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Superoxide dismutase 1 is a vital antioxidant that catalyzes the dismutation of radical oxygen to 

water and hydrogen peroxide. It is present in all known aerobic life, with a structural and 

functional homologue present in organisms as disparate as yeast and humans. Its high levels of 

expression and activity led to its early discovery and research, which has resulted in a vast body 

of literature available on its function. On top of its already significant antioxidant function, it is a 

regulator and signaling enzyme in many different cell systems, from immune response to cell 

division. Additionally, it is implicated to play a role in many diseases, notably amyotrophic 

lateral sclerosis (ALS), cancer, and Parkinson’s disease. The importance of Sod1 to overall life 

cannot be understated. 

Sod1 does not begin life with all these functions, however. It is first made in an immature state 

that lacks antioxidant activity and must undergo a maturation process to become functional. This 

process mainly consists of three posttranslational modifications (PTMs): addition of zinc, 

addition of copper, and formation of a disulfide bond. Sod1 is unable to gain these PTMs in vivo 

and needs the help of another protein, the copper chaperone for Sod1 (Ccs).  
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This thesis will cover the maturation of Sod1 by Ccs as completely as possible. We will begin 

with the potential copper sources for Ccs as copper availability is heavily restricted by the cell. 

Then, we will look at the mechanism of Sod1 activation in yeast and the role Ccs plays in the 

addition of all three PTMs. This will then be compared to the mechanism of activation in human 

cells, as yeast Sod1 and yeast Ccs are structural and functional homologues of human Sod1 and 

human Ccs. With the normal mechanism of maturation established, we can then explore how this 

breaks down in ALS with common ALS-causing mutations of Sod1. Finally, we will look at a 

recently-discovered mutation of Ccs that has been linked to ALS-like disease symptoms. 
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Abstract 

 Copper ions (i.e., copper) are a critical part of several cellular processes, but tight regulation 

of copper levels and trafficking are required to keep the cell protected from this highly reactive 

transition metal. Cu, Zn superoxide dismutase (Sod1) protects the cell from the accumulation of 

radical oxygen species by way of the redox cycling activity of copper in its catalytic center. 

Multiple posttranslational modification events, including copper incorporation, are reliant on the 

copper chaperone for Sod1 (Ccs). The high-affinity copper uptake protein (Ctr1) is the main entry 

point of copper into eukaryotic cells and can directly supply copper to Ccs along with other known 

intracellular chaperones and trafficking molecules. This review explores the routes of copper 

delivery that are utilized to activate Sod1 and the usefulness and necessity of each. 

Introduction 

 Numerous cellular processes cannot function without intracellular copper working in the 

active site of enzymes. The varied roles for enzyme-bound copper include, but are not limited to, 

energy production, signaling, and oxidative stress response [1–3]. Cu, Zn superoxide dismutase 

(Sod1) is an antioxidant enzyme that eliminates superoxide anions (O2−) from within the cell as a 

method of heading off the production of the more dangerous hydroxyl radicals (·OH) [4,5]. Copper 

serves as the cofactor necessary for this reaction [6–8]. The key to copper’s broad utility arises 

from its ability to cycle between two oxidative states: Cu(I) and Cu(II) [9]. This redox property of 

copper allows it to function as both an electron donor and recipient, however, this can also lead to 

the nonenzymatic production of hydroxyl radicals from the breakdown of hydrogen peroxide 

(H2O2) [2,9,10]. Sod1 homologues exist in all eukaryotic aerobes ranging from single-celled yeast 
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to humans. With few exceptions, forms of Sod1 can be substituted between species without any 

phenotypic change to the organisms [11–14]. 

In order to prevent deleterious copper interactions, the cell utilizes a class of proteins, termed 

copper chaperones, to secure and deliver the necessary copper to cellular targets [9]. These proteins 

are known to locate the copper importers at the plasma membrane, acquire the copper as it is 

dispensed into the cytosol, and distribute it to specific enzymes or copper-binding proteins, thus 

sequestering the copper from other cellular components.  There are many copper chaperones in the 

cell,  including antioxidant  1 (Atox1) that provides copper to the transporters ATP7a and ATP7b, 

Cox17, which supplies copper to cytochrome c oxidase, and the copper chaperone for Sod1 (Ccs) 

which delivers copper exclusively to Sod1 [15–18]. Copper chaperones have been thoroughly 

studied for decades, however, the mode(s) of copper acquisition by these proteins remains 

somewhat ambiguous [19,20]. Reported copper sources for these chaperones are transporters that 

move copper into the various cellular compartments, copper sinks that store excess copper in the 

cell and other copper chaperones [21–25] (Figure 1.1). 

Figure 1.1. A collection of copper-binding molecules relevant to copper acquisition, regulation, 

and distribution to Sod1. (A) The copper importer Ctr1 with copper (orange sphere) bound in the 
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channel (PDB: 6M98). (B) The structure of yeast Ccs, complete with D1 (blue), D2 (gray), and 

D3 (red). Copper binding cysteines are shown as yellow spheres (PDB: 5U9M). (C) Mature Sod1 

dimer with the β-barrel shown in green and critical loop elements in purple (zinc loop) and orange 

(electrostatic loop). Active site bound copper is displayed as an orange sphere and the adjacent 

zinc shown in grey (PDB: 1PU0). (D) Copper bound MT3 domain with the coppers as orange 

spheres and the coordinating cysteines as yellow spheres (PDB: 1RJU). (E) The copper chaperone 

Atox1 (monomer) with the MTCxxC cysteines shown as yellow spheres (PDB: 5F0W). (F) A 

copper-binding domain (repeat 2) of the transport protein ATP7B, again with the conserved 

MTCxxC cysteines shown as yellow spheres (PDB: 2LQB). Notice the structural similarities 

between Ccs D1, Atox1, and ATP7B. (G) The structure of the glutathione tri-peptide, with the 

cysteine shown as a yellow sphere (PDB: 1AQW). 

 

 The majority of copper enters the cytosol through the high-affinity copper uptake protein 

(Ctr1) [26,27]. This transmembrane import protein acquires extracellular Cu(II) from 

ceruloplasmin [28,29], which accounts for about 90% of copper in the blood [28], and albumin 

[30,31] and imports it as Cu(I). Copper reduction is likely to be facilitated by metalloreductases at 

the cell surface [32,33]. Studies have shown that Ccs can secure Cu(I) held by the cytosolic C-

terminal domain of Ctr1 and deliver it to Sod1 [34,35]. Additionally, evidence exists that both 

Atox1 and Cox17 can acquire copper by way of Ctr1 [36,37] (Figure 1.1). 

 Other important cytosolic copper-binding molecules include the metallothionein 

superfamily of proteins (MT) and the reduced form of glutathione (GSH). MT proteins are 

ubiquitously expressed, highly conserved, and important for both copper and zinc homeostasis 

[38,39]. MT genes are upregulated, similar to those coding for Sod1, during times of oxidative 

stress [40]. GSH is an abundant antioxidant tripeptide present within the cytosol that, amongst 

other functions, can bind Cu(I) and has even been shown to deliver this cargo to Sod1 [22,41] 

(Figure 1.1). This review will focus on the known and proposed copper transport pathways for 

Sod1. The movement of Cu(I) from Ctr1 to Ccs to Sod1 seems simple, yet cooperation among and 
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transfer between copper coordinating molecules creates potential branch points and alternative 

routes for this pathway that are not yet fully explored [4,6,15,42,43]. Our goal is to provide new 

insight into the totality of copper transport pathways benefitting Sod1, and to highlight 

opportunities for new and exciting research in this arena. 

Discussion 

Cu, Zn Superoxide Dismutase (Sod1) and Copper Chaperone for Sod1 (Ccs1) 

 In 1969, McCord and Fridovich discovered an enzyme, termed erythrocuprein, which has 

since been renamed Sod1 [5]. It is a ubiquitously expressed antioxidant enzyme that protects the 

cell from the buildup of radical oxygen species through the disproportionation of superoxide to 

oxygen and hydrogen peroxide (2O2− + 2H + → O2 + H2O2) [5]. The fully mature homodimeric 

form of Sod1 (Figure 1.1) is highly efficient, catalyzing the above reaction at or near the diffusion 

limit [44]. An inherent “electrostatic guidance system” composed of positively charged sites within 

the electrostatic loop region of Sod1 contributes to the enzyme’s catalytic efficiency (Figure 1.1) 

[4]. An arginine residue at position 143 forms the backside of the active site and is critical for both 

substrate attraction and nonsubstrate exclusion. Mutations at this site eliminate Sod1 activity [45]. 

Zinc ion (i.e., zinc or Zn(II)) binding at an adjacent site and an intra-subunit disulfide bond are 

also critical for both protein stability and enzymatic function (as more fully described below) 

[4,41]. 

 Sod1 is abundant in the cell, found mostly in the cytoplasm, and is predominantly found in 

an immature state where it lacks the necessary posttranslational modifications (PTMs) required for 

antioxidant activity [46]. Sod1 requires three PTMs during the maturation process: (1) zinc binding 

at a site connected to the active site, (2) direct insertion of the catalytic copper to the active site, 
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and (3) disulfide bond oxidation that promotes a stable homodimeric conformation [4,47–50]. Zinc 

is bound at a conserved loop region (i.e., zinc loop) by three histidines and an aspartic acid (H63, 

H71, H80, and D83). Sod1-bound copper will switch between two oxidation states during the 

disproportionation of superoxide (i.e., Cu(I) and Cu(II)) [5]. In the reduced form, copper is 

coordinated by three histidines (H46, H48, and H120) in a trigonal planar conformation [51,52]. 

The oxidized form of copper is coordinated by an additional histidine (H63) in a distorted square 

planar conformation (Figure 1.1) [53]. As noted above, H63 also facilitates zinc binding and is 

known as the “primary bridge” that links the copper and zinc sites of Sod1 [4]. A critical intra-

subunit disulfide bond between C57 and C146 within each Sod1 monomer secures the loops 

regions making up the metal-binding sites of Sod1, which effectively excludes unwanted reactants 

from the active site [54,55]. Stable disulfide bonds are rare in the reducing environment of the 

cytosol and, when found, usually play a functional role [4]. 

 The copper chaperone for Sod1 (Ccs) was first identified by the Culotta lab in 1997 as a 

protein essential for Sod1 activation in yeast [15]. The far majority of Ccs molecules across species 

consist of three structurally distinct domains (D1, D2, and D3) [56]. Domain 1 contains a MxCxxC 

copper binding motif and its fold resembles that of the copper chaperone Atox1 [48]. Proposed 

roles for D1 include copper acquisition from the copper importer Ctr1, copper scavenging under 

copper-limiting conditions and direct copper delivery to Sod1 [43]. The roles of this domain are 

still under debate and are likely varied between species. Ccs D2 shares both sequence and structural 

homology with Sod1, likely indicating that this is the main Sod1 interaction platform and a number 

of Sod1·Ccs crystal structures have confirmed this notion [57]. All forms of Ccs D2 lack the 

copper-binding site, but mammalian Ccs molecules have retained the zinc-binding site, disulfide 
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bond, and loop elements [58]. Domain 3 is a relatively short, unstructured, yet highly conserved 

domain that contains a CxC copper binding motif [59]. The available evidence seems to point 

towards a role in copper delivery and/or formation of the disulfide bond in Sod1 [6,60]. In recent 

publications, we and others have demonstrated that Ccs domain 3 can form a stable β-hairpin 

[41,43]. Our structure shows the conserved CxC motif located near the disulfide residues and 

active site of Sod1, inferring a molecular mechanism for copper delivery and disulfide bond 

formation [41]. More recent work has revealed that Ccs prefers a completely immature form of 

Sod1 (E,E-Sod1SH) and each step of maturation decreases the affinity of the Sod1·Ccs interaction 

[61]. In addition to delivering copper for Sod1, Ccs binding increases the affinity and zinc 

occupancy of Sod1, of which D3 is required [60]. Ccs-Mediated Sod1 Maturation 

The traditional understanding of Ccs-mediated Sod1 maturation highlights the well-established 

roles for copper delivery and disulfide bond formation in Sod1 [47]. We and others have expanded 

upon this mechanism to include roles for Ccs that include: Sod1 folding, facilitated site-specific 

zinc acquisition and the formation of a copper drop-off point or “entry-site” upon Sod1 binding 

[41,60,62]. These additional properties separate Ccs from all other known copper chaperones, and 

thus, Ccs is better characterized as a multifunctional chaperoning molecule with roles in each level 

of Sod1 maturation. 

 Our “entry-site” model for Ccs-mediated copper delivery proposes that Cu(I) is delivered 

from   the CxC copper-binding motif in Ccs D3 to site formed near the Sod1·Ccs heterodimeric 

interface [41]. Observation of the Sod1-Ccs crystal structure published previously by our lab 

reveals a strong interaction between Sod1 and a B-hairpin formed by Ccs D3 [4]. Further 

spectroscopic analysis of the purified protein complex showed that a copper atom was coordinated 
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at this entry site [36]. This interaction was also biochemically analyzed with in vitro functional 

and mutational assays, which suggest that the site is formed via residues in both Sod1 (H120 and 

C57) and Ccs (C231, yeast sequence). Intercalation of the Ccs D3 β-hairpin under the Sod1 

disulfide loop exposes an electropositive path that likely attracts a superoxide or hydroxide 

molecule to the coordinated copper and accelerates sulfenylation of the adjacent C146 on Sod1. 

The existence of the sulfenyl intermediate was confirmed by Western blot with an antibody 

specific to sulfenyl modified cysteines [36]. Key disulfide exchange reactions promoted by the 

sulfenic acid group on C146 ends with the formation of the critical C57-C146 Sod1 disulfide bond 

and releases of the copper into the active site. Disulfide bond formation in Sod1 terminates 

interaction with Ccs and promotes its own homodimerization, where the mature enzyme can now 

perform its normal antioxidant functions [4,41].  

 An alternative model has been proposed by the laboratory of Lucia Banci. Here, Ccs D1 is 

primarily responsible for copper acquisition and delivery to the Sod1 active site [6], though, the 

structural details of this proposed conformational switch are currently undefined. The singular role 

for Ccs D3 is the transfer of a preformed disulfide bond to Sod1. As opposed to the “entry-site” 

model, this version is a distinct two-step process where copper delivery and disulfide bond 

formation are separate, though closely related, functions of Ccs. This model is based on 

experimental evidence obtained using in-cell NMR to measure metal transfer.  

 Until very recently, the role, if any, Ccs plays in Sod1 zinc acquisition had been essentially 

ignored. New evidence, from our lab and others, has illustrated multifunctional or molecular 

chaperoning roles for Ccs [60,63]. We have highlighted that Ccs functions in both copper delivery 

and facilitating high-affinity Zn(II)-binding of Sod1 [60]. Data show that Ccs binding to Sod1 
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increases both affinity and occupancy of zinc at the zinc-binding site in Sod1.  This is likely due 

to Ccs stabilizing a beneficial conformation of the zinc loop; an extension of the disulfide loop that 

makes up a section of the interaction interface between Sod1 and Ccs (Figure 1.1). Interestingly, 

it has also been shown that Ccs binding alone (i.e., without copper delivery) can resolve mis-

metalation events where zinc is initially found in the active site. However, some pathogenic Sod1 

mutants that cause an inherited form of amyotrophic lateral sclerosis (fALS) seemingly counteract 

these processes [62].  

Ccs-Independent Sod1 Maturation 

 While highly conserved across all eukaryotic organisms, there are some divergencies 

among the group of Sod1 molecules [64]. One important distinction is the existence of an 

additional pathway for Sod1 maturation; the Ccs-independent pathway is necessitated by a simple 

amino acid change (e.g., proline substitution) between mammals and other lower eukaryotes 

[65,66]. Indeed, human Sod1 expressed in ∆Ccs/∆Ccs mice retains ~25% activity, thus indicating 

a pathway for Sod1 maturation liberated from Ccs [7]. Another interesting anomaly is 

Caenorhabditis elegans, where no Ccs exists, yet the population of Sod1 molecules are found to 

have their complete assortment of posttranslational modifications and are fully active [67]. For 

most other eukaryotes, including yeast, Sod1 maturation requires Ccs [19]. 

 Potential copper sources for the Ccs-independent Sod1 maturation pathway have been 

proposed that include, but are not limited to, the reduced form of glutathione (GSH), 

metallothioneins (MTs) and other known copper chaperones [65,68,69]. Nevertheless, there lacks 

solid evidence to indicate a clear mechanism for this pathway. GSH seems one of the most likely 

sources as it has been shown to acquire copper from the Ctr1 importer and is present in large 
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quantities within the cytosol [65]. The mechanism of a potential GSH-mediated Sod1 maturation 

event is unclear, to say the least. 

 Leitch et al. have found that the kinetics of Sod1 activation and the copper source is 

identical despite the differing roles for Ccs (e.g., completely dependent, independent, or partially 

dependent on Ccs) [66]. In contrast, the mechanism of disulfide bond formation for Sod1 is 

strikingly different and contingent upon the role that Ccs plays in its activation. Ccs dependent 

disulfide bond formation relies on available oxygen species, yet, inexplicably, the Ccs-independent 

pathway does not [42,65,66]. Ensuing sections will delve into the current literature and preliminary 

models for these pathways. 

Copper Acquisition by Ccs via Ctr1 

 The mechanism of Ccs-mediated Sod1 maturation has been studied extensively, as 

evidenced by the dense literature and multiple models for Ccs action [4]. On the other hand, the 

source(s) of copper for this process and connections to other copper delivery pathways have not 

been fully explored. The major port of entry for all copper trafficking is the copper importer Ctr1 

[34]. From this point, it is proposed that the intracellular trafficking molecules acquire and then 

depart towards target delivery. Is there a pecking order among the trafficking molecules? Are their 

intermediaries in the acquisition or delivery processes? How about during times of stress or copper 

variability? We hope to address these unresolved questions while centering our discussion around 

the routes of copper delivery to Sod1. 

 The Ctr-family is a functionally, but not structurally, conserved group of transmembrane 

copper transporters present across eukaryotic organisms, of which Ctr1 is the most prevalent [70–

76]. Ctr proteins import copper from the extracellular environment into the cytosol. For humans 
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and other select species, more than one copper transporter has been identified [25,77–79]. Ctr2 

functions alongside Ctr1 as a low-affinity copper transporter, a regulator of micropinocytosis, and 

modulator of Ctr1 positioning within the plasma membrane. Ctr2 influences Ctr1 membrane 

location by promoting a truncated form of Ctr1 that is a target of the endo-lysosomal pathway 

[24,33,80]. 

 The human form of Ctr1 is comprised of a large extracellular domain, three transmembrane 

helices, and a short C-terminal cytosolic tail that harbors the intracellular copper-binding HCH 

motif [26,81–83]. The functioning transporter is a trimeric conical channel; a 9 Å opening faces 

the extracellular milieu that widens towards the cytosol (22 Å) [32,84,85]. The N-terminal ecto-

domain is glycosylated (both N- and O-linked) and these modifications likely impact Ctr1 stability 

and plasma membrane localization [27,86,87]. While the exact mechanism of copper transfer is 

not fully understood, ATP-driven transport of the metal has been excluded due to the lack of an 

ATP-hydrolyzing domain [88]. Histidine residues lining the inside of the transmembrane domain 

regulate Cu(I) import, which is roughly 80% of all copper brought into the cell [32,81]. While 

fungal copper transporters work in conjunction with copper reductases, little evidence exists for a 

similar setup in mammalian systems [89,90]. Further research is needed to elucidate the 

mechanism of copper reduction prior to Ctr1-mediated copper import. 

 A C-terminal HCH motif on Ctr1 acts as a sink for Cu(I) ions and is suggested to be the 

site of hand-off for copper chaperones and other copper binding molecules [21,91]. Docking 

studies between Atox1 and the C-terminal domain of Ctr1 (Ctr1c) show that Cu(I) can be donated 

directly from Ctr1 to Atox1 [68]. Related work by the Unger group suggests that Ccs1 and Atox1 

can associate with the plasma membrane, thus providing a means for targeted interaction between 
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transporter and chaperone [21,92]. Relatedly, Kaplan and colleagues demonstrated that Ctr1 could 

hand copper to the reduced form of glutathione (GSH), which is present in high concentrations 

within the cytosol and can act as a copper reservoir [92]. 

 Our lab has recently shown that the Cu(I)-bound form of Ctr1c can form a stable complex 

with Ccs [34]. Only the addition of immature Sod1 (i.e., copper-free and disulfide reduced) to this 

complex can separate the copper-mediated Ctr1c·Ccs complex. The reaction produces a mature 

Sod1 molecule (i.e., copper-bound and disulfide oxidized) that is fully active. When a C146A 

mutation is introduced to Sod1 that prevents both copper delivery and disulfide bond formation, a 

stable Ctr1c·Ccs·Sod1 trimeric complex is observed. These results help to confirm that copper 

mediates a stable interaction between Ctr1 and Ccs and that localized activation of Sod1 terminates 

all interactions [34]. Interestingly, Ctr1 is not obligatory for Sod1 to access copper [93]. Thus, 

what are other potential routes of copper delivery for Ccs-mediated and Ccs-independent Sod1 

maturation? 

 

Involvement of other Chaperones and Metalloproteins 

Atox1 

 Atox1 delivers copper to the secretory pathway and was one of the first members of the 

copper chaperone family [94]. Atox1 comprises a small single-domain with a ferredoxin-like fold 

and a conserved MTCxxC copper binding motif, which it shares with its targets ATP7A and 

ATP7B [2,95,96]. ATP7A/B are P-type ATPase copper transporters that remove excess copper 

from the cytosol, thus protecting the cell from elevated copper levels [1]. Atox1 also provides the 
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copper essential for metalation of secreted proteins such as ceruloplasmin, a copper-carrying 

ferroxidase in the blood [97]. 

 As stated previously, both Ccs and Atox1 are capable of interacting with lipid bilayers and 

this may facilitate interaction with Ctr1 [35,98]. Localization of the plasma membrane may also 

enable copper exchange between the two chaperones. Ccs D1 and Atox1 share both structural and 

sequence homology, which allots similar copper-binding affinities [99]. Despite their similarities, 

Atox1 cannot fulfill the role of Ccs in the cell [100]. Wittung-Stafhede and colleagues have shown 

that Ccs can retrieve Cu(I) from Atox1 by coupled size-exclusion chromatography and copper 

transfer assays [68]. While Atox1 can access copper though Ctr1, its additional role in removing 

excess copper from the cytosol and its ability to transfer copper to Ccs provides another likely 

route for copper in Ccs-mediated Sod1 maturation [16]. These findings show the cross-reactivity 

and interconnectedness of the cellular copper transfer machinery [68].  

MTs 

 The metallothionein family encompasses a group of small cysteine-rich proteins involved 

in metal homeostasis and detoxification [39]. Most MTs buffer zinc, however, their thiolate 

clusters can act as a copper sink if cellular copper concentrations are high [23,101]. Though all 

isoforms bind copper, when MT1 and MT2 are isolated from cells, each is bound solely to zinc 

[39,102]. MT3 mostly occupies the central nervous system and is isolated with both zinc and 

copper bound, likely because of its complex biological roles in these cells [40]. There lacks 

extensive research concerning copper transfer between MTs and Sod1 or Ccs. However, MTs have 

been shown to influence zinc binding by Sod1 [103]. MTs bind copper with a high affinity (average 

10−19 M), thus a potential mechanism for hand-off to copper chaperones, carriers, or enzymes is 
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not obvious, but could involve oxidation of the coordinating cysteines by molecules such as 

superoxide [40]. Crosstalk between these classes of molecules is quite likely as ever-changing 

cellular conditions require the activity of specific target proteins, including Sod1 [69,104]. 

Glutathione 

 One major copper recipient from Ctr1 is the reduced form of glutathione (GSH), which is 

present within the cell at low millimolar concentrations in order to maintain the redox status of the 

cytosol while also functioning as an intracellular copper sink. A number of independent groups 

have shown that GSH can supply copper to chaperones such as Ccs [22,92,105]. GSH likely serves 

as a general copper reservoir for cytosolic copper-binding proteins. The relatively low copper 

affinity emphasizes the role of GSH as an upstream hub for copper delivery to multiple 

downstream targets. In accordance, when monitoring copper uptake via Ctr1, only GSH depletion 

impaired cellular copper uptake, while knock out of copper chaperones such as Atox1 or Ccs did 

not have a pronounced effect [92]. 

 In mammals, it has been demonstrated that Sod1 can be activated in a Ccs-independent 

manner and that GSH plays an essential, if not well defined, role in this pathway [22]. For lower 

eukaryotes (e.g., yeast), GSH cannot unilaterally activate Sod1, but GSH has shown the ability to 

provide copper for activation in the presence of Ccs [34,41]. Here, Cu(I)-GSH was added to a pre-

made Sod1cotCcs complex, where the complex was void of copper and resulted in copper transfer 

and complete maturation of Sod1. It was noteworthy that the copper acquisition role of Ccs D1 

was essentially bypassed as the process works with a mutant version of Ccs where the MxCxxC 

copper binding motif cysteines were changed to alanines. Additionally, the removal of Ccs D3 

prohibited the Sod1 maturation process. We have proposed that Ccs D3 forms a copper “entry-
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site” or drop off point along with the disulfide cysteines of Sod1 near the interaction interface. 

Without this site, copper delivery to Sod1 and disulfide bond formation cannot occur [41]. 

Conclusions and Perspectives 

 Copper is tightly regulated due to the vital roles it plays within the cell, but also because 

of its potential for adverse redox activity [2]. To maintain homeostasis, cells have evolved an 

intricate copper distribution center to efficiently direct copper delivery [3]. For the vast majority, 

copper’s journey in the mammalian cell begins when it is imported by Ctr1 [26]. This transporter 

moves copper across the plasma membrane and uses its cytosolic C-terminal tail (Ctr1c) to hold 

the copper until it can be picked up by a chaperoning protein, such as Atox1, Ccs or a sequestering 

molecule such as GSH or MT protein (Figure 1.2) [21,27]. It is very likely that these copper 

carriers participate in extensive crosstalk and regulation, which maintains copper homeostasis and 

allows for quick response to cellular changes [104]. 
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Figure 1.2. Potential routes of delivery between the copper importer Ctr1 and Sod1. Extracellular 

copper is commonly carried as Cu(II) (blue star) and must be reduced to Cu(I) (yellow star) for 

import by Ctr1. From here, the copper has numerous paths that can be taken based upon cellular 

conditions and availability of carrier molecules (orange arrows). Both Ccs and Atox1 have shown 

the propensity to associate with lipid bilayers, which may facilitate copper acquisition from Ctr1. 

Additionally, Atox1 and Ccs have been demonstrated to directly exchange copper with each other 

before delivery to their targets (ATP7A/B and Sod1, respectively). Past work in the field has also 

shown that the reduced form of glutathione (GSH) can act as a copper acceptor from Ctr1, 

exchange that copper with other copper chaperones while also delivering its copper cargo directly 

to immature Sod1. Further evidence has suggested that metallothioneins (MTs) may be able to 

exchange copper(s) with other copper-binding proteins, like Sod1, likely under conditions of 

oxidative stress. The colors of molecules and domains in this figure attempt to mimic those in 

Figure 1.1. 

 For years, accumulating evidence has indicated that copper-dysregulation plays a 

significant role in the development of several neurodegenerative diseases [3]. As previously 

described, the import of copper by Ctr1 plays a pivotal role in the copper supplementation of 

intracellular and secreted molecules [32]. Both Menkes and Wilson’s Disease are caused by a 

disruption in copper homeostasis due to mutations in the transmembrane copper pumps ATP7A 

and ATP7B, respectively [3]. A diverse set of mutations in Sod1 causes an inherited form of the 
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fatal neurodegenerative disease fALS [106,107]. A role for Ccs in Sod1-linked fALS is gaining 

momentum as immature forms of the Sod1 protein make up a large proportion of the aggregates 

found in the motor neurons of mice expressing pathogenic forms of Sod1 and from the autopsies 

of ALS patients [108]. 

 Given that copper regulation is important to cellular function and that dysfunction often 

leads to disease, therapeutics targeting copper maintenance could be useful in treatment [3,9]. For 

instance, diacetylbis(N(4)-methylthiosemicarbazonato)-copper(II) (Cu(II)-ATSM) is currently 

used for imaging tumor hypoxia, but a recent discovery indicates that Cu(II)-ATSM could be a 

potential therapeutic agent in the treatment of ALS [109]. Potential future treatments will rely on 

our understanding of copper trafficking and homeostasis. Insights gained from the thorough 

understanding of metal transfer between Ccs and Sod1 provide a framework for future studies. 

Intracellular copper transport has been studied extensively for many years. However, key elements 

of copper trafficking are still unknown. Ctr1 has been investigated for nearly 30 years [110], but 

its mode of copper import, initial copper acquisition and reduction to Cu(I), and possible 

interactions with copper carriers has not been fully elucidated. Upon transfer from Ctr1 to 

designated copper coordinating molecule, the complex interplay between these key players of 

intracellular copper delivery still harbors unresolved questions. Do chaperones directly retrieve 

copper from Ctr1, or do they acquire copper from a Cu(I)-GSH intermediary? Does chaperone 

scaffolding with the plasma membrane support copper acquisition and/or possible delivery to the 

target? Does the availability of copper influence the mode of copper acquisition by chaperones, 

carriers and their target enzymes? More investigation, including biophysical, biochemical, and 
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cellular approaches, is required to map out this intricate intracellular copper network to improve 

our understanding of these elaborate copper delivery mechanisms and, ultimately human health. 
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COPPER–ZINC SUPEROXIDE DISMUTASE (SOD1) ACTIVATION TERMINATES  

INTERACTION BETWEEN ITS COPPER CHAPERONE (CCS) AND THE  

CYTOSOLIC METAL-BINDING DOMAIN OF THE COPPER IMPORTER CTR1 
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ABSTRACT 

 Copper–zinc superoxide dismutase (Sod1) is a critical antioxidant enzyme that rids the cell 

of reactive oxygen through the redox cycling of a catalytic copper ion provided by its copper 

chaperone (Ccs). Ccs must first acquire this copper ion, directly or indirectly, from the influx 

copper transporter, Ctr1. The three proteins of this transport pathway ensure careful trafficking of 

copper ions from cell entry to target delivery, but the intricacies remain undefined. Biochemical 

examination of each step in the pathway determined that the activation of the target (Sod1) 

regulates the Ccs·Ctr1 interaction. Ccs stably interacts with the cytosolic C-terminal tail of Ctr1 

(Ctr1c) in a copper-dependent manner.  This interaction becomes tripartite upon the addition of an 

engineered immature form of Sod1 creating a stable Cu(I)-Ctr1c·Ccs·Sod1 heterotrimer in 

solution. This heterotrimer can also be made by the addition of a preformed Sod1·Ccs heterodimer 

to Cu(I)-Ctr1c, suggestive of multiple routes to the same destination. Only complete Sod1 

activation (i.e. active site copper delivery and intra-subunit disulfide bond formation) breaks the 

Sod1·Ccs·Ctr1c complex. The results provide a new and extended view of the Sod1 activation 

pathway(s) originating at cellular copper import. 

Introduction 

 Copper is a critical cofactor for many enzymes that take advantage of its redox activity to 

catalyze a wide range of chemical reactions. Proper levels of copper are required throughout the 

cell for processes such as respiration, enzymatic catalysis, and neurotransmitter synthesis 

(Bremner 1998). Unregulated copper-based reactions are detrimental to the cell by generating free 

radical oxygen species (Halliwell and Gutteridge 1990; Pena et al. 1999). Therefore, aerobic 

organisms have evolved a tightly controlled network of copper trafficking molecules for import, 
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shuttling, and delivery to specific targets across the cellular land- scape (reviewed in Rosenzweig 

and O’Halloran 2000; Rosenzweig 2001; Robinson and Winge 2010). 

 Copper ion import is facilitated by the Ctr family of integral membrane transporters that 

bring copper into the cytoplasm in an ATP-independent fashion (Dancis and Haile 1994; Lee et 

al. 2002; Kim et al. 2008). Members of the Ctr-family, of which Ctr1 is the most prominent, are 

small transmembrane proteins consist-ing of a conserved extracellular N-terminal domain 

(ecto/NTD), three transmembrane domains (TMDs), and a short C-terminal tail (Ctr1c), which is 

the only domain that fully extends into the cytosol (Eisses and Kaplan 2002; Puig et al. 2002; 

Klomp et al. 2003). Trimerization of Ctr1 monomers forms a pore through which Cu(I) (i.e. 

reduced/cuprous copper) is trans- ported into the cell (De Feo et al. 2009). Cu(I) is then 

simultaneously coordinated by three Ctr1c tails, each containing an HCH copper binding motif. 

Binding of Cu(I) to a single HCH at one tail is possible, however normal Cu(I)-binding motifs 

involve two or three cysteine residues coordinating Cu(I). (Pickering et al. 1993) By holding the 

Cu(I) between multiple tails, Ctr1 can mimic the more favorable Cu(I) coordinating motifs. The 

Cu(I) is then offered to cytosolic copper traffickers (Kahra et al. 2016). Two ATP-dependent 

pumps ATP7A and ATP7B that reside in the membranes of the trans-Golgi network, handle copper 

ion export (Lutsenko et al. 2002; Voskoboinik and Camakaris 2002). 

 A diverse family of intracellular copper binding proteins termed ‘‘copper chaperones’’ 

transport cytosolic copper ions to dedicated protein targets (O’Halloran and Culotta 2000; Kahra 

et al. 2016; Kaplan and Maryon 2016). One such molecule is the copper chaperone for Sod1 (Ccs) 

that has been shown to be critical for efficient activation of the ubiquitous anti-oxidant enzyme 

copper–zinc superoxide dismu- tase (Sod1) (Culotta et al. 1997; Schmidt et al. 2000; Wong et al. 
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2000; Fetherolf et al. 2017a, b). Ccs proteins consist of three conserved domains that are essential 

for target recognition and copper ion delivery (reviewed in Fetherolf et al. 2017a, b). Unlike other 

copper chaperones, Ccs also plays a crucial role in the formation of an intra-subunit disulfide bond 

within Sod1 (reviewed in Fetherolf et al. 2017a, b). The N-terminal domain (D1) contains a 

MxCxxC copper- binding motif and is structurally similar to another copper chaperone that guides 

copper to the aforementioned secretory pathway (Atx1/Atox1) (Xiao and Wedd 2002; Hussain et 

al. 2008; Rodri- guez-Granillo and Wittung-Stafshede 2008; Hussain et al. 2009; Rodriguez-

Granillo and Wittung-Staf- shede 2009; Rodriguez-Granillo et al. 2010). The second domain (D2) 

is analogous to Sod1 in both sequence and structure (Lamb et al. 1999) and plays a key role in 

Sod1 binding (Lamb et al. 2000, 2001; Winkler et al. 2009; Fetherolf et al. 2017a, b). The C-

terminal domain (D3) possesses an invariant CxC motif known to bind copper and is essential for 

complete Sod1 activation in vivo (Schmidt et al. 1999). Though multiple three-dimensional 

structures of Ccs (Lamb et al. 1999, 2000; Banci et al. 2013) and complete Ccs·Sod1 complexes 

have been determined (Lamb et al. 2001; Fetherolf et al. 2017a, b; Sala et al. 2019) a complete 

molecular mechanism for Ccs- mediated Sod1 activation is tenuous and remains under debate. 

 Even less understood is how, where, or when copper chaperones, including Ccs, acquire 

their copper cargo from the cell (Flores and Unger 2013). Indeed, the passage of Cu(I) from the 

cytosolic Ctr1c domain to Ccs still requires clarity, while related work implies that the reduced 

form of glutathione (GSH) may play an intermediary role (Maryon et al. 2013; Pope et al. 2013). 

Although Ctr1 has been studied extensively for years, an initial model for Ctr1- mediated Cu(I) 

import is only beginning to emerge (reviewed in Ohrvik and Thiele 2014). 
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 Here, we demonstrate a direct Cu(I)-dependent interaction between human Ctr1c and Ccs. 

Unexpectedly, immediate copper transfer and dissolution of the Cu(I)-Ctr1c·Ccs complex did not 

occur. Furthermore, a stable Cu(I)-Ctr1c·Ccs·Sod1 heterotrimeric complex is observed when 

copper delivery and/or disulfide bond formation in Sod1 (i.e. Sod1 activation) is stalled. Cu(I)-

Ctr1c will readily bind either Ccs or a pre-formed Ccs·Sod1 complex, which backs related data 

showing that the copper binding status of Ccs does not affect its affinity for immature Sod1 

(Luchinat 2017; Boyd et al. 2018). Complete Sod1 activation (i.e. zinc and copper binding along 

with disulfide oxidation (Cu,Zn-Sod1SS)) dissociates the heterotrimeric complex into a mixture of 

its own parts (Banci et al. 2012; Wright et al. 2016). The data presented here builds a 

comprehensive molecular mechanism for the direct Ctr1-to-Ccs-to-Sod1 copper influx pathway 

and suggests that the entire pathway can proceed within a single macromolecular complex. 

 

 

 

Materials and methods 

Materials 

The C-terminal 13 amino acids of the human Ctr1 Cu(I)-transporter (Ctr1c), KKAVVVDITEHCH, 

were custom-ordered as a lyophilized peptide from Sigma. DTT (dithiotreitol), TCEP-HCl (tris(2-

car- boxyethyl)phosphine), and IPTG (isopropyl 1-thio-b-D-galactopyranoside) were purchased 

from GoldBio. Tris-base, mono- and di-basic sodium phosphate, sodium acetate, ammonium 

persulfate (APS), EDTA, b-mercaptoethanol (BME), and sodium chloride were acquired   from   

Fisher.   Nitroblue   terazolium   and bathocuproinedisulfonic acid (BCS) were purchased from 
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Alfa Aesar. Primers for site-directed mutagenesis and zinc sulfate heptahydrate were bought from 

Sigma. Maleimide-polyethyleneglycol 2000 was purchased from nanocs. 

Tetramethylethylenediamine (TEMED) was purchased from Thermo Scientific, while riboflavin 

was acquired from Acros Organics. Alexa-488-succinimidyl ester was purchased from Life 

Technologies. Cu(I)-(CH3CN4)PF6 was purchased from Strem Chemicals. His-Trap Nickel affin- 

ity columns, SQ (anion exchange) columns, and gel filtration columns were purchased from GE 

LifeSciences. 

Ccs1 and Sod1 cloning, mutagenesis, expression, and purification 

 Human wild-type (WT) Ccs1 (UniProtKB—O14618) was cloned into a pAG8H vector 

containing an inducible lacZ site, N-terminal His8-tag, and an internal tobacco etch virus (TEV) 

cleavage site using NarI and SalI restriction sites. Sod1 WT (Uni- ProtKB—P00441) was cloned 

using NarI and HindIII sites into the same vector. Mutations in Ccs and Sod1 were generated using 

the Thermo Scientific site- directed mutagenesis kit according to the provided protocol. 

Escherichia coli BL21 DE3 PLysS cells (purchased from Promega) were transformed and grown 

at 37 °C in 2xYT medium to an A600nm of 0.6–0.9 and induced with 3–5 mM IPTG. After an 

additional 4 h of growth cells were harvested and purified using a His-Trap HP Ni2+ affinity 

column by GE Healthcare. The His8-tag was removed from the purified protein by digestion at 

room temperature overnight with TEV protease engineered to contain a non-cleavable His8-tag. 

The resulting cleaved His8-tag as well as the TEV protease were removed from Ccs1 by another 

Ni2+ affinity purification. 

Protein metallation 
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 Sod1 was stripped of metals by incubation in Sod1 stripping buffer 1 (50 mM NaOAc pH 

3.5, 10 mM EDTA, 10 mM DTT) for 4 h at room temperature and then transferred to metal-free 

buffer 2 (50 mM NaOAc pH 5.5, 10 mM DTT) overnight at 4 °C. The metal free protein was 

buffer exchanged into 50 mM Tris pH8. Ccs1 was stripped of metals by incubation in Ccs1 

stripping buffer (20 mM Tris pH 8, 10 mM EDTA, 10 mM DTT) overnight at 4 °C. The metal-

free protein was buffer exchanged into either metal free 50 mM Tris pH. All proteins were Cu(I) 

loaded anaerobically using Cu–PF6. Metal loading was con- firmed by induced coupled plasma 

mass spectrometry (ICP-MS) using the Agilent 7900 facility here at UTD. Samples for ICP-MS 

were digested with 1% HNO3 for analysis and performed in triplicate. The buffer in these 

experiments was measured for baseline metal content. Sod1 activity assays were performed as 

described previously (Fetherolf et al. 2017a, b). 

Cu(I)-loaded Ctr1c production 

 Apo-Ctr1c was quantified by amino acid analysis by AAA Service Laboratory, Inc. 

Absorbance was measured from 200 to 360 nm using a Cary300 UV–Vis spectrophotometer by 

Agilent and the extinction coefficient was calculated. The Ctr1c-peptide was Cu(I)-loaded 

anaerobically in equimolar ratio with Cu(I)-(CH3CN4)PF6 for 2 h and excess unbound Cu(I) was 

removed by size-exclusion chromatography using a BioRad P2 column in spectroscopy buffer or 

by dialysis. ICP-MS results indicated that one Cu(I) ion was coordinated by 3 Ctr1c peptides, 

similar to what is seen in full-length Ctr1 (De Feo et al. 2009). Even when copper was added in 3–

5-fold excess of peptide, the resulting copper bound remained consistent.  

Amine-specific labeling of Ctr1c 
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 Apo and Cu(I)-Ctr1c were incubated with equimolar amounts of Alexa-488 succinimidyl 

ester by Fisher at room temperature in pH 7.4 buffer for 1 h. The labeling reaction was quenched 

with 1 M Tris pH 8 was then dialyzed overnight at 4 °C to remove excess dye and its metal status 

was confirmed by assaying its ability to provide Cu(I) to Sod1. 

Nickel pulldown assay 

 His8-tagged WT and mutant Ccs1 and Sod1 variants were expressed and purified by Ni-

affinity chromatography. 5uM bait protein was incubated with 40 µL Ni- NTA agarose bead slurry 

in 20 mM Tris pH 7.5, 150 mM NaCl, 2 mM TCEP-HCl, and 200 µM BCS for 1 h at room 

temperature. 15uM Cu(I)-Ctr1c488 was incubated with the bait proteins at room temperature for 

1 h and washed three times with 500 µL 20 mM Tris pH 7.5, 150 mM NaCl, 2 mM TCEP-HCl, 

and 100 mM imidazole. Proteins for SDS-PAGE analysis were eluted by the addition of 2X 

Laemmli dye with BME and boiling. Reactions were visualized on a BioRad 4–20% pre-cast SDS-

PAGE stain-free gel using the BioRad ChemiDoc stain-free protocol or fluorescently using the 

Typhoon 9500 by Thermo. For 384-well plate analysis, proteins were treated as above, then eluted 

with 40 µL 20 mM Tris pH7.5, 150 mM NaCl, 2 mM TCEP-HCl, and 1 M Imidazole. 15 µL of 

each fraction were loaded onto a 384-well clear-bottom microtiter plate and visualized on the 

Typhoon 9500. Samples from these fractions were also analyzed for metal content by ICP-MS. 

Sod1, Ccs1, and Cu(I)-Ctr1c-Ccs1 affinity determination 

 H46R/H48Q/C146S Sod1 was fluorescently labeled with Alexa-546-C-maleimide and the 

reaction was quenched with DTT. Excess unbound dye was removed by gel filtration using a GE 

Sepharose S200 increase gel filtration column. Final Sod1-probe concentration in all assays was 

10 nM. Ccs1 was titrated into reactions in increasing concentrations. We followed the HI-FI 



 

36 

method to determine dissociation constants (KD) as outlined in previous publications (Winkler et 

al. 2012). Fluorescence quenching was visualized and KD and binding curves were determined 

with the GraphPad Prism software suite.  

Results 

Ctr1c stably binds Ccs through a Cu(I) intermediate 

 To focus upon the intracellular copper transfer between Ctr1 and Ccs, we utilized the 

cytosolic copper delivery domain of Ctr1 (Ctr1c) (Kahra et al. 2016). Ctr1c is a short 13 amino 

acid peptide that is difficult to visualize/quantitate biochemically, so a fluorescent label (Alexa 

488) was conjugated to the N-terminus. Labeled peptide (Ctr1c488) was purified and then 

visualized on Native-PAGE to confirm that non-native oligomerization did not occur (Fig. S2.1). 

Fluoro-labeling did not affect copper binding, as both labeled and unlabeled Ctr1c peptides bound 

Cu(I) equivalently as determined by ICP-MS analysis (Table 2.1). 

Table 2.1. ICP-MS results shown as the percentage of copper- bound protein 
 

 

 

 

 

  

 The percentage of Cu(I) bound to Ctr1c indicates that multiple Ctr1c peptides bind a 

single copper at their HCH motifs, likely in a 3:1–4:1 stoichiometry (Fig. 2.1a). We suggest that 

the 3:1 ratio is more likely as Cu(I) prefers to bind 2 or 3 ligands. Trimeric binding of Ctr1c to 

copper also occurs in full- length Ctr1. To determine if Ctr1c and Ccs would stably interact, both 

apo and Cu(I)-loaded Ctr1c488 were incubated with Ccs and visualized fluorescently on Native-

ICP-MS results  Protein:Cu(I) ratio 

Ctr1c 22.6% ± 1.4 3–4:1 

Ctr1c488 23.9% ± 1.7 3–4:1 

WT Ccs 87.4% ± 2.6 1:1 

MXAXXA 85.2% ± 0.4 1:1 

AXA 82.0% ± 1.2 1:1 
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PAGE. Apo-Ctr1c488 did not bind to Ccs, but Cu(I)-Ctr1c488 formed a stable complex that ran 

as a clear band on the gel (Fig. 2.1b, Lanes 1 and 2). However, Ctr1c could not form a similar 

interaction with Ccs’ target (metal-free, disulfide reduced Sod1 (E,E-Sod1SH)). Incubation of 

Cu(I)-Ctr1c488 with E,E- Sod1SH did not result in stable complex formation (Fig. 2.1b, Lane 3). 

Furthermore, the Sod1 from this reaction was subsequently analyzed for metal content by ICP-

MS, and no direct copper transfer occurred between Ctr1c and Sod1. 

 

Fig. 2.1. Ctr1c binding to Ccs is copper dependent. a Copper (orange circle) is coordinated by 

three Ctr1c488 peptides at their C-terminal HCH motifs. The Alexa 488 dye is conjugated to the 

N-terminus using a succinimidyl ester linkage. ICP-MS determined that Ctr1c488 bound Cu(I) in 

a 3:1 stoichiometry, similar to full-length Ctr1. b Native PAGE gel imaged fluorescently for 

Alexa 488. Lane 1: Ctr1c488 + Ccs. Lane 2: Cu(I) - Ctr1c488 + Ccs. Lane 3: Cu(I) - Ctr1c488 + 

E,E-Sod1SH. (Color figure online) 

 

Stable Ctr1c·Ccs interaction can form at either copper binding motif of Ccs 

 We use a high-throughput experimental setup that takes advantage of clear-bottom 

microplates for fluorescent-based visualization and quantification of pull-down results (detailed in 

the ‘‘Materials and Methods’’ section). Figure 2.2a shows an example of the pull-down assays 

performed to examine the role of the copper binding motifs in Ccs in coordinating Ctr1c. His-
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tagged wild-type Ccs or Ccs variants with Cu(I)-Ctr1c488 (top row) were assayed and then 

normalized against a copper-null variant of Ccs that was also incubated with Cu(I)-Ctr1c488 

(bottom row). Three experimental replicates were performed and quantified to determine relative 

binding propensity (Fig. 2.2b). There does not appear to be a strong preference for either copper 

binding site in Ccs (D1–MxCxxC or D3–CxC). The copper-mediated interaction between Ctr1c 

and Ccs occurs as long as copper is bound by at least one of these sites. Similar Cu(I) content was 

observed in all three samples by ICP-MS (Table 2.1). Incubating with 15 µM Cu(I) Ctr1c488 

consistently resulted in the recovery of ˃ 4 µM copper-bound Ccs, supporting the binding of 

copper by peptide in a 3:1 ratio. If the peptide to copper ratio was 4:1 the maximum amount of 

copper transferred to Ccs would be 3.75 µM. In vitro Sod1 activation assays performed using the 

Cu(I)-Ctr1c488·Ccs containing samples showed that the  complexes  are  functional  and  although   

Cu(I)-Ctr1c488 will coordinate with both copper-binding motifs in Ccs, only the CxC motif in Ccs 

D3 is critical for full activation of immature Sod1 under these conditions (Fig. 2.2c). 

Fig. 2.2. Ctr1c can bind both copper binding domains of Ccs. a Nickel pulldown assays were 

loaded into a clear-bottom 384-well plate and visualized fluorescently using the Typhoon 9500. 

Lane 1: Input, Lane 2: Flow-through, Lanes 3-5: Washes, Lane 6: Elution, Lane 7: Buffer blank. 

b This graph of fluorescence intensity is normalized to mutant Ccs lacking copper binding motifs. 

(c, Top) Lane 1: Sod1 stripped of metals, Lane 2: Sod1 with Cu(I) - Ctr1c, Lane 3: Sod1 with apo- 
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MxAxxA Ccs, Lane 4: Sod1 with apo-MxAxxA Ccs and Cu(I)- Ctr1c, Lane 5: Sod1 with Cu(1)- 

WT Ccs. (C, Bottom) Lane 1: Sod1 stripped of metals, Lane 2: Sod1 with Cu(I)-Ctr1c, Lane 3: 

Sod1 with apo-AxA Ccs, Lane 4: Sod1 with apo-AxA Ccs and Cu(I)-Ctr1c, Lane 5: Sod1 with 

Cu(1)-WT Ccs. 

 

Copper-loaded Ctr1c associates stably with a Ccs·Sod1 complex 

 To characterize possible Ctr1c·Ccs interactions with Sod1, similar pull-down assays 

utilizing a His-tagged Ccs in complex with Cu(I)-Ctr1c488 were conducted (Fig. 2.3). Immediate 

copper transfer and dissociation does not occur and a stable Cu(I)-Ctr1c488·Ccs complex is formed, 

as previously demonstrated (Fig. 2.1). The Sod1 molecule used in this assay is an engineered 

immature form of Sod1 that cannot bind copper at the active site or form its intra-subunit disulfide 

bond (X,Zn-Sod1X), which is commonly used to form ‘‘stalled’’ Ccs·Sod1  complexes  (Lamb et 

al. 2000, 2001; Winkler et al. 2009). Direct interaction between Cu(I)-Ctr1c488 and X,Zn-Sod1X 

is not detected under any conditions tested (Figs. 2.1b, 2.2c).  In addition, we show that a stable 

Cu(I)-Ctr1c488 Ccs complex can recognize and bind to X,Zn-Sod1X in a similar manner to that of 

Ccs alone (Fig. 2.4b). Strikingly, Cu(I)-Ctr1c488 also interacts stably with a pre- formed Ccs·X,Zn-

Sod1X heterodimeric  complex (Fig. 2.3, lane 12). The Ctr1c molecule does not dissociate upon 

Ccs binding to Sod1 and forms a Cu(I)-Ctr1c488·Ccs·X,Zn-Sod1X heterotrimeric complex, 

supporting multiple delivery options arising from the Ctr1 transporter. 
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Fig. 2.3. Immature Sod1 can form a stable Sod1•Ccs•Ctr1c heterotrimeric complex. Lane 1: beads 

supernatant, Lane 2: Cu(I)-Ctr1c488 supernatant, Lane 3: His8-Ccs supernatant, Lane 4: Sod1 

supernatant, Lane 5: His8-Ccs•Sod1 supernatant, Lane 6: His8-Ccs•Sod1 and Cu(I)-Ctr1c488 

supernatant, Lane 7: beads elution, Lane 8: Cu(I)-Ctr1c488 elution, Lane 9: His8-Ccs elution, Lane 

10: Sod1 elution, Lane 11: His8-Ccs•Sod1 elution, Lane 12: His8-Ccs•Sod1 and Cu(I)-Ctr1c488 

elution. The right image is the same gel as the left (stain-free) but visualized fluorescently. 

 

Ccs association with Ctr1c does NOT affect its affinity for Sod1  

 The assumed order of operation for Sod1 activation starts with the metalation of Ccs, which 

then finds/ binds an immature Sod1 molecule to activate (see reviews Culotta, Lin et al. 1999; 

Rosenzweig 2001; Furukawa and O’Halloran 2006; Leitch et al. 2009; Robinson and Winge 

2010;Fetherolf et al. 2017a, b). Much like the yeast Ccs·Sod1 interaction (Boyd et al. 2018), human 

Ccs favors binding to completely immature Sod1 (E,E-Sod1SH) (Fig. 2.4a).  
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Fig. 2.4. Cu(I)-Ctr1c binding to Ccs does not affect its Sod1 binding affinity. The concentration of 

Ccs1 is nanomolar. The curves have been normalized for comparison for panels a and b. a apo-

Ccs binding to completely immature Sod1 (89 nM ± 11) and Zn-bound Sod1 (22 nM ± 6). b 

Comparison of binding affinities for apo-Ccs (89 nM ± 11) and Cu(I)-Ctr1c complexed Ccs to 

Sod1 (120 nM ± 27). c Sod1 activity assay. Lane 1: Sod1 stripped of metals, Lane 2: Sod1 with 

Cu(I)-Ctr1c, Lane 3: Sod1 with apo-Ccs, Lane 4: Sod1 with Cu(I)-Ctr1c complexed Ccs, Lane 5: 

Sod1 with Cu(I)-Wt Ccs. 

 

 

 The copper occupancy of Ccs has a negligible role in Sod1 binding affinity, as the copper-

loaded form of Ccs binds to E,E-Sod1SH in a nearly indistinguishable fashion. Additionally, a pre-

made Cu(I)-Ctr1c Ccs complex binds E,E-Sod1SH with a similar affinity to both apo and copper-
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bound Ccs (Fig. 2.4b). Again, we also wanted to ensure that the Cu(I)-Ctr1c·Ccs complex 

assembled is functional and can fully activate immature Sod1. In vitro Sod1 activation assays 

reveal that Cu(I)-Ctr1c cannot directly activate Sod1, alone, but requires the Cu(I)-Ctr1c·Ccs 

complex (Fig. 2.4c, Lanes 4 and 2, respectively). Control gels of the reactions were visualized by 

multiple approaches to confirm equal loading (Fig. S2.2). Our results continue to support the idea 

that an entire copper-trafficking pathway can, but is not necessitated to occur within a single 

complex, yet the question arises as to what finally triggers eventual dissociation. 

Complete Sod1 activation terminates the Sod1·Ccs·Ctr1c association 

 To study dissociation of the Cu(I)-Ctr1c·Ccs·Sod1 complex, we performed pulldowns now 

using immature Sod1 (E,Zn-Sod1SH) (Fig. 2.5a). When E,Zn- Sod1SH was added to a pre-formed 

Cu(I)-Ctr1c488·Ccs complex, immediate and complete dissociation of the complex resulted (Fig. 

2.5a, Lane 14). Activation assays were performed on samples obtained from the pull- downs and 

the E,Zn-Sod1SH that had been allowed to interact with Cu(I)-Ctr1c Ccs complex was analyzed 

and had activity comparable to that of E,Zn-Sod1SH incubated with Cu(I)-Ccs, alone (i.e. the Sod1 

is now fully mature (Cu,Zn-Sod1SS)). E,Zn-Sod1SH incubated with Cu(I)-Ctr1c alone did not have 

activity, nor did the immaturely-trapped X,Zn-Sod1X mutant that was complexed with Cu(I)-

Ctr1c·Ccs (Fig. 5b). This clearly indicates that the Cu(I)-Ccs·Ctr1c complex can activate 

immature Sod1 in a way that Cu(I)- Ctr1c cannot accomplish (Fig. 4c, Lanes 4 and 2, 

respectively). Only complete Sod1 activation triggers dissociation of the stable Cu(I)-

Ctr1c·Ccs·Sod1 complex, suggesting that the portion of Sod1 activated through this direct Ctr1-

to-Ccs-to-Sod1 pathway occurs while tethered to the cell membrane via the complete Ctr1 Cu-

transporter. 
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Fig. 2.5. a Sod1 maturation disassociates the Sod1•Ccs•Cu(I)-Ctr1c complex. Lane 1: Cu(I)-

Ctr1c488 supernatant, Lane 2:His8-Ccs supernatant, Lane 3: Sod1 supernatant, Lane 4: His8-Sod1 

with Cu(I)-Ctr1c488 supernatant, Lane 5: His8-Ccs•Sod1 supernatant, Lane 6: His8-Ccs with Cu(I)-

Ctr1c488 supernatant, Lane 7: His8-Ccs•Sod1 with Cu(I)-Ctr1c488 supernatant, Lane 8: Cu(I)-

Ctr1c488 elution, Lane 9: His8-Ccs elution, Lane 10: Sod1 elution, Lane 11: His8-Sod1 with Cu(I)-

Ctr1c488 elution, Lane 12: His8-Ccs•Sod1 elution, Lane 13: His8-Ccs with Cu(I)-Ctr1c488 elution, 

Lane 14: His8-Ccs•Sod1 with Cu(I)-Ctr1c488 elution. The right image is the same gel as the left 

(stain free), but visualized fluorescently. b Lane 1: Cu(I)-loaded Ctr1c488 + WT Sod1 from a, 

Lane 4. Lane 2: Cu(I)-loaded WT His8-Ccs + WT Sod1 set up separately as a positive control. 

Lane 3: WT His8-Ccs + WT Sod1 + Cu(I)-Ctr1c488 from a, Lane 7. Lane 4: WT His8-Ccs + 

immature Sod1 + Cu(I)-Ctr1c488 from Fig. 3, Lane 12 

 

Discussion 

 Up until now, a considerable amount of work has been completed on the Ccs-mediated 

Sod1 activation process (reviewed in Seetharaman et al. 2009), yet details of copper transfer to 

Ccs were still unclear. Our data shows that the intracellular C-terminal tail of the influx transporter 

Ctr1 (Ctr1c) forms a stable copper-mediated interaction with Ccs, as complete copper transfer does 

not immediately follow first contact. The introduction of an engineered Sod1 variant that cannot 

bind copper or form its conserved intra-subunit disulfide bond (X, Zn-Sod1X) generates a 

heterotrimeric Cu(I)-Ctr1c·Ccs·Sod1 complex. Only complete Sod1 activation severs the ties 

B  

1        2       3       4 

A 
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between transporter, chaperone, and target. Together, the results presented above provide clear 

evidence for a complete copper delivery pathway held within a singular 3-part complex.   

 The Unger laboratory was the first to show that yeast Ccs1 interacts directly with Ctr1 

(Pope et al. 2013). Their work highlighted that yCcs1 can engage with lipid bilayers and suggested 

that recruitment to the plasma membrane is an essential step in Ccs-mediated Sod1 activation 

(Pope et al. 2013). The authors of that study submit mechanistic ambiguities in the proposed 

process and how further investigation would be needed to ‘‘unravel’’ these details. In the present 

study, we have taken a much narrower focus upon the intracellular C-terminal domain of Ctr1 

(Ctr1c). This domain is known to be important for the coordination and eventual distribution of 

copper to trafficking molecules within the cytosol (Xiao and Wedd 2002; Kahra et al. 2016). We 

show that this domain alone is enough to interact with Ccs or a Ccs·Sod1 complex, and the 

interactions are entirely copper dependent (Figs. 2.1, 2.4), much like for the complete Ctr1 

transporter (Pope et al. 2013). Similar results have been demonstrated for Ctr1c and the copper 

chaperone Atx1 (Xiao and Wedd 2002), which shares similarity with D1 of Ccs. 

 Numerous groups, including our own, have previously shown that Ccs recognizes and 

binds immature forms of Sod1 (Banci et al. 2012; Wright et al. 2016; Fetherolf et al. 2017a, b; 

Luchinat et al. 2017; Boyd et al. 2018). The Sod1-like D2 of Ccs directs this interaction with D3 

contributing to high-affinity binding and full activation (Boyd et al. 2018). More recently, we have 

demonstrated that copper binding by Ccs does not significantly affect the Sod1 interaction (Boyd 

et al. 2018). The question then arose as to whether the Cu(I)-Ctr1c·Ccs interaction alters Ccs 

recognition and binding to Sod1. Upon examination, Ccs can recognize and bind immature Sod1 

while still coordinating copper with Ctr1c. In fact, a stable high-affinity Cu(I)-Ctr1c·Ccs·Sod1 
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complex is observed (Figs. 2.2, 2.3, 2.4). The next logical steps were to test if this heterotrimeric 

complex results in activation of Sod1. Ccs-mediated Sod1 activation is an intricate process 

involving fold-induced zinc binding by Sod1 that is followed by disulfide bond driven copper 

delivery (Culotta et al. 1997, 2006). Multiple lines of evidence suggest that cellular conditions may 

necessitate the role(s) for Ccs and that ancillary molecules like reduced glutathione (GSH) may 

facilitate the activation process (Maryon et al. 2013). In fact, GSH has been shown to promote an 

entirely Ccs-independent Sod1 activation pathway in mammals (Leitch et al. 2009). The Cu(I)-

Ctr1c construct will not donate Cu(I) to Sod1 directly, but a preformed Cu(I)- Ctr1c·Ccs complex 

can fully activate immature Sod1 in vitro (Fig. 2.5b). This excludes a Ccs-independent mechanism 

of Sod1 activation catalyzed directly by Ctr1c. 

 It is quite intriguing that the Cu(I)-Ctr1c·Ccs·Sod1 complex is not transiently associated. 

This suggests that a simple Cu(I) hand-off between Ctr1c and Ccs is not occurring; so, what 

induces eventual dissociation? The Ccs·Sod1 interaction, without Ctr1c, has also been shown to 

be remarkably stable as long as copper cannot be delivered to the Sod1 active site (Fetherolf et al. 

2017a, b). This can be ensured in two ways: (1) copper is not provided to the complex or (2) the 

active site is modified so that the bound copper cannot be delivered to that site (Fetherolf et al. 

2017a, b). We have previously shown that Ccs delivers copper to an ‘‘entry-site’’ near the 

Sod1·Ccs interface (Fetherolf et al. 2017a, b). Oxygen dependent disulfide bond formation 

eliminates this site, promotes copper shuttling to the nearby active site, and terminates interaction 

with Ccs (Fetherolf et al. 2017a, b). Copper must be present to form the Cu(I)-Ctr1c·Ccs·Sod1 

heterotrimer, but the Sod1 active site must be ablated or the complex readily activates Sod1 and 

the complex promptly dissolves. This likely indicates that Ctr1c is co-coordinating the copper ion 
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up until disulfide bond formation in Sod1 disperses the complex producing Cu,Zn-Sod1SS that 

can now homodimerize along with copper-free forms of both Ccs and Ctr1c that no longer have 

any affinity for each other (Fig. 2.6). 

Fig. 2.6. Model of Ccs copper acquisition from Ctr1 and complex disassembly by Sod1 maturation. 

Ctr1 (purple) transports copper (yellow) into the cytosol. Ccs (blue) scans the membrane and 

associates with the copper-bound Ctr1 C-terminal domain. Sod1 (green) interacts with the Cu(I)-

Ctr1-Ccs complex. Sod1 maturation terminates the ternary complex. Ccs is allowed to cycle 

through the copper-acquisition process again. The Sod1 homodimer is fully active. (Color figure 

online) 

 

 Noteworthy is that Pope et al. showed that yeast Ccs1 strongly associates with lipid 

bilayers, but that the yCcs1·ySod1 heterodimer reduced this propensity most likely due to a critical 

positively charged patch on yCcs1 that is not present on ySod1 (Pope et al. 2013). This observation 

may explain how Ccs first comes into contact with Cu(I)-Ctr1, and how the products of this 

reaction (e.g. activated Sod1 and apo- Ccs) are provided release from the membrane to freely 

access other cellular locations. Together, this present study establishes an all-inclusive design for 
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Ctr1-to-Ccs-to-Sod1 copper delivery and provides new evidence for a singular heterotrimeric 

complex forming the foundation for the pathway. 
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CHAPTER 3 

THE YEAST COPPER CHAPERONE FOR COPPER-ZINC SUPEROXIDE 

DISMUTASE (CCS1) IS A MULTIFUNCTIONAL CHAPERONE PROMOTING ALL 

LEVELS OF SOD1 MATURATION 
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Abstract 

 Copper (Cu) is essential for the survival of aerobic organisms through its interaction with 

molecular oxygen (O2). However, Cu’s chemical properties also make it toxic, requiring specific 

cellular mechanisms for Cu uptake and handling, mediated by Cu chaperones. CCS1, the budding 

yeast (S. cerevisiae) Cu chaperone for Cu-zinc (Zn) superoxide dismutase (SOD1) activates by 

directly promoting both Cu delivery and disulfide formation in SOD1. The complete mechanistic 

details of this transaction along with recently proposed molecular chaperone-like functions for 

CCS1 remain undefined. Here, we present combined structural, spectroscopic, kinetic, and 

thermodynamic data that suggest multifunctional chaperoning role(s) for CCS1 during SOD1 

activation. We observed that CCS1 preferentially binds a completely immature form of SOD1 and 

that the SOD1•CCS1 interaction promotes high-affinity Zn(II)-binding in SOD1. Conserved 

aromatic residues within the CCS1 C-terminal domain are integral in these processes. Previously, 

we have shown that CCS1 delivers Cu(I) to an entry site at the SOD1•CCS1 interface upon 

binding. We show here that Cu(I) is transferred from CCS1 to the entry site and then to the SOD1 

active site by a thermodynamically driven affinity gradient. We also noted that efficient transfer 

from the entry site to active site is entirely dependent upon the oxidation of the conserved intra-

subunit disulfide bond in SOD1. Our results herein provide a solid foundation for proposing a 

complete molecular mechanism for CCS1 activity and reclassification as a first-of-its- kind “dual 

chaperone. 

Introduction 

 Cu is required for the activation of dioxygen, a function essential for the survival of aerobic 

organisms (1). Oddly enough, the electronic structure of Cu that permits its direct interaction with 
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oxygen also renders it toxic. Cells therefore possess systems to handle the uptake and distribution 

of Cu to prevent its toxic accumulation, while simultaneously ensuring adequate amounts are 

available in vivo (2). The discovery of trafficking proteins termed "metallo-chaperones" 

significantly expanded knowledge of these cellular control systems. Cu-chaperones acquire Cu 

from a membrane transporter, protect it from cytosolic scavenging molecules, and prevent 

deleterious redox reactions during delivery to various target proteins via specific protein-protein 

interactions [reviewed in (3-8)].  

 One prominent Cu-chaperone target protein is Cu-Zn superoxide dismutase (SOD1), an 

abundant homodimeric antioxidant enzyme that detoxifies superoxide anion through redox cycling 

of its catalytic Cu ion [2O- + 2H+ → H2O2 + O2] (9). Newly translated SOD1 is monomeric and 

inactive (10-12) and conversion to the active homodimer only occurs after several posttranslational 

modifications [reviewed in (13)]. The Cu chaperone for SOD1 (CCS1) mediates at least two of 

these modifications (14) by engaging nascent SOD1, inserting a Cu ion, and directing disulfide 

bond formation (15,16). However, increasing evidence supports additional roles for CCS1 during 

the SOD1 activation process (17-19). Metallo-chaperones are target specific as CCS1 does not 

recognize other metallo-proteins [reviewed in (6)] while, Cu-chaperones apart from CCS1 cannot 

activate SOD1 (14,20).  

 CCS1 proteins are comprised of three domains (D1, D2, and D3), each of which are key 

for SOD1 activation (20). The N-terminal domain (D1, residues 1-70 in yeast) is required for 

SOD1 activation under Cu-limiting growth conditions, suggesting its role may be to acquire Cu 

from the membrane transporter Ctr1 (2,20). D1 contains the metal-binding MxCxxC motif (where 

x is any amino acid) and a fold similar to the yeast Atx1 and human Atox1 Cu-chaperones that 
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escort Cu from the plasma membrane to the secretory pathway (21-23). The second domain (D2, 

residues 78-216) possesses sequence and structural homology with SOD1 (21) suggesting it 

recognizes SOD1 by mimicking SOD1•SOD1 homodimeric interactions. Supporting this notion, 

structures of yeast CCS1 alone (21) and in complex with yeast SOD1 (24,25) reveal D2- mediated 

interactions with SOD1. Mutations compromising the CCS1 D2 interface abrogate CCS1-

mediated SOD1 activation (26). The C-terminal domain (D3, residues 217-249) contains an 

invariant CxC motif previously shown essential for complete SOD1 activation (14,20). Yeast 

CCS1 proteins completely lacking the D3 CxC motif fail to activate nascent SOD1 nor induce 

oxidation of the SOD1 disulfide bond (20,27). 

 Our recently published SOD1•CCS1 heterocomplex structure reveals a previously 

unobserved β-hairpin conformation of D3 that is stabilized by interactions with residues from 

SOD1, CCS1 D2, and the linker region between D1 and D2 (25). This novel conformer places the 

conserved CxC motif near the heterodimeric interface and creates an entry site for Cu delivery 

during SOD1 activation (25). Further analysis of the SOD1•CCS1 heterodimeric structure is 

suggestive of a possible 180° rotation of the D3 β- hairpin to transfer Cu(I) from the MxCxxC site 

in D1 to the SOD1•CCS1 “entry-site,” as previously suggested (28). Our subsequent work showed 

that the D3 β-hairpin enhances the binding affinity to immature SOD1 and widens access for Cu 

delivery (29). 

 Contemporary reports from the laboratory of Lucia Banci utilize mass spectrometry and 

“in-cell” NMR to promote a mechanism for human CCS1, where D1 alone acquires Cu from the 

cell and actively delivers Cu to the SOD1 active site (30,31). Here, CCS1 D3 simply functions as 

a disulfide isomerase responsible for the oxidation of the SOD1 disulfide bond separately from Cu 



 

56 

delivery. Related work from this group points to molecular chaperone-like role(s) for CCS1 upon 

binding to variant forms of SOD1 (18). The mechanism of SOD1 maturation by CCS1 may not be 

universal as further evidenced by the conditional requirement for D1 in yeast (20), but not human 

(32), while other organisms have CCS1 molecules that lack the MxCxxC motif in D1 (33) or even 

CCS1 at all (34). 

 A comprehensive view of CCS1-mediated SOD1 activation is not only valuable for those 

investigating metallo-chaperones or Cu trafficking but is also potentially beneficial for the SOD1- 

linked amyotrophic lateral sclerosis (ALS) field. ALS is characterized as a protein aggregation-

associated fatal neurogenerative disorder, where a fraction of cases are caused by dominant 

mutations in the gene expressing SOD1 (35,36). Laboratories characterizing inclusions taken from 

spinal cords of transgenic mice overexpressing pathogenic SOD1 mutants report the aggregates 

are enriched in pathogenic SOD1 proteins lacking Cu and disulfide bonds (37). The presence of 

immature SOD1 as the major component of these aggregates suggests that mutant forms of SOD1 

may be unable to productively transact with CCS1, leaving them destabilized and aggregation 

prone (38). Work by our group and others supports a model where CCS1 possesses both Cu and 

molecular chaperoning roles that are impeded at specific points in the maturation process by 

pathogenic ALS mutants (17,19,25,39). However, related studies have purported that molecular 

chaperone-like functions of CCS1 actually work to target and stabilize disease-causing forms of 

SOD1 (18,40). Nevertheless, a detailed biochemical evaluation of these newly discovered 

molecular chaperoning functions of CCS1 is severely lacking. 

Results 

Conserved aromatic residues in CCS1 D3 promote binding and activation.  
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 Our recent SOD1•CCS1 heterocomplex structure (25) reveals multiple interactions 

between CCS1 D3 and the disulfide loop of SOD1 (SFig. 3.1 a,b). The large indole side chain of 

W222 stacks with the side- chain of R105 from D2 and “anchors” the upstream region of the D3 

β-hairpin in a groove between CCS1 D1 and SOD1. Another conserved tryptophan residue (W237) 

packs into a hydrophobic pocket on D2 and essentially works as a “latch” stabilizing the compact 

positioning of the D3 CxC motif near the SOD1•CCS1 interface. This significantly expands the 

SOD1•CCS1 interface beyond that of the SOD1 β-barrel and CCS1 D2 (SFig. 3.1 c,d). The binding 

affinities for CCS1 D3 variants W222A and W237A were tested and removal of either D3 

tryptophan similarly hindered SOD1 (E,Zn-SOD1SH) binding ~4-fold as compared to the wild-

type (Wt) CCS1 protein measured previously by the same method (Fig. 3.1a and Table 3.1) (29). 

To test the ability of the same CCS1 variants to activate immature SOD1, a 5:1 ratio of Cu(I)-

CCS1 to E,Zn-SOD1SH was mixed at a minimum of 10-fold over the measured KD in optimized 

reaction conditions (see Materials and Methods). SOD1 activated by Cu(I)-W222A CCS1 showed 

a decrease in activity to ~30% when compared to SOD1 with Wt Cu(I)- CCS1, while Cu(I)-

W237A was completely unable to activate SOD1 (Fig. 3.1b). Cu occupancy of Wt and mutant 

forms of CCS1 were determined via Inductively coupled plasma-mass spectrometry (ICP-MS) and 

showed similar binding properties between Wt and the two Trp mutants (~1 Cu/monomer). Thus, 

the data suggests that the stability and correct positioning of the D3 β- hairpin critically effects 

SOD1 binding and activation by CCS1 with W237 playing a critical role. 
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Table 3.1. Affinity and activity of SOD1 with CCS1 variants 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 3.1. Affinity and activity of SOD1 with CCS1 variants 

Construct KD (nM) 
SOD1 

Activation 

Wt-yCCS1 114.0 ± 22.0 ***** 

yCCS1 W222A 452.7 ± 55.39 ** 

yCCS1 W237A 501.4 ± 104.2 No Activation 

yCCS1 C16A/C20A 228.5 ± 27.74 ***** 

yCCS1 C229A/C231A 281.0 ± 28.95 No Activation 

yCCS1 C16A/C20A/C229A/C231A 310.1 ± 19.48 No Activation 

yCCS1 D3 truncation 552.0 ± 105.3 No Activation 
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Figure 3.1. Immature SOD1 binding and activation by CCS1 D3 variants. (A) Fluorescent based 

binding studies for immature SOD1 (E,Zn-SOD1SH) and D3 variant forms of CCS1. Both W222A 

and W237A mutations cause ~4-fold decrease in binding affinity compared to Wt-CCS1. Curves 

are normalized for comparison. (B) In vitro SOD1 activity assay. SOD1 activity is shown as white 

bands on the black background. Lane 1: E,Zn-SOD1SH, Lane2: E,Zn-SOD1SH with Cu(I)-Wt 

CCS1, Lane3: E,Zn- SOD1SH with Cu(I)-W222A CCS1, Lane4: E,Zn-SOD1SH with Cu(I)-W237A 

CCS1, Lane 5: H46R/H48Q/C146S SOD1 (X,Zn-SOD1X, cannot bind copper or form a disulfide 

bond) with Cu(I)-Wt CCS1. Below the activation gel are coomassie stained loading controls for 

the SOD1 and CCS1 proteins. 

 

The CCS1 D3 CxC motif coordinates Cu(I) before delivery to SOD1.  
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 Previous reports from numerous groups have provided conflicting results on the role of the 

D3 CxC motif in Cu ion coordination for delivery to SOD1 (20,28,30). Here, we take advantage 

of a form of CCS1 that has evolved to contain only the critically conserved D1 MxCxxC and D3 

CxC cysteines (tomato CCS1) (41), as opposed to its functional homologues in yeast and human 

that have additional cysteines in D1 and D2 [reviewed in (4)]. Using the tCCS1 form allows for 

direct examination of the role for these two motifs in metal binding during SOD1 activation 

without further perturbation to the protein. Our motivation arises from observations that mutation 

of the additional cysteines (especially within the D2 β- barrel) of yCCS1 showed dramatic effects 

on protein folding and stability that would likely affect results in this assay. Here, we show that 

the wild type form of tCCS1 forms disulfide-linked homodimers under non-reducing conditions 

in vitro (Fig. 3.2, top row of gels). A D1 MxCxxC (C12A/C15A) mutant behaves similarly to the 

wild type. However, the D3 CxC (C204A/C206A) mutant and a mutant lacking all cysteines did 

not form dimers even in the presence of copper phenanthroline (CuP), which promotes disulfide 

bond formation. The data show that D3 CxC cysteines can form inter-subunit disulfide bonds, 

likely with the CxC cysteines covalently linking a pre-made D2-mediated tCCS1 homo-dimer. 

When tCCS1 is loaded with Cu(I), the same disulfide linkages do not form. These results strongly 

advocate that the D3 CxC cysteines participate in Cu(I) coordination and this form of tCCS1 can 

fully activate both immature tomato or yeast SOD1 (Fig. 3.2, bottom right panel). 
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Figure 3.2. CCS1 D3 coordinates Cu(I) before delivery to SOD1. SDS-PAGE based disulfide 

crosslinking analysis of tCCS1. The top four gels are for the wild-type and cysteine variant forms 

of tCCS1 and are all setup in the same reaction order: Lane 1: Purified tCCS1 without βME, Lane 

2: tCCS1 + 10 mM βME, Lane 3: tCCS1 + 25μM CuP/No βME, Lane 4: tCCS1 + 25μM CuP + 

10 mM βME. tCCS1 monomer is the faster running (bottom band) and the disulfide crosslinked 

dimers are the top band. The bottom gel examines the consequence of Cu(I) addition to tCCS1. 

Lane 1: tCCS1 without βME, Lane 2: tCCS1 + 10 mM βME, Lane 3: tCCS1 + 25μM CuP/No 

βME, Lane 4: tCCS1 + 25µM CuP + 10 mM βME, Lane 5: Cu(I)-tCCS1 without βME, Lane 6: 

Cu(I)-tCCS1 + 10 mMβME, Lane 7: Cu(I)-CCS1 + 25μM CuP/No βME, Lane 8: Cu(I)-CCS1 + 

25μM CuP + 10 mM βME. The SOD1 activation gel shows that Cu(I)-tCCS1 can activate the yeast 

SOD1 (Lane 3) to similar levels to that of yeast CCS1 (Lane 2). Lane 1 is immature yeast SOD1 

alone. Below the activation gel are coomassie stained loading controls for the SOD1 and CCS1 

proteins. 

 

CCS1-mediated Cu(I)-delivery is a thermodynamically driven process.  

 We propose a model in which CCS1-mediated SOD1 activation involves Cu(I) transfer 

from CCS1 to SOD1 through a Cu ion entry site form where it is subsequently shuttled to the 

SOD1 active site. To verify whether this series of Cu(I) transfer events is thermodynamically 

driven, we determined the Cu(I)-binding affinity of Cu sites at progressive stages of Cu transfer 

from CCS1 to SOD1. We used a direct competition assay with two small molecule Cu(I) chelators 
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(L), BCA and BCS, that allow colorimetric quantification of their Cu-bound species (CuL2) upon 

competition with Cu(I)-bound CCS1 or SOD1 (Table 3.2). The known formation constants for 

BCA (β2=1017.2M-2) and BCS (β2=1019.8M-2) (42) allow for the determination of the Cu(I) 

dissociation constants for different binding sites on CCS1 and SOD1. To guarantee Cu(I) binding 

at specific sites in CCS1 and SOD1, site-specific mutants have been utilized. Previous studies, 

using indirect competition, reported that the Cu(I) affinity of D1 of CCS1 to be an order of 

magnitude greater than that of D3 (43). 

Table 3.2. Cu(I) and Zn(II) dissociation constants for sites in CCS1 and SOD1 

Cu(I) Sites KD (M) 

CCS1-Domain 1 3.61 ± 1.00 x 10-17 

CCS1-Domain 3 2.33 ± 0.22 x 10-17 

Wt-SOD1 (Active Site) 6.97 ± 2.26 x 10-21 

H46R/H48Q-SOD1 + CCS1 (Entry Site) 9.00 ± 0.14 x 10-19 

H46R/H48Q/C57S-SOD1 + C231A CCS1 1.29 ± 0.05 x 10-17 

Zn(II) Constructs KD (M) 

Cu,Zn-SOD1SS 8.46 ± 2.83 x 10-18 

E,Zn-SOD1SH 1.60 ± 0.24 x 10-16 

E,Zn-SOD1SH + Wt-CCS1 3.83 ± 0.52 x 10-17 

E,Zn-SOD1SH + W222A-CCS1 1.62 ± 0.21 x 10-16 

E,Zn-SOD1SH + W237A-CCS1 1.88 ± 0.79 x 10-16 

 

 However, using a standardized direct competition method in mutants where the Cu(I) 

binding residues have been mutated in each domain, we show that the CCS1 D1 and D3 domains 

possess nearly equal affinity for Cu(I), with D1 = 3.61 ± 1.00 x 10-17 M and D3 = 2.33 ± 0.22 x 

10-17 M. On the other hand, the Cu(I) affinity in H46R/H48Q SOD1 (X,Zn-SOD1SH, contains an 

ablated active site) , where Cu is bound at the entry site (9.00 ± 0.14 x 10-19M), is nearly 2 orders 

of magnitude higher than the Cu(I) affinity for either CCS1 site, but significantly lower than the 

Cu(I) affinity at the active site of mature SOD1 (Cu,Zn-SOD1SS), which we determine to be 6.97 
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± 2.26 x 10-21 M. Our results indicate that the transfer of Cu between D1 of CCS1 to D3 could 

involve dynamic Cu(I) equilibrium between their Cu(I) binding sites. Nevertheless, Cu(I) transfer 

from CCS1 to the entry site at the SOD1•CCS1 interface and then subsequently to the SOD1 active 

site is thermodynamically driven by a Cu(I) affinity gradient that allows a series of efficient Cu(I) 

transfer reactions. 

 Disulfide bond formation drives Cu(I)-delivery to the active-site. Based on the obtained 

Cu(I) binding affinities we propose a pathway of Cu delivery to SOD1 that involves the transfer 

from the 2S site in CCS1, to a Cu ion entry site with trigonal 2S and 1N/O coordination within 

SOD1•CCS1 (25), and subsequent transfer to the SOD1 active site, where Cu(I) is bound to 3 N/O 

ligands prior to oxidation to Cu(II) (25). We have performed detailed electronic absorption 

spectroscopic analysis to characterize differences in the Cu(I)-dependent electronic transitions 

arising from these sites, establish a platform to monitor Cu transfer from CCS1 to SOD1 and 

determine the rate at which it proceeds. The absorption spectrum of apo-CCS1, H46R/H48Q  

SOD1  (X,Zn-SOD1SH)  and Cu-free Wt-SOD1 (E,Zn-SOD1SH) above 240nm are characterized 

by the presence of the electronic transitions originating from the aromatic residues (1Trp in SOD1, 

4Trp and 6Tyr in CCS1) centered at ∼280 nm. Binding of 1 Cu(I) equivalent to CCS1 give rise to 

a prominent metal-induced shoulder envelope at ∼260 nm with tailing to 300 nm. These features 

are consistent with origin from the low energy CysS-Cu(I) LMCT transitions arising from the 

digonally thiolate-coordinated Cu(I) present at the CCS1 binding site. The metal-induced 

differential absorption (Cu(I)-CCS1/apo- CCS1) with a Δε = 5600 M-1 cm-1 is consistent with the 

presence of 2 thiolate-Cu(I) bonds with an ε ∼ 2800 M-1 cm-1 per bond (Fig. 3.3) (44). Similarly, 

reaction of Cu(I)-CCS1 with H46R/H48Q SOD1 resulting in the transfer of Cu to the SOD1 entry 
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site give rise to a prominent metal-induced shoulder at ∼260 nm consistent with CysS-Cu(I) 

LMCT transitions origin. The metal induced differential absorption for Cu(I) binding to this 2S, 

1N/O trigonal entry site shows a Δε = 6000 M-1 cm-1 consistent with a minor Δε increase compared 

to Cu(I)-CCS1 likely arising from CysS-Cu(I) LMCT transitions in a changed coordination 

geometry environment. Removal of non-entry site coordinating cysteines in SOD1 (C146) and/or 

CCS1 D1 (C17/C20) does not hinder entry site Cu(I) binding while the mutation of the key entry 

site cysteines from SOD1 (C57) and CCS1 D3 (C231) eliminates all Cu binding away from CCS1 

D1 and the SOD1 active site (Table 3.2 and Sfig. 3.2). 
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Figure 3.3. Electronic absorption analysis of Cu(I) transfer pathway between SOD1 and CCS1. 

UV-Vis absorption spectra of apo (metal-free) and Cu(I)-bound CCS1 and the absorbance shifts 

upon reaction with H46R/H48Q (X,Zn-SOD1SH) and Wt E,Zn-SOD1SH. In the insert, the 

differential absorption metal-induced contributions have been derived by subtracting the relevant 

apo-proteins spectra from the corresponding spectra recorded on the Cu(I)-bound transfer reaction 

products. 

 

 Relatedly, the reaction of Cu(I)-CCS1 with Wt E,Zn-SOD1SH leads to significant shift of 

metal- induced features at 260 nm (with a marked Δε decrease) compared to Cu(I)-Ccs consistent 

with the expected shift to higher energy for N/O-Cu(I) LMCT (Fig. 3.3). This supports the transfer 

of Cu(I) to the SOD1 active site that is devoid of Cys ligands and for which a 3 N/O coordination 

has been determined by XAS (25) and numerous crystallographic analyses (45,46). 
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Figure 3.4. Kinetic analysis of CCS1 mediated copper delivery to sites on SOD1. Stopped-flow 

kinetic traces at 260 nm and corresponding curve fittings (red line) obtained upon rapid mixing of 

Cu(I)-Ccs (20μM) with equal volumes of apo H46R/H48Q (X,Zn-SOD1SH) or Wt E,Zn-SOD1SH 

(20μM) under aerobic or anaerobic conditions. The decreased absorbance at 260 nm (top left 

panel) corresponds to the copper ion moving from the cysteine coordination of CCS1 and/or SOD1 

and entering the histidine coordination of the SOD1 active site. Increased absorbance at 260 nm 

shows the copper ion transfer from CCS1 cysteines to the SOD1•CCS1 2Cys/1His “entry-site.” 

 

 Considering these differences, stopped-flow spectroscopic kinetic analysis at 260 nm 

following reactions between Cu(I)-CCS1 and SOD1, under anaerobic and aerobic conditions, 

monitor the kinetics of Cu transfer from CCS1 to the SOD1 entry site and then to the SOD1 active 

site. Reaction of Cu(I)-CCS1 with H46R/H48Q SOD1 (X,Zn-SOD1SH) show increasing 
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absorbance traces at 260nm and are consistent with Cu(I) transfer to SOD1 stalled at the “entry-

site.” Results indicate a fast transfer reaction with an apparent second- order kapp ~ 103 M-1s-1 (Fig. 

3.4, bottom panel). Stopped-flow traces obtained upon mixing Cu(I)- CCS1 and Wt E,Zn-SOD1SH 

in aerobic conditions yielded a fast 260nm absorbance decrease, suggesting very rapid Cu(I) 

transfer from CCS1 to the SOD1 active site where Cu(I) is coordinated by histidine residues, with 

second-order kapp ~ 104 M-1s-1 (Fig. 3.4, top left panel). However, similar reactions between Cu(I)-

CCS1 and Wt E,Zn- SOD1SH in anaerobic conditions showed kinetic traces at 260nm consistent 

with the reaction using H46R/H48Q SOD1 (X,Zn-SOD1SH). This is indicative of Cu(I) being 

stalled at the SOD1 entry site (Fig. 3.4, top right panel). CCS1-dependent SOD1 activation is 

known to require oxygen (15), as now explained by the oxygen-dependent transfer of Cu from the 

entry site to the SOD1 active site. Further spectroscopic studies performed by mixing Cu(I)-CCS1 

and C146S SOD1 (E,Zn-SOD1X) mutant incapable of forming the disulfide bond showed a similar 

electronic absorption envelope as observed for H46R/H48Q SOD1 (X,Zn-SOD1SH), corroborating 

the Cu stalling at the entry site when the disulfide bond cannot be formed. 

 CCS1 interaction stabilizes site-specific high- affinity Zn binding by SOD1. The 

acquisition of Zn by SOD1 is not well understood [reviewed in (4)] and has not been extensively 

studied (19). The yeast form of CCS1 does not bind Zn on its own (13) and immature SOD1 binds 

Zn with low affinity where the metal can leach from the protein in the presence of the weak Zn(II) 

chelator PAR (19,29). Here, we developed a competition method to monitor Zn binding in SOD1 

using the high- affinity Zn chelator TPEN. After incubation and washing of Zn bound forms of 

SOD1 with competing concentrations of TPEN and subsequent removal of TPEN-Zn complex, we 

measured Zn loss in SOD1 by ICP-MS (Fig. 3.5). The Zn affinity of TPEN is 2.6 x 10-16M (47). 
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The mature wild-type form of SOD1 (Cu,Zn-SOD1SS) holds onto Zn the most stably (19.28 ± 

0.24% Zn loss). The reduced form of the active site mutant H46R/H48Q SOD1 (X,Zn-SOD1SH) 

showed a significantly reduced Zn(II) binding propensity (X,Zn-SOD1SH = 86.47 ± 1.32% Zn   

loss)). However, complex formation between the X,Zn- SOD1SH and CCS1 significantly increased 

the SOD1 affinity for Zn (resulting in 51.94 ± 0.56% Zn loss). Interestingly, X,Zn-SOD1SH binding 

by the CCS1 D3 mutants W222A and W237A, which destabilize the D3 β-hairpin, do not provide 

the same level of Zn protection as Wt-CCS1. In fact, the levels of Zn loss mimic X,Zn-SOD1SH 

alone (86.03 ± 3.27% for W222A and 88.33 ± 2.52% for W237A) CCS1 D3 CxC mutants did not 

have the same effect and behave more similar to the levels of Wt-CCS1 protection. 

 

Figure 3.5. Zinc competition between SOD1 and the Zn(II)-chelator TPEN. Immature forms of 

SOD1 (E,Zn-SOD1SH) can be readily outcompeted for zinc by the Zn(II) chelator TPEN. SOD1 

maturation events (i.e. copper binding and disulfide formation) increase SOD1 affinity for zinc as 

seen by the decrease in Zn(II) loss for Cu,Zn-SOD1SS. CCS1 binding alone (i.e. apo-CCS1 with 

no copper delivery) promotes zinc binding by immature SOD1 (reduces Zn(II) loss). The removal 
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of key tryptophan residues within CCS1 D3 (W222 and W237) eliminates this zinc protection 

ability of CCS1. 

 

 Next, using an in-line equilibrium cell and the known Zn affinity of TPEN, we developed 

a competition method with stringent volume control to, for the first time, determine the Zn affinity 

of SOD1 at various stages in maturation (Table 3.2). Fully mature wild-type SOD1 (Cu,Zn-

SOD1SS) binds Zn with the highest affinity (8.46 ± 2.83 x 10-18 M). The active site mutant 

H46R/H48Q SOD1 (X,Zn-SOD1SH) has a significantly weaker affinity for Zn (1.60 ± 0.24 x 10-16 

M), but upon complex formation with CCS1, the affinity of X,Zn-SOD1SH (mimicking immature 

SOD1) for Zn increases by nearly an order of magnitude  (3.83 ± 0.52 x 10-17 M). Once again, the 

Zn affinity values for X,Zn-SOD1SH bound by the CCS1 D3 mutants W222A (1.62 ± 0.21 x 10-16) 

and W237A (1.88 ± 0.79 x 10-16) mimic that of X,Zn-SOD1SH without Wt-CCS1 binding. These 

KD values substantiate our Zn loss assay results (above) and promote a mechanism where CCS1 

binding to immature SOD1 induces/stabilizes a conformation suitable for stable Zn binding, 

thereby accelerating subsequent Cu delivery and disulfide formation. 

Discussion 

 Our data predicts that yeast CCS1 functions beyond a standard metallo-chaperone and 

promotes all levels of SOD1 post translation modification. We have shown that CCS1 

preferentially binds a completely immature SOD1 molecule (E,E-SOD1SH) and this interaction 

promotes high-affinity Zn binding by SOD1 (29), Fig. 3.5, and Table 3.2. An expanded 

SOD1•CCS1 interface involving the disulfide loop of SOD1 and the CCS1 D3 β-hairpin likely 

stabilizes Zn ligand residues in this region (e.g. H63, H71, and H80). Intercalation of the SOD1 

disulfide loop by CCS1 D3 concomitantly forms a Cu ion drop-off point or entry site (25). Cu 

transfer follows a favorable thermodynamic affinity gradient from CCS1 to the entry site and 
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eventually the SOD1 active site. In conjunction, kinetics show that the transfer process is fast and 

delivery to the active site is directed by SOD1 disulfide formation. In all, this supports and greatly 

advances our understanding of the order, rates and forces guiding the multiple SOD1 maturation 

events coordinated by CCS1 (25). 

It has been generally assumed that SOD1 diffusively acquires Zn from the available pool within 

the cell as the first step in its maturation process [reviewed in (13)]. This is supported by the lack 

of Zn specific metallo-chaperones that have been discovered, to date, and that wild-type SOD1 

purified from yeast lacking CCS1 are devoid of Cu, yet enriched with Zn (>1 Zn/monomer) (25). 

However, this can be misleading as those SOD1 molecules examined after purification are 

improperly metallated  (i.e. Zn bound in both the Cu and Zn sites) and represent only a portion of 

the whole SOD1 population, much of which fell within the insoluble fraction as metal deplete and 

disulfide reduced (14,25). It has also been shown that pathogenic SOD1 variants that cannot 

productively interact with CCS1, including D124V and C57S, show improper metallation (i.e. Cu 

free and Zn bound at the Cu site) and are disulfide reduced (39). Even more recent studies have 

shown that the major form of SOD1 found within cultured HEK293 cells lacking CCS1 are 

completely metal free and disulfide reduced (30). Taken together, these data argue that CCS1 

facilitates proper Zn metallation, though the mechanism of action remains unclear. In support of 

this model, we have very recently shown that CCS1 recognizes a completely immature form of 

SOD1 (E,E-SOD1SH) and binding then promotes stable Zn uptake by CCS1-bound SOD1 (29). 

Our present results provide a molecular basis for proper high-affinity Zn binding by SOD1 that is 

induced by interaction with CCS1 (Table 3.2). We find that conserved aromatic residues (W222 

and W237) that stabilize the β-hairpin conformation of CCS1 D3 and are critical for overall SOD1 
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activation are also critical for this function. We have previously asserted (29), and our current data 

reinforces the notion that CCS1 D3 stabilizes a loop region of SOD1 containing multiple Zn-

liganding residues and generates a complete Zn binding site in SOD1. It is important to realize that 

stable Zn binding by SOD1 must occur before Cu insertion and disulfide oxidation can ensue 

(30,48). Without CCS1 present, the population of SOD1 disintegrates into an assorted collection 

of improperly metallated molecules ranging from completely Zn-free to conformers with 2 Zn ions 

per monomer [reviewed in (13)]. CCS1 likely plays an all-encompassing faciliatory role during 

SOD1 activation that starts with guaranteeing “correct” Zn status of the SOD1 molecule. 

 The compact β-hairpin conformation of CCS1 D3 expands the SOD1•CCS1 dimeric 

interface outside that of the SOD1 β-barrel and CCS1 D2 (SFig. 3.1). Two highly conserved 

tryptophan residues secure the β-hairpin against CCS1 D2 and place the CxC cysteines near 

dimeric interface and disulfide cysteines of SOD1 forming what we have termed the Cu ion “entry-

site.” W222 anchors the first six amino acids of D3 within a narrow groove between SOD1 and 

CCS1 D1. Within the D3 β-hairpin, W237 interacts with a hydrophobic patch on D2 stabilizing 

this section of D3 downstream of W222 that is commonly unstructured in the absence of Cu 

coordination or SOD1 binding (21,28). Substitution of either residue resulted in a similar ~4-fold 

loss in binding affinity compared to Wt CCS1 (Fig. 3.1a) and (49). These values also compare 

quite well with a CCS1 truncation that lacks D3 (Table 3.1) and (29), suggesting that without 

W222 or W237, CCS1 D3 does not complete the observed notch-into-groove interactions guided 

by the D3 β-hairpin and unfurled SOD1 disulfide loop as pictured in SFig. 3.1 and (25). 

 Removal of these key tryptophan residues in CCS1 D3 significantly hindered SOD1 

activation. Both mutants can be loaded in vitro to normal (e.g. similar to wild type) levels of Cu 
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binding. The W222A mutant retains some capacity to activate SOD1, but only ~1/3 of wild type 

CCS1. The W237A mutant abolishes any SOD1 activation. The lack of cohesion between the 

W222 and W237 variants where both deter binding ~4-fold, yet their SOD1 activation propensities 

show some disparity could be explained kinetically. While both tryptophan residues likely stabilize 

the positioning of the D3 β-hairpin, without W222 the W237 could likely still find its spot for a 

subset of CCS1 molecules making the CxC motif available for Cu ion entry site formation. 

However, without W237, this localization may take much longer or exist less stably. Other related 

CCS1 variants were tested and are shown in Table 3.1. 

 The structural and biochemical framework first generated around our SOD1•CCS1 

complex demonstrates a tuned mechanism for the transfer of Cu from CCS1 to the SOD1•CCS1 

entry site and subsequent release to the nearby active site. The transient Cu(I) coordination at the 

entry site is prompted by a ligand exchange reaction where the introduction of an additional 

coordinating ligand switches from a 2S digonal Cu(I) site (in CCS1) to a 2S1N/O trigonal 

environment (in SOD1•CCS1) that results in a nearly two orders magnitude increase in Cu(I) 

affinity (Table 3.2). This resembles processes observed in other Cu- trafficking proteins, where 

sulfur‐coordinated Cu(I) sites with low coordination numbers (2–3) by ‘soft’ ligands such as Cys 

(or Met) side chains are selected to guarantee fast ligand exchange between residues of donor and 

acceptor sites (50). 

From the entry site in SOD1•CCS1, Cu(I) is then delivered to the SOD1 active site where a 3N 

coordination occurs (25,30). Based on Pearson HSAB theory (hard and soft, acid and bases) which 

predicts the “soft” nature of both Cu(I) and thiolate ligands, it is surprising that the SOD1 active 

site shows an 80-fold increase in Cu(I) binding affinity compared to the entry site (with histidine 
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being in nature “harder” than thiolates) (51,52) . However, despite the known identity of the Cu(I) 

coordinating active site histidines (H46, H48, H6 and H120), the exact role of these residues in Cu 

translocation to the active site remain ambiguous [reviewed in (13)]. H63 also coordinates Zn(II) 

and can act as bridging ligand, its “non-standard” side chain acidity and altered “hardness” could 

facilitate Cu(I) transfer. H120 is both an active site and entry site Cu ligand and this may diminish 

the affinity of the competing “incomplete” active site (e.g. only 3 free histidines) when liganding 

Cu(I) as a part of the “entry-site.” Delivery is achieved exclusively when disulfide formation 

occurs, thus, it appears that stability of Cu(I) bound at the active site in mature SOD1 is modulated 

by both oxidation of the coordinating thiolate ligand in the entry site (C57) (preventing Cu(I) 

coordination) as well as possible structural constrains imposed to the active site by the disulfide 

bridge formation. This fits well with previous work showing that C57S and C146S SOD1 variants 

isolated from yeast show negligible active site Cu and an overabundance of Zn (~ 2 Zn ions/SOD1 

monomer) (53). 

 It appears that yeast CCS1 is a multipurpose “helper” protein with conditionally/temporally 

dependent chaperoning roles during SOD1 activation (Fig. 3.6). The overall functionality of CCS1 

is significantly more complex than a standard metallo-chaperone. Related work on the human form 

of CCS1 has shown an ability to stabilize select disease-causing SOD1 mutants, though any role 

in SOD1-dependent ALS is unclear (18). Our results support a model where initial binding of 

immature SOD1 by CCS1 facilitates site-appropriate Zn binding by stabilizing liganding residues 

present in the disulfide loop of SOD1 (Fig. 3.6b,c and d,e). The second step in the SOD1 

maturation process will be dependent on the level of available Cu. During limiting Cu conditions, 

CCS1 D1 will have likely acquired the necessary Cu(I) from the Cu transporter Ctr1 (54) for 
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delivery to the SOD1 “entry site” (25) (Fig. 3.6a). Our previous work has established that at this 

point, the entry site bound Cu ion will react with a superoxide/peroxide attracted to a nearby 

electropositive hole and promote sulfenylation at C146 on SOD1 (Fig. 3.6c) and (25). 

Sulfenylation of C146 prompts disulfide exchange reactions between nearby cysteines, concluding 

in formation of the SOD1 intra-subunit disulfide, Cu release into the SOD1 active site (Fig. 3.6g). 

(25). Disulfide bond formation also terminates interaction with CCS1 and the mature SOD1 

molecule (Cu,Zn-SOD1SS) can find another Cu,Zn-SOD1SS molecule to form the complete 

homodimeric enzyme (Fig. 3.6g). When Cu levels are higher, Cu(I)-GSH will likely provide the 

Cu to CCS1 and/or directly to the SOD1•CCS1 entry site (Fig. 3.6e). In this instance CCS1 may 

serve to stabilize a conformation of SOD1 that displays an available entry site and then that of a 

disulfide oxidase after Cu drop-off by Cu(I)-GSH (Fig. 3.6e,f,g) (25). In all, CCS1 has a complex 

mode of action that is honed to specifically activate immature SOD1 during differing cellular 

conditions in an extremely efficient manner. 

Figure 3.6. Copper dependent models for SOD1 activation by yeast CCS1. (A) CCS1 domains are 

shown as a blue oval (D1), grey cylinder(D2) and red strand (D3); Under copper limiting 

conditions Cu(I) (blue circle) is first acquired by D1 and binding stabilizes an unfolded D3. (B) 

CCS1 binding to immature SOD1 (green β-barrel, purple “disulfide loop” and orange electrostatic 

loop) orders the conserved loop elements of SOD1 and promotes proper Zn(II) (orange circle) 
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binding. (C) Cu(I) is bound at the entry site promoting sulfenylation at a nearby cysteine in SOD1. 

(G) Disulfide bond formation in SOD1 keys Cu(I) release to the active site, terminates interaction 

with CCS1 and promotes homodimerization with another mature SOD1 molecule. (D-E) When 

labile copper is abundant, Cu(I) may be provided to the entry site by reduced glutathione (GSH) 

after SOD1•apo-CCS1 complex formation. (F) Cu(I) is bound at the entry site promoting 

sulfenylation at a nearby cysteine in SOD1. (G) Mature Sod1 homodimerizes and CCS is free to 

proceed the same as before. 

 

Experimental Procedures 

Materials.  

 DTT (dithiotreitol) and IPTG (isopropyl1-thio-beta-D-galactopyranoside), and tris(2-

carboxyethyl)phosphine (TCEP) were purchased from GoldBio. Yeast extract, tryptone, NaCl, 

Bis-Tris, Tris-Base, glycine, beta- mercaptoethanol (βME), agar, ammonium persulfate (APS), 

sodium acetate, acetic acid, EDTA, and TEMED were purchased from Thermo Fisher Scientific. 

Nitro Blue Tetrozolium salt (NBT) and bathocuproine sulfonate (BCS) were obtained from Alfa 

Aesar. Imidazole, Zn2SO4, and Cu(II)2SO4, Imidazole, monobasic and dibasic sodium phosphate 

and acetonitrile were purchased from Sigma-Aldrich. MES, glutathione, and trichloroethanol 

(TCE) were purchased from Acros Organics. Cu1-(CH3CN4)PF6 was  obtained from Strem 

Chemicals and 1,10 phenanthroline from Toronto Research Chemicals. Primers for mutagenesis 

were purchased from Sigma-Aldrich and the Phusion Site-Directed Mutagenesis Kit from Thermo 

Fisher Scientific. TPEN (N,N,N′,N′-tetrakis(2-pyridinylmethyl)-1,2- ethanediamine) was 

purchased from Tocris Bioscience. Alexa-546 fluorescent dye for labeling was purchased from 

Life Technologies. Bacterial strains used were DH5α (Invitrogen), BL21 pLysS (DE3) E.coli 

(Promega), and XL1-Blue (Stratagene). Chromatography columns were purchased from GE. 

Antibodies used in this study were mouse monoclonal 6x-His epitope tag antibody (MA1-21315, 

Invitrogen) and rabbit polyclonal SOD1 antibody (PA1-30195, Thermo Fisher Scientific). 
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hSOD1 Cloning, Expression and Purification.  

 DNA fragments encoding wild-type and mutants forms of SOD1 were amplified by PCR 

and ligated into the YEP351-hSOD plasmid, where expression of the SOD1 protein is directed 

under the control of its own promoter. The protein was expressed, purified, and characterized as 

previously described (19) with the addition of a DEAE-Sephadex chromatography step between 

the hydrophobic interaction chromatography and gel filtration column steps. Metal content of 

purified SOD1 proteins was determined using inductively-coupled plasma mass spectrometry 

(ICP-MS). 

CCS1 Cloning, Expression and Purification.  

 DNA fragments encoding yCCS1 were generated by polymerase chain reaction (PCR) 

from plasmids originally supplied by J.S. Valentine (UCLA). CCS1 constructs were cloned into a 

pkA6H vector, which contains an inducible LacZ promoter, a 6x-N-terminal His-tag, and a tobacco 

etch virus (TEV) cleavage site. Residues 238-240 of CCS1 D3 were changed to alanine via quick- 

change mutagenesis. These substitutions convert the highly conserved 237WEER240 motif found 

in CCS1 DIII to WAAA. Alanine at these sites enhanced the yield of CCS1 approximately 5-fold 

and also appeared to inhibit the C-terminal proteolysis observed in identically prepared, 

unsubstituted CCS1 during storage 4oC. yCCS1 proteins were expressed in Escherichia coli BL21 

(DE3). Cells containing these expression plasmids were grown in LB media at 37oC to an OD600 

of 0.6 to 0.8. After induction with IPTG (1mM), the cells were transferred to 30oC for an additional 

4 hours before being harvested. yCCS1 proteins were purified using a HisTrap HP Ni2+ affinity 

column purchased from Amersham using buffer A (20mM Tris pH8, 300mM NaCl, and 2mM 

DTT) and buffer B (20mM Tris pH8, 300mM NaCl, 2mM TCEP, and 1M imidazole). The column 
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was washed with 2% of buffer B for 10 bed volumes. yCCS1 was eluted with a gradient from 2% 

to 100% in 80ml. After purification, the hexa-His-tag was removed from the CCS1 proteins using 

TEV protease (A280=1 OD) produced in-house and engineered to contain its own non-cleavable 

hexa- His tag. After digestion overnight at room temperature, the cleaved His tag and TEV protease 

was removed from the CCS1 sample by a final pass through the nickel column. This procedure 

leaves a two residue (Gly-His) extension on the CCS1 N-terminus. The metal content of purified 

CCS1 proteins was determined using inductively- coupled plasma mass spectrometry (ICP-MS, 

Agilent 7900) facility here at UTD. Samples for ICP-MS were digested with 1% HNO3 for 

analysis. 

 Microplate-based binding assays. The preparation and completion of the binding assays 

were done in following the details of past work (55). Here, binding experiments were done with a 

reaction buffer containing 20 mM Tris pH 7.5, 150 mM NaCl, 1 mM TCEP and 0.01% of both 

octyl glucoside and CHAPS. The plates (or gels) were imaged using a GE Typhoon FLA 9500 

using filters specific for the fluorophore’s excitation. The binding experiments are completed in 

replicative quadruplicate on the same plate for comparative and statistical analysis. The 

fluorescence change was then quantified using Image-Quant TL and then analyzed and figures 

constructed using GraphPad Prism. 

 SOD1 activity assays. Metals were removed from SOD1 by dialysis in 10mM EDTA pH 

3.8 followed by 1mM EDTA pH 5.5. Dialysis in 10mM EDTA buffer was done for 8 hours 

followed by dialysis in the 1mM EDTA buffer overnight (all at 4°C). 0.5 mM EDTA was used to 

remove trace metals from tubes, tips, and glassware for activation experiments. Cu loading was 

always performed under anaerobic conditions using a glove box. CCS1 protein was mixed in 1:1 
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stoichiometric ratio with Cu1-(CH3CN4)PF6 (Strem Chemicals) for 2-3 hours in a buffer 

containing 50mM Tris, pH 8, 10mM TCEP, and 150mM NaCl. Unbound Cu was removed by 

washing the protein with degassed buffer using a spin-filter (EMD Millipore). Activity assays were 

set up in an aerobic environment with a 5:1 molar ratio of CCS1 to SOD1. The reaction buffer 

contains 50mM Tris pH 8, 100mM NaCl, 0.5mM TCEP, 20μM Zn2SO4, and 200µM BCS. 

Samples were incubated for 20 minutes prior to running the reactions out on a 8% Native-PAGE 

and followed by visualization using the Nitro Blue Tetrazolium (NBT) gel method. All 

experiments were completed in at least 3 separate gels for comparative analysis. 

 Disulfide crosslinking assays. Tomato Ccs (10µm) was incubated for 15 minutes with Cu 

1,10 phenanthroline (CuP) (25µm) in reaction buffer (20mM Tris pH 7.5 and 300mM NaCl). 

Samples were prepared with and without the addition of BME and boiled 10 min prior to 

visualization on 14% BIS-TRIS gels made with trichloroethanol (TCE). BIS-TRIS gels were run 

in MES running buffer for 25 min at 200V. All experiments were completed in at least 3 separate 

gels for comparative analysis. 

 Determination of Cu binding affinity to Ccs and SOD1 using BCA and BCS. Cu binding 

affinity experiments were performed in a nitrogen- purged anaerobic glovebox. Samples were 

made oxygen-free with at least three vacuum/nitrogen cycles on a Schlenk-line. Cu(I)-CCS 

samples (20 μM, pH 7.4) were reacted with 1mM BCA and incubated for 15 h. For Cu(I)-SOD 

samples, 40 μM samples were reacted with 1mM BCS for H46R/H48Q SOD1 and 5mM BCS for 

Wt SOD1 and incubated for 15 h. The absorbance of the [Cu(I)L2]3- complex formed was then 

measured using Cary 300 UV-Vis Spectrophotometer (Agilent) at 562 nm for L = BCA (ε=7,900 

M-1 cm- 1) and at 483 nm for L = BCS (ε= 13,000 M-1 cm- 1). All samples were run in triplicate to 
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ensure proper statistical analysis. The dissociation constants were calculated according to the 

following equations, using the formation constants β2 = 1017.2 M-2 for BCA and β2=1019.8 M-2 

for BCA (42). 

Detection of Cu Transfer from Cu1-CCS1 to SOD1.  

 Samples of SOD1 (20μM in 20mM Na2PO4, pH 7.6, 50mM NaCl, 0.5mM TCEP) were 

incubated with Cu(I)-CCS1 (20μM in 20mM Na2PO4, pH 7.6, 50mM NaCl, 0.5mM TCEP) for 

20 minutes. UV-Vis absorption spectra were recorded before and after the Cu transfer reactions 

using a Cary 300 UV-Vis Spectrophotometer (Agilent) in 1-cm Quartz cuvettes. Kinetics of Cu 

transfer was measured using a stopped-flow SX-20 spectrometer (Applied Photophysics) with a 

temperature-controlled sample cell. Equal volumes of the Wt or mutant SOD1 samples and Cu(I)- 

CCS1 samples (both 20μM) were injected and mixed and the absorbance monitored at 260 nm for 

300s at 25°C. All buffers for this experiment were rendered metal-free by treatment with Chelex 

resin (Bio-Rad). 

 Zn loss assays of SOD1 using TPEN. SOD1 samples (10μM in 50mM Tris, 150mM NaCl) 

were incubated with 100μM TPEN (N,N,N′,N′- tetrakis(2-pyridinylmethyl)-1,2-ethanediamine, 

Tocris Bioscience) for 20 minutes at 25°C. 3K ultrafiltration spin columns (Sartorius) were used 

to separate Zn-TPEN complex from SOD1. The SOD1 samples were washed with 12.5X the 

reaction volume. Zn-TPEN and Zn bound to SOD1 were determined by measuring Zn 

concentrations via ICP-MS (Agilent 7900) in the flow through and supernatant respectively. 
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Samples for ICP-MS were digested with 1% HNO3 prior to analysis. All buffers for the 

experimental setup were made metal-free by treatment with Chelex resin. Each sample was 

analyzed in triplicate for statistical analysis. 

 Determination of Zn affinity of SOD1, apo- SOD1, and apo-SOD1 in complex with CCS1 

by equilibrium dialysis. Zn binding affinity experiments were performed at pH 7.4 using a - Bel-

Art In-line Equilibrium Cell (1ml). The dialysis membrane was treated with EDTA and boiled to 

remove any metal and sulfide contaminants. One side of the chamber for each reaction was filled 

with a solution of TPEN at 100µM. The other side contained 10µM protein- Zn complex and 

100µM TPEN. The Zn exchange reaction was allowed to proceed at room temperature overnight 

under agitation. ICP-MS was used to analyze the Zn concentrations on both sides. The KD has 

previously been determined for TPEN at pH 7.4 to be 2.6 x 10-16 (41). We used this value to 

determine Zn affinity values. All samples were analyzed in triplicate and from multiple preps in 

order to provide meaningful statistical analysis. 
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CHAPTER 4 

ACTIVATION OF SUPEROXIDE DISMUTASE 1 BY THE HUMAN COPPER 

CHAPERONE 

 

 

Abstract 

 Superoxide dismutase 1 (Sod1) is an antioxidant enzyme with high levels of activity and 

dozens of critical functions within the cell. The copper chaperone for Sod1 (Ccs) activates Sod1, 

which is necessary for these functions to proceed normally. Because of their importance to cell 

function, both Sod1 and Ccs have been thoroughly studied for decades and many models of Sod1 

activation by Ccs have been proposed. We have previously shown a mechanism of Sod1 activation 

by Ccs in the model organism S. cerevisiae, which has Sod1 and Ccs that are structurally and 

functionally homologous to human. Despite this, there are still many questions on how applicable 

this model is for the activation mechanism in human cells, with some data in seeming conflict with 

the proposed mechanism. The data presented here helps to disambiguate these conflicts. We will 

show that the activation of Sod1 by Ccs in humans is broadly the same as in S. cerevisiae, but there 

are some important differences.  

Introduction 

 Superoxide dismutase 1 (Sod1) is a Cu, Zn antioxidant critical to the healthy function of 

cells (1, 2). It is thought to be the first antioxidant in our evolutionary history, with a functional 

homologue present in every aerobic organism (3). It is a perfect enzyme that catalyzes the 

dismutation of reactive oxygen species (ROS) to water and hydrogen peroxide (4). In humans, it 
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is present in all tissues and almost every intracellular compartment but is mainly found in the 

cytosol (5). In addition to its antioxidant function, it also acts as a signal either by binding to DNA 

as a transcription factor or by directing the action of other enzymes by changing local hydrogen 

peroxide concentrations (6, 7). 

 Considering the robust activity and prevalence of Sod1, it is no surprise that it plays a role 

in many cell functions, from apoptosis to cell division (8, 9). It is also no surprise that abnormal 

Sod1 activity corresponds to many different disease states, including neurodegenerative diseases 

like amyotrophic lateral sclerosis (ALS) or Parkinson’s disease and many types of cancer (10-12). 

For all of these reasons, Sod1 has been a popular topic of research for decades and may be one of 

the most studied enzymes. 

 Sod1 does not begin existence with all these amazing abilities, however. It is translated in 

an immature state that lacks activity and must be matured to gain its full function (13). The 

maturation process requires three post-translational modifications (PTMs) to be complete: addition 

of zinc, addition of copper, and formation of a disulfide bond (14). The copper chaperone of Sod1 

(Ccs) assists Sod1 in all three modifications by stabilizing zinc binding, delivering copper, and 

catalyzing the formation of the disulfide bond (15). 

 Ccs is one of several copper chaperones that deliver copper to target enzymes within cells 

(16). Copper is a reactive metal and must be prevented from engaging in damaging interactions 

with carbon-based molecules (17). Ccs has three domains that each contribute to its function (18). 

Domain 1 has a conserved copper-binding motif, MxCxxC, and is similar in structure to another 

copper chaperone, Atox1 (19). Domain 2 is structurally homologous to Sod1 and contains the 

binding site for immature Sod1 (20). In human Ccs (hCcs), the zinc-binding loop of Sod1 is also 
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conserved in this region and binds zinc (21). Domain 3 contains another copper-binding motif, 

CxC, and is known to form the disulfide bond on Sod1 (22). This domain is the smallest of the 

three and is unstructured in most crystal images (13). Ccs picks up a copper from one of the sources 

in the cell, such as Ctr1, and binds the copper until it is delivered to Sod1, thus fulfilling its copper 

chaperone role (16). 

 In addition to the standard copper chaperone function, we have recently reported a 

molecular chaperone function for Ccs (15). Binding of Ccs to Sod1 helps to stabilize the zinc 

affinity of Sod1. This is likely due to a Ccs-driven change in the conformation of the zinc-binding 

loop of Sod1 which stabilizes it in a favorable conformation for zinc to bind. 

 We have previously published a mechanism for the activation of Sod1 by Ccs in S. 

cerevisiae, which we are referring to as “yeast” in this manuscript (14). Yeast Ccs (yCcs) and yeast 

Sod1 (ySod1) are structural and functional homologues for human Ccs (hCcs) and Sod1 (hSod1) 

and can rescue each other’s function within cells. Ccs was first discovered in yeast, and yeast Ccs 

has been an important point of study in understanding the activation of Sod1 (18). In our 

mechanism, domain 3 forms a β-hairpin structure upon binding copper and pivots from interacting 

with yCcs domain 1 to interacting with Sod1 at an “entry site” at the residues where the disulfide 

bond will form. This pivot mechanism involves a “hinge” residue, W222, that must allow the 

motion, and a “latch” residue, W237, that stabilizes the position of domain 3. The copper is drawn 

toward the high-affinity active site of Sod1 and formation of the disulfide bond locks it in place. 

The formation of the disulfide bond is initiated by the addition of a transient sulfenic acid group 

on Sod1 by Ccs domain 3 (13, 14). 
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 Despite this clear mechanism in yeast, there still exists some contention on how the hCcs 

mechanism proceeds. Some data suggests that hCcs domain 1 is responsible for the transfer of 

copper to Sod1, rather than domain 3 as shown in yeast (23). This would mean that hCcs domain 

3 is solely responsible for the formation of the disulfide bond on Sod1 and has been proposed to 

not occur through formation of sulfenic acid intermediates, but through a disulfide shuffle 

mechanism where a pre-formed disulfide bond on domain 3 is transferred to Sod1. Here, we will 

show results that clarify these questions about the hCcs activation of Sod1 mechanism and discuss 

the similarities and differences found in the two mechanisms. 

Materials and Methods 

Construct generation 

 Constructs of hSod1 and hCcs were originally gifted by Dr. John Hart in pAG8H vectors 

for bacterial expression with an N-terminal His8 tag and tobacco etch virus (TEV) site. Mutations 

were made using a Site-Directed Mutagenesis Kit by Promega. Mutations were confirmed by 

Sanger sequencing through Macrogen, now Psomagen. 

 Constructs of hSod1 and hCcs for expression in S. cerevisiae were ordered from Vector 

Builder. The cDNA for the hSod1 gene was inserted with a C-terminal Strep tag into a pYAC 

vector containing leu2. This was placed under the control of the yeast endogenous promoter for 

Sod1, which was the same genetic region previously described.(22) The cDNA for the hCcs gene 

was similarly placed under the control of the yeast endogenous promoter for yCcs on a pYAC 

vector containing his3. Mutations to these constructs were made also using a Site-Directed 

Mutagenesis Kit by Promega and confirmed by Sanger sequencing through Macrogen, now 

Psomagen. 
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Bacterial expression 

 Constructs were transformed into competent E. coli BL21 DE3 pLysS and grown at 37°C 

to an OD600 between 0.6-0.8. These were induced with isopropyl 1-thio-β-D-galactopyranoside 

(1 mM) and grown for 4 hours at 37°C 250 rpm. Each protein was purified with a HisTrap 5 mL 

Ni column using a 20 mM Tris, pH 8.0, 300 mM NaCl, 2 mM dithiothreitol (DTT). 

Yeast expression 

 Saccharomyces cerevisiae strains were grown in SC-glucose (dextrose) (SCD) medium at 

30 °C unless otherwise noted. BY4741 strain containing a double deletion (ΔySod1/ΔyCcs) was 

generously gifted by Dr. Val Culotta. Yeast were chemically transformed using the protocol 

described by Dr. Gietz.(24) Strains were grown to an OD600 of 1.0 before harvesting. 

Copper affinity 

 Cu-binding affinity experiments were performed in a nitrogen-purged anaerobic glovebox. 

Samples were made oxygen-free with at least three vacuum/nitrogen cycles on a Schlenk line. 

Cu(I)-CCS samples (20 μM, pH 7.4) were reacted with 1 mM Bathocuproinedisulfonic acid (BCS) 

and incubated for 15 h. The absorbance of the (Cu(I)L2)3- complex formed was then measured 

using Cary 300 UV-visible spectrophotometer (Agilent) at 483 nm for L = BCS (ε = 13,000 M-1 

cm-1). Calculations were done as previously described. (15) Affinity assays were performed in a 

50 mM Tris, pH 7.4, 150 mM NaCl, 0.5 mM Tris(2-carboxyethyl)phosphine (TCEP) buffer. 

Activation of Sod1 

 Bacterially expressed Ccs mutants were anaerobically loaded with Cu(I) at a 1:1 

protein:copper ratio and excess copper was removed by buffer exchange with a degassed buffer. 

Bacterially expressed Sod1 was stripped of metals and disulfide reduced by incubation overnight 
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at 4°C in a 100 mM acetic acid, pH 3.8, 10 mM Ethylenediaminetetraacetic acid (EDTA), 10 mM 

TCEP buffer, followed by incubation overnight at 4°C in a 100 mM sodium acetate, pH 5.5, 150 

mM NaCl buffer that was treated to remove free metals. The metal-free Sod1 (apo-Sod1) was then 

buffer exchanged to a 50 mM Tris, pH 7.6, 150 mM NaCl, 0.5 mM TCEP, 200 μM BCS buffer 

for experiments. During activation assays, Ccs was incubated with Sod1 in a 5:1 ratio to ensure 

maximum activation was achieved. Reactions were incubated at room temperature in atmospheric 

oxygen for 20 minutes. After this, 5% glycerol was added and an equal amount of each reaction 

was loaded onto a metal-free non-reducing PAGE gel and run in a metal-free buffer. The gel was 

then incubated in a mixture of riboflavin and nitro blue tetrazolium in the dark for 15 minutes, then 

transferred to a 0.01% Tetramethylethylenediamine (TEMED) solution and incubated for another 

15 minutes in the dark. Finally, the gel was exposed to light and developed and images were taken 

on a ChemiDoc. Band intensities were compared to determine qualitative activation strength. 

Pulldown assay of yeast lysate 

 Yeast expressing hSod1 and hCcs were lysed by sonication in a 50 mM Tris, pH 7.6, 150 

mM NaCl, 2 mM TCEP buffer and centrifuged to remove the pellet. Lysate supernatant was 

incubated with Strep-tactin beads for 1 hour at room temperature. Beads were washed 3 times with 

buffer, then boiled in 100 μL 2x Laemmli dye with β-mercaptoethanol (BME) to elute protein. 

Equal amounts of supernatant were loaded on a 14% SDS-PAGE gel and transferred to 

nitrocellulose membrane for western blotting. Rabbit-α-Sod1 and rabbit-α-Ccs primary antibodies 

were incubated on the membrane in a 1:10,000 TBS-T solution. Goat-α-rabbit-HRP secondary was 

used to image blot. Images were taken with a ChemiDoc. 

Sulfenic acid identification 
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 Yeast cells were lysed in a 50 mM Tris, pH 7.6, 150 mM NaCl, 2 mM TCEP, 2.5 mM 

dimedone buffer. Dimedone binds specifically to sulfenic acid and can be detected by and antibody 

as described previously. (22) Lysate supernatant was incubated on Strep-tactin beads for 1 hour at 

room temperature. Beads were washed 3 times and eluted by boiling in 100 μM 2x Laemmli dye 

with BME. Equal amounts of elutions were run on a 14% SDS-PAGE gel and transferred to a 

nitrocellulose membrane. A 1:10,000 rabbit-α-dimedone/sulfenic acid primary antibody and a 

1:10,000 goat-α-rabbit-HRP secondary antibody were used to detect the presence of the sulfenic 

acid on Sod1. 

Results 

Domains 1 and 3 work together to bind copper. 

Table 4.1. Copper affinities of hCcs. 

Ccs mutants Cu(I) affinity (M) 

hCcs 3.40 ± 0.23 E-19 

MxAxxA 4.29 ± 1.09 E-18 

AxA 1.59 ± 1.42 E-18 

 

 hCcs has two copper binding motifs, an MxCxxC motif in domain 1 and a CxC motif in 

domain 3. Alanine substitutions made in the cysteine residues of one motif allow us to measure 

the Cu(I) affinity only at the other motif. The affinity for each motif to bind one Cu(I) ion or for 

the wild-type Ccs to bind one Cu(I) ion is shown above (Table 4.1). The affinity of either copper 

motif alone is approximately 10-fold less than when both are present. This increase in affinity 

shows that both domain 1 and domain 3 are participating in binding one Cu(I) ion. 

While domain 1 is necessary for function, domain 3 delivers copper. 
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 Ccs function was measured by assaying Sod1 activity (Fig. 4.1). Mutations made to the 

MxCxxC motif (MxAxxA) showed little effect on Sod1 activation, while mutations to the CxC 

motif (AxA) showed a pronounced lack of Sod1 activity (Table 4.2). This indicates that the CxC 

motif in domain 3 is necessary and sufficient for activation of Sod1, able to both deliver Cu(I) and 

form the disulfide bond by itself. However, if domain 1 is completely removed from Ccs (D1D), 

then Ccs loses the ability to activate Sod1 almost completely (Table 4.2). This shows that domain 

1 is playing some role other than copper binding or delivery that is necessary for Sod1 activation. 

As expected, domain 3 deletion (D3D) behaves similarly to AxA, and mutating both copper motifs 

severely reduces Sod1 activation as there is very little chance that Sod1 can pick up a copper and 

activate (Table 4.2). Since AxA has a pronounced effect on Sod1 activation, mutations were made 

in each of the cysteine residues (C244A and C246A) to determine if one has a more pronounced 

role than the other. Mutations to either of the CxC cysteines only slightly decreased Sod1 activation 

(Table 4.2). This shows that one cysteine in domain 3 is enough to successfully activate, and that 

it does not matter which residue is present. 

 

Fig. 4.1. Activation assays measure Ccs function. This is a sample Sod1 activation assay showing 

that the level of Sod1 activity changes when mutations are made to Ccs. Lane 1: apo-Sod1, Lane 

2: apo-Sod1 + Cu(I) MxAxxA Ccs, Lane 3: apo-Sod1 + Cu(I) AxA Ccs, Lane 4: apo-Sod1 + Cu(I) 

D3D Ccs, Lane 5: apo-Sod1 + Cu(I) MxAxxA/AxA Ccs, Lane 6: apo-Sod1 + Cu(I) Ccs. Similar 

assays were performed for each mutant, contributing to the table below. 

 

 

1 2 3 4 5 6 
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Table 4.2. Ability of hCcs mutants to activate Sod1. One * is little/no activity. 

Ccs mutant Sod1 activation 

Ccs ***** 

MxAxxA **** 

AxA * 

MxAxxA/AxA * 

D1D * 

D3D * 

C244A **** 

C246A **** 

F237A * 

W252A ** 

 

 The two residues homologous to the yCcs “hinge” and “latch” were mutated to see if the 

same physical motion could explain both mechanisms (Table 4.2). The homologous “hinge” 

mutant (F237A) showed almost no activity, while the homologous “latch” mutant (W252A) 

showed some activity. This is opposite what was observed in yeast and does not support the 

hypothesis that the same motion is present in hCcs. 
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Disulfide formation is not the result of disulfide shuffling. 

 Aside from delivery of Cu(I), the other major task of Ccs in Sod1 activation is the formation 

of the disulfide bond. It has been suggested that Sod1 may form the disulfide bond through a 

disulfide shuffling event where a pre-formed disulfide bond on Ccs domain 3 is transferred to 

Sod1.(23) This is already made very unlikely by the fact that either cysteine in domain 3 is able to 

activate Sod1 alone (Table 4.2) as it is not possible to have a pre-formed disulfide bond on one 

cysteine. To see if it was possible to form the sulfenic acid intermediate on Sod1 without the 

presence of a pre-formed disulfide bond, we moved the CxC motif cysteines into adjacent positions 

(C245/C246). With the two residues immediately adjacent to each other it is impossible to form a 

disulfide bond between them. A pulldown was performed on yeast lysate expressing hSod1 and a 

mutant of hCcs (Fig. 4.2). When hCcs is unable to activate hSod1, it forms a stable complex with 

the immature Sod1 and will be pulled down with it. From the assay, we see that C244A and C246A 

are both able to activate Sod1, as confirmed by the in vitro assays above (Fig. 4.1). AxA hCcs is 

unable to activate Sod1 and forms a stable complex, appearing in the western. C245/C246 hCcs 

activates Sod1 and so does not remain bound to it. We therefore see that hCcs is able to form the 

disulfide bond on Sod1 when it cannot have a pre-formed disulfide bond on domain 3. 

Figure 4.2. The disulfide bond is not pre-formed. Western blot showing the elutions of a pulldown 

of yeast lysate expressing hSod1 and a variant of hCcs. hSod1 was pulled down using Strep-tactin 

α-Ccs 

α-Sod1 

1 2 3 4 5 
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beads. Lane 1: hSod1 + hCcs, Lane 2: hSod1 + C244A Ccs, Lane 3: hSod1 + C246A hCcs, Lane 

4: hSod1 + AxA hCcs, Lane 5: hSod1 + C245/C246 hCcs. 

 

 Previously, we reported that the disulfide bond was formed through addition of a sulfenic 

acid intermediate to Sod1 by Ccs. In vitro, we found that either C57 or C146 of hSod1 could accept 

the sulfenic acid, however it was unclear if this was an artifact of performing the experiment in 

atmospheric levels of oxygen. To confirm this result, C57S hSod1 and C146S hSod1 were 

expressed in yeast cells with hCcs at endogenous levels. The yeast provided a reducing cellular 

environment that could be compared to previous results. It was found that both C57 and C146 of 

hSod1 could accept the sulfenic acid intermediate in the cellular environment, confirming the 

accuracy of our in vitro assay (Figure 4.3). 

Figure 4.3. Sulfenic acid forms on either C57 or C146 of hSod1. Yeast expressing hCcs and a 

variant of hSod1 were lysed and incubated with 2.5 mM dimedone. The hSod1 was then pulled 

down using Strep-tactin beads. Lane 1: beads alone, Lane 2: hSod1 + hCcs, Lane 3: C57S hSod1 

+ hCcs, Lane 4: C146S hSod1 + hCcs. Sulfenic acid was detected strongly on both mutants. 

 

All three Ccs domains work synergistically 

 Domain 2 of hCcs is structurally similar to Sod1 and retains the zinc loop and zinc binding 

ability. While this zinc site has been known for decades, it was previously impossible to measure 

the affinity as there were no zinc chelators with competitive affinities available. Using a new 

chelator, TPEN, with a technique we previously established by measuring Sod1 zinc affinity, we 

were able to measure the zinc affinity of Ccs. Surprisingly, we found the zinc affinity to be very 

high, at 2.01 ± 0.34 E-19 M, which has been published prior to this (15). We then examined if 

1 2 3 4 

α-Sulfenic 

acid 
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mutations to domain 1 or 3 might affect zinc affinity. When domain 1 or 3 were deleted, there was 

a significant decrease in affinity corresponding to almost a 10-fold drop (Table 4.3). To further 

examine this, the copper binding mutants were tested to see if the reactive cysteines in these motifs 

might be contributing. We found that the AxA mutant had a slight decrease in zinc affinity, but 

the MxAxxA mutant had a very dramatic decrease of almost 100-fold (Table 4.3). Mutations made 

to either of the cysteines in the MxCxxC motif of domain 1 (C22A and C25A) decreased the zinc 

affinity by approximately half of what was seen when both are mutated (Table 4.3), suggesting 

that each contributes approximately equally to the overall weakening of affinity. This highlights 

the inter-connected nature of hCcs, where all three domains are synergistically working together, 

and failure of any part affects the whole. 

Table 4.3. Zinc affinity of hCcs mutants. 

 

 

 

Ccs mutant Zinc affinity (M) 

hCcs 2.01 ± 0.34 E-19 

D1D 6.54 ± 0.06 E-18 

D3D 3.74 ± 0.05 E-18 

MxAxxA/AxA 2.24 ± 0.04 E-18 

MxAxxA 2.95 ± 0.10 E-17 

AxA 8.45 ± 0.01 E-19 

C22A 1.81 ± 0.42 E-18 

C25A 1.91 ± 0.50 E-18 



 

97 

Discussion 

 The first point of comparison between human and yeast Ccs is their ability to bind copper. 

We had previously reported that domain 1 of yCcs binds copper at 3.61 ± 1.00 x 10-17 M and 

domain 3 can bind copper at 2.33 ± 0.22 x 10-17 M (14). We have also seen that wild-type yCcs 

binds one copper ion more tightly than either domain can alone, at 1.15 ± 0.52 x 10-19 M 

(unpublished data). We show that hCcs has a similar trend, with domain 1 and 3 binding at similar 

affinities, 4.29 ± 1.09 E-18 M and 1.59 ± 1.42 E-18 M and the wild-type binding at 3.40 ± 0.23 E-19 

M (Table 4.1). Human Ccs has an overall higher affinity for copper than yCcs, but the wild-type 

affinity is about 10-fold higher in both proteins. The increase in affinity when both domains are 

able to bind shows that the copper sites of domain 1 and 3 are cooperatively binding the ion, which 

supports other group’s results that Cu(I) was bound between cysteines on domain 1 and 3 on Ccs 

(25). 

 The activation of Sod1 by Ccs is an important measure of Ccs functionality. Previously, 

domain 1 was shown to be highly important as the deletion of this domain abolished copper 

delivery to Sod1. Similarly, we show that deletion of domain 1 also halts Sod1 activation, however 

the mutation of only the copper binding residues in domain 1 had little effect on Sod1 activation. 

This indicates that domain 1 has a critical function not involving copper binding necessary for 

Sod1 activation, possibly some kind of necessary conformational change or stabilizing effect. 

However, this disagrees with a model in which domain 1 delivers copper to Sod1. When domain 

3 is deleted or the copper binding motif is mutated, there is a significant decrease in Sod1 

activation. This supports a model where domain 3 is primarily responsible for copper delivery. If 

we consider that domain 1 and 3 are cooperatively binding the copper before Sod1 binding to Ccs 
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initiates delivery of that copper by domain 3, this indicates a model where Ccs domain 3 pivots 

between interaction with domain 1 via Cu(I) and Sod1, exactly what was seen in the yeast model. 

 The cysteines in domain 3 of yCcs are not equally important to Sod1 activation. C231, 

which is positioned closer to Sod1 during interaction, is much more important to Sod1 activation. 

Mutation of this residue results in an almost complete inability to activate Sod1, accounting for 

almost all functionality of yCcs domain 3. A mutation made to the homologous residue of hCcs, 

C246A, showed almost no decrease in activation of Sod1. A mutation made to the other domain 3 

cysteine, C244A, had similarly little effect. In contrast to yCcs, hCcs does not seem to have the 

same rigid importance of position, with either cysteine residue in domain 3 able to complete the 

activation of Sod1.  

 Previously, activation assays were performed on yCcs to a “hinge” amino acid (F237A) 

and a “latch” amino acid (W252A) showing that the hinge was less restrictive than the latch (15). 

Homologous residues in hCcs were similarly mutated, however the results were the opposite of 

those seen in yeast. The hypothesized “latch” was less restrictive than the “hinge” in Sod1 

activation. This indicates that the movement of domain 3 in hCcs is different to that in yCcs in an 

unknown way, even though the function of the movement is the same. 

 In our yCcs model for Sod1 activation, we showed that yCcs domain 3 forms the disulfide 

bond on Sod1 via a sulfenic acid intermediate (22). We demonstrated that this occurs in vitro on 

both hSod1 and ySod1, however ySod1 is more restricted in which cysteine can accept the sulfenic 

acid. Only C57 in ySod1 contained the intermediate, but both C57 and C146 of hSod1 had been 

modified in approximately equal numbers. It was suggested that this may be due to the greater 

propensity of hSod1 to become oxidized than ySod1, so these tests were repeated with hSod1 and 
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hCcs expressed in yeast cells at endogenous yeast levels. A large portion of the wild-type Sod1 is 

activated, so few intermediates were detected. When C57 or C146 are mutated to serine, it becomes 

impossible for the disulfide bond to form and sulfenic acid intermediates can be “trapped” and 

measured via addition of dimedone. Both C57S Sod1 and C146S Sod1 showed sulfenic acid 

additions, indicating that the difference between ySod1 and hSod1 is not due to different 

sensitivities to environmental oxidation. 

 Finally, the main difference between yCcs and hCcs was examined: the ability to bind zinc. 

This is specific to hCcs domain 2, which more closely resembles Sod1 than yCcs (13, 26). We find 

that hCcs has a much stronger affinity for zinc than Sod1, which was unexpected as the zinc site 

is structurally homologous to the Sod1 site. One possible reason for the strengthened affinity is 

that domain 1 and/or 3 are contributing to the zinc affinity of domain 2, so each domain was deleted 

and the zinc affinity tested. We found that deletion of either domain weakened the zinc affinity 

significantly, with a slightly higher effect from domain 1. This supports the theory that domain 1 

plays a structural role in hCcs. 

 Overall, we find that the mechanism of Sod1 activation by hCcs is highly similar to yCcs. 

Each of the domains performs a similar role, with domain 1 helping to bind copper, domain 2 

binding Sod1, and domain 3 delivering copper and catalyzing the formation of the disulfide bond. 

At the same time, there are clear differences. Domain 1 of hCcs has greater importance to its 

function, likely by helping the structure stabilize in a favorable conformation for Sod1 activation. 

Domain 2 has an additional zinc binding function. Domain 3 does not seem to “pivot” in the same 

way as domain 3 of yCcs, and the function of each cysteine residue is more flexible in the human 

protein. In yCcs, each function is assigned to a specific domain, or even a specific residue, and 
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these are carried out independently of what other parts are doing. In contrast, hCcs spreads out it 

roles across multiple parts that work synergistically. In some cases, this adds resilience where a 

mutation in one residue or domain does not eliminate the function as is the case in domain 3 where 

the mutation of either cysteine does not abort function. In other cases, it seems to create fragility, 

where problems in one area weaken the whole, which is seen in the zinc affinity where mutations 

made in domain 1 or 3 have a strong impact on domain 2. The reason for this may be the greater 

regulation necessary in multicellular organisms, as compared to single-celled organisms. Human 

Ccs must activate Sod1 in a variety of tissues for a variety of reasons; a simple mechanism where 

one structural component has one function may not be the most efficient way to address this variety 

of roles. 
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Abstract 

 Zinc (II) ions (hereafter simplified as zinc) are important for the structural and functional 

activity of many proteins. For Cu, Zn superoxide dismutase (Sod1), zinc stabilizes the native 

structure of each Sod1 monomer, promotes homo-dimerization and plays an important role in 

activity by “softening” the active site so that copper cycling between Cu(I) and Cu(II) can rapidly 

occur. Previously, we have reported that binding of Sod1 by its copper chaperone (Ccs) stabilizes 

a conformation of Sod1 that promotes site-specific high-affinity zinc binding. While there are a 

multitude of Sod1 mutations linked to the familial form of amyotrophic lateral sclerosis (fALS), 

characterizations by multiple research groups have been unable to realize strong commonalities 

among mutants. Here, we examine a set of fALS-linked Sod1 mutations that have been well-

characterized and are known to possess variation in their biophysical characteristics. The zinc 

affinities of these mutants are evaluated here for the first time and then compared with the 

previously established value for wild-type Sod1 zinc affinity. Ccs does not have the same ability 

to promote zinc binding to these mutants as it does for the wild-type version of Sod1. Our data 

provides a deeper look into how (non)productive Sod1 maturation by Ccs may link a diverse set 

of fALS-Sod1 mutations. 

Introduction 

 Zinc ions are essential trace metals necessary for life. Zinc plays an important structural 

role in many proteins needed for cell function [1] and there are families of enzymes that use zinc 

as a catalytic cofactor [2,3]. However, it is not well understood how proteins acquire zinc. Zinc 

transporters are responsible for importing the ion into the cell and moving it to intracellular 

compartments such as the endoplasmic reticulum, golgi or nucleus where many proteins requiring 
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zinc are metallated [4]. It has been hypothesized that zinc ions are acquired from a labile pool that 

exists within the cell, but no conclusive evidence exists related to an exact mechanism [5,6]. 

One of the proteins that requires zinc is Cu, Zn superoxide dismutase (Sod1), an antioxidant 

enzyme constitutively expressed in humans and other aerobic organisms [7]. Sod1 catalyzes the 

dismutation of superoxide; turning superoxide radical into water and hydrogen peroxide in a two-

step “ping-pong” reaction [8]. It is present throughout the cell, but is most abundant in the cytosol 

[9]. Sod1 must be “activated”, which requires three post-translational modifications: zinc binding, 

copper insertion and formation of an intramolecular disulfide bond [8,10,11]. We and others have 

shown strong evidence that the copper chaperone for Sod1 (Ccs) assists Sod1 in obtaining each of 

these modifications [10,12,13]. 

 Zinc plays a dual role in Sod1, as it supports both structural stability and enzyme function 

[13,14]. The binding of zinc by Sod1 stabilizes a region of the enzyme called the “zinc loop”, 

which significantly decreases Sod1 misfolding and degradation [15]. Zinc binding also assists the 

enzymatic proficiency of Sod1. Sod1 binds a copper ion in its active site that cycles between Cu(I) 

and Cu(II) redox states as Sod1 rids the cell of superoxide anions. When the copper is in a reduced 

form, it binds three histidine residues (H46, H48, H120), and when it is oxidized it binds four 

histidines (H46, H48, H120, and H63). Zinc is bound in a nearby site by three histidine residues 

(H63, H71, H80) and a single aspartate (D83). H63 “bridges” the copper and zinc ions, easing the 

transition between Cu(I) and Cu(II),thereby increasing enzymatic activity 10-fold [6,16]. 

 Mutations to the gene coding for Sod1 are linked to an inherited form of amyotrophic 

lateral sclerosis (fALS), a neurodegenerative disease resulting in paralysis and eventual death 

[17,18]. Mutations in Sod1 are the cause of 20% of fALS cases, where a point mutation in a single 
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copy of the sod1 gene leads to fALS through a toxic “gain-of-function” [19].  There are a multitude 

of Sod1 mutations that are known to cause fALS, and upwards of 130 sites in Sod1 are disease 

related. Aggregates containing Sod1 and Ccs can be found in neural tissue expressing fALS-Sod1 

mutants, which often lack correct binding of one or both metals and the disulfide bond [20–23]. 

 While all of the fALS-Sod1 mutations lead to the same disease and outcome, the rates of 

disease progression vary widely between mutations [24,25]. A4V is the most common mutation in 

North America, accounting for 50% of Sod1-linked fALS cases [26]. It is also one of the most 

aggressive forms of ALS, with average survival persisting less than 2 years after diagnosis [27,28]. 

A4V Sod1 can reach full maturity (copper and zinc bound with an oxidized disulfide bond (i.e., 

Cu,Zn-Sod1SS)) in the cell [29] and has even been shown to have a stronger affinity for copper 

than wild-type Sod1 [30]. Interestingly, unlike many other fALS-Sod1 mutations, there is no 

mouse model for A4V, as transgenic mice do not exhibit any symptoms [31]. 

 G93A is another frequently studied mutation. It was one of the earliest established mouse 

models for the disease and is well-characterized [32]. In this model, metal-free (apo) disulfide 

reduced G93A (E,E-G93ASH) is the primary component of intracellular aggregates, yet a 

significant amount of fully metallated G93A is present in the soluble fraction [33]. The G85R Sod1 

mutation is a commonly used model as the onset of paralytic symptoms corresponds well with the 

appearance of Sod1 aggregation bundles in neural cells [34]. This form of Sod1 is consistently 

disulfide reduced, under metallated and/or mis-metallated inside cells [33,35]. The crystal 

structure shows a novel zinc-coordinating water molecule present in the zinc loop that is speculated 

to affect zinc affinity [28,36]. 
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 Unlike the previous mutations discussed, H80R Sod1 is a metal-binding mutant. H80 is 

one of the 4 residues responsible for binding zinc, and its mutation to arginine completely abolishes 

zinc binding at the zinc loop. However, the crystal structure shows that a zinc ion is coordinated 

at the adjacent active site in place of copper (Zn,E-H80RSH) [37]. This type of mis-metallation is 

often observed in fALS-Sod1 mutants, even when an intact zinc site is present [38].  

 Each of these well-studied mutants has different inherent characteristics and locations 

within the Sod1 structure (Figure 5.1); however, all of them lead to the same disease. It is currently 

unknown what mutual characteristic links these proteins to acquiring fALS symptoms. 

Additionally, there has lacked clear data showing the effect these mutations have on zinc affinity 

and the chaperoning actions of Ccs. In this work, we aim to analyze this effect by examining the 

zinc affinity of these mutations in various stages of maturation. The role of Ccs in facilitating zinc 

acquisition by Sod1 has been recently published [16].  Here, we further elucidate the changes 

caused in this interaction by fALS mutations. By providing this missing characteristic, we draw 

closer to understanding the behavior of Sod1 and any potential role(s) for Ccs in fALS. 

Fig 5.1. Position of select fALS mutations on mature hSod1. The crystal structure is of wild-type 

Sod1 (1PU0) with the β-barrel colored green, the electrostatic loop colored orange and the 

connecting zinc and disulfide loops colored purple. The metal binding residue sidechains are 
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shown as sticks and the metals are shown in their binding sites as labeled spheres. Each of the 4 

fALS mutations are shown as small red spheres at their position within the protein structure for 

visual comparison.   

 

Results 

Fluorescent-Labeling of Immature Sod1 Mutants 

 Sod1 contains two native cysteine residues involved in the essential intra-subunit disulfide 

bond (C57-C146). Each fALS-Sod1 variant studied here has an additional C146S background 

mutation, used to enable specific labeling of Sod1 at position C57 with an Alexa-488 fluorescent 

dye, which also maintains Sod1 immaturity (i.e., disulfide reduced). Ccs will only bind the reduced 

form of Sod1 [13]. The labeled proteins were individually purified by size exclusion 

chromatography in order to separate the Sod1488 from unbound label (Figure 5.2). The fluorescent 

label is necessary for measuring fine differences in the Sod1•Ccs apparent dissociation constants 

(KDs) as it allows the use of an extremely sensitive detection method (HI-FI) [13,39,40]. 
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Fig 5.2. Fluorescent labeling and purification of Sod1. Panel (A) shows the purification of an Sod1 

protein (left peak, 17–20 mL) after labeling with Alexa488 from the remaining free dye (right 

peak, 20–24 mL). Panel (B) shows the SDS-PAGE gel of the peak samples imaged by Coomassie 

staining. Although the free Alexa488 dye shows up in the SEC chromatogram, it does not show 

up in the Coomassie stained gel. Panel (C) shows the same gel that has been imaged using a fluoro-

imager set for the emission wavelength for Alexa488. This shows that the Sod1 protein (lanes 4–

8) has been stably conjugated with the dye and separated from the remaining free dye (lanes 9–

14). 

 

Ccs Is Not Prevented from Binding Select fALS-Sod1 Mutants 

 Quantitative binding assays were performed to evaluate differences between fALS-Sod1 

interactions with Ccs. The fALS mutants were chosen in an attempt to span the wide variety of 

metal binding properties (e.g., complete metal binding, mis-metallation, and direct zinc-site 

disruption) that are seen across the family of pathogenic mutants. Each fALS-Sod1 mutant was 

kept metal-free (confirmed via ICP-MS) and disulfide reduced (E,E-Sod1SH) using the C146S 
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mutation. This results in monomeric Sod1 proteins whose dissociation constants can be compared 

to previously reported data. The binding affinity between Ccs and fALS E,E-Sod1SH are all 

extremely tight and within the low nano-molar range, showing that these fALS mutations do not 

inhibit Ccs binding (Figure 5.3). The fALS-Sod1•Ccs binding affinities measured: A4V (KD = 

42.06 ± 8.2 nM), H80R (KD = 67.60 ± 9.4 nM), G85R (KD = 35.50 ±3.0 nM), and G93A (KD = 

33.42 ± 4.7 nM). Previously, we established the affinity of Ccs for wild-type E,E-Sod1SH as KD = 

22 ± 6.0 nM [13]. This is the first time that the interaction between Ccs and these fALS-Sod1 

mutants have been quantified and shows that their aberrant behavior is not due to a lack of Ccs 

binding by the immature forms of the proteins. 

Fig 5.3. fALS-Sod1 mutants binding with Ccs. The left panel is a combined plot of binding curves 

for select fALS-Sod1 mutants and Ccs. As shown, the binding curves are comparable to the wT-

Sod1 binding curve that we determined previously (red). The right panel shows a list of the fALS-

Sod1 mutants that were of focus, here. The KDs are all very similar to that of wild-type Sod1 and 

show that these particular mutations do not hinder Ccs interaction. All binding assays were 

performed with the human forms of Sod1 and Ccs. 

 

Ccs Binds Zinc with a High-Affinity 

 The human form of Ccs binds zinc in its Sod1-like domain 2 (D2) coordinated by residues 

homologous to those found in the Sod1 β-barrel [8]. We have previously shown that Ccs 

preferentially binds to a completely immature form of Sod1 (E,E-Sod1SH) [13] and others have 
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suggested that Ccs may act directly or indirectly to deliver zinc to immature Sod1 [16,41]. 

Therefore, we wanted to measure the affinity of the Ccs D2 binding site for zinc and expected that 

the similar nature of Ccs and Sod1 zinc-binding sites would result in similar affinities. Here, using 

a TPEN-based zinc-chelation assay, we show that the wild-type Ccs zinc dissociation constant is 

2.01 ± 0.34 × 10−19 M. This was somewhat surprising as it is ~40-fold tighter than the zinc site in 

fully mature wild-type Sod1, which was previously measured to be 8.46 ± 2.83 × 10−18 M [16]. 

Ccs Promotes Site-Specific Metalation of H80R Sod1 

 Arginine substitution of the zinc-liganding residue H80 prevents zinc binding at the “zinc-

site”. A previously determined crystal structure of H80R (PDB: 3QQD) shows zinc aberrantly 

bound at the copper/active site and a reduced disulfide bond (Zn,E-H80RSH) [37]. Since many 

ALS-Sod1 patient samples have been reported with this kind of mis-metallation [27,42], we used 

this mutant to measure the affinity of zinc in the copper site. The immature H80R protein bound 

zinc with an affinity of 2.78 ± 1.30 × 10−16 M (Table 5.1).  This value is ~32-fold weaker than the 

zinc binding affinity for the “zinc-site” in wild-type Sod1 and over four orders of magnitude less 

than the affinity for Cu(I) at this site [16]. Notably, zinc loading into the active site was nearly 

saturated in the samples, with ~94% of the copper/active sites occupied with zinc (measured by 

ICP-MS after metal reconstitution and exhaustive washing and listed in Table 5.1). 
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Table 5.1. Zn(II) dissociation constants and occupancies for fALS-Sod1 mutants.  

 

 We then formed a complex between H80R Sod1 (hSod1) and yeast Ccs (yCcs). If human 

Ccs was used here, the result would be an average of the Sod1 zinc affinity and the Ccs zinc 

affinity. Therefore, we utilized the yeast form of Ccs, which does not bind zinc, but is a structural 

and functional homologue of human Ccs that binds and promotes Sod1 maturation in a nearly 

indistinguishable manner [10]. The H80R•yCcs complex was purified and then loaded with zinc 

under the same conditions as the noncomplexed sample described above. The zinc occupancy was 

a mere 37% and the KD for zinc was measured to be 7.72 ± 1.90 × 10−16 M (Table 5.1). Ccs binding 

weakens the affinity of the copper/active site held zinc by nearly 3-fold, while dramatically 

decreasing the total amount of zinc loading into the copper/active site by ~60%. These results 

suggest that Ccs interaction promotes “site-specific” zinc binding in Sod1 by discouraging mis-

metallated zinc binding in the copper/active site [16]. 

 

 

Immature hSod1 KD (M) Zn(II) Occupancy 

A4V 

H80R 

G85R 

G93A 

1.91 ± 0.56 × 10−16 

1.11 ± 0.53 × 10−16 

49% 

94% 

36% 

20% 

hSod1 in complex with yCcs Fold-Change to measured KD  

A4V ~2-fold weaker 78% 
H80R 2-3-fold weaker 37% 
G85R No Significant change 84% 

G93A No Significant change 73% 

Mature hSod1 Fold-Change to measured KD  

A4V 
G85R 
G93A 

~9-fold weaker 
No Significant change 

~3-fold stronger 

~100% 
~100% 
~100% 
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Ccs Has Little to No Effect on Zinc Affinity in G93A and G85R Mutations of Sod1 

 The G93A and G85R mutations are both located on β-strands, but at very different 

locations within the Sod1 β-barrel. G93 is located at a seemingly innocuous position near a loop 

between strands 5 and 6 and is commonly termed a “wild-type-like mutant” (WTL). G85, on the 

other hand, is located near the “zinc-loop” that contains all of the zinc-coordinating residues and 

is grouped as a “metal-binding region mutant” (MBR) [36]. The zinc affinity of immature G93A 

was determined to be 2.01 ± 0.19 × 10−16 M. The G93A hSod1•yCcs complex zinc affinity was 

measured 1.36 ± 0.579 × 10−16 M. Unlike the H80R mutation, G93A Sod1 can accept copper at 

the copper site and become fully mature. Therefore, its zinc affinity when fully mature (Cu,Zn-

G93ASS) was determined to be 6.09 ± 0.01 × 10−17 M (Table 5.1). 

 The zinc affinity of immature G85R was 1.11 ± 0.53 × 10−16 M. The G85R hSod1•yCcs 

complex was measured as 3.47 ± 4.10 × 10−16 M. Finally, the mature G85R (Cu,Zn-G85ASS) zinc 

affinity was determined to be 3.24 ± 1.18 × 10−16 M (Table 5.1). Ccs binding to G93A and G85R 

could not promote zinc affinity to the levels of wt-Sod1. However, the zinc occupancy of both 

Sod1 mutants increased upon Ccs binding (Table 5.1). All proteins were loaded and extensively 

washed under the same conditions, then checked for the percentage of zinc bound by ICP-MS. 

G93A was found to be ~20% loaded, but when bound to Ccs this increased to 73%. Similarly, 

G85R was 36% loaded when alone and 84% loaded when complexed with Ccs. Zinc binding never 

exceeded a 1:1 ratio for these mutants, ensuring that extraneous zinc-binding in the copper site is 

not occurring. Zinc binding will always preferentially bind to an accessible zinc-site due to the 

several orders of magnitude difference in affinity over the copper site (demonstrated here) and 

shown in previous structural and biochemical analysis of these mutants, along with A4V, isolated 
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from yeast and reconstituted with metals [28,36]. This suggests that Ccs is providing a beneficial 

effect on the kinetics of zinc binding by these mutants, although it cannot strengthen their 

decreased affinities. 

A4V Shows Decreased Zinc Affinity with Each Step of Maturation 

 Similar to G93A and G85R described above, the A4V mutation affects the stability of the 

β-barrel in Sod1. In a correlated manner, A4V Sod1 also behaves similarly to G93A Sod1 and 

G85R Sod1 when acquiring zinc. Alone, A4V Sod1 bound zinc at 49% when immature; this 

increased to 78% when bound by Ccs (both measurements taken after reconstitution and washing). 

However, when looking at zinc affinity, the A4V mutation sharply contrasts what has been 

observed for other mutants. The dissociation constant of immature A4V was determined to be 1.91 

± 0.56 × 10−16 M for zinc, A4V hSod1•yCcs had an affinity of 3.39 ± 1.04 × 10−16 M, and fully 

mature A4V (Cu,Zn-A4VSS) was 1.68 ± 0.10 × 10−15 M (Table 5.1). This shows a decrease in zinc 

affinity with each incremental step toward maturation. This pattern suggests that the A4V mutation 

has an inhibitory effect on Sod1 maturation. 

Ccs Binding Prevents “wild-Type-Like” Sod1 mutant Oligomerization and Insoluble Aggregation 

in Vitro 

 It has previously been reported that A4V and G93A mutations in Sod1 are significantly 

less stable than wild-type in their immature forms [43]. This same trend does not carry over to 

many members of the metal-binding region mutants like H80R and G85R. We confirmed early on 

that, particularly in their disulfide-reduced forms, these two mutations were prone to 

oligomerization and aggregation within a week after purification, whereas H80R and G85R (and 

wild-type) Sod1 can remain stable for weeks (Figure 4, panel A, top gel and panel B). Conversely, 
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the A4V and G93A mutations became much less prone to these oligomerization events while in 

stable complex with an apo (e.g., copper-free) form of Ccs when held under the same conditions 

and over the same time period (Figure 5.4, panel A, bottom gel). The use of apo-Ccs is essential 

to ensure that Ccs cannot perform its activating functions on Sod1 and the interaction is stalled. 

Ccs confers stability to fALS-Sod1 mutants simply through stable interaction. 

Fig 5.4. Stabilization of fALS-Sod1 mutants by Ccs. The top gel in panel A (the left two gels) 

compares the stability of two WTL mutants with the metal-binding-region mutant H80R (and 

G85R in panel B (right gel), lane 1), after 4 days at 4 ◦C. The WTL mutants are highly oligomerized 

(A4V and G93A lanes) as compared to the two MBR mutants. The bottom gel in panel A shows 

that the same WTL proteins are protected from severe oligomerization if incubated as a complex 

with an apo (metal-free) form of Ccs. The complexes shown here are between human Sod1 and 

human Ccs. 

 

Discussion 

 Aberrant zinc binding of fALS-Sod1 mutants has been a topic of much speculation, but 

little direct evidence for this notion has been provided by the field. In previous work, we showed 

that wt-Sod1 binds zinc with a very tight affinity compared to other known zinc binding proteins 
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and that interaction Ccs stabilizes site-specific zinc binding by immature Sod1 [16]. To further this 

work, we have examined how a set of pathogenic fALS mutations directly affect zinc binding by 

Sod1 and whether or not Ccs interaction can promote high-affinity site-specific zinc binding as 

observed for the wild-type form of Sod1. 

 We first wanted to ensure that the cross section of fALS-Sod1 mutants examined could 

bind Ccs with a similar affinity to the wild-type version of Sod1. All of the fALS mutants tested 

showed very comparable Ccs binding affinities to what we have previously reported for wild-type 

Sod1 (KDs in the low nano-molar range) [13,16]. However, it would be expected that fALS 

mutations that occur at the Sod1•Ccs dimeric interface would likely hinder or even eliminate 

binding, thus preventing any and all Ccs action. 

 The human form of Ccs is known to bind zinc at its “Sod1-like” domain 2 and contains 

matching residues at the same sites as the zinc-binding residues in Sod1 [44]. Yeast and other 

lower eukaryotic forms of Ccs do not contain a complete zinc binding site [12]. Interestingly, Ccs 

binds zinc with a 100-fold stronger affinity than fully mature wild-type Sod1. It is possible that 

the adjacent copper-binding domains (D1 and D3) of Ccs, which are not present in Sod1, may play 

an indirect role in stabilizing zinc-binding in D2. This also argues against Ccs directly supplying 

zinc to immature Sod1 as metallo-chaperones have been shown to function by simply following 

an affinity gradient of binding sites between chaperone and target protein binding sites [45]. 

 The fALS-Sod1 mutant H80R does not bind zinc in the canonical zinc site. It does, 

however, bind zinc in the copper/active site as observed in the crystal structure (PDB: 3QQD) [38]. 

We use this mutant to examine the zinc affinity in the copper/active site as this and other forms of 

zinc mis-metallation have been noted in fALS samples [33]. Zinc binding at this site is 
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considerably weaker than the canonical zinc-binding site on Sod1 and Ccs binding further 

decreased the affinity and occupancy of zinc at this site. This strongly suggests a role for Ccs in 

guiding proper zinc coordination by Sod1 during the maturation process. 

 G93A and G85R Sod1 are both β-barrel mutations that are relatively close in sequence, but 

locations with regard to the zinc-binding site are quite different [28,36]. The G93A mutant 

structure (PDB: 3GZO) is nearly identical to that of wild-type Sod1 (PDB: 1PU0), from β-barrel 

conformation, loop placement and metal occupancies. The protein in this crystal structure comes 

from a small fraction of the total protein has undergone Ccs-mediated maturation and likely 

misrepresents the majority of the G93A protein expressed in the yeast cells. For instance, it is 

known that immature G93A (E,E-G93ASH) is severely destabilized as compared to wt-Sod1 

(common for most WTL fALS mutants) and it is very likely that a large portion of this protein 

does not reach maturity [20]. The G85R mutant, on the other hand, is proximal to the zinc 

coordinating residues and zinc loop on Sod1. The crystal structures of G85R (PDBs: 3CQP, 3CQQ, 

2VR6-8) display decreased metal occupancy, mis-metallation (zinc in copper site) and disordered 

loop elements. G85R and many other MBR mutants are quite stable in their immature forms, unlike 

that of the WTL β-barrel mutants, yet cannot bind metals effectively [36]. Though biophysically 

very different, both mutants showed a decreased zinc affinity at all stages of maturation when 

compared to wild-type Sod1 and direct interaction with Ccs was unable to significantly rescue 

their zinc affinity. However, stable interaction with Ccs did dramatically improve the overall 

stability and resistance to oligomerization/aggregation for G93A (Figure 5.4). 

 A4V is another a β-barrel mutation (located near the Sod1 homodimeric interface) that 

causes one of the most severe and rapidly progressing forms of fALS [31]. The A4V mutation is 
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not located near the “zinc loop” and does not directly affect its orientation. In fact, the crystal 

structure of A4V is almost identical to wt-Sod1, with only minor changes throughout the structure 

(PDB: 1UXM). However, this mutation showed a decreased affinity for zinc that actually worsens 

with each step of maturation, in direct contradiction to that of wt-Sod1 (Table 1). It has been 

previously speculated that the conformation of the A4V zinc loop when copper is bound might 

lower its affinity for zinc, and this data provides further evidence for this idea [46]. Stable 

interaction with Ccs further weakened the zinc affinity of A4V, but as with G93A, Ccs binding 

repressed oligomerization events (Figure 5.4). This mutation seems to actively impede each 

maturation step, which may serve to increase the time needed to reach full maturity. It is interesting 

to consider if these unique characteristics of the A4V mutant contribute to how such a seemingly 

innocuous mutation leads to the rapid disease progression suffered by patients. fALS-Sod1 mutants 

have been closely examined and compared by researchers for decades [20,28,37,46–49]. The 

mutants examined here were chosen because they are all commonly studied, well-characterized 

and represent a broad cross-section within the large pool of pathogenic mutants [28,36,37]. We 

show that the zinc-binding affinities for each mutant are consistently worse than what is observed 

in wt-Sod1, but the magnitude and pattern of these differences vary by mutation (Table 5.1). We 

also show that the zinc occupancy levels are decreased, likely due to varying fractions of these 

proteins existing as misfolded/off-pathway states commonly observed for these fALS mutants 

(reviewed in [27,49]). For each fALS-Sod1 mutant possessing a complete zinc-binding site, Ccs 

binding increased overall zinc occupancy. However, unlike wt-Sod1, zinc binding affinity actually 

decreased. Ccs binding to immature wt-Sod1 induces a conformation of the disulfide/zinc loop 

region that promotes high-affinity site-specific zinc binding [10]. Subsequent copper delivery and 
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disulfide bond formation complete Sod1 maturation and secures zinc coordination in a nearly 

irreversible manner. Mature wt-Sod1 (Cu,Zn-Sod1SS) is stable and active under very harsh 

conditions (e.g., incubation with high concentrations of denaturant and the strong metal ion 

chelator EDTA) [50–52]. This supports the idea, recently described by us and others, that Ccs 

functions in a molecular-chaperone-like manner where binding alone induces a more stable 

conformation of Sod1 [10,16,48,53]. This simply may not be true for fALS-Sod1 mutants. The 

inability of Ccs to improve zinc binding status of examined fALS mutants to the levels of the wild-

type form provides another point of evidence that the link between the diverse pool of fALS-Sod1 

mutants may be an inability to fully complete transaction with Ccs (Figure 5.5) and [8,27,53]. The 

argument against this idea has been that Ccs KO mice do not show ALS-like symptoms [54] and 

Ccs overexpression in mice expressing pathogenic forms of Sod1 actually have earlier 

symptomatic onset [34]. These data seem to contradict a role for Ccs in fALS pathology. For the 

former, it is important to note that only a small fraction of Sod1 activity is needed for normal 

cellular function and the Ccs-independent pathway for Sod1 maturation (found in mammals) can 

take care of this need. Additionally, the wild-type form of Sod1 is not prone to aggregation in any 

form [15]. Furthermore, an overabundance of Ccs (overexpression) in the presence of fALS-Sod1 

likely exacerbates the problem by forming nonproductive complexes with Sod1 mutants, as 

previously described [8,10]. The Ccs protein is then likely pulled into the Sod1 laden toxic 

oligomers. A role for Ccs in Sod1 zinc acquisition is gaining momentum and the concept that 
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fALS-Sod1 mutations deter this function serves to highlight the multifaceted nature of Ccs 

function and a potential role in fALS-Sod1 pathology. 

Fig 5.5. A model for fALS-Sod1 mutations blocking Ccs-mediated Sod1 maturation. In this 

maturation cycle Sod1 is colored green with the conserved loops colored orange and purple (same 

as Figure 1). The Ccs molecule is colored by its three domains (D1—light blue, D2—white and 

D3—red). The copper ions are shown as blue circles and zinc are orange circles. The cycle 

normally begins as Ccs acquires copper from the cell which stabilizes D3 and homo-dimerization. 

Recognition and binding to a completely immature (E,E-Sod1SH) Sod1 molecule induces site-

specific zinc binding in Sod1 followed by Ccs-directed copper delivery and disulfide bond 

formation. This latter event keys separation of the Sod1•Ccs heterodimer. The mature Sod1 

monomer is now free to find another mature Sod1 monomer to form a highly stable Sod1 

homodimer that is now a fully active enzyme. The apo-Ccs molecule can now bind another copper 

ion and enter the maturation cycle again. There are at least five sites within this Ccs-mediated 

maturation cycle that can be disrupted by fALS mutations and these sites can be populated by a 

nearly comprehensive list of potential fALS mutant proteins. For example, immature destabilized 

mutants include L126Z, interaction mutants include I113T, delivery mutants include H80R, stalled 

complex mutants include C146S, and mature destabilized mutants include A4V, G85R, and G93A. 

 

 Lastly, a large percentage of known fALS-Sod1 mutants can be easily divided into groups 

that would hinder specific points in the Ccs-mediated Sod1 maturation cycle (Figure 5.5) and [27]. 

First, mutants destabilized in their immature state include A4V, G37R, G93A, I113T, L126Z and 

numerous other WTL mutants.  Many of these proteins can reach a full maturity when bound and 

activated by Ccs, but since Ccs is highly outnumbered by Sod1 in vivo, it is likely that many of 
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these proteins begin the oligomerization/aggregation process before Ccs can do its job. Mutations 

that preclude direct interaction with Ccs (ex., T54R, I113T, G114A, T116R to name a select few) 

may be stable in their immature state, but the majority will not ever reach full maturity, since stable 

Ccs interaction  is required for Ccs-mediated maturation, leading to the buildup of immature 

conformers. Many mutations that directly affect copper binding or delivery have been shown to 

have stability similar to that of wild-type Sod1 in their immature states [55]. However, these MBR 

mutants cannot reach maturity due to direct alteration of the metal binding sites in Sod1 (ex., 

H46R, H48Q, D124V, H80R and many others). Over time this population of immature Sod1 

molecules will likely induce pathological effects in the cell. fALS-Sod1 mutations that prevent 

complete Sod1 maturation produce “stalled complexes” with Ccs where dissociation of the 

heterodimer does not readily occur. This will include a wide swath of mutants including additional 

mutants not mentioned in previous groups (ex., C57R, C146R, G85R, and many others in the 

conserved disulfide loop region). Lastly, there are a group of mutants that can reach maturity, but 

are severely destabilized in this conformation (ex., A4V, L38V, L84V, G93R and many others) 

[55]. There is a small fraction of mutants that have characteristics at each step of maturity and 

activity levels almost identical to wild-type Sod1. Interestingly, some of these mutants happen to 

fall in established aggregation-forming segments on the Sod1 surface [56]. 

 In conclusion, this work provides new insight into zinc binding by fALS-Sod1 mutants and 

the role of Ccs in Sod1 zinc acquisition. Each of the examined fALS mutants possess a decreased 

zinc affinity (as compared with wt-Sod1) that could not be rescued by Ccs binding. These novel 

properties have been acquired via pathogenic fALS mutation and suggest that a role for zinc 

acquisition in the fALS phenotype deserves closer examination. 
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Materials and Methods 

 Yeast extract, tryptone, NaCl, BisTris, Tris-base, glycine, β-mercaptoethanol (BME), agar, 

ammonium persulfate, sodium acetate, acetic acid, EDTA, and TEMED were purchased from 

Thermo Fisher Scientific (Hampton, NH, USA). DTT, isopropyl 1-thio–d-galactopyranoside, and 

tris(2-carboxyethyl)phosphine (TCEP) were purchased from GoldBio (St. Louis, MO, USA). 

Imidazole, Zn2SO4, and Cu(II)2SO4, imidazole, monobasic and dibasic sodium phosphate,  and  

acetonitrile were purchased from Sigma-Aldrich (St. Louis, MO, USA). Trichloroethanol was 

purchased from Acros Organics. Primers for mutagenesis were purchased from Sigma-Aldrich, 

and the Phusion site-directed mutagenesis kit was from Thermo Fisher Scientific. TPEN was 

purchased from Tocris Bioscience (Bristol, United Kingdom). Alexa-488 fluorescent dye for 

labeling was purchased from Life Technologies (Carlsbad, CA, USA). Bacterial strains used were 

DH5alpha (Invitrogen, St. Louis, MO, USA), BL21 pLysS (DE3) E. coli (Promega, Madison, WI, 

USA), and XL1-Blue (Stratagene, St. Louis, MO, USA). Chromatography columns were 

purchased from GE Healthcare (Marlborough, MA, USA). 

Sod1 and Ccs Cloning, Expression and Purification 

 DNA fragments encoding yCcs1 were generated by PCR from plasmids originally supplied 

by J. S. Valentine (UCLA). Both yeast Ccs and human Ccs constructs were cloned into a pkA8H 

vector that contains both contain an inducible LacZ promoter, an 8x-Nterminal His-tag, and a 

tobacco etch virus (TEV) protease cleavage site and gifted from the Hart lab (UTHSCSA, San 

Antonio, TX, USA). The A4V and G93A human Sod1 clones were also gifted from the Hart lab. 

Site specific amino acid changes in Sod1 were done via quick-change mutagenesis to generate 

G85R and H80R mutants.  Sod1 and Ccs1 proteins were expressed in Escherichia coli BL21 (DE3) 
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pLysS. Cells containing these expression plasmids were grown in LB media at 37 °C to an OD600 

of 0.6 to 0.8. After induction with IPTG, the cells were transferred to 37 °C for an additional 4 

hours before being harvested. Overexpressed proteins were purified using a HisTrap HP Ni2+ 

affinity column purchased from GE. After purification, the 8x-His-tag was removed from the 

proteins using TEV protease produced in-house and engineered to contain its own non-cleavable 

8X-His-tag. After digestion, the cleaved His-tag and TEV protease are removed from the sample 

by a final pass through the nickel column. This procedure leaves a two residue (Gly-His) extension 

on the N-terminus of the purified protein. Sod1•Ccs complexes were purified by size exclusion 

chromatography. The metal content of purified proteins and protein complexes was determined 

using inductively-coupled plasma mass spectrometry (ICP-MS), here at UTD (Richardson, TX, 

USA). Samples for ICP-MS were digested with 1% HNO3 for analysis. 

Labeling of Sod1 with Fluorescent Labels 

 The Alexa-488 C5-maleimide dyes (Invitrogen) was mixed at a 1:1 ration with purified 

apo-C146S Sod1 mutants in a buffer containing 20 mM Tris pH 7.4, 300 mM NaCl and 1 mM 

TCEP. The mixture incubated in the dark at 4 ◦C overnight. The micromolar concentration of the 

protein is kept low to avoid aggregation events. The following morning, the protein was 

concentrated in spin concentrators to lower the total volume and remove some of the excess dye. 

The sample was loaded onto a Superdex 200 SEC column from GE. The column was wrapped in 

foil to keep the sample in the dark during the separation. The sample was fractionated and then run 

on SDS-PAGE. The excess dye elutes near the bed volume of the column. 
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Microplate-Based Binding Assays 

 The preparation and completion of the binding assays were performed as detailed in 

previous work (13). Binding experiments were done with a reaction buffer containing 20 mM Tris, 

pH 7.5, 150 mM NaCl, and 1 mM TCEP. The plates were imaged using a GE Typhoon FLA 9500 

(UTD, Richardson, TX, USA) scanner using filters specific for the fluorophore’s 488 nm 

excitation. The binding experiments were completed in replicative quadruplicate on the same plate 

for comparative and statistical analysis. The fluorescence change was then quantified using Image-

Quant TL (UTD, Richardson, TX, USA) and then analyzed, and figures were constructed using 

GraphPad Prism. 

Measuring Zn Affinity of Sod1 Mutants, Sod1 Mutants in Complex with Ccs, and Mature Sod1 

Mutants by Equilibrium Dialysis 

 Proteins and protein complexes were loaded with zinc and washed repeatedly with metal-

free buffer to remove any unbound zinc. Complexes were formed using human Sod1 mutants and 

yeast Ccs, as it does not bind zinc and will not affect affinity calculations. ICP-MS was performed 

on samples to determine the protein-Zn concentration.  Zn-binding affinity experiments were 

performed at pH 7.4 using a Bel-Art in-line equilibrium cell (1 mL). The dialysis membrane was 

treated with EDTA and boiled to remove any metal and sulfide contaminants. One side of the 

chamber for each reaction was filled with a solution of TPEN at 100 µM. The other side contained 

10 µM protein–Zn complex and 100 µM TPEN. Excess Sod1 protein that was unbound is 

considered unable to bind zinc. The zinc-exchange reaction proceeded at room temperature 

overnight under agitation. ICP-MS was used to analyze the Zn concentrations on both sides. The 

KD for TPEN at pH 7.4 has previously been determined to be 2.6 × 10−16 M [16]. We used this 
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value to determine Zn affinity values. All samples were analyzed in triplicate and from multiple 

preparations to provide meaningful statistical analysis. Experiments were performed under aerobic 

conditions and the disulfide bond status was not directly examined in all cases. 

Protein Degradation Assay 

 Purified ALS-Sod1 protein samples were kept at 4 °C for 4 days, then run on a 14% SDS-

PAGE gel and visualized with Coomassie stain. ALS-Sod1•Ccs complex samples were kept at 4 

°C for 4 days then run on a 14% SDS-PAGE gel and visualized with Coomassie stain. 
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CHAPTER 6 

CHARACTERIZATION OF THE ONLY KNOWN DISEASE-ASSOCIATED CCS 

MUTATION 

 

Abstract 

 Superoxide dismutase 1 (Sod1) is an antioxidant enzyme that requires a specific copper 

chaperone (Ccs) to become active. Sod1 is associated with many neurological diseases, most 

notably amyotrophic lateral sclerosis (ALS), but Ccs is not understood to directly cause disease. 

One mutation in Ccs, R163W, has been identified to potentially cause disease, which warrants 

further investigation. This study biochemically characterizes R163W Ccs metal affinities, 

determining the Sod1 affinity, and revealing the presence of a novel copper-binding site in domain 

2. Previous efforts to characterize this mutant observed that it has an increased propensity for 

degradation, which we show can be rescued by the deletion of R163W Ccs domain 3. Finally, we 

examine the functionality of R163W Ccs and some explanations for why its aberrant and disease-

associated behavior may be occurring. 

Introduction 

 The antioxidant Sod1 is a perfect enzyme catalyzing the dismutation of reactive oxygen 

species (ROS) to water and hydrogen peroxide (1). It is highly expressed and shows strong activity, 

and so was one of the first enzymes identified and characterized (2). It is known that a wide variety 

of mutations in Sod1 lead to ALS, a neurodegenerative disease affecting motor neurons which 

results in paralysis and death (3). Sod1 is created in an immature state, where it lacks metal 

cofactors (apo-Sod1), and must be activated by its copper chaperone, Ccs, which delivers copper 
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and forms a disulfide bond (4). Maturation also requires Sod1 to bind a zinc ion, which Ccs assists 

with by stabilizing Sod1 in a conformation that encourages zinc binding (5). 

 Ccs has 3 domains, each of which contain a metal binding site (6). Domain 1 and 3 each 

have a copper-binding motif and provide the copper chaperone function that Ccs is named for (7). 

These domains bind a single copper ion tightly between their two copper motifs to prevent 

unwanted and damaging copper reactions from occurring within the cell (8). Domain 2 is similar 

in structure to Sod1 and has a homologous zinc binding site (9). Ccs binds zinc more tightly than 

Sod1 due to all 3 domains interacting to help strengthen the zinc affinity in domain 2 (Chapter 4). 

Domain 2 is also the location of the binding interface where Sod1 docks with Ccs during the 

maturation process (10). 

 Because of the strong association between Ccs and Sod1, Ccs has previously been 

examined as a possible cause for some forms of ALS where a mutation in Sod1 is not found (11). 

Removal of Ccs from human cell lines has little effect, as the cells are able to maintain viable 

levels of Sod1 activity (20-25%) even without Ccs (12). Deletion of Ccs from mouse models has 

a more severe effect, causing neurological development and muscular problems thought to be 

caused by high levels of ROS within those cell types. However, this does not result in motor neuron 

degeneration or other ALS symptoms in these animals (13). The prevailing theory has been that 

ALS is caused by some function inherent to Sod1 and Ccs is simply a bystander to the toxic effect 

of Sod1 (14). 

 A mutation in Ccs was discovered that somewhat questions this view (15). A single patient 

from a consanguineous relationship was being studied for several neurological problems. The 

patient had several known rare mutations that caused multiple neurological diseases to manifest 
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symptoms in the central nervous system, but also experienced symptoms associated with ALS. As 

a genetic sequence was available, it was checked for any mutations known to cause ALS and the 

patient was found to have none. However, both Ccs genes had the same point mutation, R163W, 

making the patient homozygous for this Ccs mutant. This mutation was thought to be a possible 

source for the ALS-like symptoms for the same reasons that Ccs had previously been considered 

a possible source for ALS. 

 Two groups have now done biochemical assays of R163W Ccs (15, 16). The mutant Ccs 

has been found to be less stable overall, showing a propensity for aggregation that is not seen in 

wild-type Ccs. This caused it to form aggregated protein bundles in cells, which mimics the 

aggregation function of ALS-mutants of Sod1. One proposed explanation for this loss of stability 

was the loss of a zinc binding function in domain 2, despite the fact that the R163W mutation does 

not occur within the putative zinc binding site. Here, we will continue the biochemical analysis of 

R163W Ccs and test some of the proposed reasons for its disfunction. 

Materials and Methods 

Expression of mutant Ccs 

 Original constructs of Ccs for bacterial expression were gifts from the lab of Dr. John Hart. 

Mutations were generated using a Site-directed mutagenesis kit from Promega. Constructs were 

transformed into competent E. coli and grown at 37°C to an OD600 of 0.6-0.8. Expression was 

induced with isopropyl 1-thio-β-D-galactopyranoside (1 mM). Cells were harvested, lysed, and 

purified on an AKTA Pure with a HisTrap Ni column. Buffer A contained 20 mM Tris, pH 8.0, 

300 mM NaCl, 2 mM dithiothreitol. The N-terminal His tag was removed by cleavage with tobacco 

etch virus protease. 
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Zinc affinity 

 Zinc affinity was assayed with 4-(2-pyridylazo)resorcinol (PAR), which removed all zinc 

added to the protein. Zinc was then incubated with R163W Ccs for 20 minutes at room temperature 

and the protein was buffer exchanged to a metal-free buffer. Induced coupled plasma mass 

spectroscopy (ICP-MS) showed that no zinc remained in the protein sample and all zinc was 

accounted for in the buffer. Based on this, we concluded that zinc did not even weakly bind to 

exposed residues. All affinity assays were conducted in 50 mM Tris, pH 7.4, 150 mM NaCl, 0.5 

mM Tris(2-carboxyethyl)phosphine (TCEP). 

Copper affinity 

 Cu(I) was incubated in a 1:1, 1:2, and 1:3 protein:copper ratio anaerobically. Unbound 

copper was removed by buffer exchange to a metal-free buffer and bound copper was measured 

by ICP-MS. Affinity assays were conducted in 50 mM Tris, pH 7.4, 150 mM NaCl, 0.5 mM TCEP. 

Samples were made oxygen-free with at least three vacuum/nitrogen cycles on a Schlenk line. 

Cu(I)-CCS samples (20 μM, pH 7.4) were reacted with 1 mM Bathocuproinedisulfonic acid (BCS) 

and incubated for 15 h. The absorbance of the (Cu(I)L2)3- complex formed was then measured 

using Cary 300 UV-visible spectrophotometer (Agilent) at 483 nm for L = BCS (ε = 13,000 M-1 

cm-1). Calculations were done as previously described. (17) 

Activation assays 

  Bacterially expressed Sod1 was stripped of metals and disulfide reduced by incubation 

overnight at 4°C in a 100 mM acetic acid, pH 3.8, 10 mM Ethylenediaminetetraacetic acid 

(EDTA), 10 mM TCEP buffer, followed by incubation overnight at 4°C in a 100 mM sodium 

acetate, pH 5.5, 150 mM NaCl buffer that was treated to remove free metals. The metal-free Sod1 
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(apo-Sod1) was then buffer exchanged to a 50 mM Tris, pH 7.6, 150 mM NaCl, 0.5 mM TCEP, 

200 μM BCS buffer for experiments. During activation assays, Ccs was incubated with Sod1 in a 

5:1 ratio to ensure maximum activation was achieved. Reactions were incubated at room 

temperature in atmospheric oxygen for 20 minutes. After this, 5% glycerol was added and an equal 

amount of each reaction was loaded onto a metal-free non-reducing PAGE gel and run in a metal-

free buffer. The gel was then incubated in a mixture of riboflavin and nitro blue tetrazolium in the 

dark for 15 minutes, then transferred to a 0.01% Tetramethylethylenediamine (TEMED) solution 

and incubated for another 15 minutes in the dark. Finally, the gel was exposed to light and 

developed and images were taken on a ChemiDoc. Band intensities were compared to determine 

qualitative activation strength. For assays requiring Zn-free Ccs, bacterially expressed and purified 

Ccs was incubated overnight at 4°C in a 50 mM Tris, pH 7.5, 10 mM EDTA, 150 mM NaCl, 10 

mM TCEP buffer. Amount of zinc bound was confirmed by ICP-MS. 

Results 

Zinc binding is lost, but Sod1 binding is not 

 The R163W mutation affects domain 2 of Ccs, which contains both the zinc binding region 

and the Sod1 binding interface. It was previously reported that R163W has lost all affinity for zinc, 

despite the mutation not affecting any of the zinc binding residues. We therefore checked to 

confirm that the zinc binding ability has been lost and to see if this interfered with Sod1 binding. 

  R163W Ccs was completely unable to bind zinc. Any zinc chelator tried was able to 

completely remove zinc from the sample. Even buffer exchange to a zinc-free buffer was sufficient 

to remove all zinc. To all appearances, the R163W mutation heavily affects the zinc binding region, 

despite not being present in it. 
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 Sod1 binding was weakened by the R163W mutation. R163W Ccs has an affinity for Sod1 

at 237.3 ± 22.4 nM. This compares to our previously reported affinity of wild-type Ccs for Sod1 

at 136.0 ± 11.0 nM. While still a strong association, it is approximately twice as weak as the 

association with wild-type Ccs. It was previously observed that Sod1 does not bind to R163W Ccs 

(16), however this assay was done with full-length R163W Ccs over several hours. We found that 

R163W Ccs rapidly degrades, even at 4°C, and the degradation prevents interaction with Sod1. 

A novel copper binding site 

 R163W Ccs was found to bind copper with a similar affinity to wild-type Ccs. However, 

wild-type Ccs binds copper in a 1:1 ratio despite having two copper binding sites unless heavily 

overloaded in vitro. When loaded in a protein:copper ratio of 1:2 or 1:3, R163W Ccs was found to 

have 1.1-1.3 copper ions bound per monomer of protein, which indicates a mixed population 

binding either 1 or 2 copper ions. R163W Ccs has a copper affinity of 2.28 ± 0.85 x 10-19 M, 

showing no significant decrease from wild-type Ccs. Mutations made to the copper binding region 

in domain 1 or in domain 3 still resulted in more than 1 copper bound. Mutations to stop binding 

at both copper sites resulted in 1 copper bound to some monomers. Deletion of domain 1 and 3 

still showed 18% of the monomers had copper bound. This indicates the presence of a new, 

aberrant copper site separate from the two putative sites on Ccs. 

R163W mutation causes loss of function specific to human Ccs 

 Since R163W Ccs is able to bind both Sod1 and copper, it meets the minimal requirements 

for activation of Sod1. However, this mutation completely abolishes Sod1 activation (Fig. 6.1 A). 

A mutation was made in the homologous residue of yeast Ccs, L165W, and it was found to still 

have full activity (Fig. 6.1 B). Therefore, this mutation does not cause a general destabilization 
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that leads to lack of activity but interferes with some specific part of human Ccs necessary for 

Sod1 activation. 

Fig 6.1. Activation of Sod1 by R163W Ccs and a homologous mutant. A) Activity assay of R163W 

Ccs showing an inability to activate Sod1. Lane 1: apo-Sod1, Lane 2: apo-Sod1 + apo-R163W 

Ccs, Lane 3: apo-Sod1 + Cu(I)-R163W Ccs, Lane 4: apo-Sod1 + Cu(I) Ccs. B) A homologous 

mutation was made in the functionally similar yeast Ccs. Lane 1: apo-Sod1, Lane 2: apo-Sod1 + 

apo-L165W, Lane 3: apo-Sod1 + Cu(I) L165W, Lane 4: apo-Sod1 + Cu(I) Ccs. 

 

Loss of function not due to loss of zinc 

 A logical conclusion might be that the absence of zinc renders Ccs completely unable to 

activate Sod1, as this function has been obviously stopped by the R163W mutation. To test this, 

wild-type Ccs was stripped of zinc and an activation assay was performed on wild-type Sod1 that 

was previously loaded with zinc (Fig. 6.2). This assay was done in a buffer with 200 μM of the 

zinc chelator PAR to ensure that no free zinc was present and Ccs remained zinc-free. Ccs lacking 

zinc and Ccs with zinc bound were equally able to activate Sod1, showing that the absence of zinc 

alone is insufficient to abolish Sod1 activation by Ccs. 

A 

1 2 3 4 

B 

1 2 3 4 
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Fig 6.2. Activation of Sod1 with zinc-free Ccs. Lane 1: Zn-Sod1 + Cu(I) Zn-free Ccs, Lane 2: Zn-

Sod1, Lane 3: Zn-Sod1 + Cu(I) Ccs with zinc. Activity of Zn-free Ccs shows up more strongly 

than Zn-loaded Ccs due to a bright spot present in the gel and these two results should be viewed 

as the same level of activity. 

 

Rescue of degradation sensitivity with deletion of domain 3 

 Ccs is normally very stable, able to remain intact and active for days to weeks even at room 

temperature. In contrast, R163W Ccs begins degrading from the C-terminus within hours even 

when kept refrigerated. Deletion of domain 3 stabilizes this degradation, which suggests the 

exposure of some part of domain 3 that is normally protected. 

 

 

 

 

 

 

 

 

 

 

1 2 3 



 

140 

 

Figure 6.3. R163W Ccs has an increased rate of degradation, which is rescued by deleting domain 

3. This is a 14% SDS-PAGE gel imaged using a stain-free technique. Lane 1: molecular weight 

marker, Lane 2: wild-type Ccs, Lane 3: R163W Ccs, Lane 4: D3D R163W Ccs. This gel was run 

after allowing all three protein samples to sit at room temperature for an hour. 

 

Discussion 

     The R163W mutation to Ccs causes several changes to the overall function of the protein. The 

most apparent is the complete loss of zinc binding, in stark contrast to the extremely tight zinc 

binding in wild-type Ccs. (Chapter 4) Ccs binds zinc at four residues, none of which are affected 

directly by the R163W mutation. The complete loss of zinc binding immediately suggests a major 

disruption of domain 2. 

 Despite this, there is still a relatively tight interaction between Sod1 and R163W Ccs. The 

interface of Sod1 and Ccs encompasses a large portion of Ccs domain 2, so any major disruption 

1 2 3 4 
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of domain 2 structure or charge would be expected to weaken Sod1 binding more than what is 

observed. This disagrees with the idea that domain 2 is disrupted. 

 The copper affinity of R163W Ccs is similar to wild-type, indicating that loss of copper is 

not likely to be a reason for the disease association. Instead, a new copper binding activity not 

present in wild-type Ccs and having nothing to do with the putative copper binding sites has 

appeared in domain 2. This domain has abundant cysteine and histidine residues, which are the 

most common binding partners for metals. One candidate may be mis-metallation in the zinc 

binding site, which has 3 histidines and may be positioned abnormally due to the mutation. 

 In addition to the loss of zinc binding, R163W Ccs has also lost the ability to activate Sod1 

(Figure 6.1). There is no clear reason why activation of Sod1 is no longer possible, as Sod1 and 

copper can both be bound. A homologous mutation in yeast causes no issue in Sod1 activation, so 

the R163W mutation disrupts some function in human Ccs specifically. The disrupted function 

cannot be zinc binding alone, as this is not enough to stop Sod1 activation in wild-type Ccs. Indeed, 

it is very difficult to completely stop Sod1 activation. We have previously seen that multiple 

mutations must be made to the copper binding sites before activation will not proceed, despite the 

extreme necessity of copper for the maturation process. (Chapter 4) Therefore, some other part of 

Ccs must be affected besides the zinc binding region.  

 The increased sensitivity to degradation provides some hints to what the other affected 

region might be. R163W Ccs is much more degradation prone than wild-type Ccs unless domain 

3 is deleted. Without domain 3, it behaves similarly to wild-type Ccs. Since the mutation is in 

domain 2, and affects domain 2’s zinc binding function, one would expect that domain 2 would be 
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the destabilized region. Paradoxically, we see that domain 2 is stable, but domain 3 becomes 

unstable with this mutation. 

 This instability provides a clue why Sod1 activation is abolished in R163W Ccs. The ability 

of Sod1 to bind and the stability of domain 2 indicate that there is not a major structural change in 

this region. However, domain 3 has clearly been affected by the mutation, becoming much more 

unstable (Figure 6.3). This indicates a disruption of normal domain 3 interaction with the other 

two domains, which could explain the lack of Sod1 activation. Domain 3 is indicated to deliver 

copper to Sod1 and simultaneously form the disulfide bond, both required for Sod1 activation. 

This suggests a novel interaction between domain 3 and the rest of Ccs. Domain 3 is thought to be 

unstructured and open, however the increased sensitivity to degradation proves that some part of 

it must be protected in the wild-type. 
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