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ABSTRACT

Green, T.J. Morphological responses to SK-03-92 in eukaryotic cells. MS in Biology:
Microbiology Concentration, December 2016, 70pp. (A. Galbraith)

SK-03-92, a modified form of a stilbene produced by Comptonia peregrina, has been
shown to effectively kill a variety of gram-positive bacteria, but is not toxic in a mouse
model. In this work, several morphological responses of wild-type Saccharomyces
cerevisiae (yeast) to SK-03-92 treatment were observed by light microscopy. Although
none of these morphological changes correlated with cell death, the responses did follow
a general sequence. Previous studies of yeast mutants suggested that the mitochondria
were a target of SK-03-92. Mitochondrial staining of wild-type and mutant yeast did
reveal a statistically significant correlation between the proportion of cells killed by SK-
03-92 and the percentage of cells containing mitochondrial abnormalities, confirming that
mitochondria are a primary target of SK-03-92 in yeast. A human monocytic cancer cell
line, THP-1, was also treated with a range of SK-03-92 concentrations, again revealing a
statistically significant correlation between mitochondrial abnormalities and cell death,
with punctate mitochondria observed with apoptotic death at low concentrations of SK-
03-92, and diffuse mitochondria observed with necrotic death at high concentrations of
SK-03-92. Together, these results indicate that mitochondria are likely the target of SK-
03-92 in eukaryotic cells.
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INTRODUCTION
Antibiotic Resistance

Infectious diseases were the leading cause of death worldwide prior to the
introduction of antibiotics in the 1930s and 1940s with sulfa drugs and penicillin,
respectively. The discovery of antibiotics led to a dramatic drop in mortality, and the
subsequent discoveries of streptomycin, chloramphenicol, tetracycline, erythromycin, and
rifamycin, all prior to 1960, launched the antibiotic era (1). Antibiotics are classified as
either bacteriostatic that prevent bacterial cell growth, or bactericidal that kill bacteria.
Whether bacteriostatic or bactericidal, antibiotics are typically effective in aiding in the
removal of infectious bacteria from the body. Even with the hundreds of antibiotics
available presently, most them use one of only four basic methods of action: 1)
interference with cell wall biosynthesis, 2) interference with protein biosynthesis, 3)
interference with RNA and DNA biosynthesis, or 4) interference with folate biosynthesis
(1). Currently, antibiotics are losing their effectiveness in treating infectious diseases
because bacteria are becoming resistant. Bacterial resistance is due to either mutations in
the bacteria or acquisition of genes by gene transfer (2).

A mutation resulting in antibiotic resistance is a random event where a gene has
been altered in the bacterial cell to grant the cell the ability to survive in the presence of
the antibiotic (3). The other process of acquiring resistant mechanisms is through gene

transfer. This occurs when a bacterium either obtains resistance genes from the



environment (transformation), is infected by a bacteriophage containing donor bacterial
DNA (transduction), or conjugates with another cell and genetic material is directly
transferred through physical contact with the donor cell. Conjugation most commonly
involves closely related bacteria, but transfer can also take place between distantly related
bacteria (2). The selective pressure caused by antibiotics increases the frequency of
resistance in a population (4).

Bacterial species have acquired several mechanisms that are responsible for their
resistance to previously effective antibiotics. For example, an efflux system grants
bacteria the ability to immediately flush a multitude of antibiotics from the bacterial cell
before the antibiotic can affect the bacterium. Another mechanism is the ability to change
the permeability of the bacterial cell by altering the composition of the outer membrane.
Composition changes of the outer membrane can prevent antibiotics from entering the
cell. Bacteria are also capable of inactivating antibiotics by modification of the structure
of the antibiotic to a non-toxic form. An analogous mechanism is the altering of the
molecular structure of the antibiotic target, thus preventing interaction between the
antibiotic and the target (5).

Antibiotic resistance has been increasing in frequency since the 1950s and has
been gaining international attention in recent years, with multiple antibiotic resistant
bacterial strains rendering standard treatments ineffective. In 2013 antibiotic resistance
was estimated to have led to $20 billion a year in additional direct medical costs and $35
billion a year in lost productivity in the U.S. (6). The first case of penicillin resistance in
Staphylococcus aureus occurred in 1967, and by 1998, penicillin resistance had exploded

to 34% of all cases of Staphylococcus aureus infections (7). This trend is observed with
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almost all antibiotics, and is leading to increased hospitalizations, mortality rates, and
treatment costs (5, 6). An example would be nosocomial enterococcal bacteremia, a
hospital acquired Enterococcus blood infection. Standard treatment is typically
ampicillin. However, many nosocomial strains now have a high level of resistance to
ampicillin, leading to vancomycin being the standard treatment option. Some
Enterococcus strains have even become vancomycin resistant Enterococci (VRE). The
VRE infections have proven to be more lethal and more likely to reoccur than susceptible
Enterococci (5, 8). Another example of resistant bacteria is Staphylococcus aureus, a
primary cause of lower respiratory tract and surgical site infections. Staphylococcus
aureus is the second leading cause of nosocomial bacteremia, and cardiovascular
infections (9). Hospitalizations due to S. aureus infections have increased by more than
62%, with the number of methicillin resistant S. aureus (MRSA) cases more than
doubling from 1999 to 2005 (9). Vancomycin is currently the drug of choice for MRSA
infections. Unfortunately, vancomycin resistant strains are already beginning to emerge
9).

The acquisitions of these mechanisms of resistance have occurred quickly due to
over-prescription of antibiotics that put bacteria under a selective pressure more
frequently than necessary. Staying ahead of the wave of antibiotic resistant bacteria has
proven difficult as development of novel antibiotics that work by new mechanisms has
been slow (10). Many newly developed antibiotics are derivatives of previous antibiotics
with alterations in their chemical structures. Because these drugs function similarly to
their parent molecules, they are generally ineffective against bacterial strains that already

show antibiotic resistance to the parent molecule (10).
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SK-03-92

When searching for novel antimicrobial compounds, natural sources have been
historically successful (11). The antibiotic era began with the development of penicillin
from a fungus, along with streptomycin, chloramphenicol, and tetracycline from soil
bacteria. Chemists have attempted to synthesize antibiotic compounds de novo, but de
novo synthesis has not been an effective approach because the long linear pathways
required to synthesize compounds leads to low yields. For example, with step yields at
90%, a conservative ten-step pathway would result in a 35% yield at best (12). A
successful approach has been to develop antibiotics by using the scaffold of naturally
occurring antimicrobial compounds. From 1981 to 2003, 75% of new drugs treating
infectious diseases came from natural sources (13).

A potential biological structure that could serve as an antimicrobial scaffold, the
stilbene, was initially discovered in the 1890s, but not analyzed for antimicrobial activity
until the 1980s (14). Stilbenes are produced by a variety of plant species for defensive
purposes, and are composed of two aromatic rings linked by an ethylene bridge (FIG.
1A). This stilbene scaffold can have different moieties added to it by enzymatic activity
in the plant giving the resulting compound different functionalities. A well-studied
stilbene, resveratrol (FIG. 1B), is found in red wine, peanuts, and an array of plants.
Resveratrol has shown anti-aging, anti-inflammatory, antioxidant, and anticancer
activities in animal and human tissues (15). Resveratrol has also been shown to have both
antibacterial and antifungal properties, among others (16). The membrane of bacterial
cells and mitochondria of eukaryotic cells lose membrane potential when treated with

resveratrol. The loss of membrane potential leads to an increase in reactive oxygen
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species, which cause cellular damage (15). Bacteria and eukaryotic cells have also been
observed to respond to resveratrol treatment with morphological changes, induction of
apoptosis, changes in DNA content of cells, and interference with the cell cycle (17).

Despite much research for well over a decade, the mechanism of action for resveratrol is

l OH
~

still not understood.
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B
’ D
/0\ HOI\
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FIG. 1. Chemical structure of stilbenes. A generic representation of (A) a stilbene, (B) resveratrol, (C)
stilbene extracted from Comptonia peregrina, and (D) the structural analog of the C. peregrina stilbene, SK-
03-92.

Comptonia peregrina, commonly known as the sweet fern, produces stilbenes that
have been used medicinally by the Native Americans of the great lakes and maritime
regions for many years prior to contact with Europeans (18). The sweet fern has been
used to treat a variety of ailments. The leaves are used for tea to alleviate diarrhea,
headache, fever, inflammation of the mucous membranes, vomiting of blood, and
rheumatism. The leaves also been applied directly to the skin to resolve skin infections,
rash from poison ivy, pain from stings, and minor hemorrhages. Non-medicinal
applications of the sweet fern included incense, preservation of fruit, and insect repellent.

A molecular extract of the sweet fern was found to contain the active ingredient (E)-3-
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hydroxy-5-methoxystilbene (FIG. 1C). (E)-3-hydroxy-5-methoxystilbene was
purifiedfrom the leaves of the sweet fern and antimicrobial effects were observed when
applied to several pathogenic bacteria species (18). A structural analog of (E)-3-hydroxy-
5-methoxystilbene was developed by researchers at University of Wisconsin —
Milwaukee, (E)-3-(2-(benzo[b]thiophen-2-yl) vinyl)-5-methoxyphenol, and given the
code name SK-03-92 (19) (FIG. 1D). Using standard minimum inhibitory concentration
(MIC) assays, SK-03-92 showed antimicrobial effects against a variety of gram-positive
bacteria including important disease causing agents such as MRSA and VRE strains,
Clostridium, Enterococcus, Corynebacterium, Mycobacterium, Peptostreptococcus, and
Streptococcus species (19). The antimicrobial effects of SK-03-92 were shown to be
more potent than the normal sweet fern stilbene, with MICs against gram-positive
bacteria for SK-03-92 being four to 16-fold lower than MICs for (E)-3-hydroxy-5-
methoxystilbene (18, 19).

SK-03-92 was tested for its ability to treat an active infection by using mice
models that were infected with S. aureus in a hind limb. SK-03-92 was injected into the
peritoneal cavity of the infected mice. A hormetic response to SK-03-92 was seen, with
high and low concentrations failing to clear infection, and medial concentrations resulting
in a two-log reduction in S. aureus cells with no observable negative effects to the mouse
model (20). The lack of negative effects of SK-03-92 in the mouse model suggested that
SK-03-92 may not affect human cells. However, further pursuits showed that SK-03-92
was lethal to single-celled fungi, S. cerevisiae, and a human cancer cell line, THP-1 cells

(see below).



Types of Cell Death

Cell death in eukaryotes can occur in several ways. The different types of death
form a spectrum that share characteristics with one another (21). Necrosis is at one end of
that spectrum, a non-physiological death that occurs from external factors such as
infections, toxins, or physical traumas, that does not require energy (22). Apoptosis is at
the other end of the spectrum, and is a programed cell death that requires energy (21, 23).
Between necrosis and apoptosis, cell death prosses share properties of both, such as
necroptosis (24). Only necrosis and apoptosis will be considered below.
Necrosis

In metazoans, necrosis almost always has negative impacts. Necrosis involves the
unregulated digestion of cellular components by enzymes released from lysosomes. The
release of the digestive enzymes causes significant cell damage. The cell damage results
in swelling of many cellular components, including the mitochondria. Swelling is
followed by an uncontrolled lysis of the cell, releasing cell debris into extracellular
spaces. The cell debris from necrotic cells initiates an inflammatory response, which can
prevent phagocytosis of necrotic cells and lead to further damage (22). Removal of
necrotic cells is a slow process due to the disorganized death and large amounts of cell
debris (25).
Apoptosis

Unlike necrosis, apoptosis is an organized death pathway and serves a vital
process in metazoans in cell turnover, development, and aging, as well as responses to
early infection, damage, and cancer (26). Apoptotic death involves unique and specific

morphological and biochemical changes. Nuclear shrinkage and disassembly of the cell
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into apoptotic bodies is a generalized example of an apoptotic morphological change.
This fragmentation of the apoptotic cell leads to phagocytosis of individual cells by
macrophages and adjacent cells without associated inflammation. The removal of
apoptotic cellular material occurs faster than removal of necrotic material (23). Apoptosis
also includes biochemical changes, such as nuclear DNA fragmentation and caspase
activation (21, 23). Damaged mitochondria can play a major role in initiating the
apoptotic response through the release of Bcl-2 proteins that activate the caspase cascade
(27).
Programmed Cell Death in Unicellular Organisms

Unicellular eukaryotes and bacterial communities benefit from individual cells
undergoing an apoptotic-like cell death as well. Referred to only as programmed cell
death in unicellular organisms, this process appears to be like apoptosis in metazoans.
Although cell death is not beneficial for an individual cell, death of a single cell can
benefit a population of cells, “behaving” like a multicellular organism (28). For example,
the removal of cells via programmed cell death can limit viral transmission by resulting
in a less dense population, add nutrients to the environment from cells that undergo
programmed cell death, reduce nutrient consumption, and/or decrease mutation rate in the
population due to fewer cells. To prevent decimation of an entire population of cells,
many bacteria have a small percentage of cells, persisters, which do not undergo
programmed cell death because they have other survival mechanisms (28).

Persisters
Persisters are a subpopulation (approximately 1 to 10%) of an otherwise antibiotic

susceptible population of unicellular organisms that survive antibiotic treatment. The

8



persisters are not antibiotic resistant in the classic sense. When regrown the persisters
become susceptible to the antibiotic once again, with only a 1 to 10% subpopulation
surviving antibiotic treatment. In a population, normal cells become persisters through
phenotype switching to maintain a constant 1 to 10% subpopulation of cells that can
survive in the presence of selective pressure by an antibiotic (28). The persister
phenomenon appears to be an epigenetic phenotypic variation in bacterial cell
populations and leads to concerns when treating chronic bacterial infections in humans
(29, 30).

Biofilms play an important role in recurring infections by producing a barrier
between the host immune system and the bacterial cells. When an antibiotic treatment is
introduced, normal bacterial cells exposed to the antibiotic are killed. Planktonic
persisters are removed via the immune system, but the persisters in the biofilm are
protected from the host immune system. After antibiotic concentrations are reduced,
persisters begin to repopulate the biofilm (31). A population of cells appear to always
retain a subpopulation of persisters with a lower percentage of persisters in lag and early
exponential stages of growth, and a higher percentage of persister cells in mid-
exponential to stationary phase (32). The persister phenotype is unstable and the persister
cells are slower growing with high changeover rates to normal non-persister cells (31).
The stability of these persisters increases when an antibiotic is present due to selective
pressure on the population. Once the antibiotic is removed the survivability tips back to
favor normal cells due to the higher metabolic activity and increased cell division of
normal cells. This leads to a decrease in the persister population back down to the typical

1 to 10% of the bacterial population via phenotype switching (32). The persister
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phenotype is believed to provide a bet hedging strategy that benefits a population of
bacterial cells by acting as a preventative measure to ensure survival of the population in
the presence of an otherwise lethal event (33).
Saccharomyces cerevisiae
Saccharomyces cerevisiae is a unicellular budding yeast commonly known as
baker’s or brewer’s yeast because it is used to make bread and beer products. S.
cerevisiae, which will be referred to as yeast in this thesis, serves as a valuable
experimental model for many reasons. Yeast has strongly conserved basic functions and
pathways that are found in higher multicellular organisms. Yet is also relatively
inexpensive to work with and requires little to no precautionary measures as yeast cells
are not pathogenic. Yeast cells are relatively large in comparison to other single celled
organisms such as bacteria, making them easier to observe when using microscopy
imaging. Arguably the greatest advantage of working with yeast cells, however, is their
well-annotated genome and variety of genetic tools and deletion strains. The genome is
completely sequenced, well understood, and almost completely free of introns making
cloning of genes and modifications relatively easy (34). Various groups have worked to
develop a panel of strains with mutations in all non-essential genes (35) allowing
function of gene products and phenotypes of mutant strains to be readily observed (36).
THP-1 Cell line
A former graduate student at UWL observed that THP-1 monocytes that were
differentiated into macrophages by treatment with phorbol 12-myristate 13 acetate were
killed by SK-03-92, also resulting in “persisters” (37). The THP-1 cell line was originally

isolated from a young male suffering from acute monocytic leukemia. The THP-1 cancer
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cell line shares numerous characteristics with normal monocytes including morphology,
secretion products, membrane antigens, and expression of genes involved with lipid
metabolism (38). These cells are also larger than bacteria and yeast cells making for
easier observations and imaging via microscopy.
Preliminary Data

The Galbraith lab has shown that yeast cells are killed by SK-03-92 at
concentrations of 4 pg/mL and higher by both MIC and a simple plating assay
(unpublished observations). Like bacteria, yeast cell populations do not die completely
when treated with SK-03-92, retaining about 1 to 10% “persisters”. These persisters are
of two types: those that grow at a slower rate, and those that grow into normal-sized
colonies. The small yeast colonies are, called petites, a phenomenon due to yeast cells
that cannot respire and therefore grow more slowly, as they use fermentation to generate
ATP (39). The resistance of petite cells with defective mitochondria led our lab to
hypothesize that active mitochondrial function is necessary for SK-03-92 to be lethal to
yeast. The Galbraith lab has also shown that yeast cells in stationary phase or growing
anaerobically, two conditions that decrease or eliminate the need for mitochondrial
function, are not appreciably killed by SK-03-92 treatment (unpublished observations).
Preliminary observations have also shown that the normal mitochondrial network of
wild-type yeast is dramatically affected by treatment with SK-03-92.

In addition to yeast cells dying in response to SK-03-92, the Galbraith lab has
observed several interesting morphological responses. The morphological responses
include enlargement of vacuoles with contents, phase bright inclusions, abnormal cell

wall, and pitting. Similar changes were observed in bacteria and THP-1 cells (data not
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shown) (37). Regardless of the time and/or concentration of SK-03-92, however 1% of
the cells persisted, but when allowed to grow in the absence of SK-03-92 for 24 hours,
the persisters grew into a population that was once again susceptible to SK-03-92, with
approximately 1% surviving. Together, these data suggested that cells needed to be
aerobically growing and/or metabolically active for SK-03-92 to be lethal, albeit with 1%
persisters. With that hypothesis in mind, we began testing a variety of mutants defective
in processes related to mitochondria or mitochondrial function as the mitochondria may
be involved in the mechanism of action for SK-03-92. Other stilbenes, such as
resveratrol, have also been observed to affect the mitochondria (15).

The lethal effect of SK-03-92 on yeast gave value to the investigation of various
yeast mutants. The sensitivity or resistance of mutants relative to wild-type yeast helped
determine which mutants to examine microscopically in this work. The sets of mutants
where chosen for microscopic examination after treatment with SK-03-92, those involved
in mitophagy, the glyoxylate cycle, and mitochondrial DNA repair. The mitophagy yeast
mutants, atgl] and atg32, were selected for further investigation because of their
approximate 10 to 100-fold greater sensitivity to SK-03-92 treatment than wild-type yeast
(FIG. 2A, 2B). The ATG11 and ATG32 genes are specific to mitophagy, and are needed
for the initiation of the mitophagy process. Mitophagy is a form of autophagy where
defective or unneeded mitochondria are selectively degraded (40). The sensitivity of
these mitophagy mutants suggested that mitochondria are a target of SK-03-92. The
ability to rid a eukaryotic cell of defective mitochondria is vital to cell health. Damaged
or stressed mitochondria are typically selected for mitophagy to prevent further cell

damage (40). Healthy mitochondria can also be selected for degradation, although this
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usually occurs under starvation conditions, when the cell does not need as many
mitochondria (40). The Atg32 protein, a major component of mitophagy in yeast,
localizes to selected mitochondria to initiate the mitophagy process by recruiting a second
protein, Atgl1l (FIG. 3) (40, 41). The selected mitochondria are eventually moved to the
vacuole where degradation of the mitochondria occurs (mitophagy) (42), or the vacuole is
moved to the cell membrane and the contents of the vacuole are released from the cell

(mitoptosis) (42, 43, 44).

SK-03-92
wild-type )
+
atg3?2 -
+
wild-type )
+
atgll B
+
wild-type )
+
mlsl] N
+

FIG. 2. Spot assays of wild-type and yeast mutants. Wild-type, atg32, atgl 1, or mls] mutants were treated
with 8 pg/mL SK-03-92 (+) or an equal volume of DMSO (-) and samples diluted and plated after 0°, 30°,
60, and 120’ as described (Materials and Methods).
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Mitochondrion
\ Atg32
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FIG. 3. Atg32 and Atgl1 are vital components of the mitophagy process. Atg32 first selectively attaches to
mitochondria. Atgl1 then attaches to Atg32 and aids in attachment to an isolation membrane. This
attachment to the isolation membrane leads to the mitochondria being escorted into an autophagosome and
eventually moving into the vacuole (41).

A group of yeast mutants directly involved with the glyoxylate pathway (cit2,
icll, mlsI) was also selected for further investigation microscopically. The glyoxylate
yeast mutants were 10 to 100-fold more resistant to SK-03-92 treatment than wild-type
yeast (see FIG. 2C for data from mls] mutant). The glyoxylate pathway is a variation of
the tricarboxylic acid (TCA) cycle that allows cells to use 2-carbon compounds to restore
NAD+/NADP+ levels to produce energy and perform essential anabolic reactions.
Although the TCA and glyoxylate cycle are similar in many ways there are significant
differences. The glyoxylate cycle pathway occurs in peroxisomes (45), and the TCA
cycle occurs in the matrix of the mitochondrion in eukaryotic cells (46). Both the
glyoxylate cycle and TCA cycle occur along the inner surface of the cell membrane in the
cytoplasm of bacteria (47). The full TCA cycle is found in most organisms and portions

of the TCA cycle are found in almost all organisms. The TCA cycle is a key pathway
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that connects the metabolism of carbohydrates, proteins, and fats together. The full TCA
cycle is catabolic in nature and consists of eight enzymes that function to oxidize acetate
(acetyl-CoA) to two water and two carbon dioxide molecules. The reactants used in a
single pass through the TCA cycle are three NAD", one FAD, and one GDP, which result
in the production of three NADH + H*, one FADH>, and one GTP, as the products
respectively (45). The NADH + H' and FADH, are used in oxidative phosphorylation
reactions to produce ATP (46).

As opposed to the TCA cycle the glyoxylate cycle is not found in all organisms.
The glyoxylate cycle is typically found only in plants, bacteria, protists and fungi. The
location of the glyoxylate cycle reactions can vary depending on the organism, but is
generally observed in peroxisomes of eukaryotes (FIG. 4) (45). The glyoxylate cycle
occurs along the inner cell membrane of bacteria in the cytoplasm (47). The glyoxylate
cycle shares five of the eight enzymes of the TCA cycle (FIG. 5) (45). The glyoxylate
cycle is also known as the glyoxylate bypass as isocitrate is converted to succinate and
glyoxylate, bypassing the decarboxylation steps of the TCA cycle. Unlike the catabolic
TCA cycle, the glyoxylate cycle is anabolic due to the bypass of the decarboxylation
steps. Bypassing the decarboxylation steps conserves two carbon atoms for biosynthesis
(45). The succinate can be transferred out of the peroxisome and used for other cellular
processes, such as biosynthesis or the TCA cycle. The glyoxylate molecule produced is
combined with acetyl-CoA to form malate. Malate either continues in the glyoxylate
cycle, is transported to the mitochondria, or is used for biosynthesis. The glyoxylate cycle
converts two acetyl-CoA and NAD+ molecules to succinate and NADH+, respectively,

and allows growth of yeast cells on acetate. The final mutant selected for microscopic
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investigation was oggl. The oggl mutant was approximately 100 times more resistant to
SK-03-92 treatment than wild-type. The Oggl protein repairs oxidative damage to

mitochondrial DNA and contributes to ultraviolet radiation resistance (48).
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FIG. 5. An overlay of the glyoxylate and TCA cycles. The reactions involved with the TCA cycle are those
that form the outer ring (including the gray reactions). The reactions involved with the glyoxylate cycle are
all reactions that are not shaded gray (45).

Research Objectives

SK-03-92 has antimicrobial properties against several pathogenic bacteria that
include B. cereus, L. monocytogenes, E. faecium, S. aureus, and antibiotic resistant
bacterial strains (19). The antimicrobial properties of SK-03-92 make it a compound
worth pursuing clinically. SK-03-92 could help in the fight against the increasing
prevalence of antibiotic resistant microbes. However, before a company would consider
licensing SK-03-92 as an antimicrobial, a mechanism of action must be determined.
Yeast provides a good genetic system to use in this process, and the size of THP-1 cells
are optimal for imaging microscopically to observe cell responses to SK-03-92.

The research in this thesis was done to continue the investigation of how SK-03-

92 works by observing, via various microcopy techniques, the morphological responses
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of yeast and THP-1 cells. The observed responses to SK-03-92 were quantified and
analyzed to see if specific responses correlated with cell death. Yeast mutants were used
to see if responses to SK-03-92 differed from wild-type yeast based on their sensitive or
resistant phenotypes by plating assays. Additionally, yeast cells were arrested in, or
synchronized and released from, G1, G1/S, or G2/M phase to determine if SK-03-92
shows greater lethality at a specific point in the cell cycle. Other compounds have been
shown to be more effective at killing eukaryotic cells when they are in a specific stage of
the cell cycle. For example, etoposide, a compound that binds to and inactivates
topoisomerases, kills cells in S phase better than cells in other phases (49). If lethality of
SK-03-92 does differ at cell cycle points it may contribute to understanding the

mechanism of action.
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MATERIALS AND METHODS
Strains and Media for Yeast
Standard media and techniques used to work with Saccharomyces cerevisiae were

as described (50). Yeast strains are listed in Table 1.

TABLE 1. Yeast Strains used in this study.

Strain Name Genotype Affected Pathway
BY4741! a, his3, leu2, metl5, ura3 N/A
BY4742 o, his3, leu2, metl5, ura3 N/A

BY4742- atgll o, his3, leu2, metl5, ura3, YPRO49c::kanmx4 Mitophagy
BY4742-atg32 o, his3, leu2, metl5, ura3, YIL146¢:: kanmx4 Mitophagy
BY4742-cit2 o, his3, leu2, metl5, ura3, YCROO05c:: kanmx4  Glyoxylate Cycle
BY4742-mlis1 o, his3, leu2, metl5, ura3, YNL117w:: kanmx4  Glyoxylate Cycle
BY4742-icll o, his3, leu2, metl5, ura3, YERO65c:: kanmx4  Glyoxylate Cycle
BY4742-0gg]  «, his3, leu2, metl5, ura3, YMLO60w:: kanmx4  Mitochondrial

DNA Repair

U All strains are from EuroSCARF (51).

Treatment of Yeast with SK-03-92
Wild-type (BY4742) or mutant yeast (Table 1) were inoculated, using a single
colony from YPD plates, into 5 mL yeast extract-peptone-acetate (YPA) medium as

described (50) and grown overnight in a 50 mL Erlenmeyer flask, shaking at 200 rpm at
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30°C. Cell concentration of the overnight culture was determined using a hemocytometer.
Cells were diluted into 11 mL fresh YPA medium at a concentration of 2X10° cells/mL
and incubated at 200 rpm at 30° C for two hours. The culture was then subdivided into
two 5 mL cultures and either treated with a final concentration of 8 pg/mL SK-03-92 in
DMSO, or an equal volume of DMSO as a negative control.
Quantification of Yeast Morphology Responses

Wild-type (BY4742) yeast cells were treated with SK-03-92 as described above.
Samples of 900 uL were taken immediately before treatment (0), and 0.5, 1, 2, 4, 6, 8, 10,
12 and 24 hours after treatment and added to 100 pL of 37% formaldehyde for storage at
room temperature. Samples were visualized and morphological states were observed and
quantified using various forms of microscopy (see “Microscopy” for specifics). At least
500 cells were counted at each timepoint. A multinomial logistic regression was used to
compare the number of normal cells versus the number of cells with each abnormal
morphology.

Quantification of Yeast Mitochondria Morphology Responses

Wild-type (BY4742) or mutant yeast strains were treated with SK-03-92 as
described above. Thirty minutes prior to treatment (1.5 hours after dilution) MitoTracker
Red CMXRos (Thermo Fisher Scientific, Waltham, Massachusetts) was added to a final
concentration of 100 nM. Samples were taken immediately before treatment (0) and 1, 5,
10 and 15 minutes after treatment. Samples were immediately visualized and quantified
via microscopy under live conditions (see “Microscopy” for specifics). At least 100 cells
were counted at each timepoint. A logistic regression was used to compare the number of

cells with normal mitochondria versus the number of cells with abnormal mitochondria.
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Quantification of Yeast Viability

Standard culture preparation and SK-03-92 treatment was performed for wild-
type and all mutants, as described above. Thirty minutes prior to treatment (1.5 hours
after dilution) 5 pL of Syto 9, and 5 pL of propidium iodide was added from the
Live/Dead FungaLight Yeast Viability Kit (Molecular Probes, Eugene, Oregon). Samples
were taken before treatment T (0) and 0.5, 1, 1.5, 2, 2.5, 3, 3.5, and 4 hours after
treatment. Samples were immediately observed and quantified via microscopy (see
“Microscopy” for specifics). At least 300 cells were counted at each timepoint. A logistic
regression was used to compare the number of propidium iodide negative versus the
number of propidium iodide positive cells.

Yeast Cell Cycle Arrest Assay

Wild-type strain BY4741 was grown up and diluted to 2X10° cells/mL as
described above. Immediately following dilution, the culture was either treated with
either a final concentration of 5 pg/mL of alpha factor for G1 phase arrest, 0.2M
hydroxyurea for S phase arrest, or 15 pg/mL nocodazole for G2/M phase arrest. A second
treatment was added after 1.5 hours of incubation. Cultures were considered arrested
when >95% of cells were at the appropriate arrest point as evidenced by light
microscopy. Cells were subdivided into 5 mL cultures and treated with a final
concentration of 8 pg/ml of SK-03-92 or an equal volume of DMSO. Samples were taken
before treatment (T0) and 0.5, 1, 2, and 24 hours post treatment, and diluted to 10°!, 102,
1073, and 10™*. Ten microliters of each dilution were spotted onto YPD plates and allowed

to incubate for 2-3 days at 30°C before analysis.
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Yeast Cell Cycle Synchronization Assay

A second variation of the experiment above followed the same protocol except
that cells were released from arrest prior to SK-03-92 treatment by washing cells twice
with fresh YPA. Cells were divided into 5 mL cultures and treated with a final
concentration of 8 pg/ml of SK-03-92 or an equal volume of DMSO. Samples were taken
before treatment (T0) and 0.5, 1, 2, and 24 hours post treatment, and diluted to 10°!, 102,
10, and 10™. Ten microliters of each dilution were spotted onto YPD plates and allowed
to incubate for 2-3 days at 30°C before analysis.

Treatment of THP-1 Cells

Standard media and techniques were used for THP-1 cells as described (52).
Approximately 2x10° cells were centrifuged at 150 Xg for 5 minutes. Cells were
suspended in 2 mL of pre-warmed RPMI1640 Strep Pen (Thermo Fisher, Waltham,
Massachusetts) resulting in a final cell concentration of 1X10° cells/mL. THP-1 cells
were then treated with a final concentration of 5 pg/mL, 10 pg/mL, 15 pg/mL, 20 pg/mL,
or 25 ug/mL of SK-03-92, or an equal volume of DMSO, vortexed, and transferred to a
glass bottom dish (MatTek, Ashland, Massachusetts).

Quantification of THP-1 Mitochondria Responses

THP-1 cells were set up for SK-03-92 treatment as described above. After
dilution of cells into 2 mL of media, MitoTracker Red CMXRos (Thermo Fisher,
Waltham, Massachusetts) was added to a final concentration of 100 nM. Cells were
incubated for 30 minutes before SK-03-92 treatment and transfer. Mitochondrial
morphologies were visualized under live conditions via microscopy (see “Microscopy”

for specifics). A multinomial logistic regression was used to compare the number of
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THP-1 cells with normal mitochondria versus the number of THP-1 cells with abnormal
mitochondria.
Annexin V Analysis of THP-1 Cells
THP-1 cells were set up for SK-03-92 treatment as described above. After
dilution of cells into 2 mL of media, 5 pL of FITC Annexin V and 5 pL of Propidium
Iodide were added from the FITC Annexin V Apoptosis Detection Kit (BD Biosciences,
San Diego, California) and THP-1 cells were incubated for 30 minutes before SK-03-92
treatment and transfer. Viability of the cells was determined under live conditions via
microscopy (see “Microscopy” for specifics). A multinomial logistic regression was used
to compare the number of cells negative for both FITC Annexin V and Propidium Iodide
versus the number of cells positive for either FITC Annexin V, Propidium lodide, or
both.
Microscopy
Light microcopy: Phase Contrast/DIC
The Nikon 80i microscope with objective 100X/1.30 Oil N.A. 0.17 WD 0.16 (for

DIC) and 100X/1.40 Oil N.A. 0.17 WD 0.13 (for phase contrast) was used for
visualization and quantification of yeast morphologies when treated with SK-03-92.
Epifluorescence

An X-cite mercury lamp was used as an excitation source for all microscopes. Filter
cubes were used for multiple fluorescence channels. Blue fluorescence was detected
using a DAPI filter cube with excitation (EX) of 340-380 nm, dichromatic mirror (DM)

of 400 nm and barrier (BA) of 435-485 nm. Green fluorescence was detected using a

24



GEFP filter cube with EX of 480/40 nm, DM of 505, and BA of 535/50. Red fluorescence
was detected using TRITC filter with EX of 540/25, DM of 565, BA of 605/55.
Imaging
An ExiAqua camera (QImaging) and NIS Elements imaging software was used

with the Nikon 80i microscope to obtain all images. Images were enhanced using ImageJ
software (53).
Inverted Microscope

The Nikon Eclipse TE2000-U was used for observation and quantification of live

THP-1 cells in a glass bottom dish with 100X/1.40 Oil N.A. 0.17 WD 0.13.
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RESULTS
Wild-Type Yeast Cells Show Morphological Responses to SK-03-92

Preliminary data in the Galbraith lab had indicated that morphological changes
occurred in response to treatment of yeast with SK-03-92. Morphological categories
chosen for analysis were those that were commonly observed in this study and included
cells that were normal, or had enlarged vacuoles with contents, phase bright inclusions,
abnormal cell walls, and/or pits (FIG. 6). Yeast cells were treated with SK-03-92 as
described (Material and Methods) for up to 24 hours. Phase contrast and DIC
microscopy were used to quantify the number and the timing of the yeast cells’
responses. The normal untreated morphology included cells with a smooth appearance on
the cell surface using DIC microscopy (FIG. 6A), and a solid, phase dark cell as observed
using phase contrast microscopy (FIG. 6B). Enlarged vacuoles with contents were
observed in cells by DIC as large pseudo-depression in the cell with one or more contents
appearing as spheres within the depression (FIG. 6C). Using phase contrast, the yeast
cells with enlarged vacuoles with contents had an enlarged vacuole, with one or more
spherical contents that appeared as phase dark balls within the enlarged vacuole (FIG.
6D). These phase dark spheres have been described in literature as autophagic bodies (54)

and are characterized by their rapid, apparently random, movement within the vacuole.
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FIG. 6. Representative images of responses observed in wild-type yeast cells treated with 8 ng/mL SK-03-
92. Wild-type yeast cells were treated and examined using DIC and/or phase contrast with a 100X oil
immersion objective. (A) Normal wild-type yeast cells showed a smooth cellular surface with DIC and a
(B) solid phase dark image with phase contrast. (C) Enlarged vacuoles appeared as depressions in the cells
with the contents appearing as spherical bulges (arrow head). (D) With phase contrast, enlarged vacuoles
appeared as phase light spherical regions within the yeast cells with a phase dark outline with contents
appearing as phase dark balls (arrow head). (E) Phase bright inclusions under DIC appeared as spherical
bulges (arrow head) not within a vacuole or (F) as phase bright spheres (arrow head) not within vacuoles
using phase contrast. (G) Cells with abnormal cell walls displayed irregularities in the cell wall that
appeared as non-spherical bulges (arrow heads) under DIC and (H) phase contrast. (I) Pits (arrow head). (J,
K) Other responses that were not quantified but observed were beads on a string and extracellular debris
fields.

Phase bright inclusions could be observed in cells using DIC as spherical bulges
on the cell surface (FIG. 6E), but were observed using phase contrast where they
appeared as phase bright spheres (FIG. 6F). Phase bright inclusions were similar to
vacuole contents in size and shape, but were not found within the vacuole and did not
move. Cells were defined as having abnormal cell wall if they had irregularities in the

cell wall ranging from minor bulges to large blebs. The bulges and blebs of the abnormal
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cell wall differed from the bulges caused by the phase bright inclusions as the cell wall
abnormalities lacked a uniform spherical shape, and were easily observed under DIC
(FIG. 6G). Using phase contrast, the cell wall abnormalities appeared as irregularities in
the outline of the cells that were not phase bright (FIG. 6H).

The pitted cells could only be observed using DIC. The pits appeared as small
depressions on the cell surface (FIG. 6I). Four yeast responses to SK-03-92 were
observed but not enumerated due to the rarity of their appearance and not at every
timepoint. One response called “beads on a string” (FIG. 6J) (55) was estimated to be
observed in about 1/1000 yeast cells at the highest frequency. Cell rounding (FIG. 6E,
6F) was estimated to be observed in about 1/300 yeast cells at the highest frequency. Cell
swelling was estimated to be observed in about 1/400 cells at its highest frequency. The
extracellular debris fields (FIG. 6K) were seen frequently, but were not quantifiable
because the number of cells contributing to a given debris field was not possible.

Changes in morphological responses by yeast cells treated with SK-03-92 over
time were shown to be significant (p value= 0.0001) using a multinomial logistic
regression to compare the number of normal cells versus the number of cells with each
abnormal morphology. Five-hundred cells per timepoint were categorized based on the
morphological responses described in FIG. 6. It was determined that the morphological
changes in yeast cells treated with SK-03-92 followed a specific chronological sequence.
The frequency of cells with a normal morphology decreased over time through 12 hours
of treatment, rebounding slightly after 24 hours (FIG. 7). (Note that no timepoints were
taken between 12 and 24 hours.) The frequency of cells containing enlarged vacuoles and

autophagic bodies increased for the initial two hours after SK-03-92 treatment as the
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frequency of normal cells declined. After two hours of SK-03-92 treatment, the frequency
of cells with enlarged vacuoles and contents decreased as the frequency of cells
containing phase bright inclusions increased. The frequency of cells with phase bright
inclusions continued to increase until 12 hours of treatment and then declined. The
frequency of cells with abnormal cell walls showed a similar increase to the frequency of
cells with phase bright inclusions, albeit delayed, and increased from 12 and 24 hours,
while the frequency of cells with phase bright inclusions was decreasing. The frequency
of cells with a pitted morphology increased within the first hour and remained relatively

constant throughout 24 hours of treatment (FIG. 7).
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FIG. 7. Quantitative analysis of wild-type yeast cells treated with SK-03-92. (A) Cells treated with 8
pg/mL of SK-03-92 as described (Materials and Methods). (B) Cells were treated with DMSO to serve as a
negative control. Samples at each timepoint were stored in 3.7% formaldehyde prior to examination. A

total of 500 cells were observed by DIC and phase contrast microscopy. Each instance of an abnormality
was counted in the total, including when one cell displayed multiple abnormalities.

SK-03-92 Causes Mitochondrial Abnormalities in Yeast
Wild-type and mutant yeast cells with normal mitochondrial networks display a
tubular network that stretches throughout the cell (FIG. 8A) (56). Abnormal

mitochondrial networks appeared in response to SK-03-92 treatment and were divided
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into two morphological subgroups. Abnormal mitochondria were either punctate (FIG.

8B), or diffuse (FIG. 8C) where the whole cell was stained with MitoTracker Red. Most
often, individual yeast cells treated with SK-03-92 showed both abnormal mitochondrial
morphologies. Other abnormal characteristics observed included cells with a decrease in

fluorescence intensity, fluorescently stained contents inside an enlarged vacuole (FIG.

8D, 6E), and extracellular fluorescently stained debris (FIG. 8F).

FIG. 8. Representative images of mitochondria of wild-type and mutant yeast treated with SK-03-92. (A)
Normal mitochondrial networks were tubular and stretch throughout the yeast cell. Abnormal
mitochondrial networks in response to SK-03-92 treatment displayed two characteristics that were almost
always observed together in a single cell, (B) punctate and (C) diffuse. The contents of enlarged vacuoles
did fluoresce red in some cells, indicating that the contents included mitochondrial components. (D) A
phase contrast image of a cell with an enlarged vacuole with contents (arrow head) and (E) the same cell
under fluorescence with the enlarged vacuole contents fluorescing red (arrow head) are shown. (F)
Extracellular mitochondrial debris fields that stained red were also observed.

Mitochondrial responses induced by SK-03-92 treatment were evaluated among
the panel of mutant strains and wild-type yeast (FIG. 9). Mutants chosen included
mitophagy mutants that were more sensitive to lethality by SK-03-92, and glyoxylate
cycle/mitochondrial DNA repair mutants that were more resistant to the lethal effects of

SK-03-92 (unpublished observations, see also FIG. 2). As expected, wild-type and
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mutant yeast strains differed in their percentages of normal mitochondria even when
untreated (FIG. 9A). Wild-type had 100% normal mitochondria at time zero. Mitophagy
mutants, atgll and atg32, had 82 % and 51% normal mitochondria at time zero,
respectively. Glyoxylate mutants, cit2, icll, and mlsl, had 98%, 98%, and 99% normal
mitochondria at time zero, respectively. The mitochondrial DNA repair mutant ogg/ had
79% normal mitochondria at time zero. After 5, 10, and 15 minutes of treatment with SK-
03-92 all wild-type and mutant strains yeast had less than 75%, 50%, and 30% of the
yeast cells with normal mitochondrial networks, respectively. After 15 minutes of SK-03-
92 treatment, wild-type, and the sensitive mitophagy mutants, atg// and atg32, had the
lowest percentage of yeast cells with normal mitochondria (1%, 2% and 2%
respectively). The resistant glyoxylate and DNA repair mutants, cit2, ic/l, mls!, and ogg!
had 6%, 20%, 27% and 26% of yeast cells with normal mitochondria after 15 minutes of

SK-03-92 treatment, respectively.
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FIG. 9. Percentage of yeast cells with normal mitochondria over time after treatment with SK-03-92. (A)
Raw data for yeast strains and (B) the same data for panel A normalized to DMSO controls. At least 100
cells were counted for each timepoint.

Because even untreated mutants had defective mitochondria, the data from FIG.
9A were normalized to the untreated control set at 100% normal mitochondria and
logistic regression was performed between each mutant and wild-type yeast (FIG. 9B).
Using these normalized data, all strains treated with SK-03-92 had nearly half as many
cells with normal mitochondria within five minutes of treatment, with the exception of
the mitochondrial DNA repair mutant ogg/, which took 10 minutes of treatment to

reduce the number of cells with normal mitochondria to half (FIG. 9 B). The proportion
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of cells with normal mitochondria remained constant beyond 15 minutes for each strain
tested (data not shown). Mitophagy mutants (atg// and atg32) and wild-type cells had
the greatest frequency of cells with mitochondrial abnormalities. Wild-type had <1% of
cells with normal mitochondria after 15 minutes of treatment with SK-03-92. The
mitophagy mutants, atg/ and atg32, had 4% and 3% of cells with normal mitochondria
after 15 minutes of treatment with SK-03-92, respectively (FIG. 9B). The glyoxylate
mutants showed varying degrees of cells with abnormal mitochondria after SK-03-92
treatment. The cit2, icll, and misI mutants had 7%, 21% and 27% cells with normal
mitochondria, respectively, after 15 minutes of treatment with SK-03-92 (FIG. 9B). The
mitochondrial DNA repair mutant ogg/ retained the largest proportion of cells with
normal mitochondria after 15 minutes of treatment with SK-03-92, at 34% of cells (FIG.
9B).
Yeast Cell Death is Consistent with Mitochondrial Abnormalities

The percentage of atglland atg32 cells with normal mitochondria was higher
than wild-type despite that these mutants were more sensitive to the lethal effects of SK-
03-92 than wild-type as shown by a spot assay (FIG 2). To explore this discrepancy, a
Fungal ight live/dead kit was used as a second way to measure death of wild-type and the
mutant yeast strains after treatment with SK-03-92. The green Syto 9 fluorochrome can
permeate both live and dead yeast cells, but the red propidium iodide stain only
permeates dead yeast cells when cell membranes are compromised. Yeast cells were
categorized as propidium iodide negative if only green fluorescence was found
throughout the cell or if only the cell periphery was red. Yeast cells that fluoresced green

without any other amount of red fluorescence within the cell were considered propidium
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iodide positive. A logistical regression was used to compare viability of mutants and
wild-type cells.

All yeast strains tested remained highly viable (nearly 90% propidium iodide
negative) after 30 minutes of SK-03-92 treatment. The fastest rate of death was observed
in the wild-type strain, with 60% of cells dead after one hour and 91% of cells dead after
four hours of treatment with SK-03-92 (FIG. 10). (Viability of cells remained constant
for all strains after four hours of treatment, data not shown). Similar to wild-type, 40% of
the atgl1 cells were dead after one hour and 85% of azgl1 cells were dead after four
hours of treatment with SK-03-92 (FIG. 10). In contrast the atg32 mutant remained quite
viable with only 41% of cells dead after four hours of treatment with SK-03-92 (FIG. 10),
despite being susceptible to mitochondrial damage and the most susceptible to SK-03-92
lethality as shown by prior spot assay experiments (FIG. 2A). Unexpectedly, the oggl
mutant showed the third highest death of all strains tested even though it had been the
most resistant to mitochondrial abnormalities. Death of the yeast mitochondria DNA
repair oggl mutant was like that of azgl1, with 32% of cells dead after the first hour and
84% of cells dead after four hours of treatment with SK-03-92 (FIG. 10). The death
observed in the glyoxylate mutants, cit2, ic/l, and mls1, was consistent with their
resistance to mitochondrial abnormalities, with 74%, 68%, and 25% of the cells dead,

respectively, after four hours of treatment with SK-03-92 (FIG. 10).
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FIG. 10. Percentage of propidium iodide negative yeast cells over time after treatment with SK-03-92.
Propidium iodide negative indicates cell viability. At least 300 cells were counted at each timepoint.

Cell Cycle Arrest and Synchronization Eliminates the Lethal Effects of SK-03-92

Because of the variation in viability of treated cells observed using live/dead
staining versus other methods of measuring of viability such as the spot assay,
experiments were designed to explore if phase of the cell cycle altered the effectiveness
of SK-03-92, since yeast cells were not synchronized prior to treatment. Studies of other
compounds have shown that treatment can have different degrees of effectiveness on
cells depending on their stage of the cell cycle (47).

The cell cycle experiment was performed in two different ways. In one version,
wild-type cells were arrested at G1, G1/S, or G2/M phase using standard methods (57),
and then treated with SK-03-92 while arrested. Alternatively, yeast cells were arrested in
G1, G1/8, or G2/M phase, then released to allow progression of the cell cycle as a
synchronized population. The newly released yeast cells were immediately treated with

SK-03-92. In both arrested and synchronized yeast, SK-03-92 treated yeast cells were
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resistant in comparison to asynchronous cells regardless of the phase of the cell cycle the
yeast cells were arrested (FIG. 11 and data not shown). Although arrested and
synchronized cultures did show susceptibility to SK-03-92 after 24 hours of treatment
(data not shown), cultures were likely asynchronous well before 24 hours because
synchronized cultures typically only remain synchronized for the first 3-5 replication

cycles after release from arresting compounds (57).

SK-03-92
asynchronous )
+
Gl B
+
asynchronous )
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G1/S ”
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G2/M ”
+

FIG. 11. Spot assays of asynchronous and synchronized wild-type yeast cells. Wild-type yeast cultures
were treated with 8 pg/mL SK-03-92 (+) or an equal volume of DMSO (-) after being synchronized in G1,
G1/S, or G2/M phase, or grown asynchronously. Samples were diluted and plated after 0°, 30°, 60°, and
120’ as described (Materials and Methods).

Light Microscopy Shows Variable Morphological Responses in SK-03-92
Treated THP-1 Cells
Microscopy techniques used to analyze yeast were also used to observe THP-1
cells. During preliminary work, THP-1 cells treated with SK-03-92 were observed to
have various morphological responses, many similar to those elicited by yeast.
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Morphological responses by THP-1 cells included normal (FIG. 12A, 12B), cells with
phase bright inclusions (FIG. 12C, 12D), blebbing cells (FIG. 12E, 12F), blistering cells
(FIG. 12G, 12H), pitted cells (FIG. 12I), “beads on a string” (FIG. 12J, 12K) (57), and
the observation of extracellular debris fields (FIG. 12L). From a purely observational
standpoint the morphological responses of THP-1 cells to SK-03-92 appeared to occur at
different frequencies depending on the time after treatment and the final concentration of
SK-03-92 treatment. However, also as with yeast, no morphological changes appeared to

be directly related to cell death (data not shown).
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FIG. 12. Representative images of responses observed in THP-1 cells treated with SK-03-92 as described
(Materials and Methods). (A, B) Normal THP-1 cells. (C, D) Treated cells displayed phase bright
inclusions (arrow head), (E, F) blebs (arrow head), (G, H) blistering (arrow head in G), (I) pits, (J, K) beads
on a string, (L) and debris fields.
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FIG. 12 - continued. Representative images of responses observed in THP-1 cells treated with SK-03-92 as
described (Materials and Methods). (A, B) Normal THP-1 cells. (C, D) Treated cells displayed phase bright
inclusions (arrow head), (E, F) blebs (arrow head), (G, H) blistering (arrow head in G), (I) pits, (J, K) beads
on a string, (L) and debris fields.
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FIG. 12 - continued. Representative images of responses observed in THP-1 cells treated with SK-03-92 as
described (Materials and Methods). (A, B) Normal THP-1 cells. (C, D) Treated cells displayed phase bright
inclusions (arrow head), (E, F) blebs (arrow head), (G, H) blistering (arrow head in G), (I) pits, (J, K) beads
on a string, (L) and debris fields.

THP-1 Mitochondria Show Increased Abnormities as Concentration of SK-03-92
Increases
Because yeast cells showed mitochondrial changes in response to SK-03-92,
mitochondrial morphology was also examined in THP-1 cells. Abnormal morphological

subgroups were easily distinguishable due to the larger size of the THP-1 cells as
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compared to yeast cells. Unlike yeast mitochondrial networks, normal THP-1
mitochondrial networks appear speckled and are evenly distributed throughout the
cytoplasm (FIG. 13A). The mitochondria of THP-1 cells treated with SK-03-92 showed
two separate and distinct morphological responses, punctate or diffuse. The abnormal
subgroup punctate appeared as spherical aggregates of mitochondria that were larger than
the rod-like speckles of a normal network (FIG. 13B). The diffuse subgroup was like that
of yeast with the cell having regions stained red (FIG. 13C). An early stage of diffuse
mitochondria consisted of mitochondria appearing as ring-like structures rather than rod-
like speckles (FIG. 13C). This ring-like response was categorized as diffuse because
further observations showed that such cells progressed to diffuse mitochondria. Other
observations included mitochondrial debris fields (FIG. 13D), and beads on a string
morphology sometimes contained fluorescence, albeit too faint to produce images (data

not shown).
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FIG. 13. Representative images of mitochondria of THP-1 cells treated with SK-03-92. (A) Normal
mitochondria appeared as rod-like speckles around the outer periphery of the cell. Abnormal mitochondrial
networks displayed two subgroups: (B) abnormal punctate and (C) abnormal diffuse. (D) Extracellular
mitochondrial debris fields that stained red were also observed.

All concentrations of SK-03-92 led to mitochondrial morphological changes
within the first five minutes of treatment with SK-03-92 (FIG. 12A). However, the
percentage of THP-1 cells with abnormal mitochondria was proportional to the
concentration of SK-03-92 used. After two hours of treatment with SK-03-92, 19% of

cells showed abnormal mitochondria at 0 pg/mL SK-03-92, 60% of cells had abnormal

43



mitochondria at 5 pg/mL SK-03-92, 72% of cells had abnormal mitochondria at 10
png/mL SK-03-92, 88% of cells had abnormal mitochondria at 15 pg/mL SK-03-92, 94%
of cells with abnormal mitochondria at 20 pg/mL SK-03-92 and 97% of cells had
abnormal mitochondria at 25 pg/mL SK-03-92 (FIG. 14A). After two hours of treatment
with SK-03-92, the number of cells with abnormal mitochondria remained constant (data

not shown).
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FIG. 14. Percentage of THP-1 cells with normal, punctate, or diffuse mitochondria over time after
treatment with SK-03-92. THP-1 cells were treated with varying concentrations of SK-03-92, stained with
MitoTracker Red CMXRos, visualized by fluorescence microscopy, and categorized as normal or one of
two abnormal types, punctate or diffuse as shown in FIG. 13. (A) Percent of THP-1 cells with normal
mitochondria after being treated with various concentrations of SK-03-92. (B) Percent of untreated
(DMSO) THP-1 cells with normal, punctate or diffuse mitochondria. (C) Percent of THP-1 cells with
normal, punctate, or diffuse mitochondria after treatment with 5 pug/mL SK-03-92. (D) Percent of THP-1
cells with normal, punctate, or diffuse mitochondria after treatment with 10 pg/mL SK-03-92. (E) Percent
of THP-1 cells with normal, punctate, or diffuse mitochondria after treatment with 15 ng/mL SK-03-92. (F)
Percent of THP-1 cells with normal, punctate, or diffuse mitochondria after treatment with 20 pg/mL SK-
03-92. (G) Percent of THP-1 cells with normal, punctate, or diffuse mitochondria after treatment with 25
pg/mL SK-03-92.
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The diffuse mitochondrial subgroup appeared to have a direct relationship with
increasing concentration of SK-03-92, whereas the punctate mitochondrial subgroup
appeared to have an inverse relationship with increasing SK-03-92 concentration (FIG.
14B). The highest percentage of cells that with punctate mitochondria and lowest
percentage of cells with diffuse mitochondria were observed from SK-03-92 treatment at
the lowest concentration (5 pg/mL) (FIG. 14B). As the concentration of SK-03-92
increased, the proportion of cells with the diffuse mitochondrial morphology increased
after two hours of treatment, with 21% at 5 ug/mL, 42% at 10 pg/mL, 63% at 15 pg/mL,
78% at 20 pg/mL, and 90% at 25 pg/mL of SK-03-92 (FIG. 14B). The opposite was true
for cells with the punctate mitochondrial morphology, with 38% of cells showing
punctate mitochondria at 5 pg/mL of SK-03-92, 30% of cells at 10 pg/mL, 23% of cells
at 15 pg/mL, 17% of cells at 20 pg/mL, and 8% of cells at 25 pg/mL of SK-03-92 after

two hours of treatment (FIG. 14B).

THP-1 Death Correlates with Increased SK-03-92 Concentration

To examine THP-1 cell death in response to SK-03-92, a FITC Annexin V kit was
used. The inversion of the phosphatidylserine is a hallmark feature of apoptotic cells (26).
When an inversion of the phosphatidylserine occurs, FITC Annexin V binds to the
phosphatidylserine and the THP-1 cell fluoresces green. When the cell membrane
becomes compromised as in a necrotic cell, propidium iodide permeates the cell, staining
the nucleic acids red. THP-1 cells that fluoresce both green and red are likely in late stage
cell death, allowing both fluorochromes to bind in the THP-1 cell. THP-1 cells that were
categorized as viable were negative for both red and green fluorescence (note that treated

cells fluoresced blue, presumably due to the fluorescence properties of SK-03-92).
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As expected, untreated control THP-1 cells were negative for both FITC Annexin
V and propidium iodide, with 97% viable cells observed for the first eight hours,
declining to 94% viable cells after 24 hours (FIG. 15). The number of viable THP-1 cells
decreased relatively steadily over 24 hours for treated cells at all concentrations of SK-
03-92 used. Although not statistically significant, the type of death pathway appeared to
change as SK-03-92 concentration increased. THP-1 cells treated with lower
concentrations of SK-03-92 (5 pg/mL and 10 ug/mL) had more FITC Annexin V
positive/propidium iodide negative cells indicating apoptosis, whereas cells treated with
higher concentrations of SK-03-92 (20 pg/mL and 25 pg/mL) had more propidium iodide
positive/FITC Annexin V negative cells indicating necrosis (FIG. 15). The middle
concentration (15 pg/mL) of SK-03-92 led to approximately equal numbers of THP-1
cells that were FITC Annexin V positive/propidium iodide negative, and FITC Annexin
V negative/propidium iodide positive, with apoptosis being slightly more dominant after
eight hours of treatment, and necrosis slightly more dominant after 24 hours of treatment.
Numbers of THP-1 cells that were positive for both propidium iodide and FITC Annexin

V generally increased as SK-03-92 concentration increased (FIG. 15).
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FIG. 15. Analysis of viability of THP-1 cells after treatment with SK-03-92 over time. THP-1 cells were
treated with either (A) no SK-03-92 (DMSO), (B) 5 pg/mL SK-03-92, (C) 10 pg/mL SK-03-92, (D) 15
pg/mL SK-03-92, (E) 20 pg/mL SK-03-92, or (F) 25 pg/mL SK-03-92. Cells were stained with the FITC
Annexin V kit to determine the percent of cells negative for each fluorochrome (-/-) indicating viable cells,
positive for FITC Annexin V only (+/-) indicating apoptotic cells, positive for propidium iodide only (-/+)
indicating necrotic cells, or positive for both FITC Annexin V and propidium iodide (+/+) indicating cells
in late stage death.
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DISCUSSION
Morphological Responses

The morphological changes observed in SK-03-92 treated wild-type yeast cells
followed a general sequence of events over time. The data suggest that wild-type cells
begin their response to SK-03-92 by inducing autophagy and/or mitophagy pathways,
possibly to remove damaged organelles. MitoTracker Red CMXRos stained mitochondria
were observed inside the vacuoles of treated yeast cells. The vacuoles also contained non-
staining contents, which are likely other damaged cell components sent to the vacuole for
autophagic processing. To identify these non-mitochondrial cell components, specific
staining for a variety of cell components would be needed. Based on the sequence of
morphological responses, it appears that after a period of processing, the vacuole contents
are either degraded or moved out of the vacuole as phase bright inclusions. The phase
bright inclusions are then moved to the cell membrane and released from the cell,
possibly resulting in an abnormal cell wall and/or pits. Because the quantity of cells with
pits remained relatively constant after one hour of SK-03-92 treatment, it is possible that
the pit morphology is associated with the successful release of the phase bright
inclusions, and once released, the pit morphology reverts to a normal morphology as
quickly as new pits are formed. The presence of extracellular debris stained with
mitochondrial stains also supports a model that SK-03-92 is leading to cells undergoing

mitophagy and/or mitoptosis. Interestingly, none of these morphological responses
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correlated with cell death and are likely indirect responses to the effects of stressors such

as SK-03-92.

Mitophagy is Vital for Cell Survival After SK-03-92 Exposure
After the work on quantification of morphological responses in yeast had already
been completed, a survival assay of wild-type yeast cells was performed outside of this
study to determine the lethality of SK-03-92 on yeast shortly after treatment. Cells were
treated with SK-03-92 and samples plated in ten minute intervals. Plates were incubated
and colony forming units were counted to determine cell survival. Over 90% of wild-type
yeast cells were killed by SK-03-92 within the first ten minutes of treatment using this

assay (FIG. 16). The quick death influenced the remainder of this yeast study to focus on
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FIG. 16. Survival curve of wild-type yeast cells after treatment with SK-03-92. Yeast cells were treated
with 8 pg/mL SK-03-92 (treated) or an equal volume of DMSO (untreated) as described (Materials and
Methods). Cells were diluted after various times of treatment and plated to enumerate the number of colony
forming units (A. Galbraith, unpublished data).

timepoints closer to treatment.
Previous work in the Galbraith lab had implicated mitochondria in the killing
effects of SK-03-92. Previous experiments also showed that anaerobic and petite yeast

cells which ferment, and stationary phase yeast cells which are not metabolically active,
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were almost completely resistant to the lethality of SK-03-92. In addition, two mitophagy
mutants, atg32 and atgl 1, that wouldn’t be able to rid cells of damaged mitochondria,
appeared to die more readily than wild-type cells when treated with SK-03-92.

The data from the live/dead staining experiments showed azg32 to be the second
most resistant strain to SK-03-92 lethality (FIG. 10) despite that the atg32 mutant was far
more sensitive to SK-03-92 than other strains, including wild-type, by a spot plate assay
(FIG. 2). Observations during the live/dead experiment for azg32 suggested that many of
the cells may have lysed, with fewer cells and more extracellular debris observed.
Because the live/dead kit cannot quantify the number of lysed cells, this approach to
measuring viability may have underestimated the number of dead cells by missing the
lysed cells. To test this explanation, the concentrations of treated atg32 mutant yeast cells
over time can be determined using a hemocytometer to see if the cell concentration
decreases over time.

Glyoxylate Mutants Resist Effects of SK-03-92

A fully functioning glyoxylate cycle may also contribute to mitochondrial damage
since all the glyoxylate mutants (cit2, icll, mlsI) had less mitochondrial damage than
wild-type cells, and showed less susceptibility to lethality by SK-03-92 then wild-type,
atgll, and atg32 yeast cells by both the plating assay (FIG. 2) and the live/dead
experiment (FIG. 10).

Altogether, these data support a hypothesis that SK-03-92 causes mitochondrial
damage. A potential explanation for the apparent general resistance of glyoxylate mutants
to the effects of SK-03-92 on both mitochondria and viability is that a defective

glyoxylate cycle reduces the amount of gluconeogenesis, biosynthesis, and most
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importantly, leads to a decrease in overall metabolic activity of the yeast cell. The
reduction of gluconeogenesis and biosynthesis would reduce the mitochondrial activity,
potentially limiting SK-03-92 effectiveness. This hypothesis of a reduction in cell activity
was further supported by results from previous experiments in which the addition of a
fermentable carbon source (glucose) was shown to reduce the lethality of SK-03-92 when
cells had the option of fermenting. Although gluconeogenesis would result in a
fermentable carbon source, the energy cost to produce glucose from intermediates would
be too great for fermentation to be a viable option, and therefore yeast cells would likely
respire.

Mitochondrial DNA Repair Mutant Resists Mitochondrial Damage, but Not Death

The ogg!/ mutant showed the most resistance to the lethal effects of SK-03-92

(data not shown) and an initial delay in mitochondrial damage compared to all other
mutants tested, suggesting that the inability to repair oxidative DNA damage is beneficial
to the survival of SK-03-92 treated cells. The phenomenon does not appear to be a
general characteristic of repair mutants because rad50, a repair mutant that cannot fix
double strand breaks in nuclear DNA (58), appears to be as susceptible to SK-03-92 as
wild-type yeast by our plating assay (data not shown). However, mshl, a mutant
defective in repairing mitochondrial DNA damage like oggl, is resistant to the killing
effects of SK-03-92 by our plating assay (data not shown). It is counterintuitive that
mutants defective in mitochondrial DNA repair would be more resistant to mitochondria
damage by SK-03-92 than a wild-type strain. However, ogg/ (and mshl) mutant yeast
cells which cannot repair mitochondrial DNA damage may have always had to survive

despite greater mitochondrial damage, perhaps eliciting other cellular functions to deal
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with this damage. Another possible explanation is that, with an intact mitophagy process,
the ogg! (and mshl) mutants have fewer functional mitochondria, and are therefore less
metabolically active than wild-type cells. This could be tested by observing the quantity
of mitochondria in wild-type versus mitophagy and mitochondrial DNA repair mutants.
In addition, an atg32 and ogg! double mutant would likely show more mitochondrial
damage than a wild-type strain because the double mutant would not be able to fix
damage or use mitophagy to eliminate the damaged mitochondria. It would be expected
that the atg32 and oggl double mutant would have the greatest susceptibility to SK-03-92
observed thus far.

Arrested and Synchronized Cultures Show No Kill Effects of SK-03-92

Although arrested yeast cultures appeared unaffected by SK-03-92 treatment, it is
not logical to conclude that all points in the cell cycle are resistant to SK-03-92. A better
explanation is that the arrested cultures have reduced or no metabolic activity. As for the
cells that were synchronized, they were not allowed the required two hour grow-out
period before treatment (Materials and Methods) to ensure that the cells did not lose
synchrony. If technically possible, yeast cultures should be synchronized again, and
allowed the required two hour grow-out period, to see if this affects the response of the
yeast cells to SK-03-92.

THP-1 Mitochondrial Abnormalities and Cell Death

Morphological changes were also observed in THP-1 cells in response to
treatment with SK-03-92. However, only mitochondrial abnormalities were examined
carefully. Death of THP-1 cells appeared to have a direct relationship with abnormal

mitochondria because cell death increased with an increase in mitochondrial
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abnormalities. With increasing concentration of SK-03-92, the percentage of THP-1 cells
with the diffuse mitochondrial subgroup increased along with the number of propidium
iodide positive cells (inviable) indicating necrosis. Necrosis has been shown to lead to the
swelling of mitochondria, which would explain why diffuse mitochondria and propidium
iodide positive THP-1 cells increased together (24). THP-1 cells with the punctate
mitochondria subgroup correlated with THP-1 cells that were FITC Annexin V positive
(indicating apoptotic cells), with both being inversely related to SK-03-92 concentration.
The punctate mitochondria subgroup could be an indication of the re-localization of
damaged mitochondria during an autophagy/mitophagy response, which would explain
the correlation with FITC Annexin V positive apoptotic cells (43). Overall, observations
of THP-1 cells further supported the hypothesis that the mitochondria are an important
target of SK-03-92.

One observation of note is that there were more THP-1 cells with mitochondrial
abnormalities than dead cells, suggesting that these mitochondrial abnormalities are not
always fatal, and that THP-1 cells may be able to recover. If timepoints were taken later
than 24 hours, perhaps more of these cells with abnormal mitochondria would have died.
In support of this idea, previous experiments with THP-1 cells have shown that the
number of live cells continues to decrease at higher concentrations of SK-03-92 for up to
three days (FIG. 12 and data not shown).

SK-03-92 Lethality in THP-1 Cells is Dependent on Metabolic Activity

To further determine the requirement of metabolic activity and the effectiveness
of kill by SK-03-92, THP-1 cells were diluted into refrigerated media before treatment,

rather than pre-warmed media, to reduce metabolic activity. Death of THP-1 cells after
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SK-03-92 treatment was reduced by about 20% in cold media (data not shown), although
death still increased with increased drug concentration. The death of THP-1 cells
observed at high concentrations of SK-03-92 may explain results seen when testing the
efficacy of SK-03-92 in a mouse model infected with S. aureus (20). Low concentrations
of SK-03-92 would not be able to kill S. aureus or immune cells, whereas an intermediate
concentration of SK-03-92 would be sufficient to kill S. aureus, but not immune cells, as
immune cells are larger and not as metabolically active as bacteria. High concentrations
of SK-03-92 may result in death of bacteria, but could act as a toxin to immune cells.
With the death of immune cells in the mouse cell, persister bacteria cells could repopulate
in the mouse without being cleared by the immune system. At extremely high
concentrations of SK-03-92, it is reasonable to believe that SK-03-92 would become
toxic to most cells, including non-immune host cells. Non-immune host cells are, in most
cases, less metabolically active than immune cells.

The observation that a multicellular organism such as a mouse does not show
systemic effects of SK-03-92 suggests that SK-03-92 may only be effective against single
celled organisms or cells that behave as a single cell, an intriguing idea that needs further
research. One way to approach this would be to examine the effects of SK-03-92 on other
multicellular organisms as well as other eukaryotic cell lines.

Final Summary

Prior to this work the Galbraith lab had learned that yeast mutants that cannot
eliminate damaged mitochondria by mitophagy, atg/ ! and atg32, are more sensitive to
the killing effects of SK-03-92 than wild-type yeast, indicating a possible mitochondrial

target for SK-03-92. Other than the exceptions observed with the ogg! and atg32 yeast
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mutants, the proportion of cells with mitochondrial abnormalities from SK-03-92
treatment did, in fact, correlate with cell death for all yeast strains tested and THP-1 cells
treated with various concentrations of SK-03-92. The mitochondrial abnormalities are
worth further pursuit as a possible cause of death for the collection of observations made
so far. It also appears that a functioning glyoxylate cycle increases mitochondria damage
and lethality of SK-03-92. The increase in susceptibility to SK-03-92 of yeast cells with
a functioning glyoxylate cycle was supported by the glyoxylate yeast mutants, cit2, icll,
and mls1, showing the lowest percentage of cells with mitochondrial abnormalities and
the highest resistance to the lethal effects of SK-03-92 in comparison to wild-type, atg/1,
and atg32 strains.

Future experiments should include investigation of the interactions of SK-03-92
with the mitochondria. This could involve analyzing more yeast mutants related to
mitochondrial function, or use of a variety of stains that detect varying properties of the
mitochondria and its products. The glyoxylate cycle should be investigated further as
well. Investigation of the glyoxylate cycle could be done by visualizing the peroxisomes
of wild-type and glyoxylate mutant yeast cells with stains that detect damage and
abnormalities to determine if the glyoxylate cycle is also a target of SK-03-92. The
conflicting results among atg32, atgll and oggl strains regarding viability and its
relationship to mitochondrial abnormalities should also be investigated further. It is
possible that the appearance of higher sensitivity to SK-03-92 on plates is due to a
phenomenon known as “viable but not culturable”, a phenomenon that has been observed
in bacteria (59). The mitochondrial abnormalities may not be lethal to some individual

cells, but may prevent them from being able to reproduce to form a colony on a plate.
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Further research on the effects of SK-03-92 on THP-1 cells could include a more
detailed analysis of mitochondria with the same stains used in this work. It would also be
useful to treat a variety of other eukaryotic cell lines with SK-03-92 to determine if the
responses seen in THP-1 cells are universal or specific to THP-1 cells.

With future exploration, SK-03-92 could still serve as a potential antimicrobial for
many pathogenic single-celled organisms to aid in the race against antimicrobial resistant
organisms. If other human cell lines are shown to be unaffected by SK-03-92 this would

increase the applicability of SK-03-92 as an antimicrobial for humans.
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