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 ABSTRACT 

Copper is an essential micronutrient that is used as a cofactor for enzymes 

involved in diverse cellular processes including mitochondrial respiration and iron 

transport. However, free copper is highly reactive and deleterious for cellular health. 

Therefore, conserved chaperones and transporters have evolved to carry out intracellular 

copper transport. Mutations in these proteins result in fatal human pathologies. Despite 

the importance of copper in cellular health and human disease, we currently do not know 

the factor(s) required for copper transport to mitochondria. Here, I utilized yeast 

genetics, biochemistry, and pharmacology to characterize genes and small molecules 

that impact copper transport to mitochondria. 

First, to identify novel genetic regulators of copper trafficking to mitochondria, I 

performed a genome-wide copper-sensitized screen using Saccharomyces cerevisiae 

deletion mutants. This screen identified many genes required for vacuolar biogenesis as 

putative regulators of mitochondrial copper homeostasis. Biochemical characterization 

of these mutants revealed that vacuolar acidity is critical for maintaining the levels of 

mitochondrial copper. I further show that the activity of cytochrome c oxidase (CcO), a 

mitochondrial cuproenzyme, could be synthetically controlled by altering vacuolar pH or 

by supplementing media with additional copper. Through this comprehensive genomic 

study, I identified several novel genetic regulators of mitochondrial copper homeostasis 

and uncovered a biochemical mechanism that link vacuolar pH to mitochondrial energy 

metabolism. 
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Second, I focused my attention on characterizing elesclomol (ES), an 

investigational anticancer drug, which was recently shown to deliver copper to 

mitochondrial CcO. Utilizing mass spectrometry and yeast sub-cellular fractionation, I 

showed that ES treatment leads to a striking increase in cellular and mitochondrial iron 

levels along with the expected increase in copper levels. I used yeast mutants of iron and 

copper transport to determine that ES-mediated increase in cellular iron is dependent on 

Fet3, a component of iron import machinery. Fet3 is a copper-containing oxidase that 

receives copper in the Golgi compartment. Thus, my work suggests that ES can transport 

copper to the Golgi lumen as well. Collectively, my work has identified novel regulators 

of mitochondrial copper levels and provided new insights on the application of ES for 

the disorders of copper and iron metabolism. 
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CHAPTER I  

INTRODUCTION  

 
 

Copper as an enzymatic cofactor 

Copper is an essential trace element found in all living organisms. It plays a vital 

role in many biochemical reactions by acting as a catalytic cofactor for evolutionarily 

conserved enzymes involved in diverse cellular processes such as the cell’s response to 

oxidative stress, iron import, and oxidative phosphorylation (Kim et al., 2008). As a 

redox-active metal, copper can accept or donate electrons, allowing it to exist in multiple 

oxidation states. This ability to undergo redox cycling makes copper a critical cofactor 

for many cuproenzymes as listed in Table 1.1 

Table 1.1 Common cuproenzymes 

Cuproenzyme  Function 

Cytochrome c oxidase  
Terminal enzyme of the mitochondrial respiratory chain. 

Catalyzes the reduction of O2 to H2O. 

Ferro-O2-oxidoreductase  
Plasma membrane localized multi-copper oxidase in yeast. 

Catalyzes the oxidation of Fe2+ to Fe3+ for cellular iron import. 

Superoxide dismutase 1 
Cytosolic copper-zinc superoxide dismutase. Catalyzes the 

conversion of O2
- to H2O2 and O2. 

Ceruloplasmin 
Multi-copper oxidase produced by liver. Catalyzes oxidation of 

Fe2+ to Fe3+ for its transport in the plasma. 

Hephaestin 
Multi-copper oxidase produced by the enterocytes. Catalyzes 

oxidation of Fe2+ to Fe3+ for its transport in the plasma. 

Lysyl oxidase 

An extracellular enzyme that is required for crosslinking 

collagen in the connective tissue. Catalyzes the conversion of 

lysine molecules into highly reactive aldehydes that form cross-

links in extracellular matrix proteins. 

Dopamine β-hydroxylase 
Neurotransmitter synthesizing enzyme in the brain. Catalyzes 

the conversion of dopamine to norepinephrine. 

Peptidylglycine α-

amidating mono 

oxygenase 

Biosynthesis of signaling peptides in the brain. Catalyzes the 

conversion of glycine amides to amides and glyoxylate.  

Tyrosinase 
Required for melanin biosynthesis in melanosomes. Catalyzes 

the oxidation of tyrosine to dopaquinone.  
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Copper as a toxic element 

Although the redox properties of copper are essential for its function as an 

enzymatic cofactor, these same properties make copper deleterious for cellular health. 

This is because unbound copper reacts with oxygen to generate reactive oxygen species 

(ROS), such as superoxide, hydrogen peroxide and hydroxyl radicals, as shown in Figure 

1.1 (Halliwell, 1992; Jomova et al., 2011). Additionally, the high binding affinity of 

copper to metalloproteins presents a challenge because many metalloproteins often 

imperfectly discriminate between different metal ions and copper can outcompete other 

metals including iron, zinc, etc. (Foster et al., 2014). To avoid mis-metalation, the 

natural abundance of cellular copper is maintained at very low levels. For example, in 

the yeast, Saccharomyces cerevisiae, copper abundance is approximately ten-fold lower 

than iron (Holmes-Hampton et al., 2012). The approximate concentration of free copper 

in the cytoplasm is predicted to be as low as 10–18 M, ~one molecule of free Cu+ per cell 

(Rae et al., 1999). Therefore, cellular copper pools must be tightly balanced to sustain a 

sufficient supply for metalation of cuproproteins, while minimizing its toxicity.  

AH2 + Cu (II) 

AH· + O2 

Cu(I) + O2 

Cu(II) + O2 
– 

Cu(I) + H2O2 

→ 

→ 

→ 

→ 

→ 

AH· + Cu(I) + H+ 

A + O2 
– + H+ 

Cu(II) + O2 
– 

Cu(I) + O2 

OH· + OH- + Cu(II) 

 

Figure 1.1 Copper-induced production of oxygen radicals 
AH2 represents any divalent reducing compound. 
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Import and subcellular distribution of copper  

Proteins involved in cellular import of copper and its subsequent transport to 

cuproenzymes in different intracellular compartments are conserved from yeast to 

humans (Figure 1.2 and Table 1.2). Most extracellular copper ions are in the form of 

cupric ions (Cu2+). These cupric ions are reduced into cuprous ions (Cu+) by plasma 

membrane reductases Fre1 and Fre2 in yeast (Dancis et al., 1990; Georgatsou and 

Alexandraki 1999; Yun et al. 2001), before their import by plasma membrane copper 

transporters, Ctr1 or Ctr3 (Dancis et al., 1994; Peña et al., 2000). These transporters 

selectively transfer copper to the cytoplasm, where copper is immediately bound to 

either a copper chaperone or to non-proteinaceous ligand(s) (Kim et al., 2008). 

Copper chaperones shuttle copper to various cuproenzymes present in different 

subcellular compartments (Figure 1.2). One such copper chaperone, Ccs1, can associate 

with the plasma membrane, where it directly interacts with Ctr1 to obtain newly 

imported Cu+ (Pope et al., 2013). Ccs1, then escorts Cu+ to copper-zinc superoxide 

dismutase, Sod1, in the cytoplasm (Lamb et al., 2000). Similarly, another cytosolic 

copper metallochaperone, Atx1, delivers copper to Ccc2, an ATP-dependent copper 

pump on the Golgi membrane (Fu et al., 1995; Lin and Culotta, 1995). Ccc2 and its 

human homologs, ATP7A and ATP7B, are essential for transporting copper into the 

lumen of the Golgi to facilitate the metalation of secretory pathway cuproenzymes. One 

such protein in yeast is Fet3, which is a multi-copper oxidase that gets metalated in the 

Golgi and is subsequently transported to the plasma membrane, where it is required for 

the import of extracellular iron. (Figure 1.2).  
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Figure 1.2 Copper trafficking in the yeast cell 
Extracellular copper is imported by the copper-transporter Ctr1. Copper is then immediately 

bound to copper chaperones or copper ligands for its delivery to the various cellular organelles. 

Ccs1 transports copper to cytosolic antioxidant protein, Sod1. Cytosolic Atx1 delivers copper to 

Golgi membrane localized Ccc2, which subsequently pumps copper into the Golgi lumen. 

Copper in the Golgi lumen is used to metalate secretory cuproenzymes such as Fet3. Copper is 

presumed to be transported to the mitochondria bound to an uncharacterized ligand (L). Copper 

enters mitochondrial matrix via Pic2. The insertion of copper into CcO is mediated by copper-

chaperones Sco1, Cox11 and Cox17 and disulfide reductases Coa6 and Sco2. Excess copper is 

either stored in the cytoplasm by Cup1, a metallothionein that serves to detoxify the cell from 

excessive cytosolic copper or is transported to the vacuole via an unknown mechanism. Stored 

vacuolar copper is released by Ctr2. 
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Excess copper ions are sequestered in either the vacuole or are bound to 

metallothioneins, such as Cup1 (Figure 1.2) (Hamer et al., 1985; Chatterjee et al., 2020; 

Blaby-Haas and Merchant, 2014). Metallothioneins are a family of low molecular weight 

proteins rich in cysteine residues, which facilitate copper binding via thiol groups (Fogel 

and Welch 1982; Winge et al., 1985; Calderone et al., 2005; Jensen et al., 1996). Copper 

ions are also stored in the vacuole; however, the mechanism by which copper is 

imported into the vacuole remains obscure (Blaby-Haas and Merchant, 2014). Vacuolar 

copper is proposed to be coordinated to polyphosphate (Nguyen et al., 2019). It is 

mobilized after reduction by Fre6 and then exported into the cytoplasm by Ctr2, a copper 

transporter present on the vacuolar membrane (Rees et al., 2004; Rees and Thiele, 2007). 

 

Copper transport to the mitochondria is not well understood. Due to dual 

localization of copper metallochaperone, Cox17, in cytoplasm and mitochondria, it was 

mistakenly labeled as a copper shuttle for the mitochondria (Robinson and Winge, 

2010). However, experiments showing continued transport of cytosolic copper to the 

mitochondria when Cox17 is tethered to the mitochondrial membrane argue against the 

role of Cox17 as a copper shuttle (Cobine et al., 2006). Crucially, import of cytosolic 

proteins into mitochondria occurs in the unfolded “apo” form, further ruling out Cox17 

as a candidate for copper courier to the mitochondria (Banci et al., 2009). According to 

the current model, copper enters the mitochondria bound to a non-proteinaceous ligand 

(Figure 1.2) (Cobine et al., 2004). This copper-ligand (Cu-L) is imported to the 

mitochondrial matrix via Pic2 (Vest et al., 2013; Vest et al., 2016). Indirect experimental 
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evidence suggests that this matrix localized Cu-L pool is used for both the metalation of 

CcO and a fraction of active Sod1 that localizes to the mitochondrial intermembrane  

space (Cobine et al., 2006). Once inside the mitochondria, copper is delivered to CcO 

subunits in a bucket-brigade fashion by the action of mitochondrial inter-membrane 

space localized copper metallochaperones – Cox17, Cox11, and Sco1 (Table 1.2). 

Table 1.2 Evolutionarily conserved copper transporting proteins 

 

Cytochrome c oxidase – the mitochondrial cuproenzyme  

 Cytochrome c Oxidase (CcO) is the terminal enzyme of the mitochondrial 

respiratory chain and the main site for cellular respiration. CcO catalyzes electron 

transfer from reduced cytochrome c to molecular oxygen, while simultaneously pumping 

protons from the matrix to the intermembrane space to contribute to the proton gradient 

Yeast Protein Human homolog  Function 

Atx1 ATOX1 A cytosolic copper metallochaperone that delivers 

copper to Ccc2/ATP7A/ATP7B 

Ctr1 CTR1 High-affinity plasma membrane copper transporter  

Ccc2 
ATP7A 

Golgi localized copper transporting P-type ATPase 
ATP7B 

Cox11 COX11 A mitochondrial copper metallochaperone that 

delivers copper to the Cox1 subunit of CcO 

Cox17 COX17 A mitochondrial copper metallochaperone that 

transfers copper to Sco1 and Cox11 proteins 

Ccs1 CCS A cytosolic and mitochondrial copper 

metallochaperone that delivers copper to Sod1 

Sco1 SCO1 A mitochondrial copper metallochaperone that 

delivers copper to the Cox2 subunit of CcO 

Sco2 SCO2 A mitochondrial copper-dependent thioldisulfide 

oxidoreductase involved in copper transport to Cox2 

Pic2 SLC25A3 Mitochondrial copper importer 

Ctr2 SLC31A2 Copper transporter of the vacuolar membrane 
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that powers mitochondrial ATP synthesis. This multi-subunit complex is localized to the 

mitochondrial inner membrane and contains copper and heme as cofactors (Tsukihara, 

1995) (Figure 1.3). Three copper ions are bound within the catalytic core of CcO as CuA 

and CuB sites, which are present in Cox2 and Cox1 subunits, respectively (Maréchal et 

al., 2012) (Figure 1.3). 

 

Figure 1.3 Schematic of Cytochrome c Oxidase subunits Cox1 and Cox2 
CcO contains two catalytic subunits, Cox1 and Cox2. Cox1 contains two heme cofactors (heme a 

and heme a3) and one copper cofactor called the CuB site. Cox2 contains one binuclear copper 

site, called the CuA site.  
 

Incorporation of Cu+ into either site requires multiple chaperones, which are 

present in the mitochondrial intermembrane space. The maturation of CuA and CuB 

occurs independently and is facilitated by a sequential transfer of copper from one 

metallochaperone to the other, in a bucket brigade manner. Specifically, Cox17, Sco1, 

Sco2, and Coa6 proteins are involved in copper delivery to the CuA site, whereas Cox17, 



 

8 

 

Cox19, and Cox11 are required for the metalation of CuB site (Soto et al., 2012). The 

metalation of these subunits is required for the maturation and stability of CcO 

holoenzyme. CuA is a binuclear copper site, accepting electrons from reduced 

cytochrome c and transferring them to the heme a center on the Cox1 subunit. Electrons 

from heme a are then transferred to the heme-a3-CuB binuclear center in Cox1 and then 

to molecular oxygen reducing it to water (Ferguson-Miller and Babcock, 1996). Genetic 

mutations in any of the proteins involved in copper transport to CcO disrupt its stability 

and diminish its activity. 

Diseases of copper homeostasis  

While copper plays an evolutionary conserved role as an essential cofactor for 

many enzymes involved in vital cellular functions (e.g., mitochondrial respiration, iron 

acquisition, and ROS scavenging), it has additional functions in higher eukaryotes. For 

example, enzymes involved in melanin synthesis, neuropeptide maturation, blood 

coagulation, and connective tissue maturation are all copper-dependent (Kim et al., 

2008). The importance of maintaining proper copper trafficking in higher eukaryotes is 

underscored by the severe clinical pathologies associated with disrupted copper 

trafficking including, neurodegeneration, mitochondrial myopathies, and metabolic 

diseases (Kaler et al., 2013; Kaler et al., 2011; Shoubridge et al., 2001).  

The daily recommended dose of copper for adult human beings is ~1.5 mg, 

which most adults acquire through diet (Chambers et al., 2010). Humans absorb dietary 

copper through CTR1 localized on the apical membrane of intestinal cells (Nose et al., 

2006). The absorbed copper is then pumped into the blood circulation by ATP7A, which 
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localizes to the basolateral membrane of intestinal enterocytes (Monty et al., 2005). 

Mutations resulting in the loss or reduction in function of ATP7A result in Menkes 

disease, which is characterized by copper accumulation in enterocytes and copper 

deficiency in nearly all other tissues (Danks et al., 1972). Due to this copper deficiency, 

Menkes patients exhibit decreased activity of cuproenzymes such as CcO (Maehara et 

al., 1983). This is particularly devastating for high energy demanding tissues such as the 

brain, skeletal muscle, and the heart (Maehara et al., 1983; Kodama et al., 1989). 

Menkes patients often suffer from neurological abnormalities and mental retardation 

(Kodama et al., 1999). Due to progressive neurological impairments, Menke’s patients 

typically do not live past early childhood and die by the age of 5 (Tümer and Møller, 

2010).  

 ATP7A has a paralog, ATP7B which is also essential for maintaining copper 

homeostasis in humans. ATP7B is primarily expressed in hepatocytes, where it performs 

two functions - exporting excess copper in the bile and metalating secretory pathway 

cuproenzymes such as ceruloplasmin (Prohaska, 2008; Bingham et al., 1998). 

Ceruloplasmin is a cuproenzyme secreted into the blood and is essential for the proper 

absorption of iron from the blood into the various tissues (Vashchenko and 

MacGillivray, 2013). Loss of function mutations in the ATP7B gene result in Wilson’s 

disease. Wilson’s disease is characterized by excessive accumulation of copper in the 

liver and alterations in systemic iron homeostasis (Gow et al., 2000). Clinical 

presentations of this disorder include neurological, psychiatric, ophthalmological and 

hepatic manifestations (Mulligan and Bronstein, 2020).  



 

10 

 

In addition to the Menkes and Wilson’s diseases, mutations in proteins involved 

in the delivery of copper to CcO, result in mitochondrial disorders (Baertling et al., 

2015; Papadopoulou et al., 1999; Valnot et al., 2000).  Patients suffering from mutations 

in the SCO1 gene exhibit mitochondrial disease symptoms due to CcO deficiency 

(Valnot et al., 2000). Symptoms include neurological disorders, hypertrophic 

cardiomyopathy, encephalopathy, and lactic acidosis (Valnot et al., 2000; Leary et al., 

2013). Similarly, patients with mutations in the SCO2 display mitochondrial 

dysfunction. SCO2 patients have a life expectancy of < 1 year due to infantile 

cardioencephalomyopathy (Papadopoulou et al., 1999; Jaksch et al., 2000). Mutations in 

COA6 has been shown to cause hypertrophic cardiomyopathy (Calvo et al., 2010; 

Baertling et al., 2015) 

Therapeutic approaches for the treatment of copper deficiency disorders  

In in vitro systems, copper supplementation can restore copper delivery to CcO, 

bypassing the need for certain mitochondrial copper chaperones (Jaksch et al., 2001; 

Baertling et al., 2015; Ghosh et al., 2014). However, the use of direct subcutaneous 

injections of copper-histidine as a therapeutic agent has not been successful in 

ameliorating disease pathology in most cases (Freisinger et al., 2004; Desai and Kaler, 

2008). This is likely due to the downregulation of Ctr1 after repeated exposure to high 

concentrations of copper-histidine. Therefore, there is an unmet need for 

pharmacological agents that can deliver copper into cells independent of copper 

transporting machinery.  
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Currently, the US Food and Drug Administration has approved the use of metal 

binding agents for the chelation of excess metals for disorders of heavy metal overload 

(Franz, 2013). However, depending on the dose and the form these compounds are 

administered in, they can also be utilized for the delivery of metals (Franz, 2013; 

Duncan and White, 2012). Due to the physiological importance of copper and its unique 

redox activity, many different copper binding compounds have been synthesized and 

investigated for their therapeutic potential in treating human diseases (Figure 1.3). As 

the chemistry of these compounds differs, it is likely that their biological implications 

will also differ. They have been investigated for their unique biological actions and have 

strong potential for applications. 

Through a targeted screen focused on these copper-binding molecules, Soma et 

al., showed that low doses of elesclomol (ES) can safely and effectively deliver copper 

to CcO, thereby restoring mitochondrial function in genetic models of copper deficiency 

(Soma et al., 2018). In a subsequent study, it was shown that ES-Cu complex can 

ameliorate disease pathology and dramatically extend lifespan of Menkes-affected mice 

(Guthrie et al., 2020).  ES is a bis(thiohydrazide) amide compound that binds copper(II) 

in the extracellular environment and forms a membrane permeable complex, which upon 

entering the mitochondria releases copper (Gohil, 2021). The released copper is 

bioavailable for the metalation of CcO. However, administration of high dosages of ES 

leads to the generation of unmanageable levels of reactive oxygen species leading to 

oxidative stress and ultimately apoptotic death of cells (Nagai et al., 2012).  
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Table 1.3 Structures of potentially therapeutic inorganic copper-complexes 
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Yeast as a model system to study copper trafficking  

The yeast Saccharomyces cerevisiae has been widely employed to investigate 

copper trafficking and mitochondrial function, allowing for numerous breakthroughs in 

these fields (De Freitas et al., 2003; Lasserre et al., 2015). This single-celled organism is 

the simplest eukaryote that shares many characteristics with multi-cellular organisms in 

terms of the cellular metal homeostasis. For example, CcO and all previously identified 

copper-chaperones are evolutionarily conserved (Table 1.2).  

Importantly, yeast can utilize either glycolysis or aerobic respiration for the 

generation of cellular energy. This is particularly useful for studying mitochondrial 

copper regulatory pathways because yeast can tolerate mutations that inactivate 

mitochondrial respiration by surviving on glycolysis (Lasserre et al., 2015). Thereby 

mutations expected to result in defective aerobic energy generation could be studied in 

yeast (Diaz-Ruiz et al., 2009). Importantly, a library of yeast knockouts of all 

nonessential genes is commercially available, which allows for the fast and unbiased 

means for identifying novel regulators of mitochondrial copper metabolism. In particular 

the common laboratory-used BY4741 strain provides a powerful tool for detecting 

disruption in copper homeostasis because one of the copper transporter, Ctr3, is disabled 

in this strain (Knight et al., 1996). Thus, under basal conditions these cells are mildly 

copper deficient, making cuproenzymes more sensitive to disruptions of intracellular 

copper trafficking.  Therefore, I have extensively used the yeast model system in my 

dissertation research focused on discovering novel regulators of mitochondrial copper 

homeostasis. 
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CHAPTER II  

A GENOME-WIDE COPPER-SENSITIZED SCREEN IDENTIFIES NOVEL 

REGULATORS OF MITOCHONDRIAL CYTOCHROME C OXIDASE ACTIVITY * 

 

 

 

 

 

 

Summary 

Copper is essential for the activity and stability of cytochrome c oxidase (CcO), 

the terminal enzyme of the mitochondrial respiratory chain. Loss-of-function mutations 

in genes required for copper transport to CcO result in fatal human disorders. Despite the 

fundamental importance of copper in mitochondrial and organismal physiology, 

systematic identification of genes that regulate mitochondrial copper homeostasis is 

lacking. To discover these genes, we performed a genome-wide screen using a library of 

DNA-barcoded yeast deletion mutants grown in copper-supplemented media. Our screen 

recovered a number of genes known to be involved in cellular copper homeostasis as 

well as genes previously not linked to mitochondrial copper biology. These newly  

 

 

* Reprinted from “A genome wide copper-sensitized screen identifies novel regulators 

of mitochondrial cytochrome c oxidase activity.” By Garza NM, Griffin AT, Zulkilifi M, 

Qiu C, Kaplan CD, Gohil VM. 2021. J Biol Chem. 296:100485.  
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identified genes include the subunits of the adaptor protein 3 complex (AP-3) and 

components of the cellular pH-sensing pathway Rim20 and Rim21, both of which are 

known to affect vacuolar function. We find that AP-3 and Rim mutants exhibit 

decreased vacuolar acidity, which in turn perturbs mitochondrial copper homeostasis and 

CcO function. CcO activity of these mutants could be rescued by either restoring 

vacuolar pH or supplementing growth media with additional copper. Consistent with 

these genetic data, pharmacological inhibition of the vacuolar proton pump leads to 

decreased mitochondrial copper content and a concomitant decrease in CcO abundance 

and activity. Taken together, our study uncovered novel genetic regulators of 

mitochondrial copper homeostasis and provided a mechanism by which vacuolar pH 

impacts mitochondrial respiration through copper homeostasis. 
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Introduction 

Copper is an essential trace metal that serves as a cofactor for a number of 

enzymes in various biochemical processes, including mitochondrial bioenergetics (Kim 

et al., 2008). For example, copper is essential for the activity of cytochrome c oxidase 

(CcO), the evolutionarily conserved terminal enzyme of the mitochondrial respiratory 

chain and the main site of cellular respiration (Little et al., 2018). CcO metalation 

requires transport of copper to mitochondria followed by its insertion into Cox1 and 

Cox2, the two copper-containing subunits of CcO (Cobine et al., 2020). Genetic defects 

that prevent copper delivery to CcO disrupt its assembly and activity resulting in rare but 

fatal infantile disorders (Baertling et al., 2015; Papdopoulou et al., 1999; Valnot et al., 

2000). 

Intracellular trafficking of copper poses a challenge because of the high reactivity 

of this transition metal. Copper in an aqueous environment of the cell can generate 

deleterious reactive oxygen species via Fenton chemistry (Halliwell and Gutteridge 

1984) and can inactivate other metalloproteins by mismetallation (Foster et al., 2014). 

Consequently, organisms must tightly control copper import and trafficking to 

subcellular compartments to ensure proper cuproprotein biogenesis while preventing 

toxicity. Indeed, aerobic organisms have evolved highly conserved proteins to import 

and distribute copper to cuproenzymes in cells (Nevitt et al., 2012). Extracellular copper 

is imported by plasma membrane copper transporters and is immediately bound to 

metallochaperones Atx1 and Ccs1 for its delivery to different cuproenzymes residing in 

the Golgi and cytosol, respectively (Robinson and Winge, 2010). 
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However, copper transport to the mitochondria is not well understood. A 

nonproteinaceous ligand, whose molecular identity remains unknown, has been proposed 

to transport cytosolic copper to the mitochondria (Cobine et al., 2020), where it is stored 

in the matrix (Cobine et al., 2004). This mitochondrial matrix pool of copper is the main 

source of copper ions that are delivered to CcO subunits in a particularly complex 

process requiring multiple metallochaperones and thiol reductases (Cobine et al., 

2020; Cobine et al., 2006; Timón-Gómez et al., 2018). Specifically, copper from the 

mitochondrial matrix is exported to the intermembrane space via a yet unidentified 

transporter, where it is inserted into the CcO subunits by metallochaperones Cox17, 

Sco1, and Cox11 that operate in a bucket-brigade manner (Timón-Gómez et al., 2018). 

The copper-transporting function of metallochaperones requires disulfide reductase 

activities of Sco2 and Coa6, respectively (Leary et al., 2009; Soma et al., 2019). 

In addition to the mitochondria, vacuoles in yeast and vacuole-like lysosomes in 

higher eukaryotes have been identified as critical storage sites and regulators of cellular 

copper homeostasis (Blaby-Haas and Merchant, 2014; Polishchuck and Polishchuck, 

2016; Portney et al., 2001). Copper enters the vacuole by an unknown mechanism and is 

proposed to be stored as Cu(II) coordinated to polyphosphate (Nguyen et al., 2019). 

Depending on the cellular requirement, vacuolar copper is reduced to Cu(I), allowing its 

mobilization and export through Ctr2 (Rees et al., 2004; Rees and Thiele, 2007). 

Currently, the complete set of factors regulating the intracellular distribution of copper 

and its transport to the mitochondria remains unknown. 
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Here, we sought to identify regulators of mitochondrial copper homeostasis by 

exploiting the copper requirement of CcO in a genome-wide screen using a DNA-

barcoded yeast deletion library. Our screen was motivated by prior observations that 

respiratory growth of yeast mutants such as coa6Δ can be rescued by copper 

supplementation in the media (Wu et al., 2016; Ghosh et al., 2014; Glerum et al., 1996). 

Thus, we designed a copper-sensitized screen to identify yeast mutants whose growth 

can be rescued by addition of copper in the media. Our screen recovered Coa6 and other 

genes with known roles in copper metabolism while uncovering genes involved in 

vacuolar function as regulators of mitochondrial copper homeostasis. Here, we have 

highlighted the roles of two cellular pathways—adaptor protein 3 complex (AP-3) and 

the pH-sensing pathway Rim101—that converge on vacuolar function, as important 

factors regulating CcO biogenesis by maintaining mitochondrial copper levels. 

Results 

A genome-wide copper-sensitized screen using a DNA-barcoded yeast deletion mutant 

library 

We chose the yeast, Saccharomyces cerevisiae, to screen for genes that impact 

mitochondrial copper homeostasis because it can tolerate mutations that inactivate 

mitochondrial respiration by surviving on glycolysis. This enables the discovery of novel 

regulators of mitochondrial copper metabolism whose knockout is expected to result in a 

defect in aerobic energy generation (Diaz-Ruiz et al., 2009). Yeast cultured in glucose-

containing media (YPD) uses glycolytic fermentation as the primary source for cellular 

energy; however in glycerol/ethanol-containing nonfermentable media (YPGE), yeast 
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must utilize the mitochondrial respiratory chain and its terminal cuproenzyme, CcO, for 

energy production. Based on the nutrient-dependent utilization of different energy-

generating pathways, we expect that deletion of genes required for respiratory growth 

will specifically reduce growth in nonfermentable (YPGE) medium, but will not impair 

growth of those mutants in fermentable (YPD) medium. Moreover, if respiratory 

deficiency in yeast mutants is caused by defective copper delivery to mitochondria, then 

these mutants may be amenable to rescue via copper supplementation in YPGE 

respiratory growth media (Figure 2.1). Therefore, to identify genes required for copper-

dependent respiratory growth, we cultured the yeast deletion mutants in YPD and YPGE 

with or without 5 μM CuCl2 supplementation (Figure 2.1). Our genome-wide yeast 

deletion mutant library was derived from the variomics library reported previously 

(Huang et al., 2013); it is composed of viable haploid yeast mutants, where each mutant 

has one gene replaced with the selection marker kanMX4 and two unique flanking 

sequences (Figure 2.1). These flanking sequences labeled “UP” and “DN” contain 

universal priming sites as well as a 20-bp barcode sequence that is specific to each 

deletion strain. This unique barcode sequence allows for the quantification of the relative 

abundance of individual strains within a pool of competitively grown strains by DNA 

barcode sequencing (Smith et al., 2009). Here, we utilized this DNA barcode sequencing 

approach to quantify the relative fitness of each mutant grown in YPD and YPGE ± Cu 

to early stationary phase (Figure 2.1). 
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Figure 2.1 Schematic of genome-wide copper-sensitized screen 
The yeast deletion library is a collection of 6000 mutants, where each mutant has a gene replaced 

with kanMX4 cassette that is flanked by a unique UP tag (UP) and DOWN tag (DN) sequences. 

The deletion mutant pool was grown in fermentable (YPD) and nonfermentable (YPGE) medium 

with and without 5 μM CuCl2 supplementation till cells reached an optical density of 5.0. The 

genomic DNA was isolated from harvested cells and was used as template to amplify UP and 

DN tag DNA barcode sequences using universal primers. PCR products were then sequenced 

and the resulting data analyzed. The mutants with deletion in genes required for respiratory 

growth are expected to grow poorly in nonfermentable medium resulting in reduced barcode 

reads for that particular gene(s). However, if the same gene(s) function is supported by copper 

supplementation, then we expect increased barcode reads for that gene(s) in copper-

supplemented nonfermentable growth medium. (Figure reprinted from Garza et al., 2021). 

 

 

Genes required for respiratory growth  

We began the screen by identifying mutant strains with respiratory deficiency 

since perturbation of mitochondrial copper metabolism is expected to compromise 

aerobic energy metabolism. To identify mutants with this growth phenotype, we 

compared the relative abundance of each barcode in YPD with that of YPGE using a T-

score based on Welch’s two-sample t test. The T-score provides a quantitative measure 

of the difference in the abundance of a given mutant in two growth conditions. A 

negative T-score identifies mutants that grow poorly in respiratory conditions; 
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conversely, a positive T-score identifies mutants with better competitive growth in 

respiratory conditions. We rank-ordered all mutants from negative to positive T-scores 

and found that the lower tail of the distribution was enriched in genes with known roles 

in mitochondrial respiratory chain function, confirming the fidelity of the screening 

conditions and the knockout strains (Figure 2.2A; Supplementary table 1). The top “hits” 

representing mutants with the most negative T-score 

included COQ3, COX5A, RCF2, COA4, and PET54, genes that are involved in 

coenzyme Q and respiratory complex IV function (Figure 2.2A). To more systematically 

identify cellular pathways that were enriched for reduced respiratory growth, we 

performed gene ontology analysis using an online tool—Gene Ontology enRichment 

anaLysis and visuaLizAtion (GOrilla) (Eden et al., 2009). The gene ontology (GO) 

analysis identified mitochondrial respiratory chain complex assembly (p-value: 7.73e-

23) and cytochrome c oxidase assembly (p-value: 5.09e-22) as the top-scoring biological 

process categories (Figure 2.2B) and mitochondrial part (p-value: 1.40e-25) 

and mitochondrial inner membrane (p-value: 1.48e-20) as the top-scoring cellular 

component category (Figure 2.2C). This unbiased analysis identified the expected 

pathways and processes validating our screening results. We further benchmarked the 

performance of our screen by determining the enrichment of genes encoding for 

mitochondria-localized and oxidative phosphorylation (OXPHOS) proteins at three 

different p-value thresholds (p < 0.05, p < 0.025, and p < 0.01) (Figure 2.3). We 

observed that at a p-value of <0.05, ∼25% of the genes encoded for mitochondrially 

localized proteins, of which ∼40% are OXPHOS proteins (Figure 2.3; Supplementary 
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table 2). The percentage of mitochondria-localized and OXPHOS genes increased 

progressively as we increased the stringency of our analysis by decreasing the 

significance cutoff from p-value of 0.05 to 0.01 (Figure 2.3). A total of 370 genes were 

identified to have respiratory deficient growth at p < 0.01, of which 116 are known to 

encode mitochondrial proteins (Vögtle et al., 2017), nearly half of these are OXPHOS 

proteins from a total of 137 known OXPHOS genes in yeast (Figure 2.3; Supplementary 

table 2). Expectedly, the respiratory deficient mutants included genes required for 

mitochondrial NADH dehydrogenase (NDI1) and OXPHOS complex II, III, IV, and V 

as well as genes involved in cytochrome c and ubiquinone biogenesis, which together 

form mitochondrial energy-generating machinery (Figure 2.2D; Supplementary table 2). 

Additionally, genes encoding TCA cycle enzymes and mitochondrial DNA expression 

were also scored as hits (Figure 2.4). Surprisingly, a large fraction of genes required for 

respiratory growth encoded nonmitochondrial proteins involved in vesicle-mediated 

transport (Figure 2.4). 
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Figure 2.2 Genes required for respiratory growth 
(A) growth of each mutant in the deletion collection cultured in YPGE and YPD media was 

measured by BarSeq and analyzed by T-score. T(YPGE-YPD) scores are plotted for the top and 

bottom 500 mutants. Known mitochondrial respiratory genes are highlighted in red. (B) and (C), 
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gene ontology analysis was used to identify the top five cellular processes (B) and cellular 

components (C) that were significantly enriched among our top-scoring hits from a rank ordered 

list, where ranking was done from the lowest to highest T-score. (D) a schematic of 

mitochondrial OXPHOS subunits and assembly factors, where genes depicted in red were “hits” 

in the screen with their T-scores values below –2.35 (p-value ≤ 0.05). ES, enrichment score. 

(Figure reprinted from Garza et al., 2021). 

 

 

 

Figure 2.3 Enrichment of OXPHOS and other mitochondrial genes increases with 

increased stringency of p-value threshold 
Illustration of the number of respiratory deficient strains identified at each p-value threshold. The 

distribution of hits between known OXPHOS protein encoding genes (maroon), other 

mitochondrial protein encoding genes (red), and non-mitochondrial protein encoding genes 

(grey) is shown. (Figure reprinted from Garza et al., 2021). 
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Figure 2.4 Respiratory deficient mutants of non-OXPHOS related proteins 
Non-OXPHOS associated proteins with a p-value ≤0.01 for T-score (YPGE-YPD) were grouped 

into different functional categories. (Figure reprinted from Garza et al., 2021). 

 

Pathway analysis for copper-based rescue  

Next, we focused on identifying mutants in which copper supplementation 

improved their fitness in respiratory growth conditions by comparing their frequency in 

YPGE +5 μM CuCl2 versus YPGE growth conditions. We rank-ordered the genes from 

positive to negative T-scores. Mutants with positive T-scores are present in the upper tail 

of the distribution that displayed improved respiratory growth upon copper 
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supplementation (Figure 2.5A, Supplementary table 3). Notably, several genes known to 

be involved in copper homeostasis were recovered as high-scoring “hits” in our screen 

and were present as expected in the upper tail of distribution (Figure 2.5A). For example, 

we recovered CTR1, which encodes the plasma membrane copper transporter (Dancis et 

al., 1994), ATX1, which encodes a metallochaperone involved in copper trafficking to 

the Golgi body (Lin and Culotta, 1995), GEF1 and KHA1, which encode proteins 

involved in copper loading into the cuproproteins in the Golgi compartment (Wu et al., 

2016; Gaxiola et al., 1998), GSH1 and GSH2, which are required for biosynthesis of 

copper-binding molecule glutathione, and COA6, which encodes a mitochondrial protein 

that we previously discovered to have a role in copper delivery to the mitochondrial CcO 

(Soma et al., 2019; Ghosh et al., 2014; Ghosh et al., 2016) (Figure 2.5A). Nevertheless, 

for many of our other top-scoring hits, evidence supporting their role in mitochondrial 

copper homeostasis was either limited or lacking entirely.  
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Figure 2.5 Genes required for copper homeostasis 
(A)T(YPGECu-YPGE) score is plotted for top and bottom 500 mutants. Known copper 

homeostasis genes are highlighted in red. AP-3 subunits are highlighted in blue. (B-C) Gene 

ontology analysis was used to identify the top five cellular processes (B) and cellular 

components (C) that were significantly enriched in our top scoring hits. ES indicates enrichment 

score. (D) Secretory pathway mutants that displayed significantly improved growth in 

YPGE+Cu are displayed in blue. A dashed arrow indicates that the proteins listed are not a 

subunit of the complex but are involved in the maintenance of listed complex. (Figure reprinted 

from Garza et al., 2021). 
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 To determine which cellular pathways are essential for maintaining copper 

homeostasis, we performed GO analysis using GOrilla. GO analysis identified biological 

processes—Golgi to vacuole transport (p-value: 1.49e-6), and post-Golgi vesicle-

mediated transport, (p-value: 3.75e-6) as the most significantly enriched pathways 

(Figure 2.5B). Additionally, GO category transition metal ion homeostasis was also in 

the top five significantly enriched pathways, (p-value: 1.75e-5) (Figure 2.5B). GO 

analysis for cellular component categories identified adaptor protein 3 complex (AP-3), 

which is known to transport vesicles from the Golgi body to vacuole, as the top-scoring 

cellular component (p-value: 2.85e-11) (Figure 2.5C). All four subunits of AP-3 

complex (APL6, APM3, APL5, APS3) complex were in the top ten of our rank-sorted list 

(Figure 2.5A, Figure 2.4) (Bagh et al., 2017; Dell’Angelica, 2009). Additionally, two 

subunits of the Rim101 pathway (RIM20 and RIM21), both of which are linked to 

vacuolar function (Lamb et al., 2001), were also in our list of top-scoring genes (Figure 

2.4). Of note, the seven major components of the Rim101 pathway were identified as 

top-scoring hits for respiratory deficient growth (Figure 2.4). Placing the hits from our 

screen on cellular pathways revealed a number of hits that were either involved in Golgi 

bud formation (Sys1, Arf2), vesicle coating (AP-3 and AP-1 complex subunits), 

tethering and fusion of Golgi vesicle cargo to the vacuole (Vam7), and vacuolar ATPase 

expression and assembly (Rim20, Rim21, Rav2) (Figure 2.5D). We reasoned that these 

biological processes and cellular components were likely high scoring due to the role of 

the vacuole as a major storage site of intracellular metals (Blaby-Haas and Merchant, 

2014). We decided to focus on AP-3 and Rim mutants, as these cellular components 
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were not previously linked to mitochondrial respiration or mitochondrial copper 

homeostasis. 

 

AP-3 mutants exhibit reduced abundance of CcO and VATPase subunits 

To validate our screening results and to determine the specificity of the copper-

based rescue of AP-3 mutants, we compared the respiratory growth of AP-3 deletion 

strains, aps3Δ, apl5Δ, and apl6Δ on YPD and YPGE media with or without Cu, Mg, or 

Zn supplementation. Each of the AP-3 mutants exhibited reduced respiratory growth in 

YPGE media at 37°C, which was fully restored by copper, but not by magnesium or zinc 

(Figure 2.6A), indicating that the primary defect in these cells is dysregulated copper 

homeostasis. Here we used 37°C for growth measurement as an additional stressor to 

fully uncover growth defect on solid media. The coa6Δ mutant was used as a positive 

control because we have previously shown that respiratory growth deficiency 

of coa6Δ can be rescued by Cu supplementation (Ghosh et al., 2014). Since recent work 

has identified the role of the yeast vacuole in mitochondrial iron homeostasis (Chen et 

al., 2020, Hughes et al., 2020) we asked if iron supplementation could also rescue the 

respiratory growth of AP-3 mutants. Unlike copper, which rescued respiratory growth of 

AP-3 mutants at 5 μM concentration, low concentrations of iron (≤20 μM) did not rescue 

respiratory growth; but we did find that high iron supplementation (100 μM) improved 

their respiratory growth (Figure 2.7). To uncover the biochemical basis of reduced 

respiratory growth, we focused on Cox2, a copper-containing subunit of CcO, whose 

stability is dependent on copper availability and whose levels serve as a reliable proxy 
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for mitochondrial copper content. The steady-state levels of Cox2 were modestly but 

consistently reduced in all four AP-3 mutants tested (Figure 2.6B). 

 

Figure 2.6 Loss of AP-3 results in reduced vacuolar and mitochondrial function 
(A)Serial dilutions of WT and the indicated mutants were seeded onto YPD and YPGE plates 

with and without 5 μM CuCl2, MgCl2 and ZnCl2 and grown at 37°C for two (YPD) or four days 

(YPGE). coa6Δ cells, which have been previously shown to be rescued by CuCl2, were used as a 

control. (B) Whole cell protein lysate was analyzed by SDSPAGE/western blot using a Cox2-

specific antibody to detect CcO abundance. Stain free imaging served as a loading control. 

coa6Δ cell lysate was used as control for decreased Cox2 levels. (C) Vacuolar pH of WT and 

aps3Δ cells was measured by using BCECF-AM dye. Data is expressed as mean ± SD; (n = 3), 

**p = 0.0046. Each data point represents a biological replicate. (D) Whole cell lysate and 

isolated vacuole fractions were analyzed by SDSPAGE/western blot. Vma2 was used to 

determine V-ATPase abundance. Prc1 and Pgk1 served as loading controls for vacuole and 

whole cell protein lysate, respectively. (Figure reprinted from Garza et al., 2021). 
 

AP-3 complex function has not been directly linked to mitochondria but is linked 

to the trafficking of proteins from the Golgi body to the vacuole. Therefore, the 

decreased abundance of Cox2 in AP-3 mutants could be due to an indirect effect 

involving the vesicular trafficking role of the AP-3 complex. A previous study has 

shown that the AP-3 complex interacts with a subunit of the V-ATPase in human cells 
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(Bagh et al., 2017). As perturbations in V-ATPase function had been linked to defective 

respiratory growth (Chen et al., 2020; Hughes et al., 2020; Ohya et al., 1991; Eide et al., 

1993; Hughes and Gottschling, 2012), we sought to determine if AP-3 impacts 

mitochondrial function via trafficking V-ATPase subunit(s) to the vacuole. We first 

measured vacuolar acidification and found that the AP-3 mutant, aps3Δ, exhibited 

significantly increased vacuolar pH (Figure 2.6C). We hypothesized that the elevated 

vacuolar pH of aps3Δ cells could be due to a perturbation in the trafficking of V-ATPase 

subunit(s). To test this possibility, we measured the levels of V-ATPase subunit Vma2, 

in wild type (WT) and aps3Δ cells, by western blotting and found that Vma2 levels were 

indeed reduced in the isolated vacuolar fractions of aps3Δ cells but were unaffected in 

the whole cells (Figure 2.6D). The decreased abundance of Vma2 in vacuoles of yeast 

AP-3 mutant explains decreased vacuolar acidification because Vma2 is an essential 

subunit of V-ATPase. Taken together, these results suggest that the AP-3 complex is 

required for maintaining vacuolar acidification, which in turn could impact 

mitochondrial copper homeostasis. 

 

Figure 2.7 Respiratory growth of AP-3 mutants is restored by high iron 

supplementation 
Serial dilutions of WT and the indicated mutants were seeded onto YPD and YPGE plates with 

and without 4, 20 or 100 μM FeSO4 at 37°C and grown for two (YPD) or four days (YPGE). 
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Here gef1Δ cells were used as a positive control for iron-based rescue. (Figure reprinted from 

Garza et al., 2021). 

 

 

Genetic defects in Rim101 pathway perturb mitochondrial copper homeostasis 

 Next, we focused on two other hits from the screen, Rim20 and Rim21, which 

are the members of the Rim101 pathway that has been previously linked to the V-

ATPase expression (Maeda, 2012; Pérez-Sampietro and Herrero, 2014; Read et al., 

2016; Xu et al., 2004). The loss of Rim101 results in the decreased expression of V-

ATPase subunits (Pérez-Sampietro and Herrero, 2014; Read et al., 2016). Consistently, 

we found elevated vacuolar pH in rim20Δ cells (Figure 2.8A). We then compared the 

respiratory growth of rim20Δ and rim21Δ on YPD and YPGE media with or without Cu, 

Zn, or Mg supplementation. Consistent with our screening results, these mutants 

exhibited reduced respiratory growth that was fully restored by copper but not 

magnesium or zinc (Figure 2.8B). To directly test the roles of these genes in cellular 

copper homeostasis, we measured the whole-cell copper levels of rim20Δ by inductively 

coupled plasma–mass spectrometry (ICP-MS). The intracellular copper levels under 

basal or copper-supplemented conditions in rim20Δ cells were comparable to WT cells, 

suggesting that the copper import or sensing machinery is not defective in this mutant 

(Figure 2.8C). In contrast to the total cellular copper levels, rim20Δ did exhibit 

significantly reduced mitochondrial copper levels, which were restored by copper 

supplementation (Figure 2.8D). 
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Figure 2.8 Normalization of vacuolar pH in rim20Δ cells restores mitochondrial 

copper homeostasis 
(A)Vacuolar pH of WT and rim20Δ cells was measured by BCECF-AM dye, **p = 0.0012. (B) 

Serial dilutions of WT and the indicated mutants were seeded onto YPD and YPGE plates with 

or without 5 μM CuCl2, MgCl2, or ZnCl2 and grown at 37°C for two (YPD) or four days 
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(YPGE). (C) Cellular and (D) mitochondrial copper levels were measured by ICP-MS, *p = 

0.0399 (E) Mitochondrial proteins were analyzed by SDS-PAGE/western blot. Cox2 served as a 

marker for CcO levels, and Por1 served as a loading control. (F) CcO activity was measured 

spectrophotometrically and normalized to the citrate synthase activity, *p = 0.0194, **p = 

0.0023. (G) Vacuolar pH of WT and rim20Δ cultured in standard (pH 6.7) or acidified (pH 5.0) 

YPGE medium was measured by BCECF-AM dye, (WT 6.7 vs WT 5.0, **p = 0.0098), (WT 6.7 

vs rim20Δ 6.7, *p = 0.0388), (rim20Δ 6.7 vs rim20Δ 5.0, **p = 0.0045). (H) The optical density 

of WT and rim20Δ cultures after 42 hours growth in YPGE medium at the indicated pH values 

with or without 5 μM CuCl2. a-d indicate minimum significance values between rim20Δ and the 

other tested conditions. a (p = 0.0290), b (p = 0.0268), c (p = 0.0245), d (p = 0.0167). (I) CcO 

activity of WT and rim20Δ cultured in standard or acidified YPGE was normalized to citrate 

synthase activity, (WT 6.7 vs rim20Δ 6.7, **p = 0.0011), (rim20Δ 6.7 vs rim20Δ 5.0, **p = 

0.0017). Data are expressed as mean ± SD; NS = not significant, (n = 3). Each data point 

represents a biological replicate. (Figure reprinted from Garza et al., 2021). 

 

The decrease in mitochondrial copper levels is expected to perturb the biogenesis 

of CcO in rim20Δ cells. Therefore, we measured the abundance and activity of this 

complex by western blot analysis and enzymatic assay, respectively. Consistent with the 

decrease in mitochondrial copper levels, rim20Δ cells exhibited a reduction in the 

abundance of Cox2 along with a decrease in CcO activity, both of which were rescued 

by copper supplementation (Figure 2.8 E and F). To further dissect the compartment-

specific effect by which Rim20 impacts cellular copper homeostasis, we measured the 

abundance and activity of Sod1, a mainly cytosolic cuproenzyme. We found that unlike 

CcO, Sod1 abundance and activity remain unchanged in rim20Δ cells (Figure 2.9). 

To determine if the decrease in CcO activity in the absence of Rim20 was due to 

its role in maintaining vacuolar pH, we manipulated vacuolar pH by changing the pH of 

the growth media. Previously, it has been shown that vacuolar pH is influenced by the 

pH of the growth media through endocytosis (Brett et al., 2011; Orij et al., 2012). 

Indeed, acidifying growth media to pH 5.0 from the basal pH of 6.7 normalized vacuolar 

pH of rim20Δ to the WT levels and both strains exhibited lower vacuolar pH when 
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grown in acidified media (Figure 2.8G). Under these conditions of reduced vacuolar pH, 

the respiratory growth of rim20Δ was restored to WT levels (Figure 2.8H). Notably, 

alkaline media also reduced the respiratory growth of WT cells, though the extent of 

growth reduction was lower than rim20Δ, which is likely because of a fully functional 

V-ATPase in WT cells (Figure 2.8H). The restoration of respiratory growth by copper 

supplementation was independent of growth media pH (Figure 2.8H). To uncover the 

biochemical basis of the restoration of respiratory growth of rim20Δ by acidified media, 

we measured CcO enzymatic activity in WT and rim20Δ cells grown in either basal or 

acidified growth medium (pH 6.7 and 5.0), respectively. Consistent with the respiratory 

growth rescue, the CcO activity was also restored in cells grown at an ambient pH of 5.0 

(Figure 2.8I). Taken together, these findings causally link vacuolar pH to CcO 

activity via mitochondrial copper homeostasis. 

 

Figure 2.9 Activity of cytosolic cuproenzyme Sod1 is not altered in rim20Δ cells 
(A)Crude cytosolic fraction was analyzed by SDSPAGE/western blot to detect Sod1 abundance 

in the indicated strains. Pgk1 was used as a loading control. (B) Sod activity in isolated crude 

cytosolic fraction from the indicated strains was measured by in-gel assay as described in 

Methods. (C) For quantification of the Sod1 activity in (B), the images were digitalized and 

densitometry analysis was performed using the Image Lab software. (Figure reprinted from 

Garza et al., 2021). 
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Pharmacological inhibition of the V-ATPase results in decreased mitochondrial copper 

 To directly assess the role of vacuolar pH in maintaining mitochondrial copper 

homeostasis, we utilized Concanamycin A (ConcA), a small-molecule inhibitor of V-

ATPase. Treating WT cells with increasing concentrations of ConcA led to 

progressively increased vacuolar pH (Figure 2.10A). Notably, the increase in vacuolar 

pH with pharmacological inhibition of V-ATPase by ConcA was much more 

pronounced (Figure 2.10A) than via genetic perturbation in aps3Δ or rim20Δ cells 

(Figure 2.6C And 2.8A). Correspondingly, we observed a pronounced decrease in CcO 

abundance and activity in ConcA-treated cells (Figure 2.10 B and C). This decrease in 

abundance of CcO is likely due to a reduction in mitochondrial copper levels (Figure 

2.10D). This data establishes the role of the vacuole in regulating mitochondrial copper 

homeostasis and CcO function. 
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Figure 2.10 Pharmacological inhibition of V-ATPase decreases mitochondrial 

copper content 
(A)Vacuolar pH of WT cells grown in the presence of either DMSO or 125, 250, 500, 1000 nM 

ConcA, (WT vs WT + 125 nM ConcA, p = 0.0005), (WT vs WT + 250 nM ConcA, p = 0.0005), 

(WT vs WT + 500 nM ConcA, p = 0.0001), (WT vs WT + 1000 nM ConcA, p < 0.0001). (B) 

Mitochondrial proteins in WT cells treated with DMSO or 500 nM ConcA were analyzed by 

SDSPAGE/western blot. Cox2 served as a marker for CcO abundance, Atp2 and Por1 were used 

as loading controls. (C) CcO activity in WT cells treated with DMSO or 500 nM ConcA is 

shown after normalization with citrate synthase activity, ***p = 0.0001. (D) Mitochondria 

copper levels in WT cells treated with DMSO or 500 nM ConcA were determined by ICP-MS, 

***p < 0.0001. Data are expressed as mean ± SD; (n = 3 or 4). Each data point represents a 

biological replicate. (Figure reprinted from Garza et al., 2021). 
 

 

Discussion 

Mitochondria are the major intracellular copper storage sites that harbor 

important cuproenzymes like CcO. When faced with copper deficiency, cells prioritize 

mitochondrial copper homeostasis suggesting its critical requirement for this organelle 

(Dodani et al., 2011). However, the complete set of factors required for mitochondrial 

copper homeostasis has not been identified. Here, we report a number of novel genetic 
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regulators of mitochondrial copper homeostasis that link mitochondrial bioenergetic 

function with vacuolar pH. Specifically, we show that when vacuolar pH is perturbed by 

genetic, environmental, or pharmacological factors, copper availability to the 

mitochondria is subsequently limited, which in turn reduces CcO function and impairs 

aerobic growth and mitochondrial respiration. 

It has been known for a long time that V-ATPase mutants have severely reduced 

respiratory growth (Ohya et al., 1991; Eide et al., 1993) and more recent high-throughput 

studies have corroborated these observations (Merz and Westermann, 2009; Schlecht et 

al., 2014; Stenger et al., 2020). However, the molecular mechanisms underlying this 

observation have remained obscure. Recent studies have shown that a decrease in 

vacuolar acidity (i.e., increased vacuolar pH) perturbs cellular and mitochondrial iron 

homeostasis, which impairs mitochondrial respiration, as iron is also required for 

electron transport through the mitochondrial respiratory chain due to its role in iron–

sulfur cluster biogenesis and heme biosynthesis (Chen et al., 2020; Hughes et al., 2020; 

Weber et al., 2020; Yambire et al., 2019). In an elegant series of experiments, 

Hughes et al. (Hughes et al., 2020) showed that when V-ATPase activity is 

compromised, there is an elevation in cytosolic amino acids because vacuoles with 

defective acidification are unable to import and store amino acids. The resulting 

elevation in cytosolic amino acids, particularly cysteine, disrupts cellular iron 

homeostasis and iron-dependent mitochondrial respiration. Although this exciting study 

took us a step closer to our understanding of V-ATPase-dependent mitochondrial 

function, the mechanism by which elevated cysteine perturbs iron homeostasis is still 
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unclear. Since cysteine can strongly bind copper (Giles et al., 2003; Rigo et al., 2004) its 

sequestration in cytosol by cysteine would decrease its availability to Fet3, a multicopper 

oxidase (Taylor et al., 2005) required for the uptake of extracellular iron, which in turn 

would aggravate iron deficiency. Thus, a defect in cellular copper homeostasis could 

cause a secondary defect in iron homeostasis. Consistent with this idea, we observed a 

rescue of AP-3 mutants’ respiratory growth with high iron supplementation (Figure 2.7). 

Interestingly, AP-3 has also been previously linked to vacuolar cysteine homeostasis 

(Llinares et al., 2015).  

Our results showing diminished CcO activity and/or Cox2 levels in AP-3, 

Rim20, and ConcA-treated cells (Figure 2.6B, Figure 2.8, E and F, and Figure 2.10, B 

and C) connect vacuolar pH to mitochondrial copper biology. However, a modest 

decrease in CcO activity may not be sufficient to reduce respiratory growth. Therefore, it 

is very likely that the decreased respiratory growth we have observed is a result of a 

defect not only in copper but also in iron homeostasis. Consistent with this idea, 

previous high-throughput studies reported sensitivity of AP-3 and Rim101 pathway 

mutants in conditions of iron deficiency and overload (Jo et al., 2008; Jo et al., 2009). 

Moreover, Rim20 and Rim101 mutants have been shown to display sensitivity to copper 

starvation in Cryptococcus neoformans, an opportunistic fungal pathogen (Chun et al., 

2010) and partial knockdown of Ap3s1, a subunit of AP-3 complex in zebrafish, 

sensitized developing melanocytes to hypopigmentation in low-copper environmental 

conditions (Ishizaki et al., 2010). Thus, the Rim pathway and the AP-3 pathway are 

linked to copper homeostasis in multiple organisms. Our discovery of AP-3 pathway 
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mutants and other mutants involved in the Golgi-to-vacuole transport (Figure 2.5) is also 

consistent with a previous genome-wide study, which identified the involvement of these 

genes in Cu-dependent growth of yeast S. cerevisiae (Schlecht et al., 2014); however, the 

biochemical mechanism underlying the functional connection between the vacuole and 

mitochondrial CcO was not previously elucidated. Thus, the results from our study are 

not only consistent with previous studies but also provide a biochemical mechanism 

elucidating how disruption in vacuolar pH perturbs mitochondrial respiratory 

function via copper dependence of CcO. Interestingly, in both the genetic and 

pharmacological models of reduced V-ATPase function, mitochondrial copper levels 

were reduced (Figure 2.8D and Figure 2.10D) but were not absent, suggesting that the 

vacuole may only partially contribute to mitochondrial Cu homeostasis. Supporting this 

hypothesis, rescue of respiratory growth by copper supplementation was successful 

irrespective of vacuolar pH (Figure 2.8H). 

The results of this study could also provide insights into mechanisms underlying 

the pathogenesis of human diseases associated with aberrant copper metabolism and/or 

decreased V-ATPase function including Alzheimer’s disease, amyotrophic lateral 

sclerosis (ALS), and Parkinson’s disease (Colacurcio and Nixon et al., 2016; Corrionero 

and Horvitz, 2018; Desai and Kaler, 2008; Kaler, 2013; Nixon et al., 2008; Nguyen et 

al., 2019; Stepien et al., 2020). Although multiple factors are known to contribute to the 

pathogenesis of these diseases, our study suggests that disrupted mitochondrial copper 

homeostasis may also be an important contributing factor. In contrast to these 

multifactorial diseases, pathogenic mutations in AP-3 subunits are known to cause 
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Hermansky–Pudlak syndrome (HPS), a rare autosomal disorder, which is often 

associated with high morbidity (Ammann et al., 2016; Dell’Angelica et al., 1999; El-

Chemaly and Young, 2016). Just as in yeast, AP-3 in humans is required for the 

transport of vesicles to the lysosome, which is evolutionarily and functionally related to 

the yeast vacuole. Our study linking AP-3 to mitochondrial function suggests that 

decreased mitochondrial function could contribute to HPS pathology. More generally, 

decreased activity of V-ATPase has been linked to age-related decrease in lysosomal 

function (Bagh et al., 2017; Korvatska et al., 2013; Lee et al., 2010) and impaired 

acidification of yeast vacuole has been shown to cause accelerated aging (Hughes and 

Gottschling 2012). Therefore, in addition to uncovering the fundamental aspects of cell 

biology of metal transport and distribution, our study suggests a possible role of 

mitochondrial copper in multiple human disorders. 

 

Experimental procedures  

Yeast strains and growth conditions 

Individual yeast S. cerevisiae mutants used in this study were obtained from Open 

Biosystems or were constructed by one-step gene disruption using a hygromycin cassette 

(Janke et al., 2004). All strains used in this study are listed in Table 2.1. Authenticity of 

yeast strains was confirmed by polymerase chain reaction (PCR)-based genotyping. 

Yeast cells were cultured in either YPD (1% yeast extract, 2% peptone, and 2% dextrose 

[w/v]) or YPGE (3% glycerol +1% ethanol [w/v]) medium. Solid YPD and YPGE media 

were prepared by addition of 2% (w/v) agar. For metal supplementation experiments, 
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growth medium was supplemented with divalent chloride salts of Cu, Mn, Mg, Zn, or 

FeSO4. For growth on solid media, 3 μl of tenfold serial dilutions of precultures was 

seeded onto YPD or YPGE plates and incubated at 37 °C for the indicated period. For 

growth in the liquid medium, yeast cells were precultured in YPD and inoculated into 

YPGE and grown to mid-log phase. To acidify or alkalinize liquid YPGE, equivalents of 

HCl or NaOH were added, respectively. Liquid growth assays in acidified or alkalinized 

YPGE cultures involved growth for 42 h. For growth in the presence of concanamycin A 

(ConcA), cells were first cultured in YPD, transferred to YPGE and allowed to grow for 

24 h, then ConcA was added and allowed to grow further for 20 h. Growth in liquid 

media was monitored spectrophotometrically by measuring optical density at 600 nm. 

Construction of yeast deletion pool 

The yeast deletion collection for Bar-Seq analysis was derived from the Variomics 

library constructed previously (Huang et al., 2013) and was a kind gift of Xuewen Pan. 

The heterozygous diploid deletion library was sporulated and selected in liquid haploid 

selection medium (SC-Arg-His-Leu+G418+Canavanine) to obtain haploid cells 

containing gene deletions. To do this, we followed previously described protocol (Huang 

et al., 2013) with the following modification of adding uracil to allow the growth of 

deletion library lacking URA3. Prior to sporulation, the library pool was grown under 

conditions to first allow loss of URA3 plasmids and then subsequent selection for cells 

lacking URA3 plasmids. Original deletion libraries were initially constructed where each 

yeast open reading frame (ORF) was replaced with kanMX4 cassette containing two 
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gene-specific barcode sequences referred to as the UP tag and the DN tag since they are 

located upstream and downstream of the cassette (Pan et al., 2004), respectively. 

Pooled growth assays 

A stored glycerol stock of the haploid deletion pool containing 1.5 × 108 cells/ml 

(equivalent of 3.94 optical density/ml) was thawed and approximately 60 μl was used to 

inoculate 6 ml of YPD, YPGE or YPGE +5 μM CuCl2 media in quadruplicates in 50 ml 

falcon tubes at a starting optical density of 0.04, which corresponded to ∼1.5 × 

106 cells/ml. The cells were grown at 30 °C in an incubator shaker at 225 rpm until they 

reached an optical density of ∼5.0 before harvesting. Cells were pelleted by 

centrifugation at 3000g for 5 min and washed once with sterile water and stored at –80 

°C. Frozen cell pellets were thawed and resuspended in sterile nanopure water and 

counted. Genomic DNA was extracted from 5 × 107 cells using YeaStar Genomic DNA 

kit (Catalog No.D2002) from Zymo Research. The extracted DNA was used as a 

template to amplify barcode sequence by PCR, followed by purification of amplified 

DNA by QIAquick PCR purification kit from Qiagen. The number of PCR cycles used 

for amplification was determined by quantitative real-time PCR such that barcode 

sequence amplification did not exit the exponential portion of the PCR reaction. The 

amplified UP and DN barcode DNA were purified by gel electrophoresis and sequenced 

on Illumina HiSeq 2500 with 50 base pair, paired-end sequencing at Genomics and 

Bioinformatics Service of Texas A&M AgriLife Research. 
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Assessing fitness of barcoded yeast strains by DNA sequencing  

The sequencing reads were aligned to the barcode sequences using Bowtie2 (version 

2.2.4) with the -N flag set to 0. Bowtie2 outputs were processed and counted using 

Samtools (version 1.3.1). Barcode sequences shorter than 15 nts or mapped to multiple 

reference barcodes were discarded. We noted that the DN tag sequences were missing 

for many genes and therefore we only used UP tag sequences to calculate the fitness 

score using T statistics. At a sequencing depth of 500,000 reads, UP tag sequences could 

be detected at the final timepoint in the YPD media for 82.7% (3984/4817) of 

nonessential yeast ORFs and 27.5% (305/1110) of essential yeast ORFs for a total 

genomic coverage of 72.5% (4927/5927) of all yeast ORFs. 

Gene ontology analysis  

To identify enriched gene ontology terms, we generated a rank-ordered list based on T-

Scores (Supplementary tables 1 and 3) and used the reference genome 

for S. cerevisiae in GOrilla (http://cbl-gorilla.cs.technion.ac.il/). 

Cellular and mitochondrial copper measurements  

Cellular and mitochondrial copper levels were measured by ICP-MS using NexION 

300D instrument from PerkinElmer Inc. Briefly, intact yeast cells were washed twice 

with ultrapure metal-free water containing 100 μM EDTA (TraceSELECT; Sigma) 

followed by two more washes with ultrapure water to eliminate EDTA. For 

mitochondrial samples, the same procedure was performed using 300 mM mannitol 

(TraceSELECT; Sigma) to maintain mitochondrial integrity. After washing, samples 

were weighed, digested with 40% (w/v) nitric acid (TraceSELECT; Sigma) at 90 °C for 

http://cbl-gorilla.cs.technion.ac.il/
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18 h, followed by 6 h digestion with 0.75% H2O2 (Sigma-Supelco), then diluted in 

ultrapure water, and analyzed. Copper standard solutions were prepared by diluting 

commercially available mixed metal standards (BDH Aristar Plus). 

Subcellular fractionation  

Whole-cell lysates were prepared by resuspending ∼100 mg of yeast cells in 350 μl 

SUMEB buffer (1.0% [w/v] sodium dodecyl sulfate, 8 M urea, 10 mM MOPS, pH 6.8, 

10 mM EDTA, 1 mM Phenylmethanesulfonyl fluoride [PMSF], and 1X EDTA-free 

protease inhibitor cocktail from Roche) containing 350 mg of acid-washed glass beads 

(Sigma-Aldrich). Samples were then placed in a bead beater (mini bead beater from 

Biospec products), which was set at maximum speed. The bead beating protocol 

involved five rounds, where each round lasted for 50 s followed by 50 s incubation on 

ice. Lysed cells were kept on ice for 10 min, then heated at 70°C for 10 min. Cell debris 

and glass beads were spun down at 14,000g for 10 min at 4°C. The supernatant was 

transferred to a separate tube and was used to perform SDS-PAGE/western blotting. 

Mitochondria were isolated as described previously (Meisinger et al., 2006). Briefly, 

0.5–2.5 g of cell pellet was incubated in DTT buffer (0.1 M Tris-HCl, pH 9.4, 10 mM 

DTT) at 30°C for 20 min. The cells were then pelleted by centrifugation at 3000g for 

5 min, resuspended in spheroplasting buffer (1.2 M sorbitol, 20 mM potassium 

phosphate, pH 7.4) at 7 ml/g, and treated with 3 mg zymolyase (US Biological Life 

Sciences) per gram of cell pellet for 45 min at 30°C. Spheroplasts were pelleted by 

centrifugation at 3000g for 5 min, then homogenized in homogenization buffer (0.6 M 

sorbitol, 10 mM Tris-HCl, pH 7.4, 1 mM EDTA, 1 mM PMSF, 0.2% [w/v] bovine 
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serum albumin (BSA) [essentially fatty acid-free, Sigma-Aldrich]) with 15 strokes using 

a glass Teflon homogenizer with pestle B. After two centrifugation steps for 5 min at 

1500g and 4000g, the final supernatant was centrifuged at 12,000g for 15 min to pellet 

mitochondria. Mitochondria were resuspended in SEM buffer (250 mM sucrose, 1 mM 

EDTA, 10 mM MOPS-KOH, pH 7.2, containing 1X protease inhibitor cocktail from 

Roche). 

Isolation of pure vacuoles was performed as previously described (Haas, 1995). Yeast 

spheroplasts were pelleted at 3000g at 4°C for 5 min. Dextran-mediated spheroplast lysis 

of 1 g of yeast cells was performed by gently resuspending the pellet in 2.5 ml of 15% 

(w/v) Ficoll400 in Ficoll Buffer (10 mM PIPES/KOH, 200 mM sorbitol, pH 6.8, 1 mM 

PMSF, 1X protease inhibitor cocktail) followed by addition of 200 μl of 0.4 mg/ml 

dextran in Ficoll buffer. The mixture was incubated on ice for 2 min followed by heating 

at 30 °C for 75 s and returning the samples to ice. A step-Ficoll gradient was constructed 

on top of the lysate with 3 ml each of 8%, 4%, and 0% (w/v) Ficoll400 in Ficoll Buffer. 

The step gradient was centrifuged at 110,000g for 90 min at 4°C. Vacuoles were 

removed from the 0%/4% Ficoll interface. 

Crude cytosolic fractions used to quantify Sod1 activity and abundance were isolated as 

described previously (Horn et al., 2008). Briefly, ∼70 mg of yeast cells were 

resuspended in 100 μl of solubilization buffer (20 mM potassium phosphate, pH 7.4, 

4 mM PMSF, 1 mM EDTA, 1X protease inhibitor cocktail, 1% [w/v] Triton X-100) for 

10 min on ice. The lysate was extracted by centrifugation at 21,000g for 15 min at 4°C, 



 

47 

 

to remove the insoluble fraction. Protein concentrations for all cellular fractions were 

determined by the BCA assay (Thermo Scientific). 

SDS-PAGE and western blotting  

For SDS–polyacrylamide gel electrophoresis (SDS-PAGE)/western blotting 

experiments, 20 μg of protein was loaded for either whole cell lysate or mitochondrial 

samples, while 30 μg of protein was used for cytosolic and vacuolar fractions. Proteins 

were separated on 4–20% stain-free gels (Bio-Rad) or 12% NuPAGE Bis-Tris mini 

protein gels (Thermo Fisher Scientific) and blotted onto a polyvinylidene difluoride 

membranes. Membranes were blocked for 1 h in 5% (w/v) nonfat milk dissolved in Tris-

buffered saline with 0.1% (w/v) Tween 20 (TBST-milk), followed by overnight 

incubation with a primary antibody in TBST-milk or TBST- 5% (w/v) BSA at 4°C. 

Primary antibodies were used at the following dilutions: Cox2, 1:50,000 (Abcam 

110271); Por1, 1:100,000 (Abcam 110326); Pgk1, 1:50,000 (Life Technologies 459250), 

Sod1, 1:5000, and Vma2, 1:10,000 (Sigma H9658). Secondary antibodies (GE 

Healthcare) were used at 1:5000 for 1 h at room temperature. Membranes were 

developed using Western Lightning Plus-ECL (PerkinElmer) or SuperSignal West 

Femto (Thermo Fisher Scientific). 

Enzymatic activities  

To measure Sod1 activity, we used an in-gel assay as described previously, (Flohe and 

Otting, 1984). Twenty-five micrograms of cytosolic protein was diluted in NativePAGE 

sample buffer (Thermo Fisher Scientific) and separated onto a 4–16% NativePAGE gel 

(Thermo Fisher Scientific) at 4°C. The gel was then stained with 0.025% (w/v) nitroblue 
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tetrazolium, 0.010% (w/v) riboflavin for 20 min in the dark. This solution was then 

replaced by 1% (w/v) tetramethylethylenediamine for 20 min and developed under a 

bright light. The gel was imaged by Bio-Rad ChemiDoc MP Imaging System and 

densitometric analysis was performed using Image Lab software. 

CcO and citrate synthase enzymatic activities were measured as described previously 

(Spinazzi et al., 2012) using a BioTek’s Synergy Mx Microplate Reader in a clear 96-

well plate (Falcon). To measure CcO activity, 15 μg of mitochondria was resuspended in 

115 μl of CcO buffer (250 mM sucrose, 10 mM potassium phosphate, pH 6.5, 1 mg/ml 

BSA) and allowed to incubate for 5 min. The reaction was started by the addition of 

60 μl of 200 μM reduced cytochrome c (equine heart, Sigma) and 25.5 μl of 1% (w/v) N-

Dodecyl-Beta-D-Maltoside. Oxidation of cytochrome c was monitored at 550 nm for 

3 min, then the reaction was inhibited by the addition of 7 μl of 7 mM KCN. To measure 

citrate synthase activity, 10 μg of mitochondria was resuspended in 100 μl of citrate 

synthase buffer (10 mM Tris-HCl pH 7.5, 0.2% [w/v] Triton X-100, 200 μM 5,5′-dithio-

bis-[2-nitrobenzoic acid]) and 50 μl of 2 mM acetyl-CoA and incubated for 5 min. To 

start the reaction, 50 μl of 2 mM oxaloacetate was added and turnover of acetyl-CoA 

was monitored at 412 nm for 10 min. Enzyme activity was normalized to that of WT for 

each replicate. 

Measuring vacuolar pH 

Vacuolar pH was measured using a ratiometric pH indicator dye, BCECF-AM (2′,7′-bis-

(2-carboxyethyl)-5-(and-6)-carboxyfluorescein [Life Technologies]) as described by 

(Diakov et al., 2013) using a BioTek’s Synergy Mx Microplate Reader. Briefly, 100 mg 
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of cells were resuspended in 100 μl of YPGE containing 50 μM BCECF-AM for 30 min 

shaking at 30°C. To remove extracellular BCECF-AM, cells were washed twice and 

resuspended in 100 μl of fresh YPGE. In total, 25 μl of this cell culture was added to 

2 ml of 1 mM MES buffer, pH 6.7 or 5.0. The fluorescence emission intensity at 535 nm 

was monitored by using the excitation wavelengths 450 and 490 nm in a clear bottom 

black 96-well plate, (Falcon). A calibration curve of the fluorescence intensity in 

response to pH was carried out as described (Diakov et al., 2013). 

Statistics  

T-scores for each pairwise media comparison (e.g., YPD versus YPGE) were calculated 

using Welch’s two-sample t test for yeast knockout barcode abundance values 

normalized for sample sequencing depth (i.e., counts per million). Statistical analysis on 

bar charts was conducted using two-sided Student’s t test. Experiments were performed 

in three or four biological replicates, where biological replicates are defined as 

experiments performed on different days and different starting preculture. Error bars 

represent the standard deviation. 
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Table 2.1 Saccharomyces cerevisiae strains used in this study 

Table reprinted from Garza et al., 2021. 

 

 

Data Availability 

The data presented in this chapter is published by the Journal of Biological Chemistry 

and available in the supplementary files. Supplementary table 1 is a ranked list of the 

genes with the smallest to largest T-score in respiratory media compared to fermentable 

media (YPGE-YPD). Supplementary table 2 contains a list of yeast genes encoding 

OXPHOS proteins and OXPHOS assembly factors. Supplementary table 3 is a ranked 

list of the genes with the smallest to largest T-score in copper containing respiratory 

media compared to respiratory media not supplemented with copper (YPGECu-YPGE). 
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CHAPTER III  

ELESCLOMOL ELEVATES CELLULAR AND MITOCHONDRIAL IRON 

CONTENT IN YEAST BY DELIVERING COPPER TO IRON IMPORT 

MACHINERY 

 

 

 

 

 

 

 

Summary 

Copper and iron are redox active metals that act as cofactors for many essential 

cellular enzymes. Disruption in the intracellular homeostasis of either of these metals 

results in debilitating and fatal human disorders. Recently, we reported that an 

investigational anticancer drug, elesclomol (ES), can deliver copper to critical 

mitochondrial cuproenzymes and has the potential to be repurposed for the treatment of 

copper deficiency disorders. Here, we sought to determine the specificity of ES and ES-

Cu complex in intracellular metal homeostasis. Using a combination of yeast genetics 

and ICP-MS based intracellular metal measurements, we showed that ES and ES-Cu 

treatment results in a striking increase in cellular and mitochondrial Fe content, along 

with copper. By utilizing yeast mutants of copper and iron transporters, we demonstrate 



 

52 

 

 

 

that ES-based elevation in cellular iron levels is independent of the major cellular copper 

importer but is dependent on the Fe importer Ftr1 and its partner Fet3, a multicopper-

oxidase. As Fet3 is metalated in the Golgi lumen, we sought to uncover the mechanism 

by which Fet3 receives copper via ES. Using yeast knockouts of genes that encode 

proteins involved in copper delivery to Fet3, we determined that ES can bypass Atx1 and 

Grx1, proteins involved in copper delivery to Ccc2, a Golgi membrane localized ATPase 

that pumps copper from cytosol into the Golgi lumen. In contrast, Ccc2 is essential for 

ES-mediated increase in cellular iron. Taken together, our study provides a mechanism 

by which ES distributes copper in cells and impacts cellular and mitochondrial iron 

homeostasis. 
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Introduction 

Copper is an essential micronutrient that is utilized as a cofactor for a diverse 

array of enzymes involved different physiological processes (Festa and Thiele 2011). 

For example, copper plays an essential and evolutionarily conserved role in 

mitochondrial energy generation, free radical detoxication and iron import. In addition to 

these fundamental cellular processes, the redox properties of copper are harnessed into 

more specialized functions such as melanin production, collagen formation, and 

catecholamine synthesis in evolutionarily advanced organisms like humans (Festa and 

Thiele 2011). However, copper is also highly reactive and can generate deleterious 

reactive oxygen species (ROS) (Halliwell et al., 1984). Therefore, copper transporters 

and chaperones control copper ion levels and bioavailability to ensure proper subcellular 

and systemic copper distribution while avoiding toxicity (Nevitt et al., 2012; Kim et al., 

2008). 

Genetic mutations that impair copper absorption or its transport to copper-

containing enzymes (cuproenzymes) often manifest in fatal disorders (Tümer et al., 

2010; Kodama et al., 2012; Gupta and Lutsenko, 2009; Kaler, 2013; Papadopoulou et al., 

199; Valnot et al., 2000; Baertling et al., 2015). For example, mutations in copper 

chaperones that are required for copper delivery to a mitochondrial cuproenzyme, 

cytochrome c oxidase (CcO), result in mitochondrial disorders that typically present as 

fatal neurological and cardiac defects in infants (DiMauro et al., 2012; Papdopoulou et 

al., 1999; Valnot et al., 2000; Baertling et al., 2015). Loss-of-function mutations in 
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ATP7A, a protein required for dietary copper absorption and its transport through the 

blood-brain barrier, result in a fatal neurological disorder called Menkes disease (Tümer 

et al., 2010; Kodama et al., 2012; Gupta and Lutsenko, 2009; Kaler, 2013; Vulpe et al., 

1993; Mercer et al., 1993; Kaler, 2011). Currently, no FDA-approved treatment is 

available for these disorders (Horn et al., 2019).  

Recently we showed that elesclomol (ES), a copper-binding investigational 

oncology drug, can traverse through cellular membranes and deliver copper to 

cuproenzymes such as mitochondrial CcO and rescue copper-deficient phenotypes in 

yeast, zebrafish, and murine models (Soma et al., 2018; Guthrie et al., 2020). This 

exciting finding has raised the possibility of repurposing this cancer drug for the 

treatment of copper deficiency disorders (Gohil, 2021). ES is a bis(thiohydrazide) amide 

compound that was originally developed as an anticancer drug. Mechanistically, ES 

binds Cu(II) in 1:1 ratio in the extracellular environment (Yadav et al., 2013), forming a 

membrane permeable complex (ES-Cu), which upon entering the mitochondria, releases 

copper by an unknown mechanism (Nagai et al., 2012). In this manner, ES selectively 

kills cancer cells by transporting excess copper to mitochondria and thereby inducing the 

mitochondrial apoptosis pathway (Chen et al., 2013; Nagai et al., 2012; Kirshner et al., 

2008).  

Although previous work has established the copper-specific role of ES (Nagai et 

al., 2012), we currently do not know how ES treatment impacts the levels of other metals 

in cells. A genome-wide study has shown that the homeostatic mechanisms that control 
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the levels of different elements are interconnected (Eide et al., 2005). Moreover, ligands 

that bind Cu(II) can often bind iron. Indeed, a mass spectrometry study reported that ES 

can also bind Fe(II). Therefore, in order to fully realize the therapeutic potential of ES as 

a copper-delivery agent, it is necessary to characterize its impact on cellular metallome. 

Here, by using a combination of yeast genetics, sub-cellular fractionation, and ICP-MS 

based metal measurements, we show that in additional to expected elevation in cellular 

and mitochondrial copper content, ES also indirectly increases cellular iron content by 

stimulating copper-dependent iron import machinery. 

Results 

Preformed ES-Cu complex is more efficient than ES in transporting copper 

Previous studies have established that cytotoxic effects of ES are dependent on 

the availability of copper in the growth media, which implies that ES transports external 

copper into the cells (Nagai et al., 2012; Blackman et al., 2012). As both ES and ES-Cu 

are promising therapeutics for treating inborn errors of copper metabolism (Soma et al., 

2018; Guthrie et al., 2020), we first aimed to compare and quantify the toxicity and 

efficiency of these compounds as copper couriers. We observed that the growth of wild 

type (WT) yeast grown in glucose-containing (YPD) media was minimally affected by 

the presence of either CuCl2 or ES at 5 µM, the highest concentration tested (Figure 

3.1A). However, preformed ES-Cu complex or when ES was co-supplemented with 

CuCl2 in the growth media, we observed growth inhibition at concentrations above 0.25 

µM, with IC50 values of ES-Cu being 0.57 µM and ES co-supplemented with equimolar 

CuCl2 being 0.82 µM (Figure 3.1A). Notably, when increasing concentrations of ES 
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were supplemented in the presence of excess copper in the media, we observed the most 

severe growth inhibition with an IC50 of 0.32 µM (Figure 3.1A), a finding consistent 

with the idea that ES shuttles in and out of the cells to continuously bring extracellular 

copper into the cells. These results are consistent with previous studies (Nagai et al., 

2012; Blackman et al., 2012) and revealed that yeast can tolerate 0.25 µM of ES-Cu 

without any negative effects on growth, whereas free ES is tolerated at much higher 

concentrations. 

 

Figure 3.1 Determination of the maximal tolerable dose of ES when supplemented 

with or without additional copper 
(A)BY4741 WT yeast cells were cultured in YPD medium at 30°C in the presence of increasing 

concentrations (0.0125 to 5 μM) of the indicated chemical species. The cell density was 

measured spectrophotometrically after 12 hours of growth at 600nm. Percent of growth was 

calculated by comparing the optical density of each culture to that of WT with vehicle alone. (B) 

Cu levels in BY4741 WT yeast cells treated with the indicated chemical species were measured 

by ICP-MS. The data represent the average ± SD; (n=3), ****p < 0.0001, ns = not significant. 

 

Next, we wanted to determine the intracellular copper concentration that is 

detrimental to yeast growth. Supplementation of either 0.25 µM or 1 µM CuCl2, only 

marginally increased intracellular copper abundance (Figure 3.1B). This could be due to 

reduced expression of Ctr1, the major copper importer, in copper replete conditions 

(Dancis et al., 1994). In contrast to CuCl2, supplementation of 0.25 µM of ES, ES + 
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CuCl2 (each added separately in the media) or preformed ES-Cu complex increased 

intracellular Cu content by ~4 fold (Figure 3.1B). Furthermore, we found that treatment 

with ES-Cu or ES+CuCl2 increased cellular Cu content in a dose-dependent manner, but 

ES alone did not (Figure 3.1B), which is likely due to limited bioavailable copper in the 

media. These data suggest that yeast growth is not impaired with a ~4-fold increase in 

intracellular copper levels but an 8-fold increase in copper levels inhibits cellular 

growth. 

 

Effect of ES-Cu on cellular metallome   

Since perturbation in the homeostasis of one metal often results in widespread 

changes in the cellular metallome (Eide et al., 2005), we sought to determine if ES-Cu 

supplementation alters the cellular abundance of other metals. For accurate 

measurements of intracellular metal contents, samples were serially diluted, and tailored 

calibration curves were generated by inductively-coupled plasma mass spectrometry 

(ICP-MS) (Figure 3.2). By using this method, we were able to detect cellular metal 

levels spanning over four orders of magnitude, demonstrating the powerful advantage of 

this technique (Figure 3.2). ES-Cu treatment led to an expected increase in intracellular 

copper levels (Figure 3.3A). In addition to copper, we found a striking increase in 

intracellular iron levels (Figure 3.3B). The abundance of intracellular zinc, magnesium, 

calcium, selenium, and nickel were unaltered by treatment with ES-Cu (Figure 3.3 C-G), 

although we did observe a small but significant increase in manganese levels (Figure 

3.3H). Notably, the increase in copper and iron levels upon ES-Cu treatment is 

independent of yeast strain because we observed a similar increase in the levels of both 
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these metals in W303 background upon ES and ES-Cu treatment (Figure 3.4).  Together, 

these data suggest that both ES and ES-Cu impacts both copper and iron homeostasis. 

 

Figure 3.2 ICP-MS calibration curves for different metals 
Calibration curves were generated by measuring the raw intensity of the signal generated by each 

of the indicated ions, at given concentrations. These calibration curves were utilized to calculate 

the concentrations of cellular metals reported in Figure 3.3. 
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Figure 3.3 ES-Cu elevates cellular Cu, Fe and Mn levels 
(A-H) BY4741 WT cells were grown in YPD ± 250 nM ES-Cu for 10 hours before measuring 

the cellular content of the indicated metals by ICP-MS. The data represent the average ± SD; 

(n=3), ****p < 0.0001, **p < 0.001, ns = not significant. 

 

 

 

 
Figure 3.4 ES-Cu stimulates increase in cellular iron levels in yeast strain W303-1A 
W303-1A WT cells were grown in YPD ± 250 nM ES-Cu for 20 hours before measuring cellular 

(A) Cu and (B) Fe levels by ICP-MS. The data represent the average ± SD; (n=3). ****p < 

0.0001, ***p < 0.001 **p < 0.01, *p < 0.05. 
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ES and ES-Cu treatment elevates mitochondrial iron 

Since mitochondria contain many iron-dependent enzymes, we wanted to 

determine whether ES and ES-Cu treatment could increase iron levels in mitochondria. 

We performed these experiments using non-fermentable growth media (YPGE), which is 

known to derepress mitochondrial biogenesis genes (Kayikci and Nielsen, 2015). As in 

YPD, cells cultured in YPGE were more sensitive to ES-Cu than ES alone, with IC50 of 

ES-Cu mediated growth inhibition being 0.74 µM (Figure 3.5A). We were able to 

ascribe increased toxicity of ES-Cu to elevated levels of intracellular copper (Figure 

3.5B). Both ES and ES-Cu treatment increased intracellular copper and iron levels albeit 

to a different degree (Figure 3.5B and C). Similar to an increase in cellular copper and 

iron, ES and ES-Cu also led to an increase in their levels in mitochondria (Figure 3.5D 

and E). This result shows that iron imported in an ES and ES-Cu dependent manner is 

being transported to the mitochondria (Figure 3.5E).  



 

61 

 

 

Figure 3.5 ES and ES-Cu treatment elevates mitochondrial copper and iron content 
(A)BY4741 WT yeast cells were cultured in YPGE medium at 30°C in the presence of 

increasing concentrations (0.0125 to 5 μM) of either ES or ES-Cu. The cell density was 

measured spectrophotometrically after 24 hours of growth at 600 nm. Percent of growth was 

calculated by comparing the optical density of each culture to that of WT with vehicle alone. 

Cellular (B) Cu and (C) Fe levels, and mitochondrial (D) Cu and (E) Fe levels of cells grown in 

YPGE ± ES or ES-Cu. The data represent the average ± SD; (n=3), *p < 0.05, ** p < 0.01, ***p 

< 0.001, ****p < 0.0001, ns = not significant. 
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ES-Cu mediated increase in iron levels is dependent on high affinity Fe import 

machinery   

Next, we wanted to determine the mechanism of ES-Cu-mediated elevation in 

cellular iron levels. We considered two possibilities: First, ES is able to exchange copper 

with extracellular iron and transport it into the cells in a manner similar to copper. 

Second, ES-Cu elevates cellular iron by stimulating iron import. To distinguish between 

these possibilities, we measured the iron and cellular content of ES-Cu treated ctr1Δ and 

ftr1Δ yeast mutants that are devoid of major copper and iron importers, respectively 

(Dancis et al., 1994; Stearman et al., 1996) (Figure 3.6A). As expected ctr1Δ cells 

exhibited reduced copper levels and treatment with ES-Cu elevated copper levels in this 

mutant to the same extent as WT (Figure 3.6B). Similar levels of copper accumulation 

were observed in ES-Cu treated ftr1Δ cells. These data demonstrate that increase in 

cellular copper by ES is independent of copper or iron import machinery. In contrast, we 

found that ES-Cu treatment increased iron levels only in WT and ctr1Δ cells but not in 

ftr1Δ cells (Figure 3.6C). These data argue against direct transport of extracellular iron 

by ES and indicate that the ES-Cu mediated increase in cellular iron levels is dependent 

on Ftr1, the primary iron importer. Notably, the loss of the low affinity iron importer, 

Fet4 (Hasset et al., 2000; Dix et al., 1994) did not impact ES-Cu mediated increase 

copper and iron levels (Figure 3.6 D and E). Together, this data shows that Ftr1 is 

essential for ES-Cu-mediated increase intracellular iron.  
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Figure 3.6 ES-Cu mediated increase in iron is dependent on high affinity iron 

import machinery 
(A)Schematic of cellular copper and iron import machinery. Ctr1 and Ftr1 represent high affinity 

import machinery for copper and iron, respectively. Fet3 is a multi-copper oxidase that oxidizes 

Fe+2 to Fe3+ for Ftr1 mediated iron import. Fet3 is essential for Ftr1-dependent iron import. Fet4 

is a low affinity iron importer. Copper and iron are depicted as blue and red circles, respectively. 
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(B) and (C) BY4741 WT, ctr1Δ and ftr1Δ cells were grown in YPD ± 250 nM ES-Cu for 10 

hours before measuring B) Cu and C) Fe by ICP-MS. (D and E) BY4741 WT and fet4Δ cells 

were grown in (YPD + 1 μM CuCl2) ± 250 nM ES-Cu for 10 hours before measuring D) Cu and 

E) Fe levels by ICP-MS. The data represent the average ± SD; (n=3). ** p < 0.01, *** p < 0.001, 

**** p < 0.0001 

 
 

Fet3 and Ccc2 are essential for ES-mediated increase in iron import   

Fet3 is a plasma membrane localized multi-copper oxidase that oxidizes Fe2+ to 

Fe3+ for its subsequent cellular uptake by Ftr1 (Askwith et al., 1994). Insertion of copper 

into Fet3 occurs in the Golgi lumen and is essential for its activity (Pena et al., 1999) 

(Figure 3.7A). Cytosolic copper is pumped into the Golgi lumen by Ccc2, a P-type 

ATPase, which itself receives copper from Atx1, a cytosolic copper metallochaperone 

(Figure 3.7A) (Fu et al., 1995; Lin and Culotta, 1995). To test if ES mediated iron import 

is dependent on these proteins (Atx1, Ccc2, and Fet3), we measured the iron levels in 

cells lacking these proteins. As expected, treatment with ES-Cu led to a pronounced 

increase in intracellular copper levels for each of these mutants (Figure 3.7B). However, 

the increase in iron levels was disrupted in fet3Δ and ccc2Δ mutants. In contrast, we 

found that Atx1 is dispensable for ES-Cu-mediated elevation in cellular iron levels 

(Figure 3.7C). These data demonstrate that ES can bypass Atx1 but not Ccc2 in 

delivering copper to Fet3 and suggest a possibility that another protein may compensate 

for the lack of Atx1.  

Recently, an in vitro study showed that human glutaredoxin-1 (hGrx1) can 

deliver copper to one of the human homologs of Ccc2, ATP7B (Maghool et al., 2020). 

This transfer of copper was independent of Atox1, the human homolog of Atx1. These 

findings suggested that hGrx1 can substitute for Atox1 function in copper delivery to 
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ATP7B. We therefore wondered if the yeast homolog of hGrx1, can substitute for Atx1 

in delivering copper to Ccc2 in vivo. To test this hypothesis, we constructed yeast 

mutants grx1Δ and atx1Δgrx1Δ. ICP-MS-based cellular metal measurements showed that 

the copper levels of all mutants were comparable to WT under basal or ES-Cu 

supplemented conditions (Figure 3.7D). However, iron levels of these mutants varied 

under basal conditions, with atx1Δ and atx1Δgrx1Δ exhibiting reduced levels of 

intracellular iron, whereas the iron content of grx1Δ cells were comparable to that of WT 

(Figure 3.7E). These results suggest that in vivo, Atx1 plays a critical role in supplying 

copper to Golgi, but Grx1 does not. Since ES-Cu treatment was able to bypass the 

requirement of Atx1, we expected an increase in iron levels in atx1Δgrx1Δ cells. Indeed, 

ES-Cu treatment led to an increase in iron levels in both grx1Δ and atx1Δgrx1Δ cells 

(Figure 3.7E). Together, these data demonstrate ES-Cu can bypass both Atx1 and Grx1 

in delivering copper to Ccc2 in vivo.  
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Figure 3.7 ES-Cu trafficked copper is bioavailable for Ccc2 mediated insertion into 

Fet3 
(A) Schematic of copper transport to Fet3. Copper is imported via high affinity copper 

transporter Ctr1. Once inside the cell copper is bound by the Cu-metallochaperone Atx1, which 

transporters copper to Ccc2. Ccc2 is a P-type ATPase present on the Golgi membrane that 

pumps copper into the Golgi lumen where Fet3 metalation takes place. (B) and (C) BY4741 WT, 

atx1Δ, ccc2Δ and fet3Δ were grown in YPD ± 250 nM ES-Cu for 10 hours before measuring (B) 



 

67 

 

Cu and (C) Fe levels by ICP-MS. (D) and (E) BY4741 WT, atx1Δ, grx1Δ and atx1Δgrx1Δ cells 

were grown in (YPD 1 μM CuCl2) ± 250 nM ES-Cu for 10 hours before measuring (A) Cu and 

(B) Fe levels by ICP-MS. The data represent the average ± SD; (n=3). ****p < 0.0001, ***p < 

0.001, **p < 0.01, ns = not significant. 

 

Discussion 

As currently no effective therapy exists for copper deficiency disorders, there is a 

dire need for the identification, characterization, and optimization of copper therapeutics. 

Our recent studies have highlighted the potential of ES, an investigational cancer drug as 

a therapeutic for disorders of copper metabolism (Gohil, 2021; Guthrie et al., 2020; 

Soma et al., 2018). In order to translate these promising pre-clinical studies into 

repurposing ES or ES-Cu for the treatment of copper deficiency disorders, it is critical to 

determine its specificity, toxicity, and impact on the overall cellular metallome. Here 

using a yeast model system, we show that in addition to the expected effect of ES-Cu on 

cellular levels of copper, it also elevates cellular and mitochondrial iron levels by 

stimulating copper-dependent iron import machinery. 

Since ES has been used in clinical trials for the treatment of cancer, its toxicity 

profile has been established (Berkenblit et al., 2007; O’Day et al., 2009; O’Day et al., 

2013). However, no such information is available for ES-Cu complex. As shown in our 

recent study, administration of preformed ES-Cu complex is essential for treating copper 

deficiency disorders such as Menkes disease. Therefore, we compared the tolerability of 

ES and ES-Cu in parallel and found that that the toxicity of ES is potentiated by the 

availability of copper, with pre-loaded ES-Cu complex exhibiting much higher toxicity 

then ES alone (Figure 3.1A). Interestingly, we find that when ES treatment was given in 

the presence of excess (5 µM) copper, the toxicity was much higher (Figure 3.1A). This 
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finding has an important implication for future therapeutic use of ES-Cu. For instance, in 

diseases like Menkes, the affected patients are given daily injections of Cu-histidinate 

(Kaler, 2014). Thus, availability of excess copper in the body may potentiate the toxicity 

of ES-Cu if it is administered post Cu-histidinate treatment.  

By utilizing the more efficient copper courier, ES-Cu, at its maximal tolerable 

dosage (250 nM) we sought to amplify any ES-Cu triggered alterations in the 

homeostasis of cellular metals. In this manner, we found that ES-Cu supplementation not 

only increased copper content but also doubled iron content (Figure 3.3). The effect of 

ES-Cu on iron levels was indirect, as it acted through the activity of Ftr1-Fet3, a copper 

dependent high affinity system. This observation allowed us to dissect the mechanism by 

which ES distributes copper in the intracellular compartments, specifically the Golgi 

lumen where Fet3 metalation takes place (Yuan et al., 1997). Our study showed that 

copper delivered by ES is available to Ccc2 in order to pump copper in the Golgi lumen 

(Figure 3.8). Although it was surprising that Atx1 function was dispensable for ES-

mediated copper delivery to Ccc2, there are prior studies that are consistent with this 

finding. For example, under the conditions of copper excess, the Atox1 binding domain 

of ATP7A is not required for Golgi copper import (Voskoboinik et al., 1999). In two 

separate studies using yeast model systems, it was shown excess copper can overcome 

Atx1 deficiency (Serrano et al., 2004; Lin et al., 1997). Under these conditions, it is 

possible that glutathione or another Cu-metallochaperone may facilitate transport of 

copper to Ccc2. In this regard, we tested the role of Grx1, which has recently been 

shown to transfer copper to ATP7B in vitro (Maghool et al., 2020). Our in vivo data 
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using grx1Δ and atx1Δgrx1Δ double mutant demonstrate that Grx1 is not essential for 

copper to transport to Ccc2. 

 The essential requirement of Ccc2 for ES-mediated copper delivery to the Golgi 

compartment is at odds with our previously reported observations that ES-Cu partially 

rescue pigmentation defects in the Menkes-affected mo-br mice (Guthrie et al., 2020). 

This is because pigmentation is mediated by a secretory pathway enzyme tyrosinase that 

receives copper in the Golgi and melanosomes via the action of Ccc2 homolog ATP7A 

(Setty et al., 2008), which is mutated in these mo-br mice. A complete loss of ATP7A 

function should prevent ES-mediated copper delivery to tyrosinase, which would prevent 

melanin production. However, ES-Cu treatment did stimulate pigmentation in mo-br 

mice, which could be due to the presence of residual activity of ATP7A (Grimes et al., 

1997).  

Our findings have implications for possible future applications of ES-Cu in 

correcting defects in iron homeostasis. This is because Fet3 has two homologs in 

humans, ceruloplasmin and hephaestin that play a critical role in cellular and systemic 

iron metabolism (de Silva et al., 1997; Li et al., 2003; Vashchenko and MacGillivary, 

2013). ATP7A-related disease, including Menkes, Occipital horn syndrome, and X-

linked distal hereditary motor neuropathy, are expected to have defects in iron 

homeostasis due to disrupted metalation of Golgi cuproenzymes. The role of ES-Cu in 

correcting this defect should be investigated.   
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Figure 3.8 Model of ES-Cu stimulated increase in cellular iron abundance 
ES-Cu enters the cell and releases copper in a form that is bioavailable to Ccc2. ES coordinated 

copper may be directly transported to the Golgi apparatus or it may be released in the 

mitochondria prior to its transport to Ccc2 (indicated by blue arrows). Copper imported by Ccc2 

is utilized for the metalation of the multicopper oxidase, Fet3 in the Golgi apparatus. This 

metalated Fet3 is then localized to the plasma membrane where it oxidizes Fe2+ to Fe3+ for Ftr1 

mediated Fe import. This Ftr1 imported Fe can be trafficked to the mitochondria. 

 

 

Experimental procedures  

Yeast growth conditions 

Yeast cells were cultured in either liquid YPD (1% yeast extract, 2% peptone, and 2% 

dextrose) or YPGE (3% glycerol + 1% ethanol) medium. For growth in liquid medium, 

yeast cells were precultured in YPD and then inoculated into either YPD or YPGE and 

grown to mid-log phase. ES, ES-Cu or CuCl2 or vehicle (DMSO) was added to growth 

media at the listed concentrations. Growth in liquid media was monitored 

spectrophotometrically at 600 nm. 
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Construction of yeast knockouts 

Individual yeast Saccharomyces cerevisiae mutants used in this study were obtained 

from Open Biosystems or were constructed by one-step gene disruption using a 

hygromycin cassette (Janke et al., 2004). All yeast strains used in this study are listed in 

Table 3.1. Authenticity of all yeast strains was confirmed by polymerase chain reaction 

(PCR)-based genotyping. The primers used to disrupt Grx1 and the primers used to 

confirm grx1Δ and atx1Δgrx1Δ mutants are listed in Table 3.2. 

Measuring yeast growth 

Cultures of WT with and without treatment were grown in YPD or YPGE for 12 or 24 

hrs, respectively. The optical density of each culture at 600 nm was measured. The 

OD600 of each culture was divided by the OD600 of WT + vehicle. This was then 

displayed as a percentage.  

Mitochondria isolation  

Mitochondria were isolated as described previously (Meisinger et al., 2006). Briefly, 

0.5-2.5 g of cell pellet was incubated in dithiothreitol (DTT) buffer (0.1 M Tris-HCl, 

pH 9.4, 10 mM DTT) at 30°C for 20 min. The cells were then pelleted by centrifugation 

at 3,000×g for 5 min, resuspended in spheroplasting buffer (1.2 M sorbitol, 20 mM 

potassium phosphate, pH 7.4) at 7 mL/g and treated with 3 mg zymolyase (US 

Biological Life Sciences) per gram of cell pellet for 45 min at 30°C. Spheroplasts were 

pelleted by centrifugation at 3,000×g for 5 min then homogenized in homogenization 

buffer (0.6 M sorbitol, 10 mM Tris-HCl, pH 7.4, 1 mM EDTA, 1 mM PMSF, 0.2% 

[w/v] BSA [essentially fatty acid-free, Sigma-Aldrich]) with 15 strokes using a glass 
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Teflon homogenizer with pestle B. After two centrifugation steps of 5 min at 

1,500×g and 4,000×g, the final supernatant was centrifuged at 12,000×g for 15 min to 

pellet mitochondria. Mitochondria were resuspended in Sucrose–EDTA-MOPS (SEM) 

mitochondria isolation buffer (250 mM sucrose, 1 mM EDTA, 10 mM MOPS-KOH, 

pH 7.2, containing 1X protease inhibitor cocktail from Roche). 

ICP-MS 

Cellular and mitochondrial copper and iron levels were measured by inductively coupled 

plasma (ICP) mass spectrometry using NexION 300D instrument from PerkinElmer Inc. 

Briefly, 80-300 mg of intact yeast cells were washed twice with 1 mL of ultrapure metal-

free water containing 100 μM EDTA (TraceSELECT; Sigma) followed by two more 

washes with ultrapure water to eliminate EDTA. For mitochondrial samples, the same 

procedure was performed using 300 mM mannitol (TraceSELECT; Sigma) to maintain 

mitochondrial integrity. After washing, samples were weighed, digested with 40% (w/v) 

nitric acid (TraceSELECT; Sigma) at 90°C for 18 h, followed by 6 h digestion with 

0.75% H2O2 (Sigma-Supelco), then diluted in ultrapure water. For zing, magnesium and 

calcium, digested samples were further diluted by 10-100-fold to ensure the 

concentration of these ions were within linear range of the calibration curve. Calibration 

curves were generating by serially diluting a premixed standard solution (BDH Alistar 

plus or Milipore sigma ICP multi-element standard solution VIII). 

Statistical Analyses 

Statistical analysis on bar charts was conducted using two-sided students t-Test. 

Experiments were performed in three biological replicates, where biological replicates 
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are defined as experiments performed on different starting pre-culture.  Error bars 

represent the standard deviation, *(P<0.05), **(P<0.01), ***(P<0.001) and ****(P < 

0.0001). 

Table 3.1 Saccharomyces cerevisiae strains used in this study  

 
 

Table 3.2 Oligonucleotides used in this study 
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CHAPTER IV  

CONCLUSIONS 

The work described in this thesis was motivated by a longstanding mystery in the 

field of intracellular copper transport – how is copper transported to the mitochondria? 

To address this question, I utilized an unbiased yeast genomic screen and characterized 

the mechanism of intracellular metal transport by a copper-binding compound, 

elesclomol (ES), which has been previously shown to transport copper to the 

mitochondria (Nagai et al., 2012). Through these approaches, I discovered a number of 

novel genetic regulators of mitochondrial copper homeostasis and determined that ES 

can indirectly increase cellular and mitochondrial iron levels by delivering copper to the 

Golgi compartment. 

 I began my investigations on mitochondrial copper homeostasis by searching for 

novel genetic regulators of copper transport to the mitochondria. Given that the activity 

and abundance of cytochrome c oxidase (CcO), a mitochondrial cuproenzyme, is 

dependent on mitochondrial copper abundance, I utilized this enzyme as a proxy for 

mitochondrial copper levels. Specifically, we designed a genome-wide copper-sensitized 

screen, which was based on the idea that deletion of genes required for copper delivery 

to mitochondria would reduce CcO activity, which would impair respiratory growth. 

Since redundant pathways are expected for intracellular copper trafficking, we expected 

that the addition of copper salts in the media would rescue respiratory growth of a subset 

of mutants. Through an unbiased gene ontology analysis of hits from this screen, I 
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identified genes involved in vacuolar biogenesis as the major regulators of mitochondrial 

copper homeostasis. I specifically focused on the AP-3 complex and Rim proteins, 

which have been previously shown to be required for vacuolar biogenesis and V-ATPase 

expression, respectively.  

By utilizing yeast mutants of AP-3, Rim proteins and ConcA, an inhibitor of the 

V-ATPase, I demonstrated that vacuolar pH is an important physiological regulator of 

mitochondrial copper homeostasis. Defective V-ATPase function could be bypassed by 

acidifying the pH of the vacuole, a finding that clearly demonstrated the importance of 

vacuolar pH but not the enzymatic activity of the V-ATPase in mitochondrial copper 

homeostasis. Importantly, defective vacuolar pH did not perturb CcO function when 

copper was supplemented to the growth media. These data suggest that under conditions 

of copper excess, there must also be a mechanism of copper mobilization to the 

mitochondria that is independent of V-ATPase function. These were exciting discoveries 

as the requirement of vacuolar function in maintaining mitochondrial respiration has 

been known for a long time (Eide et al., 1993; Ohya et al., 1991) but the precise 

biochemical basis for this requirement remained elusive for many decades. 

In addition to uncovering a fundamental link between the functions of two 

cellular organelles, my study has implications for human health. Defective V-ATPase 

function has been reported in multiple human diseases including, Alzheimer’s, 

amylotrophic lateral sclerosis, Parkinson’s and even aging (Colacurcio and Nixon et al., 

2016; Corrionero and Horvitz, 2018; Desai and Kaler, 2008; Kaler, 2013; Nixon et al., 
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2008; Nguyen et al., 2019; Stepien et al., 2020). Though these aliments are characterized 

by defects in multiple different cellular processes, our study implicating the V-ATPase 

in mitochondrial function suggests that dysfunctional mitochondrial bioenergetics may 

contribute to the pathology of these conditions. Our findings regarding AP-3 also have 

important biomedical implications because mutations in AP-3 subunits have been shown 

to cause Hermansky–Pudlak syndrome (HPS). This disorder is pleiotropic, making it 

difficult to treat and HPS patients experience early mortality (Ammann et al., 2016; 

Dell’Angelica et al., 1999; El-Chemaly and Young, 2016). Currently, the mechanism of 

HPS disease pathogenesis is not well understood. My study identifying the role of AP-3 

in mitochondrial function, suggests an unexpected role of mitochondria in HPS disease 

pathology. 

Since no effective therapy currently exists for copper deficiency disorders, there 

is a dire need for the discovery, characterization, and optimization of copper 

therapeutics. Recent studies from our lab have uncovered therapeutic potential of ES in 

copper deficiency disorders such as the Menkes disease and a subset of mitochondrial 

disorders (Guthrie et al., 2020; Soma et al., 2018). Specifically, we showed that either 

ES or ES pre-conjugated with copper (ES-Cu), could restore mitochondrial function by 

delivering copper to the mitochondrial CcO. ES has been studied for almost fifteen years 

and a wealth of information is available in terms of its toxicity, pharmacokinetics, and 

metabolism but such information is lacking for ES-Cu. It is important to generate similar 

information for ES-Cu because this form of ES is essential for the treatment of Menkes 
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disease, where whole body copper levels are profoundly reduced. Therefore, I sought to 

compare the efficiencies and specificities of ES and ES-Cu.  

Consistent with previous studies, the toxicity of ES was directly correlated to the 

abundance of copper in the extracellular media (Blackman et al., 2012; Nagai et al., 

2012). By treating cells with non-toxic and growth inhibiting concentrations of ES and 

ES-Cu, I was able to identify the concentration of ES-trafficked copper that was 

detrimental to cell proliferation. Of note, when ES was administered with excess free 

CuCl2 as opposed to ES alone, ES-Cu, or free ES and equimolar CuCl2, the toxicity 

increased. This is likely due to the repeated cycling of ES to the extracellular media to 

bind and subsequently traffic more copper inside the cells (Nagai et al., 2012). This 

observation is of significant biomedical relevance as Menkes affected patients are given 

daily injections of Cu-histidinate (Kaler, 2014) and are expected to have high serum 

copper levels, which could potentiate the toxicity of ES.  

Besides the expected effect of ES and ES-Cu on cellular levels of copper, these 

compounds, surprisingly, also elevated cellular and mitochondrial iron levels. Utilizing 

yeast deletion mutants, I showed that ES-Cu stimulated increase in iron levels is 

mediated by the high-affinity iron import machinery, Ftr1 and Fet3. My results show that 

ES is able to deliver copper to the Golgi compartment in a Ccc2-dependent manner, 

stimulating the metalation of Fet3, a multi-copper oxidase required for iron import. 

Furthermore, I found that increased cellular iron was capable of being transported to the 

mitochondria. This discovery, if replicated in mammalian system, could open a potential 

new application of ES/ES-Cu in treating disorders of both copper and iron deficiencies. 
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The human homologs of Fet3, ceruloplasmin and hephaestin, are cuproenzymes 

required for the oxidation of iron to facilitate its cellular import (de Silva et al., 1997; Li 

et al., 2003; Vashchenko and MacGillivary, 2013). Importantly these enzymes also 

receive their copper cofactors within the Golgi. Therefore, in diseases characterized by 

copper deficiency, such as the Menkes, Occipital horn syndrome, and X-linked distal 

hereditary motor neuropathy, ES-Cu treatment could be useful in correcting iron 

homeostasis defect by facilitating copper transport to ceruloplasmin and hephaestin. 

 

Future Directions 

My work provides strong genetic and pharmacological evidence that directly 

implicates V-ATPase function in maintaining mitochondrial copper homeostasis. 

However, the biochemical mechanism(s) underpinning this observation has remained 

elusive. The recent report by Hughes et al. (Hughes et al., 2020) showing the role of V-

ATPase in cellular cysteine homeostasis provides an important clue to address this 

mystery. Specifically, Hughes et al. showed that V-ATPase function is required for 

storing cysteine in the vacuole and when this function is disrupted, cytosolic cysteine 

levels rises, which in turn causes iron auxotrophy. This study linked V-ATPase activity 

to mitochondrial function but the mechanism by which elevated cysteine perturbed iron 

homeostasis was not addressed. Since cysteine can bind copper, one can envision a 

scenario where elevated cysteine in the cytosol sequesters copper, making it unavailable 

to the mitochondrial CcO as well as the iron import protein Fet3 in the Golgi 
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compartment. This situation could explain iron auxotrophy of the V-ATPase mutants as 

well as decreased copper levels in the mitochondria. 

A prototrophic yeast strain where cellular cysteine levels can be easily 

manipulated could be useful in testing the above-described possibility. This is because 

the prototrophic strain can biosynthesize all amino acids and can be cultured in minimal 

media containing a carbon source, a nitrogen source (i.e., ammonium sulfate) and 

vitamin mix. The advantage of using this strain is that it does not require 

supplementation of any amino acids in the media for its growth, making it suitable to 

specifically test the role of cysteine in mitochondrial iron and copper homeostasis. By 

measuring mitochondrial respiration in prototrophic yeast cells with and without the 

addition of cysteine, we could determine if cysteine supplementation negatively impacts 

mitochondrial function. Additionally, V-ATPase inhibitor-sensitized respiratory growth 

could further consolidate the link between vacuolar pH, cysteine homeostasis, and 

mitochondrial respiratory chain function.  

Importantly, in addition to identifying the link between vacuolar function and 

mitochondrial copper homeostasis, our copper-sensitized genomic screen has yielded a 

rich catalog of novel genes that were previously not linked to copper biology. We 

hypothesize that these genes are either broadly involved in the maintenance of cellular 

copper homeostasis or specifically involved in copper trafficking to mitochondrial CcO. 

In order to systematically study the role of these genes in copper metabolism, they can 

be prioritized using the following criteria: 1) The strongest rescue of respiratory growth 
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by copper supplementation, 2) evolutionary conserved nature of the hits, and 3) presence 

of the gene-product in the mitochondria. To distinguish between the roles of the putative 

hits in cellular versus mitochondrial copper homeostasis, one can measure cellular and 

mitochondrial copper levels in these mutants. If the mutant exhibits diminished 

mitochondrial copper and CcO activity but not total cellular copper levels, this would 

indicate a specific defect in mitochondrial copper import and should be investigated 

further.  

Another major finding of my work is that ES/ES-Cu treatment can increase 

cellular iron levels by delivering copper to Fet3. To test the generality of this 

observation, this finding needs to be confirmed in higher eukaryotes. Future experiments 

using ES/ES-Cu treatment of human and murine cell lines and zebrafish models of 

systemic and mitochondrial specific copper deficiency could help address the question 

whether ES can stimulate increased iron absorption in vitro, in cell culture conditions 

and in vivo, in an intact organism.  
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APPENDIX A 

YEAST HOMOLOGS OF HUMAN MCUR1 REGULATE MITOCHONDRIAL 

PROLINE METABOLISM* 

I am a co-author in this work that was published in the journal Nature 

Communications (Zulkifli et al., 2020). In this project, I aided in the discovery that yeast 

proteins Put6 and Put7 are regulators of mitochondrial proline metabolism.  I performed 

growth assays and enzyme assays utilizing the PUT6 and PUT7 yeast deletion strains. 

Specifically, I performed growth assays using 21 different nitrogen sources to uncover a 

proline-specific growth defect of put6Δ and put7Δ mutants (Figure A.1). I also 

developed a protocol for measuring aconitase activity to show that in the absence of Put6 

and Put7, mitochondria exhibit enhanced oxidative stress (Figure A.2). 

 

 

 

 

 

 

 

 

* Reprinted from “Yeast homologs of human MCUR1 regulate mitochondrial proline 

metabolism.” By Zulkifli M, Neff JK, Timbalia SA, Garza NM, Chen Y, Watrous JD, 

Murgia M, Trivedi PP, Anderson SK, Tomar D, Nilsson R, Madesh M, Jain M, Gohil 

VM. 2020. Nat Commun. 11:4866.  
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Figure A.1 Put6 and Put7 are specifically required for growth in proline 
A) Prototrophic WT, put6Δ, and put7Δ yeast cells were cultured at 30°C in synthetic liquid 

media containing the indicated amino acids as the sole nitrogen source and galactose as the 

carbon source. Growth was monitored by measuring absorbance at 600 nm at the indicated time 

intervals. Ammonium sulfate was used as the most favored nitrogen source. (This figure adapted 

from Zulkifli et al., 2020). 
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Figure A.2 Loss of Put6 and Put7 perturbs cellular redox homeostasis 
Aconitase activity in isolated mitochondria from WT, put6Δ, and put7Δ yeast cells. Aconitase 

activity was normalized to citrate synthase activity and is expressed as mean ± SD relative to 

WT (n = 3 biologically independent experiments), p < 0.0001. (This figure adapted from Zulkifli 

et al., 2020). 

 

 

  


