms of SOD1 was also investigated through 

NMR spectroscopy, by analyzing the perturbations caused in the 
1
H–

15
N HSQC spectra of 

15
N-labeled E,ESOD1(SH-SH) upon addition of unlabelled Cu(I)-D2,3. The intensity of the 

amide signals decreases in the 
1
H-

15
N TROSY-HSQC spectra and concomitantly amide 

signals from a possible intermediate species are detected at the end of the titration. This 

behaviour is in agreement with the formation of protein-protein complexes, observed in the 

ESI-MS experiments. Moreover, after 4 hours the signals of a metallated SOD1 species were 

present in the 
1
H-

15
N TROSY-HSQC spectrum of the Cu(I)-D2,3/

15
N E,ESOD1(SH-SH) 

reaction mixture. The chemical shifts of the latter signals are different from those  observed 

when a Cu(I)-bound form of SOD1 is obtained after titration of either E,ESOD1(SH-SH) or 

E,ESOD1(S-S) with  Cu(CH3CN) 4
+
 complex.  

Taking together both NMR and ESI-MS data we could conclude that, the Cu(I) transfer to 

either E,ESOD1 or E,ZnSOD1 with the disulfide bond already formed, is efficient only in the 

presence of the full length Cu(I)-hCCS. The Cu(I)-bound forms of the D1, D1,2, D2,3 of  

hCCS constructs are indeed not able to fully metallate hSOD1 protein. Moreover the present 
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data indicate that the complex formation between Cu(I)-bound hCCS and SOD1 proteins 

depends on the reduction state of the latter protein. The heterodimeric complex is 

preferentially formed only when the disulfide bond is reduced. Since size-exclusion 

chromatography shows that reduction of the disulfide bond shifts the monomer–dimer 

equilibrium towards monomer in both E,ESOD1 and E,ZnSOD1, thus the heterodimer 

formation with Cu(I)-CCS is more probable for SOD1 with the disulfide bond reduced, than 

with the oxidized one, given that the latter undergoes self-association to form a dimer. 

Moreover, the incubation of the E,ZnSOD1(SH-SH) with full-length Cu(I)-CCS produces an 

initial mass peak corresponding to the heterodimeric complex in the ESI-MS which converts 

within 1h to a Cu(I)-Zn(II) loaded dimer SOD1 form at the end of the reaction (Figure 7). 

These data suggest, that hCCS protein can participate in the disulfide bond formation in it‘s 

physiological partner SOD1. While hCCS has been defined as one of metallochaperone 

proteins, it‘s assistance to SOD1 folding through the disulfide formation suggesting the 

functional role as a real ―chaperone‖ protein. The different behavior of the SOD1 species in 

different redox state towards metal transfer has to rely on kinetic ground, which might arise 

from the occurrence or absence of specific protein-protein interactions.  

hCCS as a Zn chaperone 

To address the possible role of the hCCS in Zn(II) transfer to SOD1 NMR titrations of 

15
N labelled oxidized disulfide bond E,ESOD1(S-S) with 

15
N labelled Zn(II)-bound D1 was 

performed. The   
1
H-

15
N HSQC spectrum of the mixture showed the formation of the 

E,ZnSOD1 species and the appearance of amide signals of the apo D1 (Figure 8 ) indicating 

that Zn ion is transferred in the correct binding site of SOD1 protein. The 
1
H-

15
N HSQC 

spectrum of the mixture is superimposable with the one of the E,ZnSOD1 protein. Once 

E,ESOD1:Zn(II)-bound D1 ratio reaches 1:2 the Zn,ZnSOD1 species was observed. These 

data were also confirmed through the ESI-MS experiments. On the mass spectra we could 

clearly detect decreasing of the Zn(II)-bound D1 peak intensity and increasing of the intensity 

of the apoD1 peak together with the formation of the metallated E,ZnSOD1 form. Taken 

together these data suggest that D1 of hCCS protein can transfer Zn(II) metal ion to E,ESOD1 

protein in vitro. Therefore, if the E,ESOD1 form initially metallated by Cu(I)CCS full length 

protein was subsequently mixed with 1 equivalent of Zn(II)-D1 we observed the formation of 

the Cu,ZnSOD1 species indicating that Zn-bound D1 is able to transfer Zn(II) to a hSOD1 

species already containing a Cu(I) ion. The present data show that the affinity of D1 construct 

is sufficient that the Zn(II) binding to this domain might occur in the cellular conditions. 
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Despite the importance of the Zn ion for SOD1 biogenesis, few information is available about 

the acquisition of this metal ion by SOD1 in the cells. In fact, no zinc chaperone has been 

identified up to now. Taking into account the ability of hCCS to bind Zn(II) in the Atx-like 

D1 and to transfer it to the E,ESOD1 protein we could speculate about the possible role of 

hCCS in the Zn transfer to SOD1 in vivo. 
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Figure 1. Superimposition of the 
1
H-

15
N HSQC spectra  

A) apoD1hCCS (in blue) and Zn(II)D1hCCS (in red) B) apoD1hCCS (in blue) and Cu(I)D1hCCS (in red) 
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Figure 2. Determination of the apparent dissociation constant for Cu1D1 

(a) - ESI-MS spctra of Cu1D1 in the presence of 0,5 – 25mMDTT. (b) - Dependence of the fractional content of 

Cu1D1 (Y= I CuD1 / (ID1 + I CuD1)) from the concentration of free Cu(I) ions in the metal competition experiment. 

Solid line shows the fitting curve with Kcu = 40±0,23fM  
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Figure 3. Determination of the apparent dissociation constant for Zn2D1 

(a) - ESI-MS spctra of Zn2D1 in the presence of 0,5 – 25mMDTT. (b) - Dependence of the fractional content of 

Zn2D1 (Y= I ZnD1 / (ID1 + I ZnD1)) from the concentration of free Zn(II) ions in the metal competition experiment. 

Solid line shows the fitting curve with Kzn = 0,47± 0,06nM 
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Figure 4. Overview of the 
1
H-

15
N HSQC spectra of the titration Cu(I)hCCS full length 

with SOD1(S-S) proteins. 

In blue 
15

N E-ESOD1(S-S); in red 
15

N E-ESOD1(S-S) + Cu(I)CCS full lengh unlabeled; in green 
15

N E-

ZnSOD1(S-S); in yellow 
15

N E-ZnSOD1(S-S) + Cu(I)CCS full lengh unlabeled 
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Figure 5. Overview of the 1D spectra of the titration Cu(I)hCCS proteins with SOD1(S-

S) proteins. 

In blue 
15

N E-ESOD1(S-S); in red 
15

N E-ESOD1(S-S) + Cu(I)CCS full lengh unlabeled; in green 
15

N E-

ESOD1(S-S) + 
15

N CuD1CCS 
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Figure 6. Superimposition of the ESI-MS spectra   

A Spectrum of the CuD2,3hCCS The first 2 groups of signals in the left part of the spectrum corresponding to 

the monomeric state of the protein while the othere two in the right one belong to the dimer species B Spectrum 

of the E,ESOD1 SH-SH. The protein is mostly in the monomeric state.C Spectrum of the reaction mixture 

between CuD2,3hCCS and E,ESOD1SH-SH. Complex formation  
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Figure 7. Superimposition of the ESI-MS spectra of the reaction mixtures:  

(1) - E,ZnSOD1 SH-SH and Cu-hCCS ful length  (2) - E,ESOD1 SH-SH and Cu-hCCS ful length A. Reaction 

mixture uppon mixing, B.the same reaction mixture after 1h at RT 
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Figure 8. Overview of the 
1
H-

15
N HSQC spectra of the titration Zn(II)D1hCCS with 

SOD1(S-S) proteins. 

In red 
15

N ZnD1CCS; in blue  
15

N ZnD1CCS + 
15

N E-ESOD1(S-S); in green 
15

N apoD1CCS; in yellow 
15

N E-

ZnSOD1(S-S) 
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Copper is absolutely required for aerobic life, but paradoxically, is highly toxic. Within 

the living cell, complex systems for copper trafficking evolved to satisfy cellular requirements 

while minimizing toxicity.
1
 It has been rationalized by assuming that Cu, like other redox-

active metals, is sequestered in nonreactive forms as it is transported into cells and moves 

through cellular compartments. However, the agents of such trafficking and the mechanisms 

of delivery of Cu to it‘s final destinations have, until recently, remained largely unknown. Our 

knowledge of this area has increased substantially during the last decade with the 

identification of copper chaperone family proteins.
2,3,4

 They are involved in at least three 

high-affinity pathways, active in conditions of low Cu concentration, and some of them can 

be entirely bypassed when there are high concentrations of Cu salts in the medium. Until now 

only inconsistent, non-comparable data on the copper affinities of proteins involved in copper 

trafficking pathways have been reported. In order to elucidate the factors driving the copper 

ion between the protein partners along the cellular copper routes, using ESI-MS spectrometry 

we measured the apparent Cu(I)-binding affinities for a representative set of proteins involved 

in enzymatic redox catalysis, in copper transfer pathways and storage of surplus copper. In 

this study we provided the thermodynamic basis for the kinetic processes that leads to the 

distribution of cellular copper. The resulting picture shows that the copper is drawn to the 

copper enzymes according to the gradients of increasing copper affinity among the copper-

handling proteins.
5
  

Cu-Zn superoxide dismutase (SOD1) is a well characterized cytosolic scavenger of 

oxygen free radicals that requires copper and zinc binding to potentiate its enzymatic activity. 

Many FALS-associated mutations of Cu,ZnSOD1 are now recognized to cause the death of 

motor neuron cells through a toxic gain-of-function of the enzyme.
6
 There are several theories 

for the nature of this new function, but many lines of evidence support the possibility that 

adventitious reactions catalyzed by the copper ion cofactor are central to the progression of 

the disease. Copper chaperone for SOD1 (hCCS) prevents copper ions from binding to 

intracellular copper scavengers and provides the SOD1 enzyme with the necessary copper co-

factor.
3
 Given the reasonable viability of cells that lack SOD1 entirely, a disruption in the 

process that supplies the ALS mutant enzymes with copper ions could stand as a uniquely 

promising approach to intervention in the destructive effects of the disease. The knowledge of 

the function and chemical mechanism of the  hCCS/SOD1 system could provide a strong 

foundation to evaluate potential drugs that can control the activity of SOD1 in vivo.  
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Our understanding of the mechanism of hCCS metallochaperone action begins with the 

determination of metal binding capacities of it‘s constituent domains. In our work we tried to 

determine the native metal stoichiometry of hCCS for both copper and zinc ions as well as the 

metal-ligand environment. The significant part of the project was dedicated to the measuring 

the metal binding affinity of hCCS relative to it‘s partner SOD1 in the metal transfer step of 

the activation mechanism. The SOD1 has a Cu(I)-binding affinity 3 times higer than its 

copper chaperone, so that the metal transfer is thermodynamically favored towards the SOD1 

enzyme. The other branch of this research concerns the elucidation of the metal transfer 

mechanism between hCCS and SOD1. We were studying the role of protein-protein 

interactions in the activity of hCCS and its target protein SOD1. Analytical gel filtration, light 

scattering, NMR and ESI-MS spectroscopy are among the techniques that was used to analyze 

these interactions. The data support the fact, that the Cu(I) transfer to either E,ESOD1 or 

E,ZnSOD1, is efficient only in the presence of the full length Cu(I)-hCCS. The Cu(I)-bound 

forms of independent domains of  hCCS are indeed not able to fully metallate hSOD1 protein. 

The heterodimeric complex between two proteins is preferentially formed only when the 

disulfide bond of SOD1 protein is reduced. Moreover hCCS protein can assist to SOD1 

folding through the disulfide bond formation, playing role as a real ―chaperone‖ protein. 

Taking into account the ability of hCCS to bind Zn(II) in it‘s Atx-like D1 and to transfer it to 

the SOD1 protein in vitro we could speculate about the possible role of hCCS in the Zn 

transfer to SOD1 in vivo. But more detailed studies in the physilogical conditions still should 

be performed to get the clear picture of the entire process of the SOD1 activation by it‘s 

copper chaperone hCCS. 

Cytochrome c oxidase (CcO), the last enzyme of the respiratory chain, is a member of a 

superfamily of heme-copper-containing terminal oxidases that are present in all aerobic 

organisms. Sco proteins have been implicated as an accessory factors in the assembly of this 

integral membrane enzyme. Sco has been proposed to be a copper delivery agent that 

specifically brings copper to COX 2 subunit of cytochrome c oxidase.
7
 Alternatively, the 

discovery that Sco is a member of the thioredoxin family has rekindled interest in a possible 

redox role for this protein in CuA assembly.
8
 Presumably, the two cysteines within the CuA 

site are in a reduced state because the disulfide formation would preclude the copper 

incorporation into this site. Sco could then function as a thiol oxidoreductase specific for the 

CuA site as it has been demonstrated in the assembly of the CuA site in T. Thermophilus.
9
 Also 

the Cys-redox properties of Sco proteins could serve in a more general role as a redox 
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signaling. In our work, we have focused on a recombinant, soluble form of a Sco protein from 

P. putida, which is naturally fused with a typical redox transfer molecule cytochrome c, in 

order to gain hints on the proposed redox functional role of Sco protein family. To address 

this question, the solution structures of both cyt c and Sco domains, separately expressed, 

were determined and the electron transfer reaction between them was investigated in 

accordance to their measured redox potentials. Copper binding and thioredoxin properties of 

the Sco domain were also investigated to characterize this class of the proteins in order to 

understand the evolution link between thioredoxins and copper chaperones. The observed 

copper binding properties of pp-Sco was different from those typically present in eukaryotic  

and the up to now investigated bacterial Sco proteins.
10,11

 These latter always involve two 

cysteines and one histidine in the copper ion coordination, suggesting a metallochaperone 

function for Cu(I) or Cu(II) ions. Differently, pp-Sco is able to bind Cu(I), but through the 

CXXXC motif only, i.e. without His ligand participation, thus determining a weak-affinity 

copper-binding site and the inability to coordinate the Cu(II) ion. These facts indicate that the 

His ligand coordination is the discriminating factor for introducing the metallochaperone 

function in Sco proteins. But we found that pp-Sco domain is involved in electron transfer 

processes. Moreover, pp-Sco has a thioredoxin fold with no relevant copper binding 

properties, suggesting that the inability of the His ligand to coordinate the copper ion in pp-

Sco plays the crucial role to determine functional properties diverging from the 

metallochaperone function. The redox properties of pp-Sco include indeed i) thioredoxin 

activity or ii) reduction of copper(II) to copper(I) or iii) reduction of iron(III) to iron(II) in pp-

Cyt c protein partner. In particular, we have shown that pp-Sco is able to transfer electrons to 

pp-Cyt c and therefore to reduce Fe(III) to Fe(II). This is the first example of a Sco protein 

implicated in electron transfer processes and not in copper-chaperoning function. The most 

probably, during evolution, specific amino acid variations occurred in the surrounding of the 

CXXXC catalytic site in a thioredoxin-like fold to acquire copper binding affinities at 

different levels from bacteria to eukaryotes.  

A class of bacterial signal transduction proteins possesses a soluble N-terminal cyt c PAS 

domain (sensor domain) in the periplasm and the C-terminal GGDEF and EAL domains 

(transduction domains) in the cytoplasm.
12

 In analogy with the functional role found for 

periplasmic, signal sensor cyt c-containing PAS domains, pp-Cyt c and pp-Sco domains of 

pp3183 could indeed perceive changes in redox potential crucial to be transmitted to the 

cytoplasm for activating cellular responses. The neighbouring pp3182 protein contains a large 
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predicted periplasmic segment which could be the partner domain of pp3183 to transmit the 

signal toward the cytosolic C-terminal GGDEF and EAL domains. However, the subsequent 

studies at cellular level are necessary to attribute a possible functional meaning of the 

observed redox activity. 
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