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ABSTRACT 
 

Anderson EI. Effects of the antimicrobial drug SK-03-92 on Saccharomyces cerevisiae 
copper-related genes. MS in Biology Cell and Molecular Concentration, December 2018, 
56 (A, Galbraith). 

 
Faculty and students at UWL have developed and patented an antimicrobial, SK-03-92, 
that was derived from a stilbene produced by Comptonia peregrina (sweetfern). Work at 
UWL has shown that this compound is effective against a variety of gram positive 
bacteria but is not toxic in a mouse model. However, the precise mechanism of action of 
SK-03-92 has yet to be determined. We have been taking advantage of the genetics of 
Saccharomyces cerevisiae to provide a greater understanding of how the compound 
works. A large-scale RNA-seq analysis was performed on cultures of Saccharomyces 
cerevisiae that were treated with SK-03-93 for 60 minutes to determine the subset of 
genes that are dysregulated by cells in response to SK-03-92 treatment. Of the roughly 
6,300 genes in yeast, the expression of 14 of the 25 genes involved in copper homeostasis 
was shown to be dysregulated in SK-03-92 treated yeast. Copper is an essential trace 
element, required for the function of many essential enzymes, but copper is also 
extremely toxic to cells when it is not properly sequestered. In this work, we determined 
that the CUP2 and LSO1 genes, both genes that are up-regulated in response to increased 
copper levels, were also up-regulated in response to SK-03-92 treatment. In addition, 
yeast strains with mutations in genes involved in copper homeostasis were affected by 
SK-03-92 treatment differently than wild type yeast strains. Finally, a spot assay showed 
that the combination of 4 µg/ml SK-03-92 and 16 mM CuSO₄ (MIC) (the MIC for each 
compound) caused a 10-fold decrease in survival relative to the untreated control, or 
either compound alone, after 30 and 60 minutes of treatment. Together, these results 
suggest that SK-03-92 treatment leads to a disruption of copper homeostasis in yeast 
cells.  
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INTRODUCTION 

Antimicrobial Resistance 

Accidental contamination led to Sir Alexander Fleming’s discovery of penicillin. 

Penicillin is a life-saving antibiotic, but in one of Sir Fleming’s interviews in 1945 he indicated 

his concerns that the misuse of penicillin could lead to penicillin resistance (New York Times, 

1945; Rosenblatt-Farrell, 2009). Antibiotic resistance occurs when bacterial cells acquire 

changes that prevent an antibiotic from being effective. Overuse of antibiotics selects for 

resistant or partially resistant cells, thus increasing the overall frequency of resistant cells in the 

population (Davies and Davies, 2010). Resistance to antimicrobial drugs also occurs with other 

disease-causing organisms including fungi (Wiederhold, 2017).  

Although reports of antibiotic-resistant bacterial strains can commonly be found in the 

public press, fungal infections, and the increased antimicrobial resistance of fungal pathogens, 

are far more difficult to treat. Fungi are eukaryotic just like humans, and many of the current 

antifungal medications target molecules made by the fungi that are also made in human cells, 

leading to toxic side effects in patients (Wiederhold, 2017). In addition, there are fewer types of 

antifungal medications on the market compared to the number of different types of antibiotic 

medications, having been 30 years since the last new antifungal medication was developed 

(Roemer and Krysan, 2014).  

Some of the most common fungi that cause infections include Candida and 

Aspergillus species (Howard et al., 2009; Lockhart et al., 2017). Candida infections are 

estimated to affect as many as 8 in 100,000 people annually throughout Canada, Europe, and the 

United States, with Baltimore having a higher than average number of cases at 24 per 100,000 in 
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the population annually (Pfaller and Diekema, 2007). The CDC estimates that Candida 

infections in the blood cause patients to remain hospitalized an extra 3-13 days and add an 

additional cost of $6,000 to $29,000 to their bill (Centers for Disease Control, 2018). 

Candidemia infections are more common than those caused by Aspergillus which leads to an 

estimated 72.8 cases per million inhabitants per year through the world (Guinea, 2014). It is 

estimated that there are 300,000 invasive Aspergillus infections worldwide per year (Centers for 

Disease Control, 2017).  Although Aspergillus infections are less common, they are more deadly, 

especially for immunocompromised people. For example, the one-year survival rate of organ 

transplant patients who contract Aspergillus infections is only 59%, and the one-year survival 

rate of stem cell transplant patients who contract Aspergillus infections is only 25% (Centers for 

Disease Control, 2017; Centers for Disease Control, 2015; Brown et al., 2012). In addition, some 

fungal infections can arise after a patient has been treated with antibiotics for a bacterial 

infection, further complicating treatments (Kontoyiannis, 2017; Ben-Ami et al., 2012).  

Due to increased threat of resistance of pathogens to antimicrobials, the Centers for 

Disease Control (CDC) and the World Health Organization (WHO) have both dedicated entire 

research arms to the dangers of antimicrobial resistance (Centers for Disease Control 2017; 

World Health Organization, 2017a). The CDC has developed a four-pronged plan designed to 

help solve the problem of antimicrobial resistance including 1) preventing infections, 2) tracking 

resistance, 3) improving and safely using existing antimicrobials, and 4) developing new 

antimicrobials. The first approach, preventing infections, includes behaviors as simple as 

washing hands and maintaining a clean environment. Another approach to prevent infections is 

for clinicians to prescribe antibiotics that specifically target the bacterial species rather than 
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prescribing broad spectrum antibiotics (Leekha et al., 2011). Prevention of infections is 

particularly important in hospitals and health care facilities where infections can run rampant 

(Centers for Disease Control, 2016). Young children, older adults, and others who are 

immunocompromised are more susceptible to hospital and clinic acquired infections.  

Tracking resistance is the second approach to solving the problem of antimicrobial 

resistance. For example, one location to track resistance is near waterways on farms where 

antibiotics are used on livestock (Allen et al., 2011). Overuse of antibiotics in livestock can lead 

to antibacterial resistance in the gut bacteria of the animals. These antimicrobial resistant bacteria 

can then exit the animals in their feces which enter waterways to be spread to other areas. 

Overuse of antifungals on farmers’ crops can lead to increased resistance to antifungals as well 

(Verweij et al., 2009). The CDC and the WHO both routinely report the biggest threats of 

antimicrobial resistance and their risks to human health (Centers for Disease Control, 2013; 

World Health Organization, 2017b).  

The third approach developed by the CDC to solve the problem of antimicrobial 

resistance is improving and safely using antibiotics. For example, one current approach to 

improving the usefulness of antimicrobials is by determining their precise mechanisms of action. 

Understanding the mechanism of action for an antimicrobial helps in directing the understanding 

of what changes may have arisen in the pathogen population that led to resistance to that drug. 

Understanding those changes allows scientists to not only manipulate the processes that bacteria 

and other microorganisms use to develop resistance, but also allows scientists to develop ways to 

possibly revert the resistant microbes back to being susceptible, resulting in antimicrobials 

already on the market becoming useful again (Cohen et al., 2016).  
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Development of SK-03-92 

The fourth approach by the CDC to solving the problem of antimicrobial resistance is 

development of new antimicrobials (Centers for Disease Control, 2017). This step is the 

approach that researchers at the University of Wisconsin - La Crosse (UWL) have taken to work 

on the problem of antimicrobial resistance. In collaboration with researchers at the University of 

Wisconsin - Milwaukee (UWM), UWL scientists have produced over 350 compounds, all 

derived from a naturally occurring antimicrobial stilbenoid compound purified from the sweet 

fern, Comptonia peregrina.  Stilbenes are a class of aromatic hydrocarbons which have been 

used in making dyes and for other purposes (Monte et al., 2010; Tiruveedhula et al., 2013; 

Boulos et al., 2013). Plant derived stilbenes have also been used as medicinal drugs for a wide 

variety of different conditions including antitumor agents (De Filippis et al., 2017).  

The lead compound studied by the research group at UWL is called SK-03-92 (Figure 

1A). SK-03-92 has been identified as an antimicrobial, working within 60 minutes to kill 

Staphylococcus and Bacillus species (Schwan et al., 2012).  SK-03-92 has also been shown to 

kill the single-celled fungus Saccharomyces cerevisiae (A. Galbraith, personal communication), 

and SK-03-92 has been found to be safe and to effectively treat a S. aureus infection in a mouse 

model (Schwan et al., 2015). A microarray was performed on SK-03-92-treated S. aureus to 

identify genes that were dysregulated in SK-03-92-treated cells. Genes involved in a variety of 

functions were found to be dysregulated by SK-03-92 treatment in S. aureus, including a gene 

involved in copper metabolism (Schwan et al., 2017). Although SK-03-92 and other derivatives 

were patented in 2010 (Monte et al., 2010), and efforts have been made to determine bacterial 
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targets for SK-03-92, a mechanism of action has not been determined to explain the 

antimicrobial properties of SK-03-92 or any of its related compounds.  

SK-03-92 has a structure similar to other stilbenoid compounds, including  resveratrol 

and one of resveratrol’s metabolites, piceatannol (Figure 1B and 1C). Resveratrol has a multitude 

of bioactivities too numerous to mention here, but is known mainly for its anti-aging properties, 

its use in decreasing the risk of cardiovascular and other diseases, and as a natural defense 

mechanism for plants (Borra et al., 2005; Mohar and Malik, 2012). Despite well over a decade of 

research, a mechanism of action for resveratrol has not yet been determined. Therefore, 

resveratrol can only be purchased as an unregulated dietary supplement that has not been 

approved for use by the FDA. Resveratrol and one of its metabolites, piceatannol (Figure 1B and 

1C), have been shown to interact with copper, leading to the induction of DNA breaks, and 

providing these two compounds with anticancer properties (Submaramium et al., 2015; Li et al., 

2012).  

 

 

Figure 1. Chemical structures of A) SK-03-92, B) resveratrol, and C) piceatannol. 
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Copper Homeostasis 

Copper is an essential trace element required by nearly all cells/organisms (Lutsenko, 

2010). However, like most trace elements, too much copper can be toxic to cells/organisms. For 

example, in humans, 900 micrograms of copper is required daily in our diets (Institute of 

Medicine, 2001) but too much, 10 milligrams, can lead to liver damage.  Because of the dangers 

of too much copper, the Environmental Protection Agency (EPA) developed the Lead and 

Copper Rule which provides guidelines regarding levels of copper that are safe if found in 

drinking water (Environmental Protection Agency, 2016). In their report, the EPA indicates the 

recommended dietary allowance of copper should be less than one milligram per day.  

The importance of maintaining a precise amount of copper ions in human cells can also 

be illustrated by human disorders associated with mutations in genes that encode proteins that 

shuttle copper ions into and out of cells and cell compartments. For example, Wilson disease is 

caused by mutations in the ATP7B gene, a gene that encodes a transmembrane P-type ATPase 

required to export excess copper from cells (Fieten et al., 2016). Cu⁺ can interact with hydrogen 

peroxide through the second step of the Haber-Weiss Reactions, the Fenton Reaction, to produce 

hydroxyl radicals (Gaetke et al., 2014). Therefore, free unbound Cu⁺ in cells can lead to free 

radical damage in the form of DNA strand breaks, lipid peroxidation, and altered cell walls 

(Lobo et al., 2010). Characteristic features of Wilson disease include copper accumulation and 

toxicity in the brain and in the liver (Crisponi et al., 2010). A second human disorder, Menkes 

disease, is caused by mutations in the ATP7A gene, a gene that encodes a transmembrane P-type 

ATPase required for the import of copper (and export of copper when copper is in excess) 

(Skjørringe et al., 2017). Individuals with Menkes disease tend to suffer from “kinky” hair, 
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neurodegeneration, and a short life span, all caused primarily by shortages of copper during 

development (Kaler, 2003; Choi et al., 2016).  

In summary, although free copper in cells is toxic, some copper is required in cells to 

serve as cofactors for the proper function of many important enzymes found in organisms as 

diverse as bacteria, fungi, animals, and plants (see below). In order to prevent potential damage 

by free copper in cells, the transport of copper into cells, the movement of copper to these 

various copper-requiring enzymes, and the removal of excess copper are all very tightly 

controlled. A brief overview of  a current model for copper homeostasis follows, focusing on the 

model organism, Saccharomyces cerevisiae, or Baker’s yeast.  

 

Yeast enzymes that require copper for function when growing aerobically 

Copper ions begins on the external surface of a yeast cell where Cu²⁺ is converted to Cu⁺ 

by the action of the cell surface iron/copper reductases Fre1 and Fre2 (Van Bakel et al., 2005) 

(Figure 2). Fre1/2 is localized to the cell surface and is required to reduce both iron and copper 

prior to import (Yun et al., 2001). Once Cu²⁺ is in the Cu⁺ form it can enter into the cell through 

high affinity copper importers including Ctr1/3. Ctr1 and Ctr3 are members of a family of 

permeases that can form channels to become the high affinity copper importing channels (Van 

Bakel et al., 2005; Leary et al., 2009). There is also a low affinity copper importer that can 

import Cu⁺ into the cell, Fet4, a copper dependent iron importer, and Smf1, which transports 

several kinds of metal ions across the membrane, including copper, iron, and manganese (Leary 

et al., 2009). High affinity copper importers bind and transport copper into cells when copper is 
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in low concentration outside of the cell, while low affinity importers bind and transport copper 

into cells when the copper concentration outside of the cell is high.  

 

 

Figure 2. Yeast proteins involved in copper homeostasis. See text for details.  
 
 
 

Once inside the cell, copper needs to be consistently bound by proteins, called 

chaperones, because of the toxicity of free copper to cells. As Figure 2 indicates, there are three 

major chaperone proteins that bind copper once the copper is inside the cell. One chaperone, 
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Ccs1, forms a heterodimer with the Sod1 protein in order to transfer copper to Sod1, the 

copper-requiring superoxide dismutase enzyme which functions to prevent oxidative stress (Ogra 

et al., 2016). A second chaperone, Atx1, carries copper to the Ccc2 protein which provides 

copper to the multicopper ferroxidase Fet3, which is then moved to the cell membrane where it 

functions as an importer of iron and copper ions with Fet4 (Van Bakel et al., 2005). Fet3 requires 

copper to oxidize iron prior to iron import, and also requires copper to function in its role as a 

low affinity copper importer (see above) (Askwith et al., 1994). A third chaperone, Cox17, 

provides copper to enzymes found in the mitochondria, doing so either directly, or indirectly via 

Pic2, a copper and phosphate importer (Leary et al.,  2009). Once copper has been brought into 

the mitochondrion via Cox17 or Cox17/Pic2, the copper is transferred to the Cox11 and/or 

Sco1/2 proteins and then ultimately transferred to the copper-requiring cytochrome C oxidase 

enzyme (CcO), a component of the electron transport chain needed to produce ATP for the cell 

(Ogra et al., 2016) (Figure 2). Copper can also be stored in the mitochondria of yeast cells in 

what has been termed a labile copper-ligand pool (Winge, 2018). It is thought that the copper 

pool functions to buffer intracellular copper levels (Lindahl and Moore, 2016).  

 Yeast cells can also store excess copper within their vacuoles. Copper is imported into 

the vacuole via the vacuolar H+-ATPase Vma3. Vma3 functions not only to import copper into 

the vacuole, but also to acidify the vacuole and protect cells from apoptosis (Konarzewska et al., 

2017). When copper is needed by the cell, the Ctr2 protein and Fre6 protein, which are found in 

the membrane of the vacuole, allow copper mobilization by transporting the copper out of the 

vacuole and back into the cytoplasm to be bound by the three copper chaperones (Rees et al., 

9 



 
 

 

2004; Nevitt et al., 2012). Fre6 is also induced by low iron levels, although a deletion confers no 

apparent phenotype (Huh et al., 2003).  

 

Yeast response to high copper levels (copper toxicity) 

Despite all of the precautions taken by cells, occasionally there are free unbound copper 

ions in the cell. Several proteins called metallothioneins function as “copper moppers” to bind to 

any free copper ions. These metallothioneins include Cup1-1 and Cup1-2, which together form a 

copper-thiolate cluster that uses -SH groups to reduce copper, and the metallothionein Crs5 

(Ogra et al., 2016). As copper levels rise, the transcription factor Cup2/Ace1 induces the 

production of more of these metallothionein proteins (Welch et al., 1989). Cup2/Ace1 also 

induces transcription of Sod1, likely so that the Sod1 protein can serve to also bind excess 

copper and/or function to prevent any copper-induced damage (Gralla et al., 1991). Finally, a 

checkpoint protein in yeast cells, Rad53, serves as a sensor of free copper in the cell (Dong et al., 

2013), and responds to excess free copper ions by arresting the cell cycle at whatever phase the 

cell is in at the time (Elledge, 1996). Interestingly, yeast does not have a system to export excess 

copper out of the cell like bacteria and humans do (Burkhead et al., 2009; Gupta and Lutsenko, 

2009). Instead yeast cells transport excess copper to the vacuole (Figure 2) (Leary et al., 2009) 

and to the mitochondria (Winge, 2018). By storing the copper rather than exporting it, the copper 

can be made available to the cell later if cells become starved for copper (see above).  

Another set of genes in yeast, some with unknown functions or seemingly unrelated 

functions, have been shown to be upregulated in response to copper treatment. One of the genes 

that is upregulated in response to copper treatment, LSO1, has an unknown function but appears 
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to be the transcriptional target of the transcription factor Aft1 which is involved in iron 

homeostasis (Foster et al., 2014; An et al., 2015). A second gene that is upregulated in response 

to copper treatment, CYS3, encodes a cystathionine gamma lyase, which controls one of two 

steps that produce the amino acid cysteine from homocysteine (Ono et al., 1992). Not much is 

known about the relationship between CYS3 and copper, but interestingly, a cys3 mutant turns 

brown upon copper treatment (Gross et al., 2000). Three other genes that are upregulated in 

response to copper treatment include IRC7, a gene that encodes a beta lyase which functions to 

help produce thiols (Gross et al., 2000; Roncoroni et al., 2011), YOR389w which has no known 

function (Van Bakel et al., 2005), and YPL278c, which also has no known function (Van Bakel 

et al., 2005).  

 

Yeast response to low copper levels (copper starvation) 

Although copper toxicity can occur when there is too much copper, yeast cells are 

similarly compromised when copper levels are too low. Cells respond to low copper levels via 

the transcription factor Mac1. The Mac1 transcription factor resides in the nucleus (Van Bakel et 

al., 2005). When copper levels are sufficiently high, eight copper ions are bound to Mac1, 

rendering the protein inactive. When copper levels drop, the Mac1 transcription factor loses the 

copper ions and becomes activated, inducing transcription of high-affinity copper importers such 

as Ctr1 and Ctr3 (Dong et al., 2013). These high-affinity copper importers can then scavenge 

copper from the environment to bring Cu⁺ into the cell, as described above.  
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Previous Work 

Our lab works with the model organism Saccharomyces cerevisiae, or Baker’s yeast. For 

this work in particular, yeast is a good model system because it is small and non-pathogenic, it 

grows quickly and can be easily stored, there are mutant strains readily available, and its genome 

is well-annotated. Several years ago, our laboratory tested the compound SK-03-92 to see what 

its effect was on yeast cells. We treated cells in culture with SK-03-92, and then plated dilutions 

of the cultures after various times of treatment to determine the  number of cells that were able to 

grow into colonies over time. Figure 3 shows that only about 1% of yeast cells were able to grow 

into colonies after as little as 10 minutes of treatment by SK-03-92 at a concentration of 8 

µg/mL, a concentration confirmed to be the 2X MIC in this work (see Results). 

 
Figure 3. Survival of wild type Saccharomyces cerevisiae treated with 8 µg/mL SK-03-92. 
Results are the average of three independent experiments. 
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A spot assay was developed in our lab to enable faster screening of conditions that 

affected survival. Yeast cells are treated with SK-03-92 in culture just as with the plating assay, 

but the dilutions at various times are spotted onto a plate rather than spread to allow the growth 

of individual colonies. From these spot assays, it was determined that the drug does not kill yeast 

appreciably if they are diluted from a dense culture or grown without oxygen, suggesting that the 

cells must be metabolically active to be susceptible to the killing effects of SK-03-92 (A. 

Galbraith, personal communication). In addition, it was observed that many of the cells that do 

survive grow into colonies that are smaller than normal, a phenomenon known as petite colonies. 

Petite colonies are known to form when yeast cells are fermenting rather than growing using 

oxidative phosphorylation (Gibson et al., 2008). Because the survivors of SK-03-92 treatment 

tended to be petite, indicating that they lacked the function of mitochondria, Timothy Green, a 

previous graduate student in the lab, stained SK-03-92-treated cells with MitoTracker, a 

mitochondria-specific fluorescent stain, and showed that the decreased survival of the yeast cells 

correlated with the increased presence of defective mitochondria (Green, 2016).  

More recently, an RNA-seq analysis was performed on four independent sets of 

SK-03-92 treated/untreated yeast cultures to identify genes that are dysregulated in response to 

60 minutes of SK-03-92 treatment. Surprisingly, many of the genes that encode proteins 

involved in the response to high copper levels were up-regulated (Table 1), including the 

Cup2/Ace1 transcription factor that responds to high intracellular copper levels, and several 

metallothioneins that are activated in response to high copper levels inside cells, including 

Cup1-1 and Cup1-2. In fact, 14 of 25 known copper-related yeast genes were dysregulated in 
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response to SK-03-92 treatment, including genes whose only known activity is to be induced by 

copper treatment (Table 1). 

 

Table 1. Results of RNA-seq analysis of copper-related yeast genes after treatment with 8 
µg/mL SK-03-92 for 60 minutes. 

Gene Fold- change Protein function (in brief) 

CCS1 1.8 (up) Copper chaperone for cytoplasmic Sod1p 

CTR2 2.1 (up) Copper transporter from vacuole to cytoplasm 

RAD53 2.2 (up) Regulates copper genes in response to DNA damage 

FET3 2.4 (up) Multicopper oxidase in Golgi, oxidizes iron and copper 

YPL278c 2.5 (up) Unknown function, increased expression in response to copper 

YOR389w 2.7 (up) Unknown function, increased expression in response to copper 

IRC7 2.8 (up) Beta lyase, increased expression in response to copper 

CUP2 4.9 (up) Copper binding TF expressed when copper levels are high 

CYS3 5.5 (up) Cystathionine gamma lyase, mutant turns brown upon copper treatment 

LSO1 7.5 (up) Unknown function, increased expression in response to copper 

CUP1-1 8 (up) Copper metallothionein for binding excess copper 

CUP1-2 8 (up) Copper metallothionein for binding excess copper 

COX11 0.4 (down) Copper chaperone for Cox1p 

PIC2 3.0 (down) Mitochondrial copper and phosphate importer 

ATX1 NS1 Copper chaperone to Ccc2p 

CCC2 NS Copper transporter from Atx1p to Fet3p in Golgi 

CMC1 NS Copper binding protein in IMS 

COX17 NS Copper chaperone from Sco1p to Cox11p 

CRS5 NS Copper metallothionein for binding excess copper 

CTR1 NS Copper transporter, brings copper into cell 

CTR3 NS Copper transporter, brings copper into cell 
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MAC1 NS Copper binding TF expressed when copper levels are low 

SCO1 NS Copper binding protein in IMS 

SOD1 NS Cytosolic copper-zinc superoxide dismutase 

VMA3 NS Vacuole copper importer, one subunit of the vacuole ATPase 
1No significant difference in RNA levels between untreated and treated cells 

 

 Taken together, the observations that we have made so far are consistent with a 

hypothesis that SK-03-92 disrupts copper homeostasis in yeast cells. Survival of SK-03-92 

treated yeast cells is quickly decreased (Figure 3), the decline in survival correlates with the 

appearance of defective mitochondria (Green, 2016), many of the survivors are petite (A. 

Galbraith, personal communication), and RNA-seq analysis indicates that SK-03-92 treated yeast 

cells induce expression of genes required in the response to high levels of copper (Table 1). 

Given that two other stilbenes related to SK-03-92 structurally, resveratrol and piceatannol, have 

been shown to interact with copper to cause DNA breaks (Submaramium et al., 2015; Li et al., 

2012), it is feasible that SK-03-92 is also interacting with copper in some way that is leading to 

copper toxicity in the cells. Excess copper in cells is also consistent with the observed 

up-regulation of the Rad53 checkpoint in response to SK-03-92 treatment (Table 1). The 

Rad53-induced checkpoint arrest would explain the rapid lack of growth response of yeast cells 

(less than 10 minutes) when treated with SK-03-92 (Figure 3). We decided to continue to pursue 

the possibility that SK-03-92 treatment leads to disruption of copper homeostasis in yeast cells.  
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METHODS AND MATERIALS  

Yeast Strains and Growth Methods 

Media and genetic manipulations for Saccharomyces cerevisiae followed standard 

protocols (Guthrie and Fink, 1991). The wild type and mutant strains were purchased from 

EuroSCARF (Frankfurt, Germany) (Table 2). 

 

Table 2. Yeast strains used in this study.  

Strain Name Genotype 

BY4742 (wild type) MAT𝛂; his3𝚫 1; leu2𝚫 0; ura3𝚫 

BY4742-ccc2 MAT𝛂; his3𝚫 1; leu2𝚫 0; ura3𝚫; ccc2𝚫 

BY4742-ccs1 MAT𝛂; his3𝚫 1; leu2𝚫 0; ura3𝚫; ccs1𝚫 

BY4742- cmc1 MAT𝛂; his3𝚫 1; leu2𝚫 0; ura3𝚫; cmc1𝚫 

BY4742-crs5 MAT𝛂; his3𝚫 1; leu2𝚫 0; ura3𝚫; crs5𝚫 

BY4742-ctr1 MAT𝛂; his3𝚫 1; leu2𝚫 0; ura3𝚫; ctr1𝚫 

BY4742-cys3 MAT𝛂; his3𝚫 1; leu2𝚫 0; ura3𝚫; cys3𝚫 

BY4742-cup2 MAT𝛂; his3𝚫 1; leu2𝚫 0; ura3𝚫; cup2𝚫 

BY4742-fet3 MAT𝛂; his3𝚫 1; leu2𝚫 0; ura3𝚫; fet3𝚫 

BY4742-irc7 MAT𝛂; his3𝚫 1; leu2𝚫 0; ura3𝚫; irc7𝚫 

BY4742-lso1 MAT𝛂; his3𝚫 1; leu2𝚫 0; ura3𝚫; lso1𝚫 

BY4742-mac1  MAT𝛂; his3𝚫 1; leu2𝚫 0; ura3𝚫; mac1𝚫 

BY4742-pic2 MAT𝛂; his3𝚫 1; leu2𝚫 0; ura3𝚫; pic2𝚫 

BY4742-sod1 MAT𝛂; his3𝚫 1; leu2𝚫 0; ura3𝚫; sod1𝚫 

BY4742-vma3 MAT𝛂; his3𝚫 1; leu2𝚫 0; ura3𝚫; vma3𝚫 

 

16 



 
 

 

Spot Assay 

Yeast strains were grown overnight in YPA (yeast extract-peptone-acetate) medium, 

counted with a hemocytometer, diluted into fresh YPA to 2 x 10⁶ cells/mL, grown for two hours, 

and then split into two 5 mL cultures. One culture was treated with 8 µg/mL of SK-03-92 (8 µL 

of a 5 mg/mL solution in DMSO), and the other was untreated (8 µL of DMSO was added). For 

experiments involving the addition of exogenous copper, a final concentration of 32 mM copper 

sulfate (II) (Fisher Scientific, Waltham, MA) was used because the MIC determined for the wild 

type strain BY4742 for copper sulfate was 16 mM (see Results). When experiments were done to 

test the survival of yeast cells treated with both SK-03-92 and copper sulfate, the two compounds 

were added at the same time one immediately after the other. A sample of 100 µL of each culture 

was taken before treatment at time 0 minutes (’), and then after 30’, 60’, and 24 hours. These 

samples were diluted 10-fold through 10⁻⁴, and 10 µL of each dilution was spotted onto a YPD 

(yeast extract-peptone-dextrose) plate. Plates were incubated for 2-3 days at 30℃ and 

photographed.  

 

 

Spread Plate Assay 

In order to more precisely measure the ability of yeast cells to survive SK-03-92 

treatment, spread plate assays were performed. Yeast strains were grown overnight in YPA 

medium, counted with a hemocytometer, diluted in fresh YPA to 2 x 10⁶ cells/mL, grown out for 

two hours, and then split into two 5 mL cultures. One culture was treated with 8 µg/mL of 

SK-03-92 (8 µL of a 5 mg/mL solution in DMSO), and the other was untreated (8 µL of DMSO 
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was added). A sample of 100 µL of each culture was taken before treatment at time 0’, and then 

after 30’, 60’, 120’, and 24 hours. These samples were diluted 10-fold through 10⁻³, and 100 µL 

of the 1000-fold dilution was spread for single colonies on a YPD plate. Plates were incubated 

for 2-3 days at 30℃ and the number of colonies growing on each plate was counted. The 

proportion of surviving cells from each culture that formed colonies was calculated for each time 

point and normalized to the 0’ time point of that culture. Four independent replicates were done 

for each experiment, and the data averaged for each culture and time point. 

 

 

RNA Extraction 

Yeast cells were grown overnight in YPA medium, diluted to 2x107 cells/ml in fresh 

YPA medium, grown for two hours, and then split into two 5 ml cultures. One culture was 

treated with 32 µg/mL SK-03-92 and the other was untreated (an equal volume of DMSO was 

added). The concentration of 32 µg/mL SK-03-92 has been shown in our lab to sufficiently kill 

cells at a concentration of 2x107 cells/ml (data not shown).  RNA was extracted from 0.75 mL 

cell samples after various times of SK-03-92 treatment using the Masterpure Yeast RNA 

Purification Kit (Epicenter, Madison, WI). RNA concentrations were determined using a 

Nanodrop 2000 Spectrophotometer (Thermo Scientific, Waltham, MA).  

 

 

Reverse Transcription and  qPCR 
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The BioRad iScript™ Reverse Transcription Supermix for RT-qPCR kit (Bio Rad, 

Hercules, CA) was used to produce cDNA from 500 ng of each RNA sample. The BioRad 

SsoAdvanced™ Universal SYBRⓇ Green Supermix (Bio Rad, Hercules, CA) was used for the 

qPCR reactions, and the BioRad CFX96™ Real-Time System (Bio Rad, Hercules, CA) and its 

software was used for the quantitative analysis. DNA primers for each gene analyzed were 

designed using a freely available Primer Design program (IDT, Coralville, IA) and primers were 

purchased from IDT (Coralville, IA) (Table 3). The GCD2 gene, encoding a translational 

initiation factor (Pavitt, 2005), served as a control gene whose expression appeared unaffected by 

SK-03-92 treatment as shown by both RNA-seq and qPCR analysis (data not shown).  

 
 

Table 3. Primer pairs for qPCR.  

Gene Sequence Forward (5’→ 3’) Sequence Reverse (5’→3’) 

GCD2 CCAGTTCTGCGTCAACAAATAC TCACCAGCCTCTAACGAGATA 

CCC2 CGTCCAAGACAACGCTAGAA CCTCTCAAGGTGCCTCAATAAA 

CUP2 GGGTCAAATATGCCTGTGAAAC ACCCTCATCACAACGACATC 

PIC2 GGTGCAGACAGATTCCTTACAC CACCATTAACCCATTCCACAAC 

LSO1 AAAGTGGCAGCAGGAAGAG TCTTCGGCGGCTAGTAATTG 

 

 

 

Minimum Inhibitory Concentration Assay 

MIC (Minimum Inhibitory Concentration) assays were performed following a standard 

MIC protocol (Wiegand et al., 2008). Similar to the spot assay, cultures were grown overnight in 

YPA, diluted to 2 x 10⁶ cells/mL, and grown for two hours. These cells were then used in the 
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MIC assay using a 96-well U-bottom microtiter plate (96 Well Becton Dickinson Labware, 

Franklin Lakes, NJ). To measure the MIC of SK-03-92, concentrations of SK-03-92 ranging 

from 1 µg/ml to 8 µg/ml were tested. To measure the MIC of copper sulfate, concentrations of 

copper sulfate ranging from 64 mM to 0.016 mM were tested. Each well contained a final 

concentration of yeast cells at 1 x 10⁶ cells/mL. Controls included wells with YPA but no yeast 

cells, wells containing yeast plus YPA, and wells containing yeast plus YPA plus DMSO. The 

plates were incubated at 30℃ and observed for pellet formation and size after 24 and 48 hours of 

treatment. MIC assays were repeated at least twice for each experiment done.  

 

RESULTS 

One approach to elucidating the mechanism of action of the antimicrobial SK-03-92 is to 

determine which genes are dysregulated in response to treatment with the SK-03-92 compound. 

A microarray analysis was previously done on Staphylococcus aureus treated with SK-03-92 and 

52 genes were shown to be dysregulated (Schwan et al., 2017), including copZ which is a 

bacterial copper chaperone (Schwan et al., 2017). To further pursue the mechanism of action of 

SK-03-92, an RNA-sequencing (RNA-seq) analysis was performed on SK-03-92 treated yeast 

cells. RNA was purified from four independent sets of yeast cultures either treated or not treated 

with 8 ug/mL SK-03-92 for 60 minutes. These RNA samples were sent to the Biotechnology 

Center at UW-Madison (Madison, WI) where they were analyzed by RNA-seq to determine the 

identities of all genes dysregulated after the 60 minute SK-03-92 treatment.  

From the RNA-seq analysis, 14 of 25 yeast genes involved in copper homeostasis were 

shown to be dysregulated in response to treatment with SK-03-92 (Table 1). Because the 
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copper-related copZ gene had also been shown to be dysregulated in response to SK-03-92 

treatment in S. aureus (Schwan et al., 2017), and because the related stilbenoid compounds 

resveratrol and piceatannol are known to bind copper (Subramaniam et al., 2016; Li et al., 2012), 

we decided to pursue the interesting observation that SK-03-92 treatment appears to interfere 

with copper homeostasis in yeast cells. 

 

Copper-related gene mutants survive SK-03-92 treatment better than wild type cells 
 

Fourteen copper-related mutants (ccc2, ccs1, cmc1, crs5, ctr1, cys3, fet3, sod1, lso1, 

mac1, vma3, cup2, irc7, and pic2) were examined using the spot assay that we developed in our 

lab (see Materials and Methods) to see if mutations in these copper-related genes would confer a 

response to SK-03-92 treatment different from wild type cells. Not all of the 25 copper-related 

genes could be tested by the spot assay either because mutations in these genes were lethal or 

mutations in these genes were unavailable in the mutant collection (EuroSCARF, Frankfurt, 

Germany). Of the 14 mutant strains available for purchase, half of them had mutations in 

copper-related genes shown to be dysregulated in response to SK-03-92 treatment by RNA-seq 

analysis (Table 1). The other half had mutations in copper-related genes that were not 

dysregulated in response to SK-03-92 treatment, but their known functions suggested that these 

mutations might confer an interesting SK-03-92 response phenotype if copper homeostasis is in 

fact affected by SK-03-92 treatment. A wild type control (untreated and treated) was included in 

every spot assay done so that the SK-03-92 responses of the mutants could be directly compared 

to the response of the wild type control in the same experiment.  
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Results of the spot assay experiments were used to roughly divide the 14 mutants into 

three categories based on the survival response to SK-03-92 treatment:  those mutants that 

appeared to survive better than wild type cells, those mutants that appeared to survive better than 

wild type cells but also conferred a petite phenotype even when not treated, indicating a lack of 

mitochondrial function (Gibson et al., 2008), and those mutants that showed no difference in 

survival compared to wild type cells. Interestingly, 11 of the 14 copper-related mutants tested 

appeared to survive better than wild type in response to the drug (Figure 4A and 4B). Of these 11 

mutants, crs5, cys3, cmc1, sod1, mac1, and lso1 survived about 10-fold better than wild type 

when treated with SK-03-92, and vma3, ccc2, fet3, ctr1, and ccs1 survived about 100-fold better 

than wild type when treated with SK-03-92 (Figure 4A and 4B). It was noted that three of the 11 

mutants that survived better than wild type when treated with SK-03-92 (lso1, mac1, and vma3) 

produced petite (small) colonies even without SK-03-92 treatment, a phenomenon associated 

with mutants that have defective mitochondria (Figure 4B; Fekete et al., 2007). It is not 

unexpected that a petite mutant with no mitochondrial function would survive SK-03-92 

treatment better than wild type given that SK-03-92 appears affects mitochondria (Green, 2016). 

The three remaining mutants, cup2, irc7, and pic2, showed an SK-03-92 survival response 

phenotype similar to wild type (Figure 4C).  
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Figure 4. Spot assay comparing the SK-03-92 response of copper-related mutants to wild type 
(wt). Strains were treated with either 8 µg/ml SK-03-92 (+) or with an equal volume of DMSO 
(-). Samples were taken immediately before treatment (0) and after 30 minutes, 60 minutes, and 
24 hours of treatment, diluted, and plated. For each mutant tested, a wild type control was 
included to use to score the mutant phenotype. The wild type control data shown represent 
typical results. A) Mutants that survived SK-03-92 treatment better than wild type. B) Mutants 
that survived SK-03-92 treatment better than wild type but confer a petite phenotype with or 
without SK-03-92 treatment. C) Mutants that survived no differently than wild type.  

 

 

 
RNA levels of copper-related genes are affected by SK-03-92 treatment 

 
In order to examine SK-03-92-induced changes in gene expression for some of the 

copper homeostasis genes shown to be dysregulated after SK-03-92 treatment by RNA-seq, 

RNA levels from four different copper-related genes were measured after various times of 

SK-03-92 treatment using qPCR, from 15 min to 3 hours. The genes were chosen based on 

results from the RNA-seq analysis to represent genes whose expression was upregulated, 

downregulated, or unaffected by SK-03-92 treatment.  

The first of the four genes examined was CCC2, a gene whose expression was shown to 

be unaffected after an hour of SK-03-92 treatment by RNA-seq analysis. The CCC2 gene, the 

yeast homolog to human ATP7A which is involved with Menkes disease (Skjørringe et al., 

2017), encodes a P-type ATPase that receives imported copper from Atx1p, and passes the 

copper to a copper-requiring multicopper oxidase inside the Golgi, Fet3p, which is ultimately 

moved to the cell membrane to function in iron and copper import (Van Bakel et al., 2005). RNA 

levels of CCC2 remain relatively unchanged over the times tested (Figure 5), confirming the 

RNA-seq analysis.  
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Figure 5. qPCR analysis of CCC2, CUP2, and PIC2 all normalized to the control gene GCD2. 
Time points were taken after 0, 15, 30, 60, 120, and 180 minutes of treatment with 8 µg/ml 
SK-03-92. Three independent qPCR reactions were performed for each gene and time point 
using the same RNA/cDNA samples, and the results averaged. The Y axis shows fold-change 
with one standard error in each direction.  
 
 

The second gene examined, CUP2/ACE1, encodes a transcription factor that induces the 

production of metallothionein proteins that bind free copper ions inside the cell (Welch et al., 

1989). RNA-seq analysis indicated that the CUP2/ACE1 gene was upregulated after an hour of 

SK-03-92 treatment. As shown in Figure 5, CUP2 RNA levels increased 4-fold after 15 minutes 

of SK-03-92 treatment compared to the control gene, and then decreased after 30 minutes of 

treatment until the RNA levels reached a steady 2-fold increase through the 180 minute time 

point. The third gene examined, LSO1, has an unknown function but appears to be a 

transcriptional target involved in iron homeostasis and has been shown to be upregulated in 

response to copper treatment (Foster et al., 2014; An et al., 2015). The RNA-seq data indicated 
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that LSO1 was upregulated after 60 minutes of treatment with SK-03-92. LSO1 RNA levels 

responded similarly to those of CUP2 in that LSO1 RNA levels increased 3.5-fold after 15 

minutes of SK-03-92 treatment compared to the control gene, and then decreased to untreated 

levels by two hours of treatment (Figure 6). 

 

 

 
Figure 6. qPCR analysis of LSO1 normalized to the control gene GCD2. Time points were taken 
after 0, 15, 30, 60, 120, and 180 minutes of treatment with 8 µg/ml SK-03-92. Three independent 
qPCR reactions were performed for each time point using the same RNA/cDNA samples as used 
in Figure 5, and the results averaged. The Y axis shows fold-change with one standard error in 
each direction.  
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PIC2 was the fourth gene examined by qPCR after the RNA-seq data indicated that it 

was downregulated after 60 minutes of treatment with SK-03-92. The chaperone Cox17 provides 

copper to enzymes found in mitochondria either directly, or indirectly via Pic2, a copper and 

phosphate importer (Leary et al., 2009). Contrary to the RNA-seq data, qPCR analysis indicated 

PIC2 RNA levels increased just over 4-fold after 15 minutes of SK-03-92 treatment, and 

remained at high levels throughout the 3-hour time course tested. Due to the disparity between 

the qPCR analysis and the RNA-seq, qPCR analysis of PIC2 was redone multiple times using 

RNAs purified from several independent experiments, but despite these efforts, the PIC2 gene 

consistently appeared to be up-regulated (data not shown). 

 
Treatment of yeast cells with both SK-03-92 and copper results in less survival than 

SK-03-92 or copper alone 
 

RNA-seq analysis indicated that 14 of 25 copper-related genes were dysregulated by 

SK-03-92 (Table 1). In addition, resveratrol and piceannatol, with chemical structures similar to 

SK-03-92, are both known copper chelators that disrupt copper homeostasis (Subramaniam et al., 

2015; Zhang et al., 2015). Therefore, wild type yeast cells were treated with both copper and 

SK-03-92 simultaneously to determine if fewer yeast cells survived when treated with the two 

compounds together compared to each compound separately.  

To begin, an MIC assay was done to determine the minimum inhibitory concentration of 

CuSO₄ for the wild type yeast strain BY4742. The MIC for CuSO₄ was found to be 16 mM, and 

the MIC for SK-03-92 was confirmed to be 4 µg/ml (data not shown), although neither of these 

concentrations prevented all yeast growth by MIC. By increasing the treatments to 2X MIC (32 

mM CuSO₄ or 8 ug/ml SK-03-92), all visible yeast growth was prevented, as shown by MIC 
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assay (data not shown).  We then continued using MIC analysis to test specific combinations of 

SK-03-92 and CuSO₄ concentrations, confirming some of the MIC analyses using spot and/or 

plating assays (see below). 

Unfortunately, no interesting yeast growth effects were observed using various 

combinations of SK-03-92 and CuSO₄ using the MIC assay. With the addition of 1 µg/ml of 

SK-03-92 and concentrations of CuSO₄ up to 8 mM, yeast growth was observed after 24 hours 

of treatment (Table 4). Although the combination of 1 ug/ml SK-03-92 and 16 mM CuSO₄ 

affected growth, this was likely due to the copper alone since 16 mM is the MIC for CuSO₄. 

When 2 µg/ml of SK-03-92 was used, growth was observed when CuSO₄ concentrations were 

added up to 8 mM (Table 4). However, when 2 µg/ml SK-03-92 was combined with 16 mM 

CuSO₄, cell growth was inhibited, with no growth after 24 hours of treatment, and only very 

small pellets appearing after 48 hours of growth, consistent with 16 mM being the MIC for 

CuSO₄. When 4 µg/ml SK-03-92 was combined with 4 mM CuSO₄, there was no growth after 

24 hours, but a small pellet was observed after 48 hours of growth, and in a second experiment, 

there was a small pellet after both 24 and 48 hours (Table 4). However, 4 µg/ml is the MIC for 

SK-03-92 so it was expected that 4 µg/ml SK-03-92 would inhibit growth. As expected, growth 

was inhibited when the 2X MIC of 8 µg/ml SK-03-92 was combined with any concentration of 

CuSO₄ or the 2X MIC of 32 mM CuSO₄ was combined with any concentration of SK-03-92 

(Table 4). 
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Table 4. MIC analysis of  wild type yeast treated with various concentrations of CuSO₄ and 
SK-03-92.  

SK-03-92 
(µg/ml) 

CuSO₄ 
(mM) 
2 

 
 
4 

 
 
8 

 
 
16 

 
 
32 

1 + + + -¹ - 

2 + + + -² - 

4 + + - ² - - 

8 -² - ² - - - 

¹ no growth after 24 hours, but growth was observed after 48 hours 
² no growth after 24 hours, but some growth was observed after 48 hours 
 
 

 
Spot assays were performed to confirm the MIC data on some of the combinations of 

SK-03-92 and CuSO₄ concentrations at and below their MICs. The first concentration 

combination tested was 8 µg/ml of SK-03-92 and 32 mM CuSO₄, each of which is 2X MIC 

(Figure 7). Although this combination was used as a control, it yielded the interesting result of a 

10-fold decreased survival of yeast cells compared to either 8 µg/ml SK-03-92 or 32 mM CuSO₄ 

alone after 30 minutes of treatment (Figure 7). There was no observed growth of yeast after 24 

hours of treatment with this combination of 8 µg/ml SK-03-92 and 32 mM CuSO₄ indicating 

that to the extent measurable with the spot assay, no yeast cells survived when treated with the 

combination of 2X MIC SK-03-92 and 2X MIC CuSO₄.  
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Figure 7. Spot assay showing the effects of 2X MIC concentrations of SK-03-92 and CuSO₄ on 
wild type yeast cells. The wild type strain BY4742 was treated with 8 µg/ml SK-03-92, an equal 
volume of DMSO, 32 mM CuSO₄, or both 8 µg/ml SK-03-92 and 32 mM CuSO₄. Samples were 
taken immediately before treatment (0) and after 30 minutes, 60 minutes, and 24 hours of 
treatment, diluted, and plated.  
 
 

The next combination of concentrations tested was 4 µg/ml SK-03-92 and 16 mM CuSO₄ 

(Figure 8), each of which was shown to be at the MIC for the respective compounds. 

Interestingly, the spot assay showed that treating yeast cells with the combination of 4 µg/ml 

SK-03-92 and 16 mM CuSO₄ caused a 10-fold decrease in survival relative to the untreated 

control, or either compound alone, after 30 and 60 minutes of treatment (Figure 8). There was a 

very small amount of growth after 24 hours of treatment with this combination of 4 µg/ml 

SK-03-92 and 16 mM CuSO₄.  

 
Figure 8. Spot assay showing the effects of the MIC concentrations of SK-03-92 and CuSO₄ on 
wild type yeast cells. The wild type strain BY4742 was treated with 4 µg/ml SK-03-92, an equal 
volume of DMSO, 16 mM CuSO₄, or both 4 µg/ml SK-03-92 and 16 mM CuSO₄. Samples were 
taken immediately before treatment (0) and after 30 minutes, 60 minutes, and 24 hours of 
treatment, diluted, and plated.  
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In order to more precisely quantify the survival data acquired from the spot assay (Figure 

8), the experiment using 4 µg/ml SK-03-92 and 16 mM copper sulfate was repeated using a 

plating assay (see Materials and Methods). As shown in Figure 9, treating with a combination of 

the MIC concentrations for both compounds (4 µg/ml SK-03-92 and 16 mM CuSO₄) led to less 

survival of wild type cells than either treatment alone, thus confirming the spot assay results 

(Figure 8). 

 

 
Figure 9. Survival of wild type yeast cells after treatment with either 4 µg/ml SK-03-92, 16 mM 
copper sulfate, or both (Mix). The wild type strain BY4742 was treated with 4 µg/ml SK-03-92, 
an equal volume of DMSO, 16 mM CuSO₄, or both 4 µg/ml SK-03-92 and 16 mM CuSO₄. 
Samples were taken immediately before treatment (0’) and after 30 and 60 minutes of treatment, 
diluted, plated, and colonies counted. Results were normalized to each treatment’s 0’ timepoint. 
Averages are shown for four independent trials.  
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The next combination of compounds tested was 2 µg/ml SK-03-92 and 8 mM CuSO₄, a 

combination that the MIC assay suggested did not decrease survival of yeast cells (Table 4). As 

shown in Figure 10, the spot assay supported the MIC data, indicating no reduced growth of wild 

type yeast when treated with this combination of compounds. A plating assay (Figure 11) 

confirmed the spot assay data, that the combination of 2 µg/ml SK-03-92 and 8 mM CuSO₄ does 

not have an increased effect on growth over either compound alone at those below MIC 

concentrations.  

 
 

 
Figure 10. Spot assay showing the effects of SK-03-92 and CuSO₄ on wild type yeast cells. The 
wild type strain BY4742 was treated with 2 µg/ml SK-03-92, an equal volume of DMSO, 8 mM 
CuSO₄, or both 2 µg/ml SK-03-92 and 8 mM CuSO₄. Samples were taken immediately before 
treatment (0) and after 30 minutes, 60 minutes, and 24 hours of treatment, diluted, and plated.  
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Figure 11. Survival of wild type yeast cells after treatment with either 2 µg/ml SK-03-92, 8 mM 
CuSO₄, or both (Mix). The wild type strain BY4742 was treated with 2 µg/ml SK-03-92, an 
equal volume of DMSO, 8 mM CuSO₄, or both 2 µg/ml SK-03-92 and 8 mM CuSO₄. Samples 
were taken immediately before treatment (0’) and after 0 and 60 minutes of treatment, diluted, 
plated, and colonies counted. Results were normalized to each treatment’s 0’ timepoint. 
Averages are shown for 4 trials.  
 
 

MICs for copper gene mutants vary from wild type 

The transcription factors Cup1/Ace1 and Mac1 are important regulators of copper 

homeostasis, with Cup1/Ace1 activating the expression of genes needed to respond to high levels 

of free copper (Welch et al., 1989) and Mac1 activating the expression of genes needed to import 

more free copper into the cell (Dong et al., 2013). Therefore, transcription factor mutants cup2 

and mac1 were examined by MIC analysis to determine if their sensitivities to SK-03-92 and/or 

CuSO₄ were different from wild type. As shown in Table 5, the mac1 mutant had an MIC of 32 

mM CuSO₄, larger than the MIC of 16 mM CuSO₄ for the wild type strain. When mac1 was 
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treated with SK-03-92, the MIC was shown to be the same as the MIC for a wild type strain, 4 

µg/ml. The cup2 mutant had an MIC of 4 mM CuSO₄, although the pellets were never 

completely abolished when the cells were treated with the higher concentrations of 8mM and 

16mM of CuSO₄. After treatment with SK-03-92, the cup2 mutant had the same MIC as wild 

type, although increasing the concentration of SK-03-92 to 8 µg/ml did not completely abolish 

the pellet in the cup2 mutant.  

 
 

Table 5. MIC analysis of cup2𝚫 and mac1𝚫 mutants treated with various concentrations of 
CuSO₄ and SK-03-92.¹ 

Strain SK-03-92 (µg/ml) CuSO₄ (mM) 

wild type 4 16 

cup2𝚫 4 4 

mac1𝚫 4 32 

¹The table shows the results of only one MIC assay. 
 
 
 

 Summary of Results 

In summary, RNA-seq analysis indicated that 12 of 25 copper homeostasis genes were 

up-regulated in response to SK-03-92 treatment, two genes were down-regulated, and 11 genes 

were not dysregulated after treatment with SK-03-92. When 14 of the 25 RNA-seq genes were 

purchased as deletion mutants, the most common phenotype, for 11 of the 14 mutants, was to 

survive better than wild type cells after treatment with SK-03-92. Of the genes whose expression 

levels were measured by qPCR, RNA levels for three of the four genes (CUP2, LSO1, and PIC2) 

increased after 15 minutes of treatment with SK-03-92. When copper and SK-03-92 were added 

to cells simultaneously, the yeast cells had less survival than with either compound alone. 
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Altogether, these data are consistent with a hypothesis that SK-03-92 treatment is causing cells 

to lose control of copper homeostasis.  

 
DISCUSSION 

Previous work showed that survival of SK-03-92 treated yeast cells was quickly 

decreased (Figure 3), the decline in survival correlated with the appearance of defective 

mitochondria (Green, 2016), many of the survivors were petite (A. Galbraith, personal 

communication), and RNA-seq analysis indicated that SK-03-92 treated yeast cells appeared to 

be responding to SK-03-92 by inducing expression of genes required in the response to high 

levels of copper (Table 1). The experiments described here were designed to pursue the 

hypothesis that SK-03-92 treatment leads to a disruption of copper homeostasis in yeast cells.  

Our results have led us to the development of the model shown in Figure 12. Perhaps the 

defective mitochondria observed in SK-03-92 treated cells (Green, 2016) are allowing the labile 

copper-ligand pool in the mitochondria (Winge, 2018) to be rapidly released (Figure 12). 

Alternatively, or in addition, the SK-03-92 compound may be acting as a chelator of copper, 

removing copper from other proteins in the cell, allowing the copper to build up to toxic levels 

that cause damage (Figure 12). This is consistent with the literature which indicates that two 

other stilbenes related to SK-03-92 structurally, resveratrol and piceatannol, have been shown to 

interact with copper to cause DNA breaks (Submaramium et al., 2015; Li et al., 2012). Excess 

copper in cells is also consistent with the SK-03-92 induced expression of the Rad53 checkpoint 

gene (Table 1). Rad53-induced checkpoint arrest would explain the rapid lack of growth 

response of yeast cells (less than 10 minutes) when treated with SK-03-92 (Figure 3). This arrest 

would allow the cells to have time to increase production of metallothioneins and other proteins 
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to bind the excess copper, although it is likely that the amount of copper is too overwhelming 

and leads ultimately to large-scale cell death. It is still unclear if the yeast cells ultimately die by 

apoptosis, necrosis, or some other way, although yeast mutants defective for a variety of known 

apoptotic pathways do not have an altered survival phenotype compared to wild type cells (A. 

Galbraith, personal communication).  

 

 

Figure 12. Hypothesized model of the response of yeast cells after treatment with SK-03-92.  
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When copper homeostasis genes were deleted, the mutant cells, 11 out of 14 mutants, 

tended to survive SK-03-92 treatment better than wild type cells. This was a reasonable 

expectation for mutants that conferred a petite phenotype since previous work indicates that 

yeast cells are not sensitive to SK-03-92 treatment if they are not actively using their 

mitochondria (A. Galbraith, personal communication). However, for mutants that did not confer 

a petite phenotype, it was not initially clear why they would survive better in response to 

SK-03-92 treatment than wild type cells. The cys3 and lso1 mutants survived about 10-fold 

better than wild type yeast, and fet3, ctr1, and ccs1 mutants survived about 100-fold better than 

wild type yeast. The five genes defined by these five mutations were all upregulated in response 

to SK-03-92 treatment as shown by RNA-seq, suggesting that they are involved in the response 

to the compound. Therefore, it was expected that these five mutants would be more sensitive to 

SK-03-92 treatment, not more resistant as was observed. There is not a good explanation for this 

apparent disparity as of yet.  

The expression of four copper homeostasis genes was examined after various SK-03-92 

treatment times to determine if their expression was altered in response to treatment. CUP2 and 

LSO1, both genes known to be up-regulated in response to copper toxicity in yeast cells, were 

shown to be up-regulated by about 3.5-fold after 15 minutes of treatment with SK-03-92. This 

rapid increase after treatment suggests that the cells are being challenged with high levels of 

copper as a result of being treated with SK-03-92. In addition, when cells were co-treated with 

both SK-03-92 and copper sulfate, fewer cells were able to survive than when those cells were 

treated with either compound alone. Together, these results are consistent with a hypothesis that 

SK-03-92 is inducing a release of copper that is leading to cell damage and cell cycle arrest. At 
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this time, we cannot discern whether the proposed copper release is the only source of damage 

and arrest, or if SK-03-92 is also acting through a second mechanism that leads to damage and 

arrest. The result showing that the MIC for SK-03-92 for cup2 and mac1 mutants is the same as 

wild type may indicate that there is a second mechanism of action for SK-03-92 in addition to its 

proposed effect on copper levels in the cell.  

Despite numerous attempts, the RNA-seq result that showed the down-regulation of PIC2 

after an hour of SK-03-92 treatment could not be validated by qPCR. PIC2 encodes a 

mitochondrial copper importer (Leary et al., 2009). Although further work should be done to 

confirm either the RNA-seq down-regulation of PIC2 or the qPCR up-regulation of PIC2, either 

result can be explained. If PIC2 is down-regulated, as the RNA-seq data indicated, this makes 

sense because the mitochondria are being damaged/destroyed (Green, 2016) so the cell would 

not need a mitochondrial copper importer. If PIC2 is up-regulated, as the qPCR data indicated, 

perhaps increased Pic2 is being produced to help bind the excess copper. 

The dysregulation of 14 of the 25 copper-related genes in yeast after an hour of SK-03-92 

treatment, and now confirmed and extended for some genes by qPCR, is consistent with the 

dysregulation of the copper chaperone gene copZ that was observed in SK-03-92 treated 

Staphylococcus aureus (Schwan et al., 2017). The involvement of copper in the response to the 

SK-03-92 stilbenoid compound is also consistent with the response of cells to other related 

compounds such as resveratrol and piceatannol (Borra et al., 2005; Mohar and Malik, 2012). For 

example, resveratrol has been shown to cause S phase arrest in cancer cells via Rad53 (Tyagi et 

al., 2005). Previous work has shown that the mitochondria are involved in the response of yeast 

to SK-03-92 treatment (Green, 2016; A. Galbraith, personal communication). Mitochondrial 
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function relies on proper copper levels due to the requirement of copper loading in the 

mitochondrion into both cytochrome oxidase C and the cytoplasmic form of superoxide 

dismutase (Leary, 2009). If copper homeostasis is disrupted by SK-03-92,  this would lead to an 

immediate arrest of cells in the cell cycle as a result of the Rad53 checkpoint function (Dong et 

al., 2013). In fact, the RNA-seq analysis did indicate an increase in RAD53 expression after an 

hour of SK-03-92 treatment and cells appeared to almost immediately arrest, as only 1% of yeast 

cells were able to grow into a colony after only 10 minutes of SK-03-92 treatment (Figure 1). 

Perhaps what we are interpreting as low survival in response to SK-03-92 treatment are not 

“dead” cells, but cells that are alive but arrested by the Rad53 checkpoint. Consistent with this, 

Green (2016) used a live-dead stain on SK-03-92 treated yeast, and showed that even though 

only 1% of cells could produce colonies after an hour of treatment, only about 60% of cells were 

“dead” at that time, as defined by loss of cell membrane permeability control after an hour of 

treatment.  

The next experiments that should be done include qPCR on more copper-related genes to 

test their expression after various SK-03-92 treatment times as was done in this work. In 

particular, it would be interesting to measure RAD53 levels after various times of SK-03-92 

treatment by qPCR. If our hypothesis is correct, and the Rad53 checkpoint is being induced, 

RAD53 expression levels should increase almost immediately upon SK-03-92 treatment. 

Although we cannot test a rad53 deletion mutant because RAD53 is an essential gene, there are 

temperature sensitive alleles of the RAD53 gene that we could acquire, or we could use RNAi or 

CRISPRi to analyse a rad53 mutant’s response to SK-03-92 treatment. There are also several 

cyclin and cyclin-like genes that were down-regulated after an hour of treatment with SK-03-92 
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as shown by RNA-seq (data not shown), which would also be expected if cells are arresting in all 

cell cycle stages. Careful measurement of the expression of the cyclin genes by qPCR after 

various times of SK-03-92 treatment could also be illuminating. In addition, many of these 

cyclins have commercially available antibodies, so western blots could be performed to look at 

the impact of SK-03-92 treatment on cyclin protein levels as well.  

Because resveratrol has been shown to induce the Rad53 checkpoints (Tyagi et al., 2005) 

and to induce DNA breaks (Tyagi et al., 2005), it would also be useful to test SK-03-92 treated 

cells for the presence of DNA break damage with the use of a TUNEL assay.  

qPCR could be used to examine the expression of several dysregulated copper-related 

genes after treatment with copper alone, SK-03-92 alone, or both compounds to see if there is a 

greater impact on their expression when cells are treated with both compounds simultaneously 

versus each compound alone. It may also be useful to treat wild type cells with the known 

copper-chelator bathocuproine disulphonate (BCS) (Minear et al., 2011). Using BCS we would 

be able to confirm SK-03-92 as a copper chelator, or SK-03-92 being a part of another pathway 

unrelated to copper homeostasis. Also, because resveratrol and piceatannol have been shown to 

dysregulate copper homeostasis after treatment, we could utilize these two compounds as 

controls to determine if cells respond similarly to all three compounds (resveratrol, piceatannol, 

and SK-03-92) (Li et al., 2012; Subramaniam et al., 2016).  

So far our experiments have shown less survival of yeast cells after treatment with a 

mixture of SK-03-92 and copper sulfate compared to either compound alone, but we do not 

know if the treatments are acting in the same pathway or separately in their own pathways. More 

work needs to be done to pursue this question. The MIC results for the cup1 and mac1 mutants 
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should also be confirmed by spot assay and/or plating, and other mutations in copper-related 

genes that were assayed here should be tested to see if treating with both copper and SK-03-92 as 

a mixture confers a more dramatic phenotype than either compound alone.  

In conclusion, it appears that there may be a copper crisis occurring within yeast cells 

after treatment with SK-03-92 that could potentially be affecting the survival of the cells. Our 

hypothesis is supported by several lines of evidence. First, a previous graduate student found that 

the mitochondria are dysregulated after treatment with SK-03-92 and there is a mitochondrial 

copper pool that could be leaking copper into the cells as a result (Green, 2016; Winge, 2018). 

Second, a microarray analysis of SK-03-92 treated S. aureus showed dysregulation of the copper 

chaperone gene copZ. Third, an RNA-seq analysis of SK-03-92 treated yeast cells resulted in the 

dysregulation of 14 of 25 copper homeostasis genes. Fourth, mutations in 11 copper homeostasis 

genes conferred a SK-03-92 survival phenotype different from wild type. Fifth, the CUP2 gene 

was shown to be up-regulated within 15 minutes of SK-03-92 treatment; CUP2 encodes a 

transcription factor that responds to toxic copper levels in yeast cells. In addition, another gene 

LSO1 that has no known function but has been shown to increase expression in response to 

copper also increases expression in response to SK-03-92 treatment. Finally, co-treating yeast 

cells with both SK-03-92 and copper sulfate leads to decreased survival relative to each 

treatment alone, although we do not have evidence that there is synergism involved in the 

decreased survival. This work certainly has added to our knowledge of possible mechanisms of 

action for SK-03-92, but has also raised several new questions to be addressed in the future.  
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