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Abstract

The metals Cobalt (Co) and Nickel (Ni) are common industrial metals which are
becoming increasingly prevalent in everyday life. Despite their ubiquity, disruption to
homeostasis of trace metals can have severe consequences, as elevated levels of Co?* and Ni?*
have been associated with various toxic effects. The mechanisms by which metals including Co?*
and Ni?* exert these effects are not fully understood and may involve various biomolecules.

The primary focus of this thesis is on the interactions of Co?* and Ni?* with lipid
membranes, as disruption to membrane properties may have consequences for transport,
signalling, and overall cellular integrity. This study has shown that Co?* and Ni?* rigidify
membranes containing negatively-charged lipids in both simple and complex model membranes.
Additionally, Co?* and Ni?* were found to affect respiration and neutral lipid content in the
model organism S. cerevisiae, suggesting that both direct and indirect effects on membrane

properties may occur.
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Chapter One: Introduction
1.1 Essentiality and Uses of Cobalt and Nickel

The transition metals Cobalt (Co) and Nickel (Ni) reside adjacent to each other in the
periodic table and are generally classified as essential trace elements for humans or
microorganisms (1, 2). Co is a relatively rare earth metal at 0.0025% (wt/wt) of the Earth’s crust
(3), while Ni is present at a slightly greater abundance of 0.005% (2). The major oxidation state
of both metals in nature is (I1), though (I11) and (1) states are also prevalent (1, 4-7). This thesis
is focused on the divalent species, Co?* and Ni?*. Both metals are widely-used in industry due to
their favourable properties which include being ferromagnetic, ductile, corrosion-resistant, and
able to form alloys (1, 2, 4). Co compounds commonly find use as significant components (5—
20%) of hard metal alloys, but compounds are also used in paints and pigments (1). Ni
compounds are common in everyday life as well, found in objects such as utensils, appliances,
and jewelry (2, 4). An application of Co and Ni alloys is in metal surgical implants, representing
a unigue internal source of exposure for these patients (4, 8).

Aside from their industrial applications, the main importance of Co?* and Ni?* to human
life is in their biological relevance. The status of Co?* as an essential element is due to its
presence as a coordinating ion in the corrin ring of vitamin B12 and other cobalamins (3),
important in several metabolic and synthesis pathways (1, 9). The oxidation state of Co in
cobalamins cycles between (111), (11), and (1), thus dictating its function (6, 10). Humans cannot
produce vitamin Bi2, but it is synthesized by bacteria in the gut (11). Deficiencies of vitamin B1
are associated with severe health effects including anemia, bone marrow damage, and

neurological disorders (12).



A direct biological function of Ni%* in humans has not been identified, as studying Ni%*
deficiency in humans is nearly impossible (4), though it may play a role in regulating iron
absorption (4, 13). However, Ni?* is an essential cofactor in enzymes of many microorganisms
including a form of superoxide dismutase (7), making it at least relevant for human life.
Similarly to Co in vitamin Bio, the redox cycling of Ni through (111), (11), and (1) states is
important to its function in various enzymes (7).

The pathways of natural exposure to Co?* and Ni?* include: ingestion, inhalation, and
dermal absorption (1, 2), but the primary route through which humans obtain minor amounts of
these essential metals is through food and water (1, 2). Co consumption in Canada averages 11
pg/day (14), while Ni consumption is much higher, at 200 pg/day (15). Once the metals have
been ingested, they may be absorbed in the intestine depending on the solubility and speciation
of the metal-containing compound, along with the presence of other ions (1, 2). Solubilized
metal salts, which this thesis is focused on, are normally absorbed at levels of 5-20% Co?* and
1-5% Ni?* (1, 2, 4). The uptake of Co?* and Ni?* ions is thought to occur mainly through a

broad-specificity ion channel, sharing a pathway with other essential and toxic metals (16).

1.2 Toxicity of Cobalt and Nickel
1.2.1 General aspects of toxicity

While Co?* and Ni?* are essential and tolerable at low levels, increased exposure has been
associated with toxic effects (1, 2). This is of special concern regarding industrial exposure in
which inhaled Co and Ni oxide or sulfide particulates and volatile metallic compounds represent
a greater risk than under typical conditions (1, 2). Co?* and Ni?* are certainly not the most

inherently toxic substances in the environment, but their prevalence may be higher than other



such substances because of their wide usage. The Agency for Toxic Substances and Disease
Registry (ATSDR) biennially compiles a list of the 275 most toxic substances based on their
inherent toxicity, frequency, and potential of exposure (17). Co and Ni currently rank at #51 and
57, respectively, behind well-known toxic metals: As, Pb, Hg, Cd, Cr, and Be (17). While the
ranking of Ni has declined slightly over the past 25+ years of study, the ranking of Co rose
drastically in the late 90s (Figure 1), suggesting that industrial and commercial exposure, and the

recognition of such, may have played a significant role in the hazard assessment of Co (17).
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Figure 1. Toxicity rankings of Co, Ni, and As (the most toxic substance) from 1991—present

according to the ATSDR substance priority report (17).

Some of the known effects of excessive exposure to Co?* and Ni?* compounds include:
neurotoxicity (18-20), lung disease (2, 21), allergic reaction/contact dermatitis (22), and
carcinogenesis (1, 2). Ni%* is recognized as a potent human carcinogen (13), while Co?" is
classified as an animal carcinogen, but not yet a human carcinogen (1, 23). Other effects which

are unique to Co?* exposure include cardiomyopathy (1), ototoxicity (19, 24) and hard metal
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lung disease (21), characterized by a very specific pathology in the lungs (21). Co?* species may
accumulate in the liver, kidney, pancreas, heart, and skeletal muscle (23), while Ni?* species
appear to selectively accumulate in the lungs regardless of the route of uptake (4). Ni(CO)s4,
formed during purification of metallic Ni by the Mond process, is considered to be one of the
most toxic compounds in industry because of its high lipid solubility following inhalation, and
rapid distribution of Ni?* leading to acute poisoning (2, 4). In general, nanomolar concentrations
of Co?" and Ni?* in the blood are normal (1, 2, 25, 26), but it has been found that concentrations
in the low micromolar range are sufficient to induce toxic effects (8, 27).

As aforementioned, the release of Co?* and Ni?* from metal-based medical implants
represents one of the main concerns for these patients, warranting further study (8, 28). Current
treatments in cases of acute Co?* or Ni%* poisoning have seen some success with the use of
chelators such as 2,3-dimercaptopropane-1-sulfonate for Co?* (29) or Dithiocarb for Ni?* (30),
which contain electron-rich sulfur ligands which complex the metals, and mobilize them for
excretion (31). Yet, a lack of detailed understanding of toxic mechanisms impedes specific
treatment and prevention for cases of long-term exposure.

1.2.2 Biochemical considerations of toxicity

A key parameter that dictates direct binding interactions within the cell is metal
speciation, as under physiological conditions of 100 mM NaCl pH 7.4, CoCl. and NiCl speciate
nearly entirely into positive divalent ions (Co?* and Ni?*), according to VMinteq chemical
equilibrium software (32), which is essentially unchanged by pH (3.0-8.0) and NaCl (0.1-500
mM). This suggests that Co?" and Ni?* would have strong interactions with negatively-charged
moieties, such as portions of proteins/peptides including: glutathione (33, 34), albumins (35), and

hemoglobin (36, 37), though thiol groups may also be a target. Another important consideration
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in the binding of metals to ligands is their coordination geometry, as both metals can form a

variety of complexes, but Co?* prefers octahedral and sometimes tetrahedral, while Ni?* forms

predominantly octahedral and square planar complexes (33, 34, 38-41), a difference which leads

to binding at different sites in human serum albumin (HSA) (35).

Additionally, the size and electronegativity of metal ions affect their ability to complex

ligands. A summary of various mono-, di-, and trivalent ions tabulated by Nightingale (1959)

(42) and Allred (1961) (43) are shown in Figure 2:
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Figure 2. Metal ions plotted according to their hydrated radius (42) and electronegativity (43).

It is apparent that Ni?* ions are relatively small and strongly electronegative compared to

most other divalent ions, and that Co?" is very similar to other biologically-relevant ions such as

Cu?* and Fe?*. These properties may allow them to bind many important biomolecules.
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The effects of Co?* and Ni?* in the human body share some similarities with other metals,
but also cause unique effects. Co?* and Ni?* are redox-active metals which are known to produce
general oxidative stress in the cell, similarly to many other metals (44, 45). The mechanism of
oxidative stress is potentially due to the formation of hydroxyl radicals via Fenton-like chemistry
of Co?" and Ni?* ions themselves (44, 46), but may also be due to the substitution for, and release
of, highly redox-active metals such as Fe?*, Cu?*, or Cr®" within proteins (3, 23, 39).

MO+D* 4 0= 5 M 4 0,
M™ + H,0, - M"Yt + ‘OH + OH~
Figure 3. Scheme for production of hydroxyl radicals via Fenton-like chemistry, in which M

may be Co, Ni, Fe, Cu, Cr (44, 45).

Hydroxyl radicals may then go on to cause non-specific damage to many biomolecules
including: DNA, proteins, and lipids (44, 47-49). Lipid peroxidation is initiated by hydrogen
abstraction by hydroxyl radicals, which generally occurs on hydrogens adjacent to double bonds
in acyl chains (50). Thus, polyunsaturated acyl chains are particularly susceptible to lipid
peroxidation (50).

On the other hand, an interaction which appears to be specific to Co?* and Ni?* is the
induction of the hypoxic stress response pathway, stimulating red blood cell production (51).
This appears to be due to activation of the HIF-1 transcription factor, potentially in an Fe?*-
dependent oxidative stress mechanism (51, 52).

There may be many underlying mechanisms of carcinogenesis/genotoxicity, but it has

been found that Co?* and Ni?* both cause oxidative damage to DNA (53, 54), as well as



inhibition of DNA repair systems (55, 56). Ni?* treatment has also been found to enhance overall
DNA methylation, and thus gene silencing, despite its ability to inhibit cytosine 5-
methyltransferase (57). In a study with human lung epithelial cells, Ni?* was found to induce

rapid apoptosis, whereas Co?* was highly tolerated and accumulated by the cells (58).

1.3 Introduction to Lipid Membranes
1.3.1 Lipid structural considerations

While there has been more study devoted to interactions of metals with DNA and
proteins, there is less understanding of the interactions and effects of metals with lipid
membranes. The lipid membrane bilayer constitutes the cellular or organellar barrier to the
outside environment, and should thus be considered, as toxic effects of metals may occur through
changes to the properties and integrity of membranes. As well, the membrane is responsible for
transport and signaling functions which may also be impaired by metals obstructing lipid
accessibility or altering membrane composition. This thesis is primarily focused on the effects of
Co?* and Ni?* on the relative fluidity of lipid membranes.

The main features of an amphipathic lipid molecule include a head group, backbone, and
acyl chains, giving rise to great structural variability. The main classifications of lipids
considered in this thesis include: phospholipids, sphingolipids, and sterols, as illustrated in

Figure 4.
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Figure 4. Representative structures of (A) phospholipids, (B) sphingolipids, and (C) sterols with

head groups (green), backbones (purple), and acyl chains (black).

The classes of lipids discussed in this thesis are described in Table 1, having a variety of
head groups as well as acyl chains, which are annotated according to the chain length (1), and
number (n) and position (x) of double bonds as I:n A*. Lipid name abbreviations are given as acyl

chains, followed by head group.



Table 1. Lipids considered in this study in terms of (A) acyl chains (B) and head groups.

A Name Structure Abbreviation
Palmitoyl 16:0 P
Oleyl 18:1A° O
Myristoyl 14:0 M
Stearoyl 18:0 S
Arachidonoyl 20:4 A>81L14 A
B Negatively-charged Zwitterionic Neutral

Phosphatidic acid (PA)
Phosphatidylglycerol (PG)
Phosphatidylserine (PS)
Phosphatidylinositol (PI)
Cardiolipin (CL)

Phosphatidylcholine (PC)
Phosphatidylethanolamine (PE)

Cholesterol (Chol)
Ergosterol (Ergo)

Sphingomyelin (SM) Ceramide (Cera)

Cerebroside (Cere)
Diacylglycerol (DAG)
Triacylglycerol (TAG)

Zwitterionic phospholipids (PC, PE, SM) and sterols (Chol, Ergo) constitute the major
structural components of biological membranes, while negatively-charged (PA, PS, PG, CL, PI)
and other neutral lipids (Ceramide, Glycolipids, DAG, TAG, free fatty acids) constitute minor
components (59-63). However, the presence and availability of these minor lipids are critical for
many synthesis and signalling pathways, as well as protein regulation, often having unique roles
in different cellular compartments (64-67). Mammalian lipids contain a variety of saturated,
mono-, and polyunsaturated acyl chains, varying in prevalence with tissues and membrane type
(68). As well, biological lipid bilayers have an asymmetric compositional distribution, such that

some lipids are nearly exclusively localized to inner or outer leaflets (59, 69), which is



maintained and modulated by specific lipid transport enzymes: flippases, floppases, and
scramblases (70).
Lipid membranes exhibit phase behaviour, such that the relative fluidity and properties of

the membrane changes with temperature, transitioning gradually from a relatively rigid “gel”

phase to a fluid “liquid crystalline” phase (71, 72).

e

1, 2000000
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gel phase liquid crystalline phase

Figure 5. Schematic of lipid membrane phase transition. Tm represents the melting temperature.

The fluidity of membranes is also affected by local lipid composition and the surrounding
environment (71), which includes ions in solution (73, 74).

1.3.2 Known interactions of Co?* and Ni?* with lipids

There has been some previous study on the direct binding interactions of Co?* and Ni%*
with simple lipid membranes, finding that the interactions with zwitterionic lipids are weak in
nature (75), while stronger electrostatic binding occurs with negatively-charged lipids such as PS
and PG (76, 77), and that Co?*, along with other metal ions, affects the transition temperature of
tetra-palmitoyl cardiolipin (TPCL) (73). Additionally, it has been observed that Co?* and Ni%*
stimulate iron-dependent lipid peroxidation in vitro under specific conditions (78, 79), which
may be due to the ability of Co?* and Ni?* to bind and cluster lipids (80, 81). Co?* on its own has
also been found to be a very strong catalyst of linoleic acid (18:2) peroxidation (82). Previous

studies have also reported direct lipid interactions of CdCI*/Cd?* (83, 84), HgCls/HgCls* (85),
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Th®" (86), Ca* (87, 88), PbCI*/Pb?* (89, 90), and Cu?* (91), suggesting that lipids may indeed

constitute a target for metal interactions.

1.4 Complex membranes
1.4.1 Commercial polar lipid extracts

In addition to interactions with simple lipid systems, it is interesting to consider complex
models and lipid extracts to further characterize metal interactions in biologically-relevant
systems. One set of complex membranes studied were polar lipid extracts of the brain, heart,
liver, S. cerevisiae, and E. coli, which are commercially-available from Avanti Polar Lipids
(Alabaster, AL), as these extracts are reproducible, and the composition is mostly defined. The
polar extracts were expected to contain various ratios of potential lipid binding targets for Co?*
and Ni?* (92-98). Compositions of these cells/tissues from experimental studies is given in
Figure 6, demonstrating the large differences. The compositions of the commercially-available

extracts from Avanti Polar Lipids themselves are presented in Ch 2.
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Figure 6. Average molar composition of (A) mammalian and (B) microbial lipid extracts
experimentally-determined from: human brain by Chan et al. (2012) (92), rat heart by Homan
and Anderson (1998) (93), human liver by Puri et al. (2007) (94), S. cerevisiae by Casanovas et

al. (2015) (95) (at 24hrs), and E. coli by Morein et al. (1996) (98).

There are some clear differences in lipid composition. The brain and liver tissues appear
similar, yet the brain extract is expected to be more rigid due to a high Chol content (61, 92, 94).
The heart extract is expected to contain a large portion of CL and neutral lipid, likely a result of
high mitochondrial content (93, 99, 100). The S. cerevisiae extract is expected to be strikingly
enriched in P1 lipids (95, 96), while the composition of E.coli extract is very simple, containing
only PE, CL, and PG (98). One important consideration for this thesis is the overall amount of
negatively-charged lipid present. The brain, heart, and liver tissues are expected to contain low
amounts of around 7% (92), 14% (93), and 10% (94), respectively, while S. cerevisiae and E.

coli cells may contain much more, at 30% (95) and 21% (98), which would suggest much
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stronger interactions of Co?* and Ni?* with the microbial extracts. However, the identity of the
negatively-charged lipids as well as the sterol and neutral lipid/phospholipid ratios are expected
to play a large role in the interactions observed.

1.4.2 Lung surfactant

Another complex membrane considered was lung surfactant (LS), which is a lipid
monolayer that coats the inner surface of the lungs, providing a semi-permeable barrier for gas
exchange, as well as modulating responses to foreign particles (63). The physical properties and
lipid composition of LS are crucial to mediating its function (63), so a metal-induced disturbance
would be expected to be detrimental. LS is a highly specialized monolayer, and differs greatly
from cellular biomembranes, in that it is primarily a lipid monolayer containing fully-saturated
DPPC and the only major occurrence of PG in mammalian systems (63, 101, 102). The

phospholipid species in LS are shown in Figure 7.
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Figure 7. Distribution of human LS phospholipids according to a mass spectrometry study by
Postle et al. (2001) (101). The composition presented here is simplified to show the four most

prevalent acyl chain combinations per head group type.
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In addition to the major phospholipids, human LS contains 5-10% (wt/wt) cholesterol,
which is necessary for mediating its fluidity and function (103). The only proteins present in LS
are referred to as Surfactant Proteins (SP) A, B, C, and D (63, 103).

In this thesis, Bovine Lipid Extract Surfactant (BLES Biochemicals Inc., London, ON)
was used as a biological comparison with various synthetic models, as bovine lung surfactant is
similar to human (101). LS was considered to be a particularly relevant target for Co?* and Ni®*
given the damaging and specific effects of the metals on the lungs (4, 104, 105). Itis currently
not known whether Co?* and Ni?* are able to directly bind to and induce changes in LS.
However, previous studies with rabbits have identified that exposure to Co?*,Ni?*, or metallic Ni
dust leads to overproduction of DPPC (105, 106), suggesting that the metals have at least an
indirect effect on LS properties.

1.4.3 Red blood cells (RBCs)

Erythrocyte membranes were also considered as a potential target for toxicity, as
solubilized Co?* and Ni?* are transported in the body via the bloodstream, potentially having
direct interactions with RBCs (23, 36, 107). The RBC plasma membrane contains major
phospholipids (59, 108) which are summarized in Figure 8, as well as Chol at 40-50% (109,

110). The vast majority of negatively-charged lipids are localized on the inner leaflet (111).
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Figure 8. Average phospholipid composition of human RBCs according to a gas
chromatography study by Dodge and Phillips (1967) (108). Inner and outer leaflet distributions

are an average of those presented by Virtanen et al. (1998) (59) and Zachowski (1993) (111).

A previous study using a membrane fluidity dye called Laurdan found that, compared to
other toxic and essential metal ions, Co?* and Ni?* caused the strongest relative rigidification of
human RBC membranes, with Co?* having the apparently unique effect of rigidification prior to
the addition of an ionophore (112). This suggests that Co?* binds uniquely strongly to the outer
leaflet of the membrane or crosses the membrane on its own. As well, it has been observed that
Co?* and Ni?* are able to induce changes in RBC shape (112), including Ni?*-induced echinocyte
formation (113). However, in a complex system it should be considered there are many other
binding partners present in the whole blood and inside the cell, as it has been found that Co?*
uptake into RBCs is essentially irreversible, suggesting binding to intracellular components (36).
Therefore, in this thesis, competition for binding to the membrane was assessed in the presence

of low concentrations of glutathione (GSH) and bovine serum albumin (BSA). Rabbit blood was
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used for experiments, though it should be noted that human and rabbit RBCs are not
compositionally-identical, but rather rabbit RBCs have been found to contain ~5% less SM and

slightly more PC/PE (114).

1.5 Toxicity Testing with S. cerevisiae
1.5.1 Yeast as a model organism

The eukaryotic organism Saccharomyces cerevisiae (Baker’s yeast) is a very common
model organism which has been used extensively for various growth and drug testing studies. S.
cerevisiae was employed in this project for: growth, viability, and respiration assays, live-cell
imaging, lipid extractions, and mitochondria isolation. S. cerevisiae has been previously used in
many studies regarding metal toxicity (115-117), providing a convenient and comparable system
for understanding how Co?* and Ni?* affect live cells.

The primary means by which wild-type S. cerevisiae generates energy is through
glycolysis coupled to alcoholic fermentation (118). Unless otherwise compromised, S. cerevisiae
maintains the ability to utilize oxidative phosphorylation, but with a fermentable carbon source
such as glucose, this pathway is used secondly to fermentation (118). However, growth media
containing a non-fermentable carbon source such as glycerol or ethanol (119) forces cells to
respire and grow more slowly. The laboratory strain BY4741 was used for most of this thesis, as
it represents a common, haploid, wild-type strain.

A drawback to using yeast for toxicity studies is mainly in terms of direct comparison to
human cells; yeast are single-celled organisms which contain a cell wall, preferentially utilize
fermentation, and contain different genes and regulatory systems (120). Thus, any conclusions

from the present study should likely not be fully extended to explain toxic effects in humans.
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However, the manipulability of S. cerevisiae and eukaryotic cell structure makes it a very useful
and economic system for screening and identifying potential in vivo targets.

1.5.2 Essentiality and toxicity of Co and Ni to S. cerevisiae

Co?* and Ni?* are both part of the metallome of S. cerevisiae, though their molecular
functions are still not well-understood (121). It is known that excess Co?* or Ni?* cause
inhibition of growth and possibly cell death, the exact characteristics of which strongly depend
on growth conditions and cell strains (115, 116, 122). Previous studies have reported varying
values for Co?* and Ni?* toxicity, with sublethal or inhibitory concentrations ranging from 0.1-3
mM (115-117, 122-130). The detoxification of excess Co** and Ni?* is thought to mainly occur
in the vacuole (121, 131), but other details of their cellular interactions in yeast as well as
humans are unclear.

1.5.3 Mitochondria as a metal target in live cells

Mitochondria may constitute a target of Co?* and Ni2* in live cells as they, along with
other metals, have been found to trigger the opening of the mitochondrial permeability transition
pore (MPTP), likely a result of oxidative stress (132-135). As mitochondria are a natural center
of oxidative stress in the cell, mitochondrial membranes were considered as potentially
vulnerable to redox-active metal exposure (81, 136). As mentioned previously, the preferential
utilization of the fermentation pathway by S. cerevisiae means that cells can survive under
fermenting conditions with non-functional mitochondria, becoming the designation “petite”
(137). Previous studies with Co?* and Ni?* have shown that these metals do cause respiratory
deficiency in yeast (138, 139), and that Co?* accumulates in the mitochondrial matrix (140) but
whether this is specifically implicated in toxicity, and the mode by which it occurs, is currently

unknown.
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1.5.4 Lipid metabolism and membrane regulation in S. cerevisiae

The lipid metabolic network in S. cerevisiae is regulated similarly to humans, but yeast
are much more adaptable in their lipid composition (141), and may thus be able to better manage
metal stress. Thus, in addition to direct lipid-metal interactions, it was important to consider the
indirect effects of Co?* and Ni?* on membrane properties in terms of metal-induced changes to
lipid composition in live cells. Like in mammalian cells, the general composition of yeast
membranes differs by cellular compartment, though yeast contain ergosterol (Ergo) as the main
sterol lipid (141, 142), which has been reported at a 12-50% molar composition (95, 96, 143,
144). Yeast also contain unique inositol phosphorylceramide (IPC) sphingolipids which contain a
Pl head group and may be glycosylated (95, 96). The main phospholipids in yeast organelles are

summarized in Figure 9, again reflecting the relatively high PI content, as mentioned previously

(95, 96).
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Figure 9. Distribution of phospholipids in subcellular structures of S. cerevisiae according to a

quantitative TLC study by Zinser et al. (1991) (142).
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A unique feature in yeast is that nearly all fatty acid chains are composed of 16 or 18

carbons, with one or no double bonds (141). Yeast also contain lipid droplets, which serve as

pools of mainly sterol esters (SE) and triacylglycerols (TAG) (145). A previous study found that

exposure of S. cerevisiae to Co?* resulted in a decrease in sterols and unsaturated fatty acids,

while Ni?* also induced a decrease in unsaturated fatty acids, though with much lower efficiency

(146). Thus, the metals may have an indirect effect on membranes by affecting lipid metabolism.

1.6 Project Goals and Hypothesis

In summary, the purpose of this thesis was a biophysical investigation of the interactions

and effects of Co?* and Ni?* with simple lipid membranes as well as the potential consequences

of interaction with complex biomembranes and cells, relevant to Co?* and Ni?* toxicity. The

investigation was divided into several sections:

1.

Investigate the biophysical effects of Co?* and Ni?* on simple lipid systems in terms of
their impact on: membrane fluidity (using Laurdan fluorescence), vesicle size (using
DLS), and binding affinity (using Calcein for metal detection) to determine individual
lipid targets.
Investigate the biophysical effects of Co?* and Ni?* on complex biological models and
lipid extracts to assess the relevance of metal-lipid interactions in mixed membranes.

a. Polar lipid extracts

b. Lung Surfactant (LS)

c. Red Blood Cells (RBC)
Investigate the toxic or inhibitory effects of Co?" and Ni?* on S. cerevisiae cells in terms

of their effects on: growth, viability, morphology, mitochondrial damage, and membrane
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composition. This was done by using: growth curves and viability assays under various
conditions, fluorescence live cell imaging, lipid extractions, and thin layer
chromatography (TLC).

As mentioned, the speciation of CoClz and NiCl; into divalent positive ions (32), suggested a
preference for negatively-charged moieties. Based on previous studies with various metals and
lipids, it was hypothesized that Co?* and Ni?* would selectively bind to and induce rigidity in
membranes with negatively-charged lipids (76, 83, 112). It was expected that similar effects
would carry on into complex membranes, yet be diminished due to the fact that negatively-
charged lipids constitute a relatively small portion of biomembranes (59-61, 63), and that any
proteins present may be a metal-binding sink (147). It was hypothesized that the experiments
with S. cerevisiae would demonstrate that Co?* and Ni?* exposure results in mitochondrial
damage (132, 133, 138), leading to growth inhibition and cell death, along with an alteration in

lipid composition as a stress response to combat rigidification and lipid peroxidation (44).
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Chapter Two: Materials, Methods, and Theory
2.1 Reagents

Pure lipid powders and polar lipid extracts were purchased from Avanti Polar Lipids
(Alabaster, AL) including: 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC); 1,2-
dimyristoyl-sn-glycero-3-phosphocholine (DMPC); 1,2-dipalmitoyl-sn-glycero-3-
phosphocholine (DPPC); 1-myristoyl-2-palmitoyl-sn-glycero-3-phosphocholine (MPPC); 1-
palmitoyl-2-oleoyl-sn-glycero-3-phosphoethanolamine (POPE); 1-palmitoyl-2-oleoyl-sn-
glycero-3-phosphate (POPA); 1,2-dimyristoyl-sn-glycero-3-phosphate (DMPA); 1',3"-bis[1,2-
dioleoyl-sn-glycero-3-phospho]-sn-glycerol (TOCL); 1',3"-bis[1,2-dimyristoyl-sn-glycero-3-
phospho]-sn-glycerol (TMCL); 1-palmitoyl-2-oleoyl-sn-glycero-3-phospho-(1'-rac-glycerol)
(POPG); 1,2-dimyristoyl-sn-glycero-3-phospho-(1'-rac-glycerol) (DMPG); 1,2-dipalmitoyl-sn-
glycero-3-phospho-(1'-rac-glycerol) (DPPG); 1-stearoyl-2-oleoyl-sn-glycero-3-phospho-(1'-rac-
glycerol) (SOPG); 1-palmitoyl-2-oleoyl-sn-glycero-3-phospho-L-serine (POPS); 1,2-
dimyristoyl-sn-glycero-3-phospho-L-serine (DMPS); 1-stearoyl-2-arachidonoyl-sn-glycero-3-
phosphoinositol (SAPI); N-palmitoyl-D-erythro-sphingosylphosphorylcholine (Palmitoyl-SM);
Egg SM (Chicken); Brain SM (Porcine); N-palmitoyl-D-erythro-sphingosine (16:0 Ceramide);
D-glucosyl-B-1,1'-N-palmitoyl-D-erythro-sphingosine (Glucosyl ceramide); Total Brain
Cerebroside (Porcine); (3p)-cholest-5-en-3-ol (Cholesterol, Ovine); cholest-5-en-3i3-yl
nonadecanoate (19:0 Cholesteryl Ester); ergosta-5,7,9(11),22-tetraen-3R3-ol (Dehydroergosterol);
1-2-dioleoyl-sn-glycerol (18:1 DAG); 1,2,3-tri-(9Z-octadecenoyl)-glycerol (18:1 TAG/Triolein);
Brain Polar Extract (Bovine); Liver Polar Extract (Bovine); Heart Polar Extract (Bovine); Yeast

Polar Extract (S. cerevisiae); and E. coli Polar Extract.

21



Laurdan (6-Dodecanoyl-2-Dimethylaminonaphthalene), Calcein (Fluorescein-
bis(methyliminodiacetic acid)), MitoTracker Green-FM, and MitoSOX Red Mitochondrial
Superoxide Indicator were purchased from Molecular Probes (Eugene, OR). NiCl,, Hepes (4-(2-
hydroxyethyl)-1-piperazineethanesulfonic acid), Krebs-Ringer buffer, phosphate assay reagents
(Mg(NOQs3)2 - 6H20, Ascorbic acid, (NH4)sM07024 - 4H20), reduced glutathione (GSH), and BSA
were purchased from Sigma-Aldrich (Oakville, ON). CoCl, was purchased from Allied
Chemical (Morristown, NJ). Yeast media components were purchased from MP Biomedicals
(Santa Ana, CA), dextrose from EMD (Burlington, MA), glycerol and Triton X-100 from Fisher
Scientific (Pittsburgh, PA).

2.1.1 Structures
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Figure 10. Summary of phospholipid structures referred to in this thesis, as combinations of: (A)
acyl chains, (B) phosphoglycerolipid backbone, and (C) head groups. *P1 lipids may be

phosphorylated at any combination of positions: 3°, 4, and 5°, or not at all.

22



OH
HOH OH
- HO
T
N-:H 0 (8]
H OH
0

\/\/‘\/’W\/\/\/\/\/\\q{
H OH
N H
B OH
(D) ©

Figure 11. Summary of representative sphingolipid structures referred to in this thesis: (A)

sphingomyelin, (B) 16:0 ceramide, (C) cerebroside, (D) 16:0 glucosyl-p-ceramide

(C) HO' (D) HO

23



o r r “(Iﬂ”"j\/
> Hm Ay v

(E) (F) (G)
Figure 12. Summary of neutral lipids referred to in this thesis: (A) cholesterol, (B) cholesteryl
esters, (C) ergosterol, (D) dehydroergosterol, (E) 1,2-diacylglycerol, (F) 1,3-diacylglycerol, (G)

triacylglycerol.
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Figure 13. Structures of dyes used in this thesis. (A) Laurdan, (B) Calcein.

2.2 Vesicle Preparation
2.2.1 LUV Preparation

Lipid powders at defined molar ratios were dissolved in 7:3 (v/v) CHCls/methanol and
sonicated to fully solubilize. As required, Laurdan in CHCIz was added to the film at a 1:275
Laurdan/lipid molar ratio (83, 148), which allowed for sufficient signal, as it was found that Co?*
and Ni?* quenched the dye, decreasing the emission intensity, but the emission peak was not
shifted (Appendix A). The solution was dried to a film under argon gas, followed by storage in a
vacuum chamber overnight. Lipid films were hydrated in 20 mM Hepes, 100 mM NaCl buffer at
pH 7.4 and removed from the glass by sonication, vortexing, and freeze-thaw cycles to form
multilamellar vesicles (MLVs). Hepes buffer was used, as it has been previously-found to not

complex Co?* or Ni?*, by use of isothermal titration calorimetry (ITC) (35). The MLV solution
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was passed 30 times through an extruder (Avanti Polar Lipids, Alabaster, AL) containing
Whatman Nucleopore polycarbonate filters of 100 nm diameter (Maidstone, UK).
2.2.2 MLV Preparation

Alternatively, for preparation of washed MLVs for binding assays, the resuspended MLV
solution was centrifuged at 21,000 g for 15 min in a ThermolEC MicroMax (Fisher Scientific,
Pittsburg, PA) which lead to formation of a visible MLV pellet. The supernatant was removed
and replaced with fresh buffer to remove any LUVs or lipid fragments formed during sonication
and freeze-thaw. The pellet was resuspended by gentle pipette mixing.

2.2.3 Phospholipid concentration: Ames assay

In order to determine phospholipid concentration following LUV or MLV preparation,
the procedure of Ames (149) was followed, which is based on the colorimetric determination of a
phosphomolybdate complex. 5 pL of samples were pipetted onto the bottom surface of glass test
tubes in triplicate. 20 mM Hepes, 100 mM NaCl buffer at pH 7.4 was used as the negative
control, and 2 mM phosphate as the positive control. To these tubes 30 pL of 10% Mg(NQOz3) in
95% ethanol were added and ashed over a Bunsen burner until all the ethanol evaporated and a
white film formed in the tube. 300 pL of 0.5 M HCI was added to each tube followed by
vortexing to dissolve the white coating. The tubes were capped with tin foil and boiled on a hot
plate for 15 min. During this step, Mg(NOz3). and HCI cleave phosphate from phospholipids.
Following boiling, 0.6 mL of 0.42% ammonium molybdate in 1M H2SO4 and 100 pL of 10%
ascorbic acid in ddH20 were added to each tube. The tubes were vortexed and then incubated at
37°C for 1 hour in an Isotemp 500 incubator (Fisher Scientific, Pittsburgh, PA). The resulting
blue colour of the phosphomolybdate complex was measured at 820 nm on a Shimadzu UV-1700

UV-VIS Spectrophotometer (Shimadzu Corporation, Kyoto, Japan). The absorbance of the
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negative control is subtracted from the positive and sample absorbances. The positive controls

are used to create a linear standard curve that is used to quantify the samples.

2.3 Experiments with LUVs
2.3.1 Laurdan theory

Laurdan is a polarity-sensitive fluorescent probe which spontaneously incorporates into
lipid bilayers based on its amphipathic structure (Figure 13A) (150). The fluorescence of
Laurdan is due to the formation of a partial charge separation across the naphthalene moiety in
the excited state (150). The emission peak of Laurdan depends on the environment polarity, as
energy is lost to reorientation of solvent molecules around the excited state in increasingly polar
solvents (150). Thus, the emission peak of Laurdan in a lipid bilayer shifts from 440 nm in the
gel phase to 490 nm in the liquid crystalline phase as water accessibility is increased (150). The
ratio of intensities between these peaks provides a useful parameter to assess the relative rigidity
of a membrane, referred to as Generalized Polarization (GP) (Equation 1).

_ 440 nm = la90 nm

GP

1440 nm + 1490 nm

Equation 1. Formula for generalized polarization (GP).

Membranes that are relatively rigid have a higher GP value, while membranes that are
more fluid have a lower GP value (150). A schematic diagram showing the relationship between

Laurdan and membrane fluidity is shown in Figure 14:
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Figure 14. Schematic of Laurdan in a POPC membrane in the gel phase (left) or the liquid
crystalline phase (right). Blue circles represent water molecules. The melting curve shows how GP

changes with membrane melting.

2.3.2 Laurdan fluorescence measurements

A Cary Eclipse fluorimeter (Agilent Technologies, Santa Clara, CA) was used to measure
Laurdan fluorescence by excitation at 340 nm. Emission was measured at 440 nm and 490 nm,
with slit widths of 5 nm, recording the average of 4 measurements each for triplicate samples.
LUVs at 0.3 mM and various concentrations of CoCl, or NiCl, were combined in small volume
quartz cuvettes (Starna Scientific Ltd, Atascadero, CA) at room temperature. The fluorimeter
sample holder temperature was maintained by a Cary water bath temperature controller (Agilent
Technologies, Santa Clara, CA). Fluorescence measurements were recorded between 10 and
60°C, depending on the membrane Tm, but always passing through physiological temperature at
37°C. Foreach 1°C increase in temperature, the samples were allowed to equilibrate for 1 min.

As applicable, OriginPro 8 software (151) was used to determine the Tm’s by fitting GP curves to
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the Boltzmann function (Equation 2). The initial and final temperature values are denoted by A
and A, with Xo representing the Tr at the inflection point.

A — 4,

(x—x0)

1+exp ax

Y=A2+

Equation 2. Boltzmann function used to fit GP curves.

2.3.3 Dynamic light scattering (DLS) size measurements

A Zetasizer Nano-ZS instrument (Malvern, Worcestershire, UK) was used to measure
mean liposome radius. 0.3 mM LUVs were incubated for at least 15 minutes at room temperature
with various concentrations of CoCl, or NiClz, and triplicate measurements were averaged.

2.3.4 Dynamic light scattering (DLS) phase transition

The membrane phase transitions of select lipid systems were determined by DLS, as
scattering properties of the membrane change with melting (152), to further validate the results
with Laurdan (Appendix A). 0.3 mM LUVs with various concentrations of CoCl; or NiCl, were
added to small volume quartz cuvettes (Starna Scientific Ltd, Atascadero, CA). Using the Size-
Temperature Trend protocol, the derived count rate was recorded as the average of 3
measurements per 1°C increase to construct a melting curve.

2.3.5 Zeta potential measurements

The zeta potential refers to the potential which develops around a charged entity at the
interface of the associated ions and bulk solution, dependent upon the intrinsic charge and the
attraction to the surrounding solution (153). It can be used as an estimate of relative surface

charge and stability of suspensions (154). The Zetasizer Nano-ZS instrument (Malvern,
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Worcestershire, UK) was used to measure zeta potential of select samples at 0.3 mM lipid. The
derived zeta potential was recorded as the average of at least 100 runs of 4 measurements (5 V

applied) in triplicate.

2.4 Experiments with Calcein
2.4.1 Using calcein for detection of Co?* and Ni?*

The dye Calcein is a well-known membrane-impermeant Ca?* indicator (155) but is also
extensively used in liposome fusion/leakage assays due to its self-quenching properties at high
concentrations (156). The fluorescence of Calcein is also strongly quenched by Co?* and Ni®*in a
1:1 stoichiometry (157), thus proceeding to completion when metal is slightly in excess.
Experimentally, both Co?* and Ni?* were found to be very effective quenchers of Calcein; while
the interaction with Co?* proceeds to completion almost immediately, Ni?* quenches at a
substantial, but slower rate over 1 hour (Appendix A).

2.4.2 Calcein permeability assays

In contrast to typical liposome permeability assays which encapsulate self-quenching
concentrations of Calcein (156), this thesis used a low encapsulated concentration which could
therefore be noticeably quenched by Co?" or Ni?* (157) upon dye release or metal entry into the

liposome (Figure 15).
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g = lipid = free calcein

M2+ =metal A = quenched calcein

Figure 15. Schematic for the adapted Calcein permeability assay, with liposomes containing
fluorescent Calcein. The addition of metal (M?*) may lead to the quenching of Calcein by: 1)

release of the dye into bulk solution, or 2) permeation of metal into the encapsulated volume.

Select lipid films were prepared and rehydrated in 20 mM Hepes, 100 mM NaCl pH 7.4
containing 0.6 mM Calcein, and extruded to form LUVs. The approximate concentration of
encapsulated Calcein was 130 nM, a non-self-quenching concentration. The LUVs were then
separated from free Calcein by passage through a Sephadex G-25 column (GE Healthcare,
Mississauga, ON) calibrated with blue dextran (Sigma Aldrich, Oakville, ON) and the
phospholipid concentration was determined as in Section 2.2.3. 0.15 mM LUVs were prepared in
small volume quartz cuvettes (Starna Scientific Ltd, Atascadero, CA). Calcein fluorescence was
measured by excitation at 495 nm and emission at 514 nm with slit widths of 5 nm. Injections of
5 L of buffer/5 mM metal were made every 2 minutes and fluorescence was monitored
continuously over 20 injections. 0.002% Triton was added at the end to release remaining
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encapsulated Calcein and allow for total quenching by Co?* and Ni?* to confirm that Calcein-
encapsulated liposomes were formed properly.

For each injection, intensities were averaged over 2 min equilibration periods and
converted to stepwise percentage decreases. The equation for percent release is determined from
the intensity upon injection (lx) and initial intensity (I;) (Equation 3). The term for the fully-

quenched Calcein baseline was taken as the low background signal for a blank sample (In).

Ix - IN
% Release =
I — Iy

Equation 3. Formula for percent release of encapsulated Calcein from liposomes.

Significant difference is determined from the slopes of the resulting curves compared to
the buffer control, which simply represents dilution/ photobleaching effects.

2.4.3 Calcein-metal quenching standard curves

Standard curves for Co?* and Ni?* determination using Calcein quenching used 0.3 uM
Calcein in UV-plastic cuvettes to a volume of 2.5 mL in 20 mM Hepes, 100 mM NaCl buffer at
pH 7.4. The linear range for metal response under these conditions was 20-125 nM for both
CoClz and NiCl». Following metal addition, the samples were pipette-mixed and incubated at
room temperature in the dark for 1 hour, to ensure intensities had equilibrated (Appendix A). A
Cary Eclipse fluorimeter (Agilent Technologies, Santa Clara, CA) was used to measure Calcein
fluorescence by excitation at 495 nm, emission at 514 nm, and slit widths of 5 nm.

2.4.4 MLV centrifugation and binding assay

50 UM MLVs were added to 1.5 mL Eppendorf tubes along with various concentrations

of CoCl; or NiClz in the range of 5-250 pM. The samples were gently vortexed for 4 seconds to
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mix, then incubated at 37°C for 15 min in an Isotemp 145D Dry Bath (Fisher Scientific,
Pittsburg, PA). The samples were then centrifuged at 21,000 g for 10 min in a ThermolEC
MicroMax (Fisher Scientific, Pittsburg, PA). The supernatants, or a dilution, were added to a 2.5
mL total volume containing 0.3 UM Calcein, such that the signal fell within a range
corresponding to 20-125 nM metal. The fraction of metal bound to the MLVs at each
concentration point was calculated from the standard curves based on the quenching of Calcein

by the remaining metal in the supernatant.

1. 3.
aliquot A
supernatant M2+ A
M2+
M 24 AM 2+

= free calcein

A = quenched calcein

Figure 16. Schematic diagram of MLV centrifugation binding assay. 1) MLVs are incubated
with metal, 2) MLVs and bound metal are pelleted by centrifugation, and 3) remaining metal is

determined by Calcein quenching.

Binding curves were analyzed by constructing Scatchard plots to estimate the binding

constants and cooperativity (158, 159).
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2.5 Complex biomimetics and extracts
2.5.1 Polar lipid extracts (Avanti)

Polar lipid extracts commercially available from Avanti Polar Lipids (Alabaster, AL)
were used to make LUVs (Section 2.2.1). The compositions of the extracts are provided on the
Avanti Polar Lipids website as % wt/wt lipid. A conversion to molar percentages using

approximate molecular weights yields these rough molar compositions (Figure 17):

A = B C
40% 21% | 9% 40%

21%

2%
* 1%

—_24% U30%

0%

18%

= PC = PE
=PI PS
= PA m CL
= PG m Chol/Ergo

Neutral = Lyso PC
Lyso PE Lyso PI
m GPC = Unknown

Figure 17. Approximate conversion to molar % composition of (A) Brain polar extract (bovine),
(B) Liver polar extract (bovine), (C) Heart polar extract (bovine), (D) S. cerevisiae polar extract,

and (E) E. coli polar extract from Avanti Polar Lipids.

These molar compositions do not necessarily reflect the true ratios, as in cases in which

Chol/Ergo content was not stated, it was assumed to be 40% (60, 61, 143).
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2.5.2 Lipid peroxidation and extraction

Lipid oxidation was performed by incubating 1 mg/mL of lipid in 20 mM Tris pH 7.4,
0.15 mM NaCl, 1.45 mM CacCl, 0.63 mM EDTA, 29 mM H202, and 0.65 mM metal
(Fe?*/Co?*/Ni?*alone or in mixtures) for 24 hrs at 37°C shaking at 180 rpm in an Excella E24
Incubator Shaker (Eppendorf, Mississauga, ON) (160). For each type of metal treatment, a
separate lipid film and incubation buffer was made to ensure that, upon rehydration, the
metal/H>O>/EDTA ratio was maintained in every compartment within the MLV structure. After
the 24-hr incubation, lipid samples were transferred to screw-capped glass test tubes and
recovered by organic extraction. 1 mL of 7:3 (v/v) CHCls/methanol was added to each sample
and mixed by vortexing and sonication. The phases were separated by centrifugation at 2500 rpm

for 10 min at 4°C in a Sorvall Legend X1R Centrifuge, as shown in Figure 18.

Aqueous

Organic

N

Figure 18. Schematic of organic and aqueous phase separation in lipid extractions.

The aqueous phase was pipetted off and transferred to a new glass tube, while the organic
phase containing lipid was collected with a 1 mL Hamilton syringe and transferred to another

tube. The aqueous phase was extracted a second time following the same procedure. The
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combined organic phases were then dried under argon. Lipid oxidation was monitored by TLC,
as will be detailed in Section 2.6.

2.5.3 Lung surfactant mimics and BLES

Lung surfactant mimics were prepared with various compositions to determine how the
presence or absence of certain lipid components affect the interactions of Co?" and Ni?*. An
initial model was roughly based on a composition presented in a review, as exact lipid species

were not discussed (63):

Table 2. Molar composition of Lung Surfactant Mimic 1 (LSM1) (63).

Component Percent (%)
DPPC 55.6
POPC 18.9
POPG 7.8
POPE 4.4
SAPI 2.2

SM 2.2
POPS 3.3
Chol 5.6

A revised set of mimics were prepared according to a mass spectrometry study,

maintaining negatively-charged lipid at a 20% molar ratio in each model (101).

35



Table 3. Molar composition of revised Lung Surfactant Mimics (101).

Component LSM 2 LSM 3 LSM 4
DPPC 67.9 59.8 67.9
POPC 121 10.6 12.1
POPG 17.1 10.5 14.6
DPPG 2.9 1.8 2.4
MPPC - 9.6 -
SOPG - 7.7 -
SAPI - - 2.0
POPS - - 1.0
Chol* 5 5 5

*Chol was added to lipid films as 5% wt/wt (103).

The LSM 2 model was the simplest of the models, only containing the major PC and PG
species, and cholesterol. The LSM 3 model incorporated different acyl chains for PC and PG to
investigate the effects of a more complex packing arrangement on metal interaction. The LSM 4
model replaced 3% of the negative charge of PG with Pl and PS to determine if the minor
presence of strong binding targets affects metal interaction.

A 27 mg/mL sample of BLES (Bovine Lipid Extract Surfactant) from BLES
Biochemicals Inc. (London, ON) was prepared into a film by Dr. Patrick Lai according to a
previously described procedure (103). A portion of the BLES film was dissolved in 7:3 (v/v)
CHCls/methanol and aliquoted into tubes for an Ames assay (Section 2.2.3). The CHCIs was left
to evaporate overnight to avoid any possible interference with the assay. 5% wt/wt Chol was
added to the BLES film (103). BLES differs from the mimics in its lipid complexity as well as

the presence of hydrophobic lung surfactant proteins SP-B and SP-C (161). The phospholipid
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composition of BLES, as stated in the product monograph, is largely PC- and PG-based, with

minor amounts of other lipids (Table 4) (162).

Table 4. Molar composition of BLES according to the product monograph (162).

Component Percent Range (%)
PC 75-85
PG 12-17
PE 1-5
Pl 0-2
PS 0-2
SM 0-5
Lyso-PC 0-2.5
Lyso-bis-PA 0-2.4

2.5.4 Microscopy of RBCs

Rabbit blood cells were collected by centrifugation in a Sorvall Legend X1R Centrifuge
at 1600 rpm for 10 min at 4°C and resuspended in Krebs-Ringer buffer with 1.26 g/L sodium
bicarbonate at pH 7.4 (3 mL per 6 mL initial). Cells were washed 4x in Krebs-Ringer buffer and
then diluted to Azso4.0. Cells were incubated at 37°C with 1 mM Co?* and Ni?*. 5 pL of cells at
a given time point was pipetted onto a 3 x 1” glass slide and covered with a 0.15 mm cover slip
(Fisher Scientific, Pittsburgh, PA). Cells were visualized using a Motic BA 200 Microscope
(Motic, Richmond, BC) and images collected using Motic Images Plus 2.0 software.

2.5.5 RBC absorbance assay

Rabbit blood cells in Krebs-Ringer buffer at Azg4.0 were incubated with 0.5-1 mM Co?*

and Ni%* at 37°C for 8 hrs, alongside a positive control containing 1% Triton. After incubation,
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cells were collected by centrifugation at 10,000 g for 1 min in a ThermolEC MicroMax (Fisher
Scientific, Pittsburg, PA). The absorbance spectrum of the supernatant was measured from 250
650 nm on a Shimadzu UV-1700 UV-VIS Spectrophotometer (Shimadzu Corporation, Kyoto,
Japan) using UV Probe 2.42 software.

2.5.6 RBC lipid extraction

Rabbit blood samples were frozen at -80°C for storage. The initial steps towards lipid
extraction were performed using a protocol for isolation of red blood cell ghosts, which are intact
membranes with retained lipid asymmetry and proteins (163). As the blood was frozen, ghosts
could not be isolated, but the preliminary procedure was done in attempt to minimize protein
contamination, which was found to be a problem in a previous extraction. Blood was thawed and
split into 5 mL fractions in sodium heparin blood collection tubes (BD Vacutainer, NJ); 1 mL of
Krebs-Ringer buffer with 1.26 g/L sodium bicarbonate at pH 7.4 was added to each. The samples
were centrifuged in a Sorvall Legend X1R Centrifuge at 1600 rpm for 10 min at 4°C to pellet the
RBCs. Likely because of membrane damage upon freezing, some of the tubes did not contain a
visible pellet. 2 mL more of Krebs-Ringer buffer was added to each tube and centrifuged again.
Again, only some of the tubes contained a pellet, while others were dark red throughout; thus the
separation of red and white blood cells was unsuccessful. The supernatants and pellets were
recovered into 40 mL high-speed centrifuge tubes and centrifuged at 20,000 g at 4°C for 40 min
in a Sorvall RC SC Plus Centrifuge (Thermo Scientific, Ottawa, ON). A significant pellet was
recovered from the supernatants. The supernatant was removed and 5 mM phosphate buffer at
pH 7.4 was added at roughly 9:1 (v/v) to the remaining pellet, which was centrifuged at 20,000 g
at 4°C for 40 min for 5 washes. The pellets were lastly washed with 100 mM NaCl to remove
phosphate buffer which complexes the metals.
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The aqueous phase was split into glass vials along with an equal volume of 7:3 (v/v)
CHCls/methanol. The phases were mixed by vortexing, sonication, and Pasteur pipette mixing
and then separated by centrifugation at 1000 rpm at 4°C for 5 min in a Sorvall Legend X1R Plus
Centrifuge (Thermo Scientific, Ottawa, ON).

The lipid-containing organic phase was collected using a 1 mL Hamilton syringe. The
aqueous phase was washed 4 times with 7:3 (v/v) CHClz/methanol, then the collected organic
phase was washed 2 times with distilled water. The volume of the organic phase was reduced by
evaporation and gentle heating until it could be transferred into a small vial. Sodium sulfate was
added to remove traces of water. The film was dissolved in 2 mL CHClIz and the concentration
determined by the Ames assay (Section 2.2.3), approximating the phospholipid fraction as 50%
of total lipids (164), though this has been reported to vary between 50-60% (109, 110).

The blood extract film was prepared into LUVs (Section 2.2.1). The absorbance spectrum
of the LUVs showed a small shoulder around 280 nm, suggesting slight protein contamination.

The RBC lipid extraction was only completed in one replicate.

2.6 Thin Layer Chromatography (TLC)

Compositional analysis of lipid mixtures and complex extracts was performed by thin layer
chromatography (TLC), which allows for identification and relative quantitation of components
by use of lipid standards. TLC separates components in a mixture due to their relative
interactions with a stationary and mobile phase. 5 x 10 cm Silica gel TLC plates on Al matrix
(Sigma Aldrich, Oakville, ON) were marked with pencil at 10 mm and 90 mm to designate the

spotting location and solvent front endpoint.
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2.6.1 Separation of polar lipids

The plates were initially run in a 3-component solvent mixture consisting of 80:16:4 (v/v)
dichloromethane/ethyl acetate/acetone, then in an 8-component solvent mixture of
30:6:6:6:16:28:6:2 (v/v) CHClz/ethyl acetate/acetone/isopropanol/ethanol/ methanol/water/acetic
acid to wash the plate. These solvents are known to be effective for the separation of polar lipids
(165). 20100 pg lipid samples and standards were then loaded on the 10 mm line by spotting
with 10 pL capillary tubes (Fischer Scientific, Pittsburgh, PA), or with Hamilton syringes
(Hamilton, Reno, NV) for quantitative spotting. The solvent front was run to 90 mm in the 3-
component solvent, followed by the 8-component solvent. The plates were left to dry fully for 15
minutes. For visualization of all lipid components, the plates were sprayed with 2% H>SO4 and
charred on a hot plate at ~100°C until spots became dark (166).

2.6.1.1 Specific visualization techniques

Alternatively, for visualization of phospholipid components alone, the plates were sprayed
with a 6:1 (v/v) 0.21% ammonium molybdate in 0.5 M H2SO4 and 5% ascorbic acid in H20, as
the phosphomolybdate complex turns blue, as described for the Ames assay (Section 2.2.3)
(149). The plates were then developed by incubation at 37°C in an Isotemp 500 incubator (Fisher
Scientific, Pittsburgh, PA) for 30-35 minutes. The plates were photographed immediately to
avoid background colour development on the silica plate. The plates could subsequently be
charred to visualize non-phospholipids as described above.

For visualization of lipid peroxides, plates were sprayed with 1:4 (v/v) 4% KI/1% acetic
acid, allowed to dry for 6 min under vacuum, then sprayed with 2% cornstarch (167, 168).
Peroxidised lipids appear as purple-brown spots. The starch solution was prepared by boiling in

0.2 M NaOH to dissolve, and then neutralized with HCI.
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2.6.2 Separation of neutral lipids

The separation of neutral lipids was performed according to a previously-described
procedure (165). Plates were washed with 6:4 (v/v) methanol/ethyl acetate prior to loading (165).
The plates were run to 40 mm and subsequently 55 mm in 80:16:4 (v/v) dichloromethane/ethyl
acetate/acetone, to 68 mm in 90:10 hexane/ethyl acetate, to 80 mm in 95:5 hexane/ethyl acetate,
and to 90 mm in hexane (165), drying for 10 min between each run. Plates were then sprayed
with 2% H2SO4 as described in Section 2.6.1.

2.6.3 Separation of DAG regioisomers

The separation of 1,2- and 1,3-DAG regioisomers was performed according to a
previously-described procedure (169). Silica gel plates were modified by rinsing the surface with
2.3% boric acid in ethanol and then heated at 100°C for 10 min. Plates were washed with and
then run in 96:4 (v/v) CHCls/acetone to 90 mm and sprayed with 2% H2>SO4 as described in
Section 2.6.1. To make a 1,3-DAG standard, 1,2-DAG was dissolved in CHCI3 with 5% acetic

acid, as DAG spontaneously isomerizes to 1,3-DAG under acidic conditions (170).
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2.7 Growth Experiments with Saccharomyces cerevisiae
2.7.1 Yeast strains

Table 5. Yeast strains and genotypes used in this thesis. Genotype information was retrieved

from Saccharomyces Genome Database (SGD).

Strain Genotype Experimental uses
BY4741 | MATa his3A1 leu2A0 met15A0 ura3A0 General use (wild-type strain)
YPH499 | MATa ura3-52 lys2-801_amber ade2- Mitochondria isolation

101 _ochre trp1-A63 his3-A200 leu2-Al
W303 MATa/MATa {leu2-3,112 trpl-1 can1-100 | Respiration assay
ura3-1 ade2-1 his3-11,15} [phi+]

2.7.2 Yeast media

SC (synthetic complete) media represents the simplest media which supports the growth
of S. cerevisiae, though the carbon and nitrogen sources may be varied. The composition is
entirely defined, which makes it ideal for controlled growth experiments. SD (synthetic defined)
media is the same as SC but it is a selective media with a dropout component, in this case lacking
uracil. YPD (yeast extract peptone dextrose) media is the richest media, such that all viable cells
can grow on YPD. YPG (yeast extract peptone glycerol) is a selective media, identical to YPD,
except containing glycerol instead of dextrose, which is a non-fermentable carbon source, only
supporting the growth of respiring cells (119). It was found that growth of BY4741 in YPG was

very slow when pH was unadjusted (~7.1), so pH was adjusted to 5.0.
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Table 6. Types of yeast media used in this thesis.

Media

Abbreviation

Carbon source

Nitrogen source

Other components

0.5% ammonium

Synthetic Complete SC 2% dextrose /
sulfate
Synthetic Complete 0.5% ammonium 0.5% yeast
SC+YE 2% dextrose
+ Yeast Extract sulfate extract-B
Synthetic Complete
SC Glu 2% dextrose 0.5% glutamate /
(Glutamate)
) _ 0.5% ammonium )
Synthetic Defined SD-ura 2% dextrose No uracil
sulfate
Yeast Extract 0.5% ammonium
YPD 2% dextrose 2% YEP
Peptone Dextrose @ sulfate
Yeast Extract 0.5% ammonium 2% YEP
YPG 3% glycerol
Peptone Glycerol ? sulfate pH 5.0

4For preparation of solid media plates, 2% agar was added prior to autoclaving.

2.7.3 Metal-media interactions

Various types of yeast media were tested for precipitating interactions with CoCly, NiCly,

MnCl2, and Pb(NOz3).. 50% (v/v) media was added to 5 mM CoCly, NiClz, MnCly, or Pb(NO3)»

and the ODeoo Was measured immediately, after 1 hr incubation at room temperature, and at pH

3. Further testing was performed with lower concentrations of Pb(NOz3), as well as monitoring

ODsoo over shorter time increments. 50% (v/v) media was incubated with 0.5 mM metal for 1 hr

at room temperature, then centrifuged at 21,0009 for 15 min in a ThermolEC MicroMax (Fisher

Scientific, Pittsburg, PA). The fraction of free metal in the supernatant was measured by the

guenching of Calcein, using standard curves as described in Section 2.4.3. Pb(NO3)2 was

completely complexed by all media, so it was not pursued further for yeast growth experiments.
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2.7.4 Growth curves

A single colony of S. cerevisiae BY4741 was transferred from YPD agar to liquid media
and grown overnight (approx. 16 hrs) at 30°C shaking at 200 rpm in an Innova 44 Incubator
Shaker (Eppendorf, Mississauga, ON). Cultures in YPG were grown for 2 days overnight. The
overnight culture was diluted the following morning to an ODeggo 0f ~0.2, as measured on a
Genesys 30 UV/Vis Spectrophotometer (Thermo Scientific, Ottawa, ON), then incubated for an
additional 2 hrs to ensure the cells were in log phase growth. After incubation, the culture was
diluted to an ODego 0f 0.1-0.2 for use in experiments. 4.5 mL of yeast culture were aliquoted into
culture tubes along with 0.5 mL of CoCl,, NiClz, or ddH20O. Metal stock solutions were not
autoclaved, but prepared by dissolving in sterile water. The cultures were incubated at 30°C
shaking at 200 rpm and ODeoo Was monitored every 2 hrs for the first 10 hrs and then at 24 hrs.
Controls of each metal concentration with media alone were incubated alongside to check for
contamination or precipitation. Growth curves were performed in triplicate and confirmed with

another independent culture.

water Co? Ni2*

aliquot l l l Measure ODgy, oD

—_—

2 hrs =

Time

Log-phase
culture

Figure 19. Schematic diagram for measurement of yeast growth in liquid culture.
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2.7.5 Brightfield microscopy of S. cerevisiae

Cell morphology was monitored using brightfield microscopy. 5 pL of culture at a given
time point was pipetted onto a 3 x 1” glass slide and covered with a 0.15 mm cover slip (Fisher
Scientific, Pittsburgh, PA). Cells were visualized using a Motic BA 200 Microscope (Motic,

Richmond, BC) and images collected using Motic Images Plus 2.0 software.

2.8 Respiration and Viability of S. cerevisiae
2.8.1 Red/White spot plate assay with W303

Wa303 is a strain of yeast which contains a mutation in its adenine biosynthesis pathway,
leading to the accumulation of oxidized ribosylaminoimidazole in the mitochondria, which is red
in colour (171). After sufficient growth on YPD, respiring colonies visibly turn red/pink, while
non-respiring colonies remain white (172).

An overnight culture of W303 was incubated with various concentrations of CoCl, and
NiCl. for 6 hrs. Cells were then pelleted at 10,000 g for 1 min in an Eppendorf 5415R Centrifuge
(Eppendorf, Mississauga, ON), counted using a hemocytometer (Hausser Scientific, Horsham,
PA) and resuspended at 108 cells/mL in sterile water. 5 pL of stock and serially-diluted cells (up
to D1000) were spotted onto a YPD plate (Table 6) and then incubated at 30°C in an Isotemp
Incubator (Fisher Scientific, Pittsburgh, PA) for ~16 hrs (YPD) or 2 days (YPG). The plates were
then stored at 4°C to allow for colour development. Plates were imaged on a Gel Doc XR+ (Bio-

Rad, Hercules, CA) and analyzed with Quantity One software (Bio-Rad, Hercules, CA).
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2.8.2 Viability assays

Viability refers to the number of live cells left following a treatment. A metal or drug
treatment may be cytostatic (inhibiting growth), but not necessarily cytotoxic (causing cell
death). Conditions which produced a decrease in cell density of W303 in the Red/White assay
were analyzed by viability assays, incubating samples of BY4741 in SC with metal for 4 hrs.
Cells were collected by centrifugation, washed with sterile water to remove metal and media, and
counted with a hemocytometer, as in Section 2.8.1. Cells were then diluted such that 200 pL
containing ~400 cells were plated on YPD or YPG, using sterile glass beads to spread. The plates
were incubated at 30°C in an Isotemp Incubator (Fisher Scientific, Pittsburgh, PA) for 2 days
(YPD) or 4 days (YPG). The colonies were then counted and the ratio of viable colonies on
YPG/YPD was determined for each treatment.

2.8.3 Isolation of mitochondria

The following isolation procedure was performed by Brittney Kozlowski and the isolated
membranes were then investigated in this thesis. An overnight culture of YPH499 in YPG was
diluted to ODeoo 0.03 and grown for ~28 hrs to ODsoo 2.0. Cells were pelleted in pre-weighed
containers by centrifugation at 3000 g for 5 min in a Sorvall Legend RT Centrifuge (Thermo
Scientific, Ottawa, ON), which were then washed with dH20 and combined to determine wet
pellet weight. Cells were resuspended in pre-warmed DTT buffer (100 mM Tris-H2SO04, 10 mM
DTT pH 9.4) at 2 mL/g, and then shaken at 80 rpm at 30°C for 20 min. Centrifugation was
repeated 2x more, by resuspending in Zymolyase buffer (1.2 M sorbitol, 20 mM KH2PO4 pH
7.4) which lyses cell walls (173), at 8 mL/g, and then subsequently in 3 mL/g of 20T-Zymolase,
shaking at 30°C as before. Degradation of the cell wall was confirmed by assessing the clarity of

the solution by mixing 50 pL of culture before and after Zymolyase treatment with 2 mL dH>0.

46



Cells were collected and washed once more with Zymolyase buffer (7 mL/g), then collected and
resuspended at 4°C in Homogenization buffer (0.6 M sorbitol, 10 mM Tris-HCI, 1 mM EDTA, 1
mM PMSF, 0.2% (w/v) fatty acid-free BSA pH 7.4) at 6.5 mL/g. Spheroplasts, or cells without
cell walls, were then homogenized by 15 passes in a glass-Teflon homogenizer and diluted 2x in
Homogenization buffer. Cell debris was eliminated by pelleting at 1500 g for 5 min, and then the
supernatant was spun again at 4000 g for 5 min, and pellet was discarded again. The supernatant
was spun once more at 12,000 g for 15 min to collect the crude mitochondrial fraction. The pellet
was then resuspended in SEM buffer (250 mM sucrose, 1 mM EDTA, 10 mM MOPS-KOH pH
7.2), and the 4000 g and 12,000 g steps were repeated. Protein yield in the crude extract was
determined by a BCA assay (174), diluted to 5-10 mg/mL protein and stored at -80°C.

Purified mitochondria were isolated from the crude extract by sucrose density
centrifugation. The crude extract was homogenized once more with 10 passes. The homogenate
was loaded onto a step gradient in EM buffer (1 mM EDTA, 10 mM KOH-MOPS pH 7.2): 60,
32, 23, 15% sucrose, which was spun at 134,000 rpm at 2°C for 1 hr in an ultracentrifuge with a
Beckman SW41 Ti rotor. The mitochondrial fraction was recovered from the 60/32% interface
using a Pasteur pipette. Samples from each tube were pooled and diluted 2x with SEM.
Mitochondria were pelleted at 10,000 g at 2°C, protein concentration determined and adjusted
again to 5-10 mg/mL protein prior to storage at -80°C.

2.8.4 Laurdan experiments with mitochondria

Purified mitochondrial fractions were pelleted by centrifugation at 10,000 g, and
resuspended in 250 mM sucrose, 10 mM Hepes at pH 7.2, as both Mops and EDTA complex
Co?* and Ni?* and needed to be removed (175). Approximately 120 pg/mL protein weight of

mitochondria were incubated with 0.5 uM Laurdan in DMSO (0.05% v/v final) at 37°C for 30
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min, which lead to a sufficient signal without overwhelming the membrane with Laurdan or

DMSO (176-178). Initial range finding was performed at 30°C by titrating in Co?* or Ni%*

starting at 0.5 uM. Experiments were only completed in one replicate due to limited sample.
The effects of Co?* and Ni?* on isolated mitochondrial membranes were compared to a

liposome mimic based on yeast mitochondrial lipid composition.

Table 7. Molar lipid composition of yeast mitochondrial membrane mimic based on Zinser and

Daum (1995) (179) and Horvath and Daum (2013) (99).

Component Molar fraction (%)
POPC 28.2
POPE 19.0
SAPI 10.6
POPS 2.1
TOCL 9.2
POPA 1.4
C16 glucosyl ceramide 12.9
Ergo (DHE) 16.7

C16 glucosyl ceramide was used to represent the sphingolipid contribution, as it bears
some resemblance to the inositol phosphorylceramide (IPC) sphingolipids in yeast (96), which
are not commercially-available. The mimic was resuspended in the 250 mM sucrose, 10 mM
Hepes pH 7.2 buffer alike to the mitochondria. Laurdan was excited at 360 nm to avoid

interference of dehydroergosterol (DHE).
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2.8.5 Fluorescence live-cell imaging of S. cerevisiae
2.8.5.1 MitoTracker Green FM

MitoTracker Green-FM (MTG-FM) was used to monitor mitochondrial morphology.
MTG-FM is a mitochondria-specific dye which fluoresces upon localization in the mitochondrial
matrix, presumably activated by reaction with protein thiols (180). Images are thus relatively free
of background signal. However, a drawback is that the potential direct quenching interaction
with Co?* and Ni?* cannot be tested, as MTG-FM is not fluorescent on its own in buffer.

An overnight culture of BY4741 in SC media (Table 6) was incubated with 2 mM CoCl>
and NiCl; for 4 hrs, then collected by centrifugation at 10,000 g for 1 min in an Eppendorf
5415R Centrifuge (Eppendorf, Mississauga, ON). The cells were resuspended in a small volume
of 10 mM Hepes, 5% (w/v) glucose pH 7.4 buffer and adjusted to ODgoo of 1.2. 150 nM MTG-
FM (Molecular Probes, Eugene, OR) in DMSO was then added to each sample, which was
incubated at room temperature in the dark for 20 min. 3 L of cells were spotted onto a 2%
agarose slab containing the resuspension buffer on a 75 x 25 mm glass slide and covered with a

1.5 mm coverslip.

Fluorescence microscopy experiments were performed on an Axio Imager.Z2 fluorescence
microscope (Zeiss, Oberkochen, Germany), and samples were imaged with the brightfield
channel as well as an appropriate channel for MTG-FM (Ex 490 nm, Em 516 nm). Exposure and
laser power were auto-adjusted for the intensity of the control slide, and absence of background
intensity was checked with an unlabelled control slide. Images were taken at 1000x
magnification. Three independent samples were made in which 50-100 cells were counted per
trial, and z-stack images were taken over a 5 um range to assess the 3D structure of the

mitochondrial network. Images were analyzed using Fiji software (181). The structure of
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mitochondria in each cell were categorized as either “tubular” or “fragmented”. Dead cells were
not counted.

2.8.5.2 MitoSOX Red Superoxide Indicator

MitoSOX Red (MSR) is another mitochondrial-specific dye which allows for detection of
mitochondrial-localized oxidative stress, as it only becomes fluorescent upon oxidation by
superoxide and subsequent binding to mitochondrial DNA (182). Again, this allows for images
with low background signal, but the direct effects of Co?* and Ni?* on the fluorescence of the dye
itself cannot be tested.

Cells were prepared similarly to with MTG-FM, but instead incubated with 5 uM MSR for
20 min at 37°C in the dark before spotting on a slide. Images were taken as with MTG-FM, but
with an appropriate channel (Ex 510 nm, Em 580 nm). Analysis was performed by manually
measuring the average intensity of the mitochondrial structure in each cell using Fiji software
(181). The intensities of each replicate were normalized according to the control for that
replicate, to account for any changes in intensities between trials which may result from slight
differences in cell number, dye degradation, and/or agarose bed consistency.

2.8.5.3 C1-GFP for diacylglycerol (DAG) monitoring

A BY4741 strain transformed with a plasmid encoding C1-GFP was used to monitor DAG
localization in cells through GFP fluorescence (Ex 488 nm, Em 509 nm), as the C1-domain is a
DAG-binding motif (183). The transformation was performed by Suria Ganesan from the
Zaremberg lab; | have used the strain for fluorescence microscopy. Cells were grown in SD-ura
and prepared as with MTG-FM, but SD-ura media was used instead of resuspension buffer, and

no dye was added. The location of DAG and number of vacuoles were recorded for each cell.
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2.9 Lipid Extracts from S. cerevisiae
2.9.1 Extraction of total lipids

Total lipids were extracted from S. cerevisiae using a modified Folch’s method (184). An
overnight culture (200 mL) in SC at ODeoo 0.1 was prepared and aliquoted into 3 flasks
containing: CoCly, NiClz, or ddH-0 to a final metal concentration of 1 mM. The cultures were
grown in the presence of metal for 4 hrs to a final ODeoo 0f ~0.4 and then placed on ice. Cells
were pelleted by spinning at 2500 g in a Sorvall Legend RT Centrifuge (Thermo Scientific,
Ottawa, ON) for 5 min at 4°C, and the supernatant was decanted. The cells were washed twice in
1 mL of cold 1 M sorbitol and pelleted for 1 min at 10,000 g in an Eppendorf 5415R Centrifuge
(Eppendorf, Mississauga, ON) to wash away excess media, which was decanted. 1 mL of 1:1
(v/v) CHCl3s/methanol was added to the pellet to transfer the samples into a 2 mL bead beater vial
filled 1/8 with 0.5 mm acid washed beads. The pellet was then homogenized in a BioSpec Bead
Beater (Bartlesville, OK) for 60 sec at 4°C to disrupt the cell wall. The cell extract was
transferred to a capped glass test tube, and the beads were rinsed with 1 mL 2:1 (v/v) CHCIs/
methanol, which was added to the total volume. To each test tube 0.5 mL 2:1 (v/v) CHCI3/
methanol, 0.5mL CHClIs, and 1.5mL H>O were added. The tubes were vortexed to fully mix the
organic and aqueous phases, then spun at 2500 rpm for 10 min at 4 °C in a Sorvall Legend X1R
Centrifuge (Thermo Scientific, Ottawa, ON). The top aqueous layer and protein interface were
aspirated off, and the organic phase was collected and transferred into a clean test tube with a 1
mL Hamilton syringe. The organic phase was washed twice to remove aqueous-soluble
contaminants with 2.5 mL of 3:48:47 (v/v) CHCIs/ methanol/ H20, which was spun and collected
as before. The organic phases of each treatment were pooled into a single test tube and a small

amount of sodium sulfate was added to remove traces of water. The solvent was then evaporated
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under argon by heating gently at 50°C, and then overnight in a vacuum chamber to form a lipid
film of yeast total lipid extract (YTE), which was transferred into a small pre-weighed glass vial.
Lipid yield was determined by weight difference of the vials. Extractions were performed on
independent duplicates, each consisting of 6 technical replicates which were combined. The
independent replicates were not combined but run separately on TLC to confirm reproducibility.

2.9.2 Separation of neutral and polar lipids

It was found that YTE contained a large abundance of neutral lipids and did not form
liposomes, so yeast polar lipid extracts (YPE) were prepared from YTE by an adapted procedure
for the extraction of neutral lipids (185, 186). Approximately 0.5 mg of YTE was dissolved in a
minimal amount of 7:3 (v/v) CHCls/methanol, deposited onto the bottom of a 10 mL glass screw-
cap test tube, and dried to a film under argon. 5 mL of cold acetone was added and the neutral
lipids in the film were solubilized by repeated vortexing and sonication (185), while polar lipids
remained as visible fine particulates. The sample was then bubbled with argon for 1 min to
prevent lipid oxidation, and then sealed with Parafilm and stored at 4°C overnight, allowing for
further precipitation and settling of polar lipids (185). The sample was briefly spun at 2500 rpm
for 10 min at 4°C in a Sorvall Legend X1R Centrifuge (Thermo Scientific, Ottawa, ON) to pellet
any suspended particulates. The acetone-soluble fraction was carefully removed into another
glass tube with a Pasteur pipette, leaving the acetone-insoluble polar lipids behind (185, 186).
Remaining acetone was evaporated under argon, leading to formation of films in both fractions,
which were soluble in 7:3 (v/v) CHCls/methanol. TLC of each fraction was run to confirm
separation of neutral lipids; the procedure was optimized using YTE from Avanti Polar Lipids.

Unfortunately, some polar lipids were found to remain soluble in acetone, reducing the overall

52



yield, but none of the neutral lipids were found to precipitate in acetone, suggesting that the

method would work for the extraction of a bilayer-forming polar lipid extract (Figure 20).

PC PS PE/PI PA/CL Chol NL
1
) - -
3
4 - .

Figure 20. Polar lipid TLC separation of (1) Avanti YTE, (2) Avanti YPE, (3) acetone-insoluble
fraction of Avanti YTE, and (4) acetone-soluble fraction of Avanti YTE. The red box indicates

the removal of neutral lipids (NL) in the acetone-insoluble fraction.

Lipid compositions of both YPE and neutral extracts were analyzed by TLC (Section 2.6)
spotting 100 pug of each for comparative analysis. The YPE was used to form liposomes (Section

2.2.1) for Laurdan and DLS experiments.

2.10 Statistics

In all figures presented, results are the average of at least triplicates with error bars
representing * standard deviation, unless otherwise noted. Significance is denoted by asterisks

(*) p < 0.05, (**) p < 0.01, (***) p < 0.001, (****) p < 0.0001.

53



Chapter Three: Interactions of Co?* and Ni?* with Simple LUVs and MLVs
Firstly, simple lipid systems were considered to determine binding targets of Co?* and
Ni2*, and the relative strength of interactions. A portion of this chapter discussing Laurdan and

DLS experiments with PA, CL, PG, PS, and PC is adapted from Umbsaar et al. (2018) (187).

3.1 Effects of Co?* and Ni?* on the Fluidity of Zwitterionic Lipid Membranes
3.1.1 Background on zwitterionic lipids

Zwitterionic lipids and sterols constitute the structural components of cell membranes,
with PC, SM, PE, and Chol/Ergo comprising the majority of the membrane (59, 71). These lipids
are, therefore, very important in dictating the properties of the membrane. PC and SM are
canonical bilayer-forming phospholipids, as the cylindrical geometry allows them to pack with
minimal defect, whereas the non-bilayer forming lipid PE induces membrane curvature,
important in fusion and protein accommodation (71, 188). The presence of sterols contributes to
a tighter-packing liquid crystalline phase, as the highly-hydrophobic structure interacts
favourably with lipid acyl chains (189). In the context of this project, zwitterionic/neutral lipids
were tested as negative controls for Co?* and Ni?* interaction, as the interactions were
hypothesized to be electrostatic in nature (32). The head groups of PC, SM, and PE all contain a
negative charge on the phosphate backbone, but the more accessible positive charge in the
headgroup is likely to repel Co?* and Ni?*.

3.1.2 Laurdan GP of zwitterionic membranes

Laurdan GP (Section 2.3.2) was used to assess the effects of Co?* and Ni?* on the
fluidity/rigidity of lipid membranes (150). Various zwitterionic and neutral lipids were tested to

assess these interactions including: POPC, DMPC, POPE, Chol, SM, ceramide, and cerebroside.
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The GP melting curves of the various systems demonstrate large differences in the relative
fluidity of each membrane with temperature. Some of the systems had a measurable inflection
point (Tm) above 10°C, while others underwent a transition at a lower temperature, so the curve

simply represents an increasingly-fluid liquid crystalline phase as shown in Figure 21.:
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Figure 21. Laurdan GP melting curves of simple zwitterionic/ neutral membranes which are (A)

PC-based, or (B) SM-based in 20 mM Hepes, 100 mM NaCl pH 7.4.
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POPC and 50:50 PSM (palmitoyl-SM)/POPC were the most fluid systems tested, while the
addition of POPE, ceramide, and most notably Chol to POPC caused the membrane to become
significantly more rigid (Figure 21A), as expected (189). The lipid which was able to adopt the
tightest gel phase packing was Brain SM. Co?* and Ni?* had minimal effects on any of the
systems tested, but if interaction occurred, it was at higher temperatures in the liquid crystalline
phase. A representative summary of the GP change between controls and metal exposed samples

(AGP) in these systems is shown in Figure 22:
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Figure 22. Change in GP at 40°C (or 50°C for SM-containing membranes) induced by 1.2 mM
Co?* or Ni%* in various zwitterionic/neutral lipid liposomes (0.3 mM) in 20 mM Hepes, 100 mM

NaCl pH 7.4.

The overall effect of Co?* and Ni?* on zwitterionic/ neutral lipids was minor, as the

highest concentration of metal tested (1.2 mM), generally induced little to no change in GP
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values (Figure 22). The AGP shown for PC- and SM-based membranes is given at 40 and 50°C,
respectively, to reflect comparable liquid-crystalline phases (Figure 21), in which significant
interactions were observed. While Ni?* showed only a minor rigidifying effect with PSM, 1.2
mM Co?" was able to induce minor changes in: DMPC, Egg SM, PSM, 70:30 POPC/POPE, and
95:5 or 85:15 POPC/ceramide, suggesting a weak affinity for these lipids and/or packing
arrangements. The greatest rigidifying effect was observed between Co?* and DMPC, along with
a Tm shift of +0.1°C. A previous study using DSC to investigate interactions of NaCl and LiCl
with DMPC (15 mM Hepes pH 7.0) found that 100 mM metal also increased the Tm very slightly
(190), though much lower metal concentrations were used in this thesis. Despite interactions
with DMPC, neither Co?* nor Ni?* affected POPC, suggesting that the tighter packing of acyl
tails allows for better interactions with the PC head group, though these are still very minor
effects. The weak interactions with PC in general is supported by an 3P NMR study which found
a dissociation constant of 1.2 M for both Co?* and Ni?* with Egg PC (75). Structurally speaking,
it is likely that the bulkiness and positive charge of the choline group is too repulsive to allow
Co?* and Ni?* binding to the phosphate group.

A comparable effect by Co?* was observed for Egg SM and PSM, yet surprisingly not for
the tighter packing Brain SM, again suggesting that the acyl chain identity plays a role in the
interaction with choline head groups. According to the Avanti Polar Lipids product information,
Egg SM contains approximately 86% 16:0 (palmitoyl) SM, while Brain SM contains notably
50% 18:0 (stearoyl) and 21% 24:1 (nervonoyl) SM. The average chain length of Egg SM is 16 C,
while that of Brain SM is 20 C, suggesting that Brain SM would create a more rigid membrane.
This is clearly reflected in the raw GP data, as in the gel phase at 22°C, Egg SM has a GP value
of 0.221, while Brain SM has a GP value of 0.447. Altogether, this suggests that the binding of
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Co?* and Ni?* to PC or SM membranes depends on an optimal spacing between head groups.
POPC appears to be too intrinsically disordered to allow for any interaction, while the head
groups in Brain SM may be too close together.

In the case of Co?", it was also observed that mixed liposomes containing POPC with
POPE or ceramide (Cera) also allowed for minor interactions, suggesting either that: PE and
ceramide are targets, and/or that the change in packing arrangement allows for interaction with
PC. A previous study on Egg PE found that 3 mM Co?* or Ni?* were able to cause aggregation of
PE vesicles, suggesting some propensity for interaction with PE (191). Steric considerations
could also play as role, since the smaller primary amine of PE, as compared to the quaternary
amine of PC, may allow access for metal binding to the backbone phosphate. Direct binding of
Co?* to Cera has not been reported, but in terms of structure, it is again possible that the small
head group of Cera allows Co?* binding to the phosphate of PC. It is also possible that Co?* is
able to weakly associate with the electron-rich oxygen and nitrogen atoms in ceramide itself.
Yet, these interactions are likely all biologically negligible given that 1.2 mM metal was used,
which is 4x in excess of lipid concentration. It is also likely that much stronger binding occurs

with other cellular targets such as negatively-charged lipids (76) or proteins (35, 147).

3.2 Effects of Co?* and Ni?* on the Fluidity of PA Membranes
3.2.1 Background on PA

PA lipids were considered as the structurally most simple of the negatively-charged
lipids, containing a single exposed phosphate group. It was expected that the high accessibility of
the negative charge would allow for strong interactions with Co?* and Ni?*. Despite being

present as a very minor component of most membranes (60), PA is physiologically-relevant in
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many mammalian cell functions such as regulating cell survival, vesicular trafficking, and cell
differentiation (65). It has been suggested that localization of certain proteins to the cell
membrane may be due to direct PA-protein interactions (65). Additionally, PA is an important
precursor in the synthesis of other lipids (65), making it necessary for cell function.

3.2.2 Laurdan GP of PA membranes

Monounsaturated POPA and fully saturated DMPA were considered to assess the effect
of acyl chain identity on metal lipid interactions, as they are structurally-identical apart from the
acyl chains. Firstly, POPA was found to have a Tm of 20.5°C, lower than a DSC study which
determined a Ty 0f 24°C in 150 mM NaCl, 10 mM Tris at pH 7.40 (192). As the Tr, determined
for this thesis was 3.5°C lower than a literature value, POPA melting was also tested in 20 mM
phosphate, 100 mM NaCl pH 7.4, yielding the same result (Appendix A). Next, the fully-
saturated DMPA was considered. The Tm of DMPA was determined to be 47.5°C, which is
consistent with a previous study reporting a Tmof 47.3°C in 25 mM PIPES, 100 mM NaCl pH
7.4 by Differential Scanning Calorimetry (DSC) (193). The control melting curves of POPA and

DMPA are shown in Figure 23:
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Figure 23. Laurdan GP melting curves of PA lipids in 20 mM Hepes, 100 mM NaCl pH 7.4.

The melting curves clearly reflect that DMPA is much more rigid than POPA, melting
over a higher temperature range. As well, the melting transition of DMPA is sharper than POPA.

A summary of the metal-induced AGPs for POPA is presented in Figure 24.
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Figure 24. Change in GP induced by (A) Co?* or (B) Ni?*in 0.3 mM POPA liposomes in 20 mM

Hepes, 100 mM NaCl pH 7.4.

Both Co?* and Ni?* induced significant rigidification of POPA, as shown by positive

AGP values, indicating a maintenance of gel phase-like fluidity in which the 440 nm emission

peak of Laurdan dominates (150). It is clear that the effects of Co?* are stronger for a given metal

concentration, and that the effect of both metals show a temperature-dependence, having greater

effects at higher temperature. In comparing 150 uM metal, the effects of Co?" and Ni?* are

greatest after the membrane melts (AGP of 0.11 and 0.08 at 24°C) and the effects of Ni%*

decrease slightly with higher temperatures. This suggests that Co?* and Ni?* more preferably

bind to disordered POPA in the liquid crystalline phase. The effects of Co?* and Ni?* on the

fully-saturated DMPA are summarized in Figure 25:
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Figure 25. Change in GP induced by (A) Co?* or (B) Ni?* in 0.3 mM DMPA liposomes in 20

mM Hepes, 100 mM NaCl pH 7.4.

Co?* and Ni?* are unable to induce changes in the gel phase of DMPA (40—44°C),
suggesting that the metals may not be able to bind to tightly-packed PA. However, the relative
strength of metal effect on DMPA in the liquid crystalline phase is quite similar to that of POPA.
60 uM Co was able to cause a maximum AGP of 0.098 and 0.088 in the liquid crystalline phases
of POPA and DMPA, while 60 uM Ni caused a maximum AGP of 0.043 and 0.055. This
suggests that the metals do not have a strong preference for binding either one. This is in contrast
to previous work with Cd?* (83) and Pb?* (90) in this Lab, which showed preference for DMPA.
It is possible that the speciation of Co?" and Ni?* into entirely divalent cations allows for strong
interaction with PA regardless of acyl chains, as CdCl, and Pb(NO3)2 both largely speciate into

monovalent forms, MCI* (32).
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Interestingly, the trends observed for Co?* and Ni%* and POPA are also present in DMPA,
in that the effects of Ni?* reach a maximum just after membrane melting. The cause of this effect
is not clear, but it could be based on differences in the preferred coordination environment of
Co?* and Ni?* ions, suggesting that the binding of Ni?* depends on a certain arrangement of
lipids, most favourable around the Tm. Ni?* tends to form square planar and octahedral geometry
(39, 41), while Co?* favours octahedral and tetrahedral geometries (38, 41). It may be that the

constraints of a square planar Ni?* ion are best met in the partly-disordered melting transition.

3.3 Effects of Co?* and Ni?* on the Fluidity of CL Membranes
3.3.1 Background on CL

Cardiolipin (CL) is a structurally-unique lipid class which is localized in the
mitochondria, but also constitutes a large component of many bacterial membranes (66, 98). CL
is functionally important for the mitochondrial membrane, as it influences the membrane
structure and activates some enzymes in the respiratory chain (194). Structurally, it can be
envisioned as two PA lipids joined by a glycerol linker. The phosphate portion of the headgroup
is relatively small and the phosphate conformation is sterically limited, such that it is unlikely to
be able to interact with nearby lipids, a feature which has been suggested to leave the head group
available to bind with other molecules (194). Under physiological conditions, the CL head group
is fully deprotonated, carrying a charge of -2.0 (195); thus, Co?* and Ni?* were expected to bind.

3.3.2 Laurdan GP of CL membranes

TOCL was considered firstly, as it is a highly-fluid membrane with 4 oleyl chains. The
Tm of TOCL could not be recorded, as it is below 0°C (196), so the representative temperature

scan simply shows an increasingly-fluid liquid crystalline phase. This is in contrast to TMCL,
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which was found to have a Tm of 40.2°C, which is in agreement with a previous DSC study that
reported a Trm of 38.9°C in 50 mM Tris, 150 mM NaCl at pH 7.40 (197). The melting curves of

control CL membranes are shown in Figure 26:
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Figure 26. Laurdan GP melting curves of CL lipids in 20 mM Hepes, 100 mM NaCl pH 7.4.

The melting curve of TOCL shows nearly a linear trend , reflecting the fact that the
membrane is fully-melted even at 10°C. On the other hand, TMCL is much more rigid,
maintaining a gel phase up to ~35°C before undergoing a sharp phase transition. The effects of

Co?" and Ni?* on TOCL are summarized in Figure 27:
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Figure 27. Change in GP induced by (A) Co?* or (B) Ni?* in 0.3 mM TOCL liposomes in 20

mM Hepes, 100 mM NaCl pH 7.4.

The effects of Co?* and Ni?* on TOCL are quite different between the ions, as Co?*

causes strong rigidification that increases with concentration and slightly with temperature (up to

AGP of 0.111 at 45°C), while the effects of Ni?* are very minimal in comparison (up to AGP of

0.037 at 45°C). The interactions with Ni?* appeared to be saturated at 300 puM, as they did not

increase further with the addition of 600 UM total. The effects of Co?* are remarkably strong

compared to similar studies with Cd®* which also reported weak effects (83), as seen for Ni?*.

The interactions of Co?* with fluid CL may have some biological relevance, as polyunsaturated

linoleic (18:2) acyl chains are most common in mammalian mitochondria (198). The effects of

Co?" and Ni?* on TMCL are summarized in Figure 28:
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Figure 28. Change in GP induced by (A) Co?* or (B) Ni?* in 0.3 mM TMCL liposomes in 20

mM Hepes, 100 mM NaCl pH 7.4.

Alike to the interactions with DMPA, Co?* and Ni?* were unable to induce changes in the
gel phase of TMCL, suggesting again that the packing is too tight and does not allow access for
the metals to bind. However, as was observed for Ni?* with PA, the strongest effects of both Co?*
and Ni?* occur just after the membrane melts at 41°C, with 300 pM Co?* and Ni?* causing AGPs
of 0.142 and 0.103, respectively. While the effects of Co?" are relatively comparable to that with
TOCL, Ni?* appears to show stronger interaction with TMCL. This preference has also been
reported for Cd?* (83), suggesting that Cd?* and Ni?* may share a similar binding geometry
which favours a tightly-packed CL arrangement. The rigidifying interactions of metal ions with
CL may have considerable consequences for mitochondrial membrane function, as CL is the

major negatively-charged lipid (199). The acyl chain composition of CL is actively remodeled
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post-synthesis by an enzyme called tafazzin, which senses and regulates local membrane fluidity

(199). A disturbance to local membrane fluidity may theoretically affect this process.

3.4 Effects of Co?* and Ni?* on the Fluidity of PG Membranes
3.4.1 Background on PG

PG lipids were considered next in terms of structural complexity, as they contain a neutral
glycerol head group attached to the negative charge of the backbone phosphate. The ability of
metal ions to bind to the phosphate group may thus depend on steric factors. The relevance of PG
in mammalian systems is nearly entirely limited to lung surfactant (LS), in which POPG and
other minor PG species are present at about 20% of the total lipid composition (63, 101). DPPC
is the main modulator of LS structure and function; however, a complex lipid composition
including PG appears to be necessary to allow for rapid spreading of the LS layer during
breathing (200). The exact role of PG is not clear, but the ratio of PG to other lipids has been
found to be altered in several lung diseases (63), highlighting the importance of PG in healthy LS
composition. PG is also present as a very minor component of mitochondrial membranes, as it is
a precursor of CL (201).

In contrast to eukaryotic cells, bacterial cell membranes contain a significant portion of
PG, at about 20% of their lipid content (98). Both experimental and molecular dynamics
simulation studies have found that the presence of PG appears to be important in increasing the
stability of bacterial cell membranes through hydrogen bonding with PE (202, 203).

3.4.2 Laurdan GP of PG membranes

Monounsaturated POPG was considered first and, like TOCL, the T of POPG was too

low to be measured with this experimental setup (192), so the melting curve represents the liquid
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crystalline phase. On the other hand, DMPG was found to have a sharp Tm of 23.2°C,
comparable to a value of 23°C obtained by DSC in 10 mM HEPES, 100 mM NaCl pH 7.40

(204). The control melting curves of POPG and DMPG are shown in Figure 29:
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Figure 29. Laurdan GP melting curves of PG lipids in 20 mM Hepes, 100 mM NaCl pH 7.4.

Again, the melting curves are similar to the CLs in that POPG does not show a phase
transition over this temperature range with similar GP values to TOCL, while DMPG undergoes
a sharp transition (23.2°C), though at a lower temperature than TMCL, which melted at 40.2°C.

The interactions of Co?* and Ni?* with POPG are shown in Figure 30:
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Figure 30. Change in GP induced by (A) Co?* or (B) Ni?* in 0.3 mM POPG liposomes in 20

mM Hepes, 100 mM NaCl pH 7.4.

In other systems, the metal concentrations used were limited because of aggregation or
excessive Laurdan quenching. However, this was not a problem with POPG, so excess metal
could be tested up to 1200 uM, which is 4x the lipid concentration at 300 uM. The effects show
no temperature-dependence, reflecting the fact that it is a fully-melted membrane. As was the
case for the other lipid systems, the effects of Co?* were stronger than the effects of Ni?* (AGP of
0.10 vs. 0.07 at 30°C with 1200 uM metal). Despite the higher concentrations tested, the effects
of Co?* on TOCL were greater than on POPG, while the effects of Ni?* were comparable. The

interactions of Co?* and Ni?* with the more rigid DMPG are summarized in Figure 31:
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Figure 31. Change in GP induced by (A) Co?* or (B) Ni?* in 0.3 mM DMPG liposomes in 20

mM Hepes, 100 mM NaCl pH 7.4.

As was the case with the other DM lipids tested, the interactions of Co?* and Ni?* reached
their full effect once the membrane transitioned to the liquid crystalline phase (after 23°C).
However, in contrast to DMPA and TMCL, both Co?* and Ni?* were able to induce significant
rigidification in the gel phase of DMPG (15-21°C) suggesting that the gel phase packing of
DMPG is still able to accommodate the metals. The rigidifying effects of both Co?" and Ni?*
were remarkably strong, as 300 uM Co?" maintained GP values similar to a gel phase-like
membrane even after melting (AGP of 0.54 at 35°C). A comparison of the results for both PG
lipids, clearly shows that the tighter-packing acyl chains of the DM lipids are much more
preferable for metal binding, which has also been observed with Cd?* (83). A previous study has
found that Co?* and Ni?* associate with PG lipids with 1:1 association constants of 7.5 M (Ni?*)
and 6.5 M (Co?") in 1 mM Mops, 100 mM NaCl, 10 uM X-537A (ionophore) at pH 7.5 (77),
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suggesting the metals have at least a weak affinity. As well, a previous Laurdan study with
various metal ions including Co?* and Ni?* found weak rigidifying effects on 91:9 DPPC/DPPG
liposomes (AGP of 0.01-0.02) (112). The much stronger effects observed in this thesis were
likely a result of using pure PG liposomes, as PC has been identified as a weak/negligible target
(Section 3.1.2). The structure of the PG head group may constitute a protected binding pocket

which results in strong rigidifying effects in a pure PG system.

3.5 Effects of Co?* and Ni?* on the Fluidity of PS Membranes
3.5.1 Background on PS

PS lipids were studied next, having a zwitterionic serine head group in addition to the
negative charge on the phosphate, so the overall charge is -1.0. The serine carboxyl group was
expected to be highly-accessible for metal binding, and indeed this has been previously found to
be the case, as a *'P-NMR and *C-NMR study with Co?* found that 86% of metal complexed
with the carboxyl alone or carboxyl and amine (205). PS is a biologically-relevant target to
consider as it is a significant component of the plasma membrane, nearly exclusively localized to
the inner leaflet (206-208). The externalization of PS to the outer leaflet is known to be a marker
for apoptosis (207), a process which may be initialized by oxidation of PS as a result of oxidative
stress (206). It can thus be envisioned that metal binding and possible oxidation of PS may affect
this signaling process.

3.5.2 Laurdan GP of PS membranes

POPS was considered firstly, and a T of 13.6°C was observed, comparable to a DSC
study which found a T, 0f 13.9°C in 5 mM phosphate, 5 mM EDTA and pH 7.0 (209). The more

rigid DMPS membrane exhibited a Trm of 36.9°C, again in agreement with a previous DSC study
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reporting 36.5°C in 10 mM HEPES, 100 mM NaCl, 0.1 mM EDTA pH 7.4 (210). The control

melting curves of POPS and DMPS are shown in Figure 32:
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Figure 32. Laurdan GP melting curves of PS lipids in 20 mM Hepes, 100 mM NaCl pH 7.4.

The Tm’s of both PS lipids were measurable, with POPS having the broadest melting
transition observed, occurring very gradually over a long range, while DMPS had the sharpest
transition observed, changing abruptly from a very rigid gel phase to a very fluid liquid

crystalline phase. The interactions of Co?" and Ni?* with POPS are summarized in Figure 33:

72



0.16 1 m15uM
0.14 - =30 uM
0.12 - =150 uM

0.06 -

10 12 13 14 15 16 18 20 25 30 35 40 45 10 12 13 14 15 16 18 20 25 30 35 40 45
Temperature (°C) Temperature (°C)

0.04 -

0.02 1]

Figure 33. Change in GP induced by (A) Co?* or (B) Ni?* in 0.3 mM POPS liposomes in 20 mM

Hepes, 100 mM NaCl pH 7.4.

The interactions with POPS stand in contrast to the results with the other negatively-
charged lipids, in that the effects of Ni?* were higher than that of Co?*, due to the fact that the
effects of Co?* saturated at the low metal/lipid ratio of 0.1 (Figure 33). Below the saturation
point (15 uM), the effects of Co?" were still slightly stronger (AGP of 0.07 vs. 0.05 at 35°C), but
above (150 puM), the effects of Ni?* were much stronger (AGP of 0.09 vs. 0.15 at 35°C). This
indicates that the binding capacity of the membrane for Co?" is low. As well, likely due to the
broad phase transition, the effects of the metals show a gentle temperature-dependence, similar

to POPA. The effects of Co?* and Ni?* on DMPS are shown in Figure 34:
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Figure 34. Change in GP induced by (A) Co?* or (B) Ni?* in 0.3 mM DMPS liposomes in 20

mM Hepes, 100 mM NaCl pH 7.4.

As with the other DM lipids, there is a strong temperature-dependence in the interactions
with DMPS, but in this case > 30 pM Ni?* was able to cause slight rigidification of the gel phase
(25-34°C). Alike to the PGs, both metals cause greater effects on the DM version of the lipid. A
very surprising finding with DMPS was that Ni%* was able to slightly lower the T, leading to
negative AGP values at the phase transition (36°C). This effect is uncharacteristic in metal-lipid
interactions, which are generally found to increase or broaden the phase transition by bringing
lipids closer together (83, 211). It is possible that the complexation geometry of Ni?* is again
affecting the interactions at the melting transition, as suggested for the interactions with PA
lipids. The square planar geometry of Ni* (39) may interact with DMPS in such a way that it

destabilizes the gel phase and causes it to melt early.
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Like with POPS, the effects of Co?* appear to saturate at the low metal/lipid ratio of 0.1,
while the effects of Ni%* increase further (Figure 34). However, the effects of 60 uM Co?* and
Ni2* are quite comparable, causing AGPs of 0.21 and 0.19 at 40°C, respectively. In general, the
large rigidifying effects observed with low concentrations of metal suggests that PS is the
strongest binding target compared to the other lipid head groups. This is in agreement with
previously-determined binding constants of Co?* and Ni?* to PS, at 28 M and 40 M,
respectively, in 1 mM MOPS, 100 mM NaCl, pH 7.4 (76). As well, PS has been found to be a
strong binding target of Cu?*, suggesting that the accessibility of PS may be favourable for metal

association overall (91).

3.6 Effects of Co?* and Ni?* on the Fluidity of PI Membranes
3.6.1 Background on PI

Pl lipids have the most complex negatively-charged head group considered, consisting of
an inositol ring which may be phosphorylated at any combination of positions: 3°, 4°, or 5’ (64).
Pls are among the major signaling lipids in the cell, involved in a wide variety of processes
including cell survival, secretion and trafficking, and membrane regulation (64, 212). The lipid
highlighted in this thesis is P1(4)P, which constitutes the largest pool of monophosphorylated Pl
in mammalian cells, being the main precursor to P1(4,5)P2 (212). PI(4)P is localized in the
plasma membrane and Golgi following its synthesis in the ER (212). PI1(4)P is expected to carry
a charge of -3.0 at pH 7.4, due to deprotonation of both the backbone and ring phosphates (213),
as has been previously reported for P1(4)P at pH 8.0 (214). Thus, a single head group may have

considerable metal-binding capacity.
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3.6.2 Laurdan GP of PI membranes (work performed by Robyn)

A detailed screen of all PI lipids with various metals was performed by Robyn Mundle
using a 99:1 POPC/DOPI model. | have analyzed her data for DOPI(4)P with which Co?* had
remarkably strong interactions. Results are shown below. I have also performed the data analysis

and the discussion that is presented here.
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Figure 35. AGP induced by (A) Co?" or (B) Ni?*in 0.3 mM 99:1 POPC/DOPI(4)P liposomes in

100 mM NaCl pH 7.4.

The effects of Co?* especially were found to be remarkably strong, given that only 1% PI
was present in the membrane. For comparison, 1.2 mM Co?* only induced a AGP approximately
3x larger in pure POPG (Section 3.4.2), suggesting that PI1(4)P is a relatively strong binding
target. The 4’ position of the inositol ring is the furthest from the membrane backbone, and the
results suggest that this is a highly-accessible position (215). Direct interactions of Co?* and Ni?*

with P1(4)P have not been studied, but previous studies have suggested strong binding capacity
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of Ca?* with PI(3,4)P2 and PI1(4,5)P, (216, 217). Given that Co?" especially was able to affect
membrane fluidity with only a physiological concentration of 1% P1 present, it is quite possible
that these interactions have biological relevance (212). Disruption to PI(4)P may have

downstream effects on P1(4,5)P2 signalling pathways and sphingolipid synthesis (212, 218).

3.7 Effects of Co?* and Ni?* on Liposome Size

Dynamic light scattering was used to monitor the liposome size in order to assess if Co?*
and Ni2* are able to cause fusion/aggregation, which has been observed for metals such as Ca?*
(88) and Cd?* (83).

3.7.1 Sizes of zwitterionic/neutral liposomes

The sizes of zwitterionic/neutral liposomes were found to be between 54-62 nm in radius

and the polydispersity of the controls were <15%, unless otherwise stated. The changes in sizes

of these liposomes incubated with 1.2 mM metal are summarized in Figure 36.
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Figure 36. Change in liposome radius at 20°C induced by 1.2 mM Co?* or Ni?* in various

zwitterionic/neutral lipid liposomes (0.3 mM) in 20 mM Hepes, 100 mM NaCl pH 7.4.

The results of DLS sizing data complement the general lack of interaction with
zwitterionic/neutral lipids as observed with Laurdan GP (Section 3.1.2), showing only one
significant effect of 1.2 mM Co?* and Ni?* with 85:15 POPC/Cera. However, the polydispersity
index (PDI) >15% for the control indicated that forming these liposomes with a 50 nm radius
was unfavourable, so the sizes may have been more easily perturbed by the metals. Although the
minor size increases in 70:30 POPC/POPE are not significant, both metals were able to cause an
increase in PDI % (Control: 12.7+0.55, Co?*: 15.8+0.84, Ni?*: 19.0+3.34) suggesting that they
are able to cause slight swelling of PE, as previously reported for pure PE vesicles (191). The
sizing data for 80:20 Egg SM/cerebroside has been excluded because of large aggregation in the

control, suggesting that this composition is not stable as 50 nm liposomes.
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3.7.2 Sizes of negatively-charged liposomes

In contrast, Co** and Ni?* were found to have significant effects on the sizes of some

negatively-charged lipid systems, PA and PS, which are shown in Figure 37:
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Figure 37. Sizes of liposomes (A) POPA, (B) DMPA, (C) POPS, (D) DMPS incubated with
various concentrations of Co?* and Ni?* in 20 mM Hepes, 100 mM NaCl pH 7.4 at 20°C. (x =

polydispersity >15%, A = aggregation).

The amount of metal required to induce size changes and aggregation differed with each
lipid system. The system which aggregated at the lowest concentration for both metals was

DMPS, in which 150 uM metal significantly increased the polydispersity despite only a 10 nm
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increase in average size (Figure 37D). Although Ni?* also began aggregation of DMPA at this
concentration. In contrast, POPS only exhibited significantly swelling at 300 uM metal which is
equimolar to the lipid concentration. Aggregation only occurred when the metal was in excess.
This agrees with the Laurdan data which suggested a stronger metal effect for DMPS over POPS.
This trend was also seen for PA lipids, as similar concentrations induced greater swelling in
DMPA over POPA, eventually leading to precipitation in both systems. However, lower
concentrations of Co?* (<60 uM) were found to cause minor shrinking of POPA liposomes,
which suggests that the membrane may pack together more tightly, possibly due to head group
dehydration (219). Swelling and aggregation/fusion of PA and PS liposomes has been previously
reported for other ions such as Cd?* (83) and Ca?* (88, 220). Co?* and Ni?* appear to have a
stronger propensity to induce size changes than Cd?*, which may be due to the fact that CdCl
speciates into 66% CdCI*, 27% CdCly, and 7% Cd?* (83), while Co?" and Ni?* are almost
entirely divalent (32). The fact that swelling and rigidifying effects occur simultaneously may
suggest that metal complexation results in increased spacing between lipid head groups which
increases liposome size but limits mobility overall.

Interestingly, though the sizes of PA and PS liposomes were significantly affected by Co?*
and Ni?*, little-to-no change was induced in PG and CL, aside from minor shrinking of DMPG
(34 nm decrease with excess metal). This lack of effect on PG and CL has also been reported
for Cd?*, though 2 mM Cd?* was able to cause swelling in TMCL (83). This may suggest that the
structure of PG and CL head groups do not allow effective intra-liposome complexation. It is
possible that the protected phosphate of PG and the low surface charge density of CL does not
support head group bridging by metal ions. Additionally, minor shrinking was observed by Co?*
and Ni?* with 99:1 POPC/DOPI(4)P.
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3.8 Effects of Co?* and Ni?* on Membrane Tm
Another property of pure lipid membranes which may be affected by metal binding is the
phase transition temperature, which was determined by Laurdan GP melting curves. The changes

in Tm induced by the metals are summarized in Table 8:

Table 8. Change in melting temperatures (ATm) of lipid membranes incubated with various
concentrations of Co?" and Ni?* in 20 mM Hepes, 100 mM NaCl pH 7.4, as determined by
Laurdan GP. (n.s.) refers to measured changes which were not significant and (-) refers to

concentrations that were not measured for that system.

ATm (°C)
System Metal
15 uM 30 uM 60 uM 100 uM | 150 pM | 300 uM
POPA Co%*" | 0.4+0.2 - 0.6+0.1 - 1.4+0.2 -
(20.5£0.1°C) | Ni** | 0.2+0.1 - 0.6+0.1 - 0.8+0.1 -
DMPA Co** n.s. 0.8+0.1 | 1.2+0.2 - - -
(47.4£0.2°C) | Ni** | 0.3%0.1 - 0.8+0.1 - - -
TMCL Co? n.s. - 1.0£0.2 | 1.240.2 - 2.7+0.2
(40.4+0.2°C) | Ni% n.s. - 0.540.2 - - 1.610.2
DMPG Co** - 0.6+0.1 | 09+0.1 | 1.8+0.1 - 5.740.1
(23.2£0.1°C) | Ni?* - n.s. - 1.5+0.1 - 2.0£0.1
POPS Co** n.s. 0.6+0.2 - - 1.0+0.3 -
(13.6£0.1°C) | Ni? n.s. -0.4+0.2 - - 0.5+0.1 -
DMPS Co** | 0.4+0.2 | 0.6x0.1 n.s. - - -
(36.9£0.1°C) | Ni?* n.s. -1.0£0.2 | -1.5%0.1 - - -

In general, Co?" and Ni?* had small effects on the Tm, increasing by 1-2°C in a

concentration-dependent manner. The metals generally caused the phase transition to become

81



less sharp, indicating of a less-cooperative melting process (221), which has been previously
found for the interaction of Ca?* with DMPS in a DSC study (222). This may be explained as the
metal-induced disruption of membrane homogeneity by creating patches of highly-rigid clustered
lipids and subsequent voids. A previous study measured the effects of metal ions on the Tm of
TPCL, which is a fully-saturated membrane like TMCL, and found that Co?* induced the
smallest Tr, shift (+11.8°C), while Ca?" induced the largest shift (+48.8°C) from the sodium salt,
a trend which appeared to be correlated with the ion size (73). This agrees with the finding that
the smaller ions Co?* and Ni®* shifted the Tm of TMCL to a lesser extent than has been
previously shown for the larger ion Cd?* (83).

The largest Tm shifts observed here were for DMPG, in which 300 uM Co?* and Ni?*
increased the Tm by 5.7 and 2.0°C, respectively. A previous study using Cd?* similarly found
dramatic increases in the Tm of DMPG whereby the sharp transition was maintained (83). The
effects of Co?* and Ni?* were instead accompanied by significant broadening of the transition.
The strong effects of metals on DMPG may be a quality of the lipid itself, as the phosphate
binding position may provide a protected binding pocket. As mentioned in the Laurdan GP
section for PS (Section 3.5.2), there was the remarkable finding that Ni?* was able to decrease
the Tm of DMPS by 1.5°C (60 pM). Again, this does suggest that the binding of Ni?* causes
early gel phase destabilization.

The melting trends of DMPA and DMPG in the presence of metals were also verified with
DLS data during temperature scans, and the determined Tm’s agreed within 2% with the Laurdan

Tm’s (Appendix A).

82



3.9 Binding of Co?* and Ni%* to MLVs
3.9.1 Background on membrane binding and dehydration

Although changes in Laurdan GP can indicate relative strength of effect on various
membranes, the technique reports on the hydration of the membrane (150), and as such, does not
distinguish between direct binding/clustering effects versus disruption of associated water . It has
been previously shown that Ca?* induces dehydration in DPPG (223) and DMPS (209). The
association and coordination of metals within the water layer depends on the metal ion as well as
the lipid (219). In vivo, the net negative charge of the membrane attracts counterions such as Na*
and Ca?* such that the layer surrounding the membrane contains different local concentrations of
ions than the bulk, which would also affect the attraction of Co?* and Ni2* to the membrane
(224). 1t was suspected that Co?* and Ni?* may affect the relative fluidity of the membrane by
disrupting/displacing water molecules associated with the membrane surface along with direct
binding, as binding constants have been reported to be quite weak (75-77). An additional
consideration is that metal ions themselves are hydrated, as Co?* and Ni?* coordinate H.0
octahedrally with hydration free energies of -272.5 and -292.6 kcal/mol, respectively (225, 226).

The binding capacity of Co?* and Ni?* to the various classes of lipids was assessed by:
incubating MLVs with metal, pelleting MLVs, and assaying the supernatant for remaining Co?*
and Ni* by Calcein quenching, as this avoids the complication of ternary lipid-metal-dye
interactions (227). A preliminary screening tested PO and DM versions of PA, PS, PG, CL, and
PC lipids upon incubation at 25 or 37°C with metal at a 1:1 molar ratio. The results suggested
that PA/PS had the most associated metal (50% bound), while PG was the least-associated lipid
(<10% bound) (aside from the negative control PC), and that there was no difference with

incubation temperature (Appendix A).
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However, it became clear that there were some drawbacks to the assay, such as
vesiculation of MLVs into LUVs even after washing, as well as differences in pelleting
efficiency between lipid systems and upon treatment by Co?* and Ni?*. Thus, the results are
likely not useful for quantitative analysis but rather provide insight into the relative affinities. By
measuring the MLV size using DLS and assuming a bilayer thickness of 5.4 nm (228) and 4
bilayer structures within each MLV, it was calculated that approximately 27% of lipid would be
accessible for binding on the outer leaflet (Appendix A). This approximation may be generous,
as previous theoretical approximations have suggested only 11% exposed due to formation of 5-
10 bilayers in an MLV of radius 700 nm (229). However, the MLVs obtained in the present
study were smaller and, as such, likely contained fewer bilayers. A previous experimental study
using various external lipid marker assays with PC/PE MLVs found that, on average, 23% of
lipid was exposed (230), which is in better agreement with the approximation. The sizes of the

MLVs and the remaining lipid fragments in the supernatant are shown in Figure 38:
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Figure 38. Radii (nm) of washed MLVs and remaining supernatants of lipid suspensions, as

measured by DLS.
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The POPA and POPS MLVs had larger radii than the than the POPG MLVs, but all
samples showed detectable LUVs in solution after washing, which appear to have been a result
of spontaneous vesiculation. Using the DLS-derived count rate as a rough approximation for
concentration, POPG was also found to have the lowest pelleting efficiency (76%), compared to
POPA and POPS (90%) (Appendix A). Thus, POPG appears to naturally form the smallest
structures in solution (231, 232). The pelleting efficiencies of POPA and POPS were
significantly increased by Co?* and Ni?*, but POPG was relatively unaffected (Appendix A),
which was expected based on the lack of size change observed in LUVs (Section 3.7.2).

3.9.2 Binding to POPA MLVs

The highly-accessible POPA lipid was considered first, and it was found that a
surprisingly large portion of Co?* was able to bind, while Ni?* also bound nearly all of the

accessible sites (Figure 39).
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Figure 39. (A,B) Binding curves and (C,D) Scatchard plots of (A,C) Co?* and (B,D) Ni?* to 50
UM POPA MLVs in 20 mM Hepes, 100 mM NaCl pH 7.4. The expected accessible lipid is
shown with a dashed red line. The point at which LUVs were found to swell is indicated by (*)

(Section 3.7.2).

The binding of Co?* surprisingly showed a pattern of positive cooperativity, in that
regions of upward and downward slopes were present in the Scatchard plot (159). It is not clear
why this occurs, but it is possible that a tighter lipid packing upon initial metal binding causes

the membrane to become favourable for further binding. Additionally, assuming a 1:1
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stoichiometry of binding, it was surprising to find that the amount of bound Co?* was twice the
expected accessible lipid. This suggests that: the amount of metal per lipid is higher, metal
preferentially associates near the pelleted MLVs (219), and/or that MLV structure is severely
disrupted upon binding, exposing more binding sites. All of these options may be possible
explanations, as DLS indicated significant changes in the size and count rate detected by the
instrument upon metal incubation. The point at which bound Co?* increased past the expected
threshold was upon incubation of 50 uM POPA with 20 uM Co?*, which is nearly equivalent to
the ratio at which significant swelling was observed in LUVs (Section 3.7.2). As well, the results
do appear to complement the Laurdan GP data overall in that the affinity of Co?* appears to be
higher than that of Ni?*.

3.9.3 Binding to POPG MLVs

Next, POPG was investigated, and the results were able to support the idea that
membrane dehydration may be involved in rigidifying effects, as Co?* was found to not
significantly bind the membrane, even when present in 3x excess, such that the binding curve

and Scatchard plot were flat (Figure 40).
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Figure 40. (A,B) Binding curves and (C,D) Scatchard plots of (A,C) Co?* and (B,D) Ni®* to 50
UM POPG MLVs in 20 mM Hepes, 100 mM NaCl pH 7.4. The expected accessible lipid is

shown with a dashed red line.

Despite rigidification observed in Laurdan GP (Section 3.4.2), it appears that Co?* does
not strongly associate with POPG, as nearly all the input Co?* was still measured in the
supernatant. It is also possible that Co-PG binding is too weak to withstand the force of
centrifugation, such that it is not measured by this assay. On the other hand, the binding of Ni%*

did fit the Scatchard plot poorly for the initial portion of the curve, showing weak binding.
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Additionally, Ni?* was apparently able to bind more lipid than was predicted to be accessible,
and even past the total lipid (50 uM) in seemingly separate events. The same reasoning for this
unexpected result may be applied as with Co?* and POPA, though in this case only minor
structural disruption was indicated in DLS (Appendix A). Therefore, this observation could
suggest that a higher concentration of Ni?* is localized near the membrane or that Ni%* is able to
bind to multiple sites on a single head group, thus causing apparent binding to exceed a 1:1 ratio.
Either way, this complements the results of Laurdan GP, which found that rigidifying effects
continued to increase past the 1:1 metal/lipid ratio (Section 3.4.2). As with POPA, the binding of
Ni2* does not appear to follow a cooperative mechanism.

The results thus suggest that the association of Co?* and Ni?* with POPG are different.
Ni2* appears to bind weakly to/around the membrane with high capacity, while Co?* may only
associate very weakly near the membrane, disrupting the water layer to cause rigidification.
Water content is important for the phase behaviour of lipid membranes, so disruption would be
expected to show effects on relative fluidity (233). A molecular dynamics simulation of a POPG
membrane has suggested that water molecules are involved in the majority of hydrogen bonds in
PG (234). Additionally, a DSC study found that the ejection of water allows for phosphate-
glycerol hydrogen bonding which is accompanied by a more rigid phase (232), supporting the
idea that removal of water may induce rigidification.

3.9.4 Binding to POPS MLVs

Next, the more complex serine head group of POPS was assessed for binding and, alike
to Ni%* with POPG, there appeared to be separate binding events occurring past an initial

saturation point, though the binding of both metals was relatively strong (Figure 41).
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Figure 41. (A,B) Binding curves and (C,D) Scatchard plots of (A,C) Co?* and (B,D) Ni®* to 50
UM POPS MLVs in 20 mM Hepes, 100 mM NaCl pH 7.4. The expected accessible lipid is
shown with a dashed red line. The point at which LUVs were found to swell is indicated by (*)

(Section 3.7.2).

The Scatchard plots for the binding of Co?* and Ni?* to POPS indicate a strong
interaction at low metal concentrations, which reaches rapid saturation following a negative
cooperativity pattern (159). This suggests that the binding of metal decreases the favourability

for further binding events, likely due to neutralization of membrane surface charge. The binding
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capacity of Ni?* to POPS was found to be greater than that of Co?*, again consistent with
Laurdan GP findings. Interestingly, the secondary binding events began to occur around the
LUV swelling point (Section 3.7.2), especially for Co?*, which suggests that structural disruption
may contribute to the secondary binding/association. Alike to POPG, the apparent bound Ni%*
was found to exceed that of the total lipid, again potentially due to greater than 1:1 binding or
association within the water layer. The stronger affinity of Co?* and Ni?* for PS over PG has
been previously demonstrated (76, 77).

3.9.5 Binding summary

There were several flaws with the assay including: differences in pelleting efficiency,
possible removal of metal by centrifugation, and the inability to distinguish binding from
“association” of metal ions with the pelleted region. However, differences between lipids and
metals were apparent and generally provided support for previous results. The approximate Kq

values and concentration of initial complex formation are given in Table 9:

Table 9. Dissociation constants (Kgq) and saturated complex concentration for MLV systems
tested using the centrifugation binding assay with 50 uM lipid in 20 mM Hepes, 100 mM NaCl
pH 7.4. K4 were determined by the inverse slope of the Scatchard plot, and [ML]saturated Was

approximated from the binding curves.

Ka (LM) [ML]saturated (LM)
System _ .
Co?* Ni2* Co?* Niz*
POPA 13.3 23.9 30 12
POPG n.d. 64.5 n.d. 10
POPS 7.1 1.1 8 15
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The results indicate that the relative binding affinity for both metals follows the trend: PS
> PA > PG, which is consistent with the strength of effect observed with Laurdan GP and
previous studies (76, 77). However, the Kq values found here suggest a much higher affinity than
the previously reported millimolar Kgq values for Co?* and Ni?* binding to PS and PG based on
zeta potential and *'P-NMR studies (76, 77). This is likely because the binding assay used in this
thesis also includes “associated” ions, which may not be directly bound. A previous ITC study
on the binding of CdCl, and HgCl, to various membranes also found millimolar Kq values (235),
aside from the binding of Hg to plasmalogens, which is in the range of 4-30 uM (85). However,
in the absence of NaCl, Cu?* has been previously reported to have incredibly high-affinity
interactions with PS, in the picomolar range with 20% PS membranes, suggesting that metal-
lipid interactions may be very strong (236).

One interesting result found in this thesis was the case of Co?* with POPG, finding that
Co?* may not associate strongly with the membrane, despite changes in membrane fluidity. This
suggests that Co?* may affect membrane hydration without significant binding/ association, but
binding may also just be disrupted in the assay by centrifugation, and thus was not observed.
There were several cases in which the apparent bound metal was greater than the accessible and,
sometimes, total lipid. The reasoning for this may be due to structural disruption of MLVs
and/or association of metal near the hydration layer of the membrane in addition to direct
binding. It is quite possible that a gradient of metal ions exists in the sample once the lipid is
pelleted, such that any small portion of supernatant is an inaccurate measure of total supernatant.

The assay requires quite a bit of improvement for further use.
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3.10 Summary of Interactions with Simple Lipid Systems

The results for a variety of simple lipid systems have supported the hypothesis that metal-
lipid interactions are electrostatic in nature, as little-to-no effects were observed with zwitterionic
lipids, but instead with negatively-charged lipids to varying extents. For both metals, the
strongest effects were observed in the liquid crystalline phase, suggesting that binding is more
favourable in a disordered membrane. It is also possible that the gel phase cannot be made more
rigid by metal binding. A summary of AGP induced by Co?* and Ni?* in the liquid crystalline

phase of various pure systems is shown in Figure 42:
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Figure 42. AGP induced by (A) Co?" and (B) Ni?* in the liquid crystalline phase of 0.3 mM:
POPA (40°C), DMPA (54°C), TOCL (45°C), TMCL (47°C), POPG (40°C), DMPG (30°C),

POPS (30°C), DMPS (42°C) in 20 mM Hepes, 100 mM NaCl pH 7.4.
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While metal concentrations were limited to a lower range because of aggregation and/or
Laurdan quenching, it is also clear that the effects of Co?* saturated in nearly every system by
150 uM metal, at half the total lipid amount used for liposome preparation. This suggests that
Co?* likely binds most of the accessible lipid on the outer leaflet of liposomes.

The effects of Ni?* were weaker overall in every system, except in POPS/DMPS in which
they were higher or comparable to Co?*. Also, in contrast to Co?*, Ni?* did not show such
rapidly-saturating effects, suggesting that Ni?* may bind with a 2:1 metal/lipid ratio, which
seems unlikely given that it is divalent. It is also possible that simply the presence of additional
Ni2* in the local environment affects the fluidity. This was also suggested in the MLV binding
data in which the apparent bound Ni?* was sometimes greater than the accessible and total lipid.

At low concentrations, the effects of both metals on DMPS were by far the greatest,
while at high concentrations, the effects on DMPG continued to increase, accompanied by the
largest Tm shifts observed. The reasoning for this may be partially due to dehydration effects,
which may account for the changes in POPG, as the binding assay suggested very weak
association by Co?* (Section 3.9.3). Ni?* also had the unusual effect of decreasing the Tm of
DMPS; the physical explanation for this is yet unclear but may be due to optimal binding
geometry.

The Laurdan GP, sizing, and binding data have suggested that PS is a strong binding target
for Co?* and Ni?*, which may be due to the high accessibility of the negative charge at the
carboxyl group. For PG and PS, both metals also caused stronger rigidifying effects with the
fully-saturated version of the lipid, which suggests that the tighter packing of the membrane
allows for greater metal interaction. This was also observed for Ni?* with CLs, but not for Co?*
which caused relatively strong effects on highly-fluid CL. Co?* and Ni?* only induced significant
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liposome size changes in PS and PA, suggesting that inter-liposome interactions are more
favourable than with PG and CL.

Overall, both metals were found to induce significant changes in all types of pure
negatively-charged membranes (187). As negatively-charged lipids are present as minor
components in all cell membranes, it is difficult to predict their involvement in specific toxic
effects, though certain lipids are highly-localized such as PG in lung surfactant (63) and CL in
mitochondria (66). Thus, it was then considered if these effects would be maintained in complex

biologically-relevant systems and what the consequence of such effects may be.
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Chapter Four: Interactions of Co?* and Ni?* with Complex Membranes

Chapter Three investigated the interactions of Co?* and Ni%* with simple lipid membranes
and showed that the metals interact with negatively-charged lipids PA, CL, PG, PS, and PI, while
interactions with zwitterionic/neutral lipids are essentially negligible. The results suggested that
PS especially is a relatively high-affinity target. While it was informative to firstly consider the
effects in pure systems, it was also of interest to test the effects on complex biologically-relevant
membranes which have minor amounts of negatively-charged lipids in varying proportions. The
presence and availability of negatively-charged lipids is often important in signaling and protein
function in the membrane. Thus, many processes may be affected by metal complexation. The
complex membranes considered in this thesis included: commercially-available polar lipid

extracts, model lung surfactant (LS), and red blood cells (RBCs).

4.1 Effects of Co?* and Ni?* on the Fluidity of Polar Lipid Extracts

The first set of complex membranes considered were liposomes composed of commercial
polar lipid extracts from Avanti Polar Lipids (Alabaster, AL). The melting curves of the Brain,

Heart, Liver, S. cerevisiae, and E. coli polar extracts are shown in Figure 43:
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Figure 43. Laurdan GP melting curves of liposomes of Avanti Polar Lipid Extracts in 100 mM

NaCl pH 7.4.

The Brain polar extract was found to be the most rigid of the extracts, likely a result of
saturated acyl chains and cholesterol content, which was assumed to be 40% for the Ames assay
(61, 92), as this was not explicitly stated. E. coli polar extract was also considerably rigid despite
not containing sterols. This may instead be due to hydrogen bonding between PE and PG head
groups, leading to a more rigid membrane (202, 203). The melting curves of Liver and S.
cerevisiae polar extracts were quite similar despite large differences in composition, which
suggests that membrane fluidity is not a sensitive indicator of compositional difference for
complex membranes. The curves are all comparable to previous work in this lab (237, 238),
though minor deviations (AGP of ~0.05) may indicate slight degradation of stock lipids. Based

on the results with simple systems, which showed greater metal effects on the liquid crystalline
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phase, it was expected that the more fluid systems may be more easily impacted by Co?* and
Ni2*. In addition to intrinsic fluidity, it is also necessary to consider the amount and nature of

negatively-charged lipids, which are summarized in Table 10:

Table 10. Approximate molar percent negatively-charged lipid and major negative lipid

component in each extract, as indicated in compositions of Avanti Polar Lipid extracts.

Polar Extract % ldentified negative Main negative lipid
Brain 13.3 PS
Heart 1.8 CL
Liver 8.1 Pl
S. cerevisiae 24.6 Pl
E. coli 28.6 PG

The E. coli polar extract was expected to contain the greatest proportion of negatively-
charged lipid, but the major species are PG, followed by CL (Section 2.5.1), which were
identified as weaker targets, so effects were not expected to be strong. On the other hand, Brain,
Liver, and S. cerevisiae polar extracts were expected to contain a larger proportion of high-
affinity targets PS and PI. Lastly, Heart polar extract was reported as containing only a very
small amount of negatively-charged lipid, with CL as the major species, though a substantial
portion was also reported as unknown. Thus, the least effects were expected for Heart polar
extract and the greatest effects for S. cerevisiae polar extract based on composition alone. As
aggregation and Laurdan quenching were not found to be a problem in complex mixtures, metal
concentrations below (30 M), above (1.2 mM), and at the lipid concentration (300 pM) were

tested, as well as 1.2 mM of each metal to test for relative competition.
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4.1.1 Interactions of Co?* and Ni?* with Brain Polar Extract

The rigid Brain polar extract was considered first, and the effects of Co?* and Ni?* are

shown in Figure 44.
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Figure 44. Change in GP induced by (A) Co?* or (B) Ni?* in 0.3 mM Brain polar extract

liposomes in 100 mM NaCl pH 7.4.

Both Co?* and Ni?* induced significant rigidification at all concentrations and
temperatures tested. Alike to the pure lipid systems, the overall effects of Co?* were stronger
than that of Ni%*. However, the effects of Ni?* appeared to nearly saturate at 30 uM, only
increasing further at higher temperatures (30-50°C), suggesting high affinity as previously seen
for pure PS. When 1.2 mM Co?* and Ni?* are present together, the effects are the same as that of
1.2 mM Co?*, suggesting that Co?* out-competes Ni?* for the binding sites. The fact that the
effects of Co?* especially increase upon addition of excess metal suggests that the effects may

represent interactions in addition to electrostatics, as only a small portion of the membrane is
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negatively-charged (Table 10). It is possible that dehydration effects may also occur to cause
further membrane rigidification, or that the binding equilibrium requires excess metal. The effect
of 30 uM of either metal is higher than would be expected if the AGP for pure PS is multiplied
by the reported fraction of negatively-charged lipid. At 40°C, the theoretical AGP values are
0.013 for both Co?* or Ni?*, while the actual values are 0.045 and 0.030, respectively. This
suggests that there may be additional high-affinity targets present in the “unknown” fraction of
the composition, and/or that the complex mixture actually allows for more favourable metal
interaction than a pure system. A previous study tested the interactions of various metal ions on
rat neuronal membranes using electron spin resonance spectrometry and found that both Co?*
and Ni?* increased the rigidity of the membrane, as observed here (74).

4.1.2 Interactions of Co?* and Ni?* with Heart Polar Extract

Next, Heart polar extract was tested, which was assumed to show little interaction due to
the low negatively-charged lipid reported in the composition, as well as the high neutral lipid

content. The AGP caused by Co?* and Ni?* is summarized in Figure 45:
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Figure 45. Change in GP induced by (A) Co?* or (B) Ni?* in 0.3 mM Heart polar extract

liposomes in 100 mM NaCl pH 7.4.

Given the composition, the effects of Co?* and Ni?* on Heart polar extract were
uncharacteristically strong, as only ~2% of the molar composition was reported as negatively-
charged. In contrast to the effects with Brain polar extract, the effects of 1.2 mM Co?" and Ni?*
together were generally slightly lower than with Co?" alone. Again, the lack of saturation
suggests that Co?* and Ni?* may also dehydrate the membrane or require excess metal to cause
effects past the 1:1 metal/lipid ratio. However, the effects of 30 uM Co?* and Ni?* (AGP of 0.020
and 0.003 at 40°C) are lower than with Brain polar extract (AGP of 0.045 and 0.030 at 40°C),
presumably due to a low amount of high-affinity binding targets like PS.

A surprisingly large effect on Heart polar extract has also been previously seen with Cd?*
(237). The Avanti lipid profile reports a portion of “unknown” lipid which was previously shown
to have a negative zeta potential and was characterized by TLC using a reagent for phospholipid
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visualization (Section 2.6.1.1) (237). The unknown spot was stained blue, demonstrating that it is
a phospholipid, and it ran to the same location as PG (237). The fact that there may be
unreported negative charge present as PG/degraded CL helps to partly explain the very strong
effects observed with Co?* and Ni?*. Pure DMPG was found to be very strongly rigidified by
both metals, even though PG was found to be a weaker binding target compared to PS and PA.
PS was also not reported in the composition but was indicated by TLC, thus it may also be part
of the “unknown” content contributing to negatively-charged lipid. The neutral lipid content also
appears to contain free fatty acids (237), which would carry a negative charge at pH 7.4. (239).

4.1.3 Interactions of Co%* and Ni?* with Liver Polar Extract

Next, the Liver polar extract was tested, and the effects are shown in Figure 46:
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Figure 46. Change in GP induced by (A) Co?* or (B) Ni?* in 0.3 mM Liver polar extract

liposomes in 100 mM NaCl pH 7.4.
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The pattern observed in the interactions was similar to the Brain polar extract, especially
considering that the effects of Co?" increased past the 1:1 ratio, while the effects of Ni?* were
again essentially saturated by 30 uM. This is fully expected if the amount of exposed negative
lipid is completely bound by Ni?*, which again suggests that Co?* may induce dehydrating
effects or requires excess metal to reach equilibrium. The interactions at 30 uM (AGP of 0.034
and 0.029 at 40°C) were again greater than with Heart polar extract (AGP of 0.020 and 0.003 at
40°C), likely due to the presence of PI, presumed to be a high-affinity target. When 1.2 mM of
each Co?" and Ni?* were present together, the effects were either unchanged or slightly higher
than 1.2 mM Co?* alone, which, like with Brain polar extract, suggests that Co?* is dominant in
binding.

4.1.4 Interactions of Co?* and Ni?* with S. cerevisiae Polar Extract
Next, polar extract of S. cerevisiae was tested, which was expected to be the most

greatly-affected extract due to the high PI content. The results are shown in Figure 47:
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Figure 47. Change in GP induced by (A) Co?* or (B) Ni?*in 0.3 mM S. cerevisiae polar extract

liposomes in 100 mM NaCl pH 7.4.

The effects on S. cerevisiae polar extract were not dramatically higher than Brain or
Liver polar extracts at low concentrations, and certainly did not increase to the extent seen in
Heart polar extract with high Co?" concentrations. Thus, predicting effects appears to be more
complicated than simply considering composition, as there are likely factors dealing with the
packing of the complex membrane as a whole. One of the more interesting things which
occurred, was that in the presence of 1.2 mM Co?* and Ni?*, the effects decreased relative to 1.2
mM Co?" alone, suggesting that Ni?* could out-compete Co?* for binding sites. The targeted head
group is not clear, but may be the fraction of PS, as Ni* was determined to have stronger
binding affinity than Co?* to POPS (Section 3.9.4) (76). A reason for why this may not have
occurred in Brain polar extract could be due to the inherent fluidity of the membrane, as the

Brain polar extract was much more rigid than the S. cerevisiae extract (Figure 43). It is possible
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that Ni%* is only able to out-compete Co?* in a sufficiently fluid membrane. This could be
supported by the pure systems too, in that Ni?* could affect POPS, but not DMPS, to a greater
extent than Co?* (Section 3.5.2).

4.1.5 Interactions of Co?* and Ni?* with E. coli Polar Extract

Lastly, the E. coli extract was tested, which contained the greatest fraction of negatively-

charged lipid. The results are shown in Figure 48:
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Figure 48. Change in GP induced by (A) Co?* or (B) Ni?* in 0.3 mM E. coli polar extract

liposomes in 100 mM NaCl pH 7.4.

The effects on E. coli polar extract highlight the importance of the nature of the negatively-
charged lipids, in that despite having the highest fraction of negative lipid, the effects were the
weakest of the extracts. This is consistent with the finding that PG and CL were the weaker
binding targets compared to PS and PA. Additionally, considerable hydrogen bonding within the

bacterial lipids may shield head groups for interaction (202, 203). In contrast to the other

105



systems, 30 UM metal induced little-to-no change in GP, suggesting much lower affinity than
observed with other extracts. However, effects did continue to increase with higher
concentrations, again suggesting that membrane dehydration or binding equilibrium plays a role.
In a heterogenous membrane, inter-head group interactions will take place including
electrostatics and hydrogen bonding which may influence the local membrane hydration (240).
The effects of 1.2 mM Co?* and Ni?* together were slightly higher than Co?* alone at high
temperatures (40-50°C), suggesting that Ni?* affects the membrane in addition to Co?*.

4.1.6 Comparison of Polar Extracts

Overall, predicting effects based on composition alone were found to show some
consistency, but there were also unexpected cases. If not for the uncharacteristically large effects
of Co?* on Heart polar extract, the prediction that S. cerevisiae extract would be most-affected,
and E. coli extract would be weakly-affected generally holds. The effects of Co?* and Ni?* on the
different extracts increased with metal concentration as well as temperature. A summary of Co?*

and Ni?* effects near physiological temperature (40°C) are shown in Figure 49:
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NaCl pH 7.4.

107




At low concentrations, the effects on PS/PI-based systems (Brain, Liver, S. cerevisiae) are
greatest, which is to be expected as these contain accessible, high-affinity targets. There did not
appear to be an overall trend based on inherent fluidity of the whole membrane (Figure 43),
suggesting that local packing and composition may be more important. The effects on the PS/PI-
based systems generally follow similar patterns despite differences in amounts of negatively-
charged lipid and inherent membrane fluidity. This suggests that even though S. cerevisiae
extract contains much more P1 than the others, the membrane packing may be relatively less
favourable for binding. The P1 of S. cerevisiae is different from the PI of mammalian cells in that
sphingolipids in yeast also contain a Pl head group, making it a structural lipid (141). Although,
yeast do contain polyphosphorylated signaling Pl as well (141). The major acyl chains present in
S. cerevisiae are 16 and 18 C with one or no double bonds (141, 146), while Brain membranes
generally contain longer-chained species with 18-22 C (241), and Liver membranes mainly
contain 16, 18, and 20 C (60). The tighter packing expected in Brain and Liver extracts may
allow for slightly stronger effects. Thus, this may compensate for the lesser amount of
negatively-charged lipid compared to S. cerevisiae, as Co?* and Ni?* both showed greater effects
on saturated vs. unsaturated PS. As well, at low concentrations the effects of Co?* and Ni?* are
relatively similar, which may again be expected based on the comparable results for low metal
concentrations with pure PS.

One characteristic which was quite different from pure systems was the saturating effect in
PS/Pl-based systems, as Co?* was found to have large effects above 30 pM, while the effects of
Ni2* only increased slightly above 30 pM. Based on the pure systems, it would have been
expected that the effects of Co?" would saturate instead. This suggests that the favourability of
metal association with the membrane surface is different for a complex membrane. It has been
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previously shown that ions such as Cu?*, Be?*, and Zn?" significantly dehydrate POPC (219).
Although Co?* and Ni?* were unable to affect pure POPC, it is possible that the heterogeneity of
a complex membrane surface allows the metals to affect zwitterionic lipid head groups that
otherwise would not be bound, leading to effects that were not predicted from pure systems
alone. Additionally, the heterogeneity of the membrane likely results in packing defects (242)
that may make complexation with negatively-charged head groups even more favourable.

The relative effects of Co?* and Ni?* on the fluidity of complex membranes were found to
be higher than that shown for CdCl2 and HgCl: in a previous study (237), and comparable or
higher to that of Pb(NOz3). (90). However, while the heavy metals were also able to induce
changes in size of some of the polar extract liposomes (237, 238), Co?* and Ni?* were found to
induce little-to-no change in the sizes or aggregation of any systems when 100 mM NaCl was
present (Appendix B). This may suggest that the intra-liposome interactions are stronger than
inter-liposome interactions, schematically represented in Figure 50.
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Figure 50. Schematic of intra-liposome interactions of Co?* and Ni%* compared to potential

inter-liposome interactions of heavy metals such as Cd?*.
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The differences among these metals may be due to many factors including the
size/electronegativity (Figure 2) (42, 43), complexation geometry (41), and speciation, as CdCl»
and Pb(NOs). speciate mainly into MCI*, while HgCl. speciates into HgCl» (35%), HgCls’
(30%), HgCl4? (35%) (32) and does not interact with negatively-charged lipids, but instead
targets plasmalogens (83, 85).

Overall, the induction of significant rigidifying effects in various complex membranes with
low concentrations of Co?* and Ni?* suggests that these interactions may have some biological
relevance. Considering various extracts is interesting to contrast compositional factors, but in
terms of toxicity, it appears that membranes enriched in PS/PI lipids may be susceptible to direct
Co?* and Ni?* binding, even when metals are present at low concentrations. The effects on Brain
polar extract may have implications for neurotoxicity of Co?* and Ni?*. Both metals have been
found to cause neurotoxic symptoms, though the mechanisms of this are unclear and may be due
to reactive oxygen species, mitochondrial dysfunction, and genetic damage (18, 20).
Additionally, Co?* is known for its specific effects on the heart, resulting in cardiomyopathy (1).
It is possible that a mechanism of this toxic effect stems from binding and disruption to the

function of heart/mitochondrial membrane lipids.

4.2 Lipid Peroxidation of Heart Polar Extract
4.2.1 Background on lipid peroxidation via Fenton chemistry

It is well-understood that lipid peroxidation in vivo is a mechanism by which Co?" and Ni?*
can exert damage to cell membranes (13, 46, 48). It is also understood that Co?* and Ni?* can
undergo Fenton-like redox chemistry alike to Fe?* (44, 81). However, many in vitro studies show

contradictory results as to whether or not Co?* and Ni?* themselves undergo Fenton reactions to
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stimulate lipid peroxidation (78, 79, 81, 82). This suggests that reaction conditions matter greatly
when making this assessment in vitro and then extending to in vivo consequences. Some of the
conditions which may promote or inhibit this reaction include: buffer composition, pH, time,
metal/H2O>/lipid/chelator ratios, and lipid composition (82, 243-245).

It has been previously found that Co?* on its own is the strongest catalyst of peroxidation
of linoleic and linolenic acid emulsions at pH 6—7 compared to other metals (82). Ni?*, on the
other hand, appears to only be strongly active when chelated by peptides such as carnosine or
GSH (246).

For the following oxidation experiments, Heart polar extract (Avanti Polar Lipids,
Alabaster, AL) was chosen as a model system, as it is likely enriched in mitochondrial lipids,
which are one of the interests of this thesis. As well, it is a good model system as it is expected to
contain many polyunsaturated acyl chains such as linoleic (18:2) and arachidonic (20:4) acids
(62, 97), which undergo significant peroxidation (50). In contrast, preliminary experiments with
Yeast polar extract demonstrated little-to-no peroxidation (Appendix B), likely due to the general
lack of polyunsaturation (96).

4.2.2 TLC of oxidized lipids

Lipid oxidation was performed according to a previously-described procedure for the
oxidation of BLES by Fe?* (160). After a 24-hr oxidation period, lipids were recovered by
organic extraction (Section 2.5.2) and run by TLC for the separation of polar lipids (Section
2.6.1). It should be noted that some of the breakdown products of oxidation may have been lost
due to volatilization (247). The running location of peroxidised lipid was confirmed by a

Kl/starch spray (Appendix B). The TLC plate and spot distribution are summarized in Figure 51,
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in which the “expected” oxidized lipid in metal mixtures were calculated based on the oxidation

induced in the respective single metal treatments.
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Figure 51. (A) Polar lipid TLC of Fenton-oxidized Heart polar extract lipid under conditions of
varying metal catalyst. 1 = Control, 2 = FeCl,, 3 = CoClz, 4 = NiCl,, 5 = Fe/Co, 6 = Fe/Ni, 7 =
Co/Ni, 8 = Fe/Co/Ni. (B) Expected and measured levels of oxidation in metal mixtures. (C) Spot

distribution of lipids on TLC plate.
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The highly-oxidized lipids likely contain polar peroxides, aldehydes, and ketones which
remain at the origin, while other degradation products may have resulted in the smeared
background along the plate. These were not observed in the control which underwent the same
H>0> treatment, suggesting that auto-oxidation was not occurring. The TLC plate clearly shows
that Fe?* and Co?* alone are both able to catalyze lipid oxidation under these conditions, while
Ni2* cannot (Figure 51A, Lanes 2-4). This is potentially due to the absence of a suitable chelator
(246), suggesting that Ni?*-EDTA is not sufficiently Fenton-active. As the total metal
concentration was held constant in the single-metal and multi-metal samples, the treatments can
be directly compared (Figure 51B). This shows that Fe?* and Co?* have no activating/ inhibitory
activity towards each other but behave as expected in a mixture. In contrast, though Ni?* was not
Fenton-active under these conditions, it was able to stimulate Fe?*-catalyzed oxidation,
potentially through binding and clustering lipids (78), a mechanism which would be suggested
by the rigidifying interactions observed in this thesis (Ch 3). This occurred in both the Fe?*/Ni%*
and Fe?*/Co?*/Ni?* treatments, but quite surprisingly, Ni?* inhibited Co?*-driven oxidation when
just the two metals were present together. The reasoning for this is not clear, but potentially
suggests that Ni?* binds certain membrane targets and “protects” the membrane, as it was found
that Ni%* likely binds PS with greater affinity than Co?* (Section 3.9.4), as has been previously
reported (76). Perhaps another likely explanation is that Ni2* may disrupt the EDTA/ metal ratio
such that Co?* loses its catalytic activity. The fact that the Fe?*/Co?*/Ni%* mixture produced
levels of oxidized lipid comparable to Fe?* alone is quite astounding, as it suggests that even if
Fe?* is the only Fenton-active metal present (at 1/3™ the concentration alone), Co?* and Ni?*

stimulate the lipid peroxidation portion of the reaction.
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Another interesting observation is that the oxidized products were primarily derived from
the PE/PI, CL/PA/PG, and PS groups rather than PC (Figure 51C). It should be noted that the
percent spot distribution only considers discrete spot locations. The loss of primarily negatively-
charged lipid may indicate that the metals preferentially localize to, and exert damage at those
sites, which would also be expected based on results from simple systems (Ch 3). A previous
study has shown that membranes with a higher PE content are more susceptible to Cu?*-induced
lipid peroxidation, likely due to Cu?*-PE complexes (248). However, the specific destruction of
lipid classes through metal localization and Fenton-induced lipid peroxidation does not appear to
have been studied. CL has been identified as being susceptible to peroxidation in vivo, but this
has been attributed to the fact that most CL contains 18:2 acyl chains (249). Ideally, further
experiments should be performed with a complex mixture containing identical polyunsaturated
acyl chains to eliminate acyl chain bias. A preliminary oxidation experiment with a 1:1
POPC/POPA mixture suggested that, under conditions causing oxidation, PA is depleted to a

greater extent than PC (Appendix B), supporting this idea.

4.3 Interactions of Co?* and Ni?* with Lung Surfactant
4.3.1 Background on Lung Surfactant

Lung surfactant (LS) is a lipid and protein monolayer which coats the inner surface of the
lungs and regulates gas exchange (63). Co?* and Ni?* are both known to be specifically toxic to
the lungs (2, 21); thus LS model systems were investigated. Various models were created to
assess the importance of different lipid components on the interactions with Co?* and Ni?*. BLES

was used as the biological comparison for LS as it contains the major lipid species in addition to

114



surfactant proteins SP-B and SP-C (161). The melting curves of BLES and the LS models are

shown in Figure 52:
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Figure 52. Laurdan GP melting curves of BLES and various LSM in 20 mM Hepes, 100 mM

NaCl pH 7.4.

The melting of BLES was found to be considerably different from any of the LS mimics,
as it is more fluid and has a lower and broader transition. The fact that the compositional
variations tested with the models never resulted in a curve like BLES suggests that the melting of
BLES may be partially influenced by the surfactant proteins (SPs), though present at low
amounts (102, 250). Although this thesis used liposome models rather than biologically-accurate
monolayer models, SP-B and SP-C present in BLES have been previously observed to enhance
stability of the monolayer at the air-water interface (251). They may also have a role in
regulating the local lipid composition, by allowing lipids to selectively “squeeze” in and out of

the monolayer during compression of the film during breathing (250, 251). The lipid-protein
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interactions present in the LS monolayer likely also occur in a liposome model, such as the
proposed electrostatic association of PG with SP-B (252). SP-B has been previously found to
cause liposome destabilization and leakage in a 7:3 DPPC/ egg PG model (253), which may be
expected to influence how Co?* and Ni?* interact with the membrane. As well, the interactions of
Co?* and Ni?* with SPs alone are unknown, but they may constitute a binding target in addition
to PG and minor amounts of PI/PS.

4.3.2 Effects of Co?* and Ni?* on fluidity of BLES and LS models (LSM)

The major compositional differences in the LS models are summarized in Table 11:

Table 11. Compositional summary of LSM. The compositions were presented in detail in

Section 2.5.3.
LSM Compositional Factor
1 Contains possible minor components (63, 162): 4% PE, 2% PI, 3% PS, 2% SM
2 Only DPPC/PG and POPC/PG*
3 LSM 2 + Additional acyl chain complexity in PC and PG*
4 LSM 2 + 2% Pl and 1% PS*

*based on Postle et al. (2001) (101)

The effects of Co?* and Ni?* on BLES and various LS models were tested and the AGP
results are summarized over the relevant physiological temperature range for Co?* and Ni%*
below (30 uM), at (300 puM), and above (1.2 mM) lipid concentration (Figure 53-Figure 55).
Significant difference is assessed between BLES and the various models to determine which
model is the least-different and therefore able to most accurately predict the metal effects on

biological LS.
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Figure 53. Change in GP induced by 30 pM (A) Co?* or (B) Ni?* in 0.3 mM liposomes of BLES

or LSM in 20 mM Hepes, 100 mM NaCl pH 7.4 at 30-45°C.

Firstly, at 30 uM, neither Co®* nor Ni?* was able to induce considerable effects in BLES
or various LSM, likely because the membranes are quite rigid, and the major lipid target present
is PG, which appears to be a relatively weak binding target. However, in LSM 1, the metal
effects are greater than in BLES, even significantly so with Ni?*. This suggests that the minor
lipid content in LSM 1 may be too high to be an accurate model for this application. On the other
hand, LSM 2, which contained only major PC/PG species showed absolutely no effect,
suggesting that this is also not a good model for this application. The effects of both LSM 3 and
4, which contained PC/PG with more complex acyl chains, or minor amounts of PS/PI, were

both very comparable to BLES. The results with 300 uM metal are shown in Figure 54:
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Figure 54. Change in GP induced by 300 uM (A) Co?" or (B) Ni?* in 0.3 mM liposomes of

BLES or LSM in 20 mM Hepes, 100 mM NaCl pH 7.4.

At a 1:1 metal/lipid ratio, it is clear that the effects of Co?* are much stronger than that of
Ni2* on BLES and all LSM. Again, LSM 2 (simple PC/PG model) proved to be the worst model
compared to BLES, while LSM 1 again showed greater effects than BLES with Ni?*. The
suitability of either the complex acyl chain model or the minor PI/PS model still held well at this
metal concentration, except for at 30°C with Co?*, at which all of the models significantly under-
predicted the interaction. This was also observed at temperatures below 30°C, possibly because
the models are all too tightly packed to allow for Co?* binding. Lastly, the effects of excess metal

were considered.
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Figure 55. Change in GP induced by 1.2 mM (A) Co?* or (B) Ni?* in 0.3 mM liposomes of

BLES or LSM in 20 mM Hepes, 100 mM NaCl pH 7.4.

When Co?" is present in excess at 1.2 mM, the effects on BLES far surpass any of the
models created. This suggests that: Co?" interacts much more favourably with BLES because of
its inherent fluidity and compositional differences, and/or that Co?* interacts with SP-B or SP-C
to cause additional rigidifiying effects. Along with that, it is also likely that the presence of SPs
affects the local packing and sorting of lipids (252, 253), leading to more favourable metal
binding sites. As far as the models go, LSM 4 (PI/PS model) was the best at predicting effects.
The effects of Ni?*, on the other hand, remained relatively well-predicted by either LSM 1, 3 or
4, with LSM 2 falling short again.

4.3.3 Discussion on lung surfactant

While the effects observed in the bilayer models were interesting to compare

compositional differences, it should be noted that effects may be different in a monolayer model
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in which there is no curvature to the surface of the film. Yet, in testing various LS models, it
became clear that a simple PC/PG model was a poor mimic for BLES in this application, as the
simple composition lead to much lower metal-induced AGP values than with BLES. In contrast,
the presence of more complex acyl chains (LSM 3) or minor amounts of high-affinity binding
targets (LSM 4) resulted in AGP values more similar to that observed in BLES. It was somewhat
surprising to find that a more complex packing arrangement in LSM 3 was sufficient to allow
greater effects than on the simple PC/PG model. Yet, this agrees with Laurdan GP data with pure
PG liposomes, which found a massive contrast in effects between POPG and DMPG (Section
3.4.2). Thus, this suggests that membrane packing is very important in allowing for metal-PG
interactions, and a change in acyl chains may allow this to occur. Additionally, the LSM 1,
which contained minor lipid components and less DPPC was again not as suitable, as it over-
predicted the effects at lower metal concentrations. However, even though LSM 3 and 4 were the
better models, the mechanism by which the metals exert their effects in the models versus BLES
may be quite different, as the melting curve of BLES was far different from any of the models.
Based on the strong effects of 1.2 mM Co?* on BLES, it is quite possible that SPs also play a role
in metal interaction, which is not observed in the lipid models. To my knowledge, there are no
known interactions of Co?* and Ni?" with SP-B and SP-C, but it has been observed that Ba, Ti,
and Cs oxide nanoparticles interact with SP-A (254).

A previous study on exposure of rabbits to inhaled CoCl, and NiCl found that the metals
stimulated an increase in phospholipids, specifically in DPPC, and that the combined effect of
both metals was greater-than-additive (105). This effect is likely not a result of direct membrane-
metal interactions, but rather appears to be due to effects on type Il alveolar cells which produce
surfactant (105). The results from this thesis suggest that the metals may also have direct
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interactions with LS itself, potentially altering the properties and thus the function. Complexation
of PG by Co?* and Ni?* may have serious consequences, as the absence of PG in LS has been
associated with respiratory distress syndrome (255). PG is thought to be involved in modulating
the spreading of the monolayer (256), associating with SP-B (252), and may also be involved in
immunity function (257). The effects of Co?* and Ni?* on more complex LS monolayer models,

including interactions with SPs would be of interest for future study.

4.4 Interactions of Co?* and Ni?* with Whole Rabbit RBCs

Red blood cells (RBCs) were considered as another complex target membrane, as soluble
Co?* and Ni?* are transported in the bloodstream, and levels may be elevated in patients with
surgical metal implants (8). Co?* and Ni?* are known to induce a hypoxic stress response, thus
stimulating the production of RBCs (4, 23), but the involvement of direct damage to RBCs
pertaining to Co?* and Ni?* toxicity is not well-understood. It has been found that Co?* and Ni?*
both bind to hemoglobin (Hb) in some capacity (36, 37).

4.4.1 Effects of Co?* and Ni?* on RBC shape

It has been previously reported that 1 mM Ni?* stimulates the formation of echinocytes in
human RBCs (113) and that metallic Co and Ni particles, but not ions, are strongly hemolytic
compared to other metals (258). Additionally, it has been observed that Co?* and Ni?* induce
changes in the Rayleigh scattering of RBCs upon cell entry, suggesting shape changes (112). The
morphology of rabbit RBCs in Krebs-Ringer bicarbonate buffer was monitored over time upon

incubation with 1 mM metal:
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Figure 56. Images of rabbit RBCs in Krebs-Ringer bicarbonate buffer at pH 7.4 at 1000x

magnification after incubation at 37°C after 10 and 40 min.

Upon treatment with 1 mM Co?* or Ni?*, the RBC membranes began to show small spiny
defects within 10 mins, which were not present in the control. After 40 mins these spiny
protrusions became very well-defined, especially for Ni?*-treated cells. Unfortunately, the
control cells did not appear to be very stable during this treatment, as some of the cells became
smaller over time. Yet, the shape changes in the metal-treated cells were quite dramatic and
suggest that Co?* and Ni%* may associate with the membrane. The shapes of the Co?* and Ni?*-
treated cells were not identical, which may indicate different mechanisms or interactions.

Echinocyte formation has been observed for ions such as Ni?* (113), Cd?* (84, 237), Cu®*
(259), and Mn?* (260). However, echinocyte formation appears to be triggered by a relatively

wide array of mechanisms, including Mg?*-depletion (261) or change in membrane potential
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(262). Another possibility is the uneven association of metals/drugs with a single leaflet of the
membrane, producing deformational strain (263). The formation of echinocytes would be
predicted to occur with outer leaflet-association, while stomatocytes form with inner leaflet-
association (89, 263). The association of Co?* with lipids of the outer leaflet is certainly a
possible explanation, as a previous study with Laurdan indicated that Co?*, but not other metals
including Ni?*, was able to induce membrane rigidification of RBCs prior to the addition of an
ionophore (112). However, there is very little negatively-charged lipid present on the outer
leaflet of RBC membranes (59, 111), which may suggest that metal-membrane protein
interaction also occurs. Pl lipids constitute a very minor component (~3%) of RBC membranes,
and previous study has suggested that 20% of Pl is localized to the outer leaflet (264). Thus, it is
possible that association with minor amounts of Pl may have an effect (Section 3.6.2).

4.4.2 Effects of Co?* and Ni?* on membrane integrity using absorbance release assay

The ability of Co?* and Ni?* to disrupt RBC membranes and release cell components was
tested by incubation with metal for 8 hrs, followed by pelleting and measuring absorbance of the
supernatant. Complete release was induced by treatment with the detergent Triton X-100. This
experiment was only performed in one replicate due to possible degradation of the blood sample

over time. The absorbance spectra are shown in Figure 57:
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Figure 57. Absorbance spectra of supernatants from RBCs in Krebs-Ringer bicarbonate buffer

pH 7.4 under various treatments for 8 hrs at 37°C.

Compared to the total possible release, the change in absorbance of the supernatant
induced by the metals was very small, yet all treatments showed some effect. The percent release
according to the absorbance of the Soret peak of Hb are given in Table 12:

Table 12. Percent change in absorbance of RBC supernatant at 415 nm under various treatments.

Treatment % Increase
1 mM Co 3.1
1 mM Ni 3.8
0.5mM Co 11
0.5 mM Ni 2.6
0.5 mM Co/Ni 5.4
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The metal treatments caused a minor release of cell components, which increases with
metal concentration. The rate at which this release occurs was not measured but is of interest for
future study. Ni%* appears slightly more potent, while the effects of Co?* and Ni?* together are
greater-than-additive. This is consistent with the idea that the metals interact with RBCs slightly
differently according to the shape changes observed and previous study (112), such that they do
not overlap for binding targets. This experiment should be repeated with a fresh blood sample.

4.4.3 Investigating Co?* and Ni%* permeabilization of RBC models using calcein leakage

A previous paper reported specific rigidifying effects of Co?* on RBCs prior to ionophore
addition (112), yet the mechanism by which this occurred was not known. It was thus considered
that either: Co?* interacts with the outer leaflet of the membrane (lipid or protein) or that Co?*
crosses the membrane on its own to interact with high-affinity targets like PS. The ability of Co?*
and Ni2* to permeabilize liposomes was tested by an adapted Calcein encapsulation and leakage
assay detailed in Section 2.4.2, as Co?* and Ni?* are effective quenchers of Calcein (157).
Liposomes composed of PC, 85:15 PC/PS, and 50:15:35 PC/PS/Chol (molar ratios) were tested
as simple RBC models. It should be noted that this assay cannot confirm if metals permeabilize
the membrane to release Calcein, or if the metals cross the membrane to quench Calcein. The

effects on POPC are shown in Figure 58:
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Figure 58. % Fluorescence intensity remaining of encapsulated Calcein in 0.15 mM POPC
liposomes in 20 mM Hepes, 100 mM NaCl pH 7.4 upon injection of Co?* or Ni?* in 2 min

increments.

The significantly steeper slope observed in the Co?" curve suggests a slight
permeabilization of POPC, leading to ~8% intensity loss, despite a lack of interactions observed
in the Laurdan GP data (Section 3.1.2). The initial large drop (30%) in intensity was assumed to
be due to the quenching of any remaining external free Calcein in solution. However, it is also
possible that this overlaps with an initial permeabilization event, which does not largely increase
in effect with further metal addition. There were significant dilution/ photobleaching/ leakage
effects occurring even in the control, as seen by the loss of 20% intensity by the end. It is
possible that the metals have very weak association with PC that disrupts the membrane slightly

to release some Calcein without affecting overall fluidity (Section 3.1.2). 85:15 POPC/POPS
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liposomes were tested next to see if the presence of a high-affinity binding target at a relevant
ratio for RBCs (59) would allow for significant membrane disruption. It should be noted that
these liposomes are symmetric, and thus not a true representation of the asymmetric RBC

membrane in which very little PS would be accessible (59, 111). The results are in Figure 59:
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Figure 59. % Fluorescence intensity remaining of encapsulated Calcein in 0.15 mM 85:15
POPC/POPS liposomes in 20 mM Hepes, 100 mM NaCl pH 7.4 upon injection of Co®* or Ni?* in

2 min increments.

In contrast to pure POPC, the presence of just 15% PS (~7.5% accessible) lead to nearly
complete quenching of Calcein by Co?*, suggesting major membrane disruption. Again, it is not
distinguishable whether this is due to leakage of Calcein from the liposome or permeation of
Co?* into the liposome. A previous study on liposome permeation by Co?* used NBD-PE

(nitrobenzoxadiaole-PE), which is a fluorescent lipid (265). They found that Co?* was able to
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quench all NBD in 1:1 PE/PS liposomes, suggesting that Co?* itself passes through the bilayer
(265). However, this was only observed in small unilamellar vesicles (20—-30 nm diameter)
which have tight curvature which may allow for easier metal ion penetration (265). This suggests
that a Co?*-PS complex may create an ion passage in highly-strained membranes, as Co?* was
unable to pass into similar 1:1 PC-PE vesicles (265). The present results are fairly interesting in
combination with these previous findings (112, 265), yet the effect still depends on the
accessibility of PS to Co?*. On the other hand, the effects of Ni?* were again insignificant,
though the large initial drop in intensity (30%) was observed as in POPC and suggests that some
leakage may occur. To further improve the RBC model, Chol was added to make 50:15:35

POPC/POPS/Chol liposomes. The results are shown in Figure 60:
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Figure 60. % Fluorescence intensity remaining of encapsulated Calcein in 0.15 mM 50:15:35
POPC/POPS/Chol liposomes in 20 mM Hepes, 100 mM NaCl pH 7.4 upon injection of Co?* or

NiZ* in 2 min increments.
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The presence of Chol significantly reduces the effect of Co?*, though the slightly steeper
slope indicates that some leakage may still be occurring (~5%). The slope of the Ni%* curve, on
the other hand, was clearly not different from that of the control. However, one interesting
feature of these curves compared to the others, is that the initial quenching drop is not as large
(only <20%). This may provide support for the idea that the initial drop observed in POPC and
85:15 POPC/POPS for both metals is partially a rapid permeabilization event, as the curves show
a change in slope following the initial injection which is not observed when Chol is present
(Figure 58—Figure 60). Thus, it seems that both Co?* and Ni?* may permeabilize non-Chol
containing membranes upon immediate addition. Chol has been previously found to reduce
membrane-permeabilizing effects of HgCl2 (266), Rb* (267), as well as isolated serum
components (268), so it is unsurprising to observe this protective effect. The permeabilizing
ability of Co?* on more complex membranes including PI (264), are of interest for further study.

4.4 .4 Discussion on whole RBCs

The effects of Co?* and Ni?* on whole blood cells have shown that both metals induce
echinocyte formation and disrupt cell membranes releasing Hb. It was hypothesized that Co?*
may have a direct membrane-disrupting mechanism, as it has been previously shown to have
strong rigidifying effects prior to artificially-induced cell permeabilization, in contrast to 7 other
divalent metals including Ni?* (112). The Calcein leakage assay showed that the presence of PS
allows for major leakage of liposome contents by Co?*, possibly slightly so with Chol present.
Both Co?* and Ni?* are expected to interact primarily with the inner leaflet of the membrane,
where PS is mostly located (59, 111), but they may also interact with membrane proteins on
either side. Thus, a potential pathway for Co?* may follow: initial transport of Co?* into RBCs

(36), followed by complexation with PS causing rigidification (112), and possibly
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permeabilization (Figure 60), releasing Hb. Although, echinocyte formation still suggests
primarily outer leaflet association (263). The pathway of Ni?* in vivo may not involve metal-lipid
induced permeabilization, as Ni?* was not found to have permeabilizing effects in Chol-
containing membranes (Figure 60). However, it is possible that Ni?* interacts more with outer-
leaflet membrane proteins, causing echinocyte formation (Figure 56) (113, 263), and release of
cell components (Figure 57). The results have suggested that Co?* and Ni?* both have

interactions and effects on whole RBC membranes, which warrant further study.

4.5 Interactions of Co?* and Ni?* with Rabbit Blood Lipid Extract

The lipids from rabbit RBCs were isolated to form liposomes to observe the direct metal-
lipid interactions, which may occur. TLC identified the major lipid components including a large

fraction of Chol (Figure 61):

Chol —» ‘

PE —»

PS —»

PC/SM —»

i
Figure 61. Polar lipid TLC of rabbit RBC extract visualized by 2% H>SO4 and charring. PC =
phosphatidyl-choline, SM = sphingomyelin, PS = phosphatidylserine, PE =
phosphatidylethanolamine, Chol = cholesterol.
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4.5.1 Effects of Co?* and Ni?* on RBC extract membrane fluidity

The RBC lipid extract was found to be very rigid, as it maintained a GP above zero even
at 50°C. Additionally, the melting of the RBC extract in the presence of GSH and BSA was
measured, as these biomolecules would be expected to be near to or contact the cell membrane.

The curves are shown in Figure 62:
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Figure 62. Laurdan GP melting curves of 0.3 mM Rabbit RBC extract liposomes in 20 mM

Hepes, 100 mM NaCl pH 7.4 in the presence of 300 uM GSH or 5 uM BSA.

GSH at a 1:1 molar ratio did not affect the melting of RBC extract, but even a very low
concentration of BSA (1:60 molar ratio) did cause changes to the melting. This suggests that
BSA interacts with the membrane (269). The effects of Co?* and Ni?* on rabbit RBC extract are

shown in Figure 63:
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Figure 63. Change in GP induced by (A) Co?* or (B) Ni?*in 0.3 mM rabbit RBC extract

liposomes in 20 mM Hepes, 100 mM NaCl pH 7.4.

The trends in effects observed are similar to that seen with Brain and Liver polar extracts
(Section 4.1) in that the effects of Co?* continue to increase with concentration and temperature,
while the effects of Ni%* saturate near 30 pM. This suggests that interaction likely occurs with
similar high-affinity targets, PS and PI, which are expected to be the main targets in RBC lipids
(59, 108). Interestingly, as observed with S. cerevisiae polar extract, the combined effects of 1.2
mM Co?" and Ni?* are lower than that of 1.2 mM Co?* alone, which suggests that Ni%* out-
competes for some of the binding targets, likely PS (76), as the effects were found to be
similar/greater in pure PS (Section 3.5.2). The effects of Co?* and Ni?* on RBC extract are
overall lower than in comparison to the Avanti Polar Extracts. The absorbance spectrum of the

RBC extract indicated slight protein contamination, so it is possible that membrane protein
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present may out-compete the lipids for metal binding, thus resulting in a lower overall effect.
The RBC extract was also very rigid (Figure 62) and thus may have been less favourable to bind.

4.5.2 Effects of Co?* and Ni?* on RBC extract membrane fluidity in the presence of
glutathione or BSA

It was then considered whether the presence of GSH or BSA would affect the binding of
Co?* or Ni?* to the membrane, as these could be considered relevant competition for binding

inside (GSH) or outside (BSA) of the cell. The effects are summarized in Figure 64:
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Figure 64. Change in GP induced by 300 uM (A) Co?* or (B) Ni?* in 0.3 mM rabbit RBC extract
liposomes in 20 mM Hepes, 100 mM NaCl pH 7.4 in the presence of 300 uM GSH or 5 uM

BSA.

The presence of 1:1 GSH to metal was found to significantly decrease the effects of Co?*
at higher temperatures (>40°C) but not affect the interactions of Ni%*. This suggests that overall,

the affinity of the metals for the membrane is higher than for GSH. However, GSH complexation
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may affect the speciation of Co?* and Ni?*, such that other lipids become targets leading to a
“hidden” rigidifying effect.

In contrast, very low concentrations of BSA (1:60 molar ratio) lead to a significant
decrease in metal effect, suggesting that the affinity of the metals for BSA is higher than for the
membrane. HSA has been previously reported by isothermal titration calorimetry (ITC) to have
three metal binding sites with Kq’s 11, 90, and 111 uM for Co?* (35) and 0.15 and 12.5 for Ni?*,
while Ni?* does not bind the third site (107). Based on the PS Kg’s determined in this study, it
would not be expected that BSA could so decisively out-compete for binding when present at
such a low concentration but may suggest metal is associated with BSA aside from the three
binding sites. However, this is also likely due to the MLV binding assay reporting all weak
association, while ITC is better at reporting tight binding, such that the metal-lipid binding
constants determined in this thesis are likely inaccurate. Still, if Co?* and Ni?* were able to bind
all 3 binding sites, this would only complex 15 uM of metal, leaving more than enough to bind
the rest of the negatively-charged lipids. So, this suggests that the metals may weakly associate
with BSA at many sites, such that the effects on the membrane are very reduced. However, in a
45:40:15 POPC/Chol/POPS system (not shown), 5 uM BSA was not as effective in decreasing
the effect of 300 uM Co?* or Ni?*. It may be that the association of BSA itself with the RBC
extract was different from the simple model. Perhaps BSA does not interact as closely with the
RBC extract, such that bound metal is also further from the membrane and cannot exert an effect.
Overall, it does appear that BSA is a very strong competitor for metal binding and would likely
decrease the metal uptake into cells. Yet, the fact that the effect of GSH was so minimal may

indicate that once inside the cell, the metals may be freer. However, it should be noted there are
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many intracellular peptides/ proteins which were not tested that may complex Co?* and Ni%*
instead, potentially altering their effective speciation or availability.

4.5.2.1 Screening for effects of glutathione

It was suspected that interaction with GSH may affect the speciation of Co?* and Ni?*,
such that the lipid targets may either be bound weaker or entirely differently. VVarious systems
including: POPS, 50:50 POPC/POPS, 85:15 POPC/POPS, and 45:40:15 POPC/Chol/POPS were
tested with 300 UM GSH and it was found that GSH never altered the effect of 300 uM Co?* or
Ni2* on the membrane (Appendix B). Thus, it appears that GSH does not lead to a “hidden”
effect by altering speciation. However, this suggests that the slight decrease in Co?* effect
observed in the RBC extract with GSH may be due to how the metal associates with the complex
membrane, or due to the presence of membrane proteins, as the effect was not produced in any
model system. In contrast, the same side experiments with Cd (CdCI* and Cd?*) and Hg (HgCls
and HgCl+?) showed that the effect of CdCI*/Cd?* on POPS is reduced when GSH is present,
while the effect of HgCls/HgCls> on 85:15 POPC/POPS is greatly increased when GSH is
present (Appendix B). This suggests that GSH complexation affects the charge of the polarizable
heavy metals Hg and Cd species such that their affinity for different lipid targets changes.
However, GSH seems to be a weak competitor for the transition metals Co?* and Ni?* compared
to the lipid membrane. These results give additional support to the idea of lipids as a biologically
relevant binding target for metals, and that other biomolecules in the system may dramatically

change how they affect the membrane.
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Chapter Five: Effects of Co?* and Ni?* on Respiration and Lipid Content of S. cerevisiae

Chapters Three and Four demonstrated that Co?* and Ni®* have significant direct
interactions with lipid membranes in simple and complex systems. The interactions depend on
the presence and identity of negatively-charged head groups but are also affected by acyl chain
packing. The fact that low concentrations of Co?* and Ni?* can exert substantial changes to
complex membranes in vitro warrants further study on interactions and effects in vivo. It has
been previously suggested that one major effect of metal-lipid clustering interactions is the
augmentation of lipid peroxidation reactions (78, 81). Thus, it was of interest to study metal
toxicity in a simple in vivo system. Saccharomyces cerevisiae was employed as a model
organism as it is eukaryotic and easily manipulated. One of the major differences to mammalian
cells is its preferential usage of the fermentation pathway to generate energy (118).

In S. cerevisiae, excess Co?" and Ni?* is generally stored and detoxified in the vacuole,
somewhat comparable to a lysosome (121, 128, 131, 270). However, Co?* has also been found to
localize to the yeast mitochondria (131, 140). It is thus possible that yeast preferentially allow
damage to their superfluous respiratory chain to avoid excess Co?" in other cellular
compartments. Mitochondria are an organelle which are particularly sensitive to redox-active
metals (44, 45, 81). This is likely due to the damaging effects of reactive oxygen species (ROS)
on the respiratory chain and mitochondrial DNA, which lacks efficient repair systems (44, 81).
Co?* and Ni?*, along with several other metals (135, 271, 272), have been previously identified
as inducers of the mitochondrial transition pore (MPTP) in mammalian cells, a process which
appears to be a result of oxidative stress (132, 133, 273). In mammals, the MPTP collapses the
mitochondrial membrane potential and releases cytotoxic proteins, leading to cell death (274).

Though this thesis is not specifically concerned with the MPTP, it should be noted that the pore
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is regulated differently in S. cerevisiae, (275) thus the same metal-induced effect may not occur.
However, it is still possible that metal taken up into the cell is localized in the mitochondria and
may interact with the membrane by complexing the major negatively-charged lipids: PI, PS, and
CL (179). Along with direct metal-lipid interactions, it is also possible that Co?* and Ni?* cause
effects on membranes indirectly by altering lipid metabolism, as Co?* has been previously-found
to affect sterol production (146).

Thus, the effects of Co?* and Ni?* on growth, viability, respiration, mitochondrial
membranes, and lipid composition of S. cerevisiae were assessed, in collaboration with the

Zaremberg lab.

5.1 Effects of Co?" and Ni?* on Growth of S. cerevisiae

Firstly, the possible inhibitory effects of Co?* and Ni?* on growth of S. cerevisiae were
tested under various conditions including rich and minimal media with different carbon and

nitrogen sources. The timeline for growth curve experiments is shown in Figure 65:

Dilute to  Dilute to OD 0.1
Inoculate 0D0.2  +Add metals

l l l Measure OD for growth curve

| ~16 hrs overnight ‘ 2 hrs| | | | ‘ ‘ |

Figure 65. Timeline for standard growth curve experiments.

5.1.1 Growth curves in defined media

The first type of media considered was synthetic complete (SC) media, which is defined

minimal media, containing a carbon and nitrogen source as well as any required amino acids,
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nitrogenous bases, and minor nutrients (276). Standard SC media contains glucose as a carbon

source and (NH4)2SO;4 as a nitrogen source. The growth in SC is shown in Figure 66:
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Figure 66. Growth curves of BY4741 in SC media at 30°C shaking at 200 rpm over 24 hrs with

various concentrations of (A) Co?* and (B) Ni%*.

The growth curves indicated that both Co?* and Ni?* have significant inhibitory effects on
growth in SC media, with Ni?* being the more potent metal. Both Co?* and Ni?* show a
maximum effect around 8 hrs (66% and 23% growth for 2 mM), but cells recover at least slightly
by 24 hrs (81% and 36% growth). In a study under nearly identical conditions, an inhibitory
effect of similar magnitude was been reported for 2 mM CoSQOa4 (129), However, they found that
the control cells reached a stationary phase ODegoo near 7.0 (129), much higher than observed
here, which seems uncharacteristically high for SC media (277, 278). Another study used S288C,

a laboratory yeast strain from which BY4741 was derived (117). They incubated log-phase
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$288C in SC media for 2 days and then reported the MICgo for Co?* and Ni?* in SC to be 1.28
mM and 0.64 mM, respectively (117). The inhibitory effects observed in the present study are
not quite as strong but still suggest that Ni?* is more potent (117). Differences may be due to the
strain used as well as culture conditions (117).

Growth in SC media was also tested with the addition of 0.05% yeast extract-B (MP
Biomedicals, Santa Ana, CA) to assess if metals interact differently in a more complex media.
Yeast extract-B is made from autolyzed yeast cells, and thus contains amino acids, peptides,
carbohydrates, and water-soluble vitamins (MP Biomedicals, Santa Ana, CA). The results are

shown in Figure 67:
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Figure 67. Growth curves of BY4741 in SC + 0.05% yeast extract-B media at 30°C shaking at

200 rpm over 24 hrs with various concentrations of (A) Co?* and (B) Ni?*.

139



The addition of 0.05% yeast extract-B had little effect on the inhibition of growth by
Co?*, as both showed 82% growth by 8 hrs for 1 mM Co?*. However, an enhanced inhibitory
effect was observed for 1 mM Ni?* (46% growth in SC vs. 30% in SC+YE at 8 hrs). It has been
previously shown that yeast extract complexes Co?* and Ni?* very effectively, thus increasing
their bioavailability when precipitating agents are present (279). The reason for the enhanced
inhibitory effect of Ni>* may thus be due to complexation and increased uptake of metal (279), or
complexation and depletion of media components. The fact that the effects of Co?* were the
same under either condition suggests that if metal-media complexation is occurring, it does not
enhance the bioavailability of the metal or deplete essential components.

Although Co?* and Ni?* did not precipitate SC media, growth curves were also performed

with glutamate as a nitrogen source (SCglu) shown in Figure 68:
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Figure 68. Growth curves of BY4741 in SCglu media at 30°C shaking at 200 rpm over 24 hrs

with various concentrations of (A) Co?* and (B) Ni?*.
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It was surprising to find that even at millimolar concentrations, Co?* and Ni?* did not
affect the growth of BY4741 in SCglu. This was also observed for Mn?* (Appendix C). The
reasoning for this effect is not immediately clear, but there are several possibilities: 1) the metals
may be chelated by glutamate itself, 2) the metals may not be taken up because the metal uptake
pathway relates to nitrogen uptake, or 3) the nitrogen metabolism pathway of glutamate may
confer inherent metal resistance. It has been reported that glutamate chelates Co?* and Ni?* in a
1:1 complex (280), but this is unlikely to completely explain the effect, as glutamate is only
present at 0.5 mM. If chelation did occur, a decrease in growth would still be expected simply
due to depletion of the nitrogen source. The uptake of metal was tested by pelleting treated cells
in SC or SCglu and assaying the supernatant. The cell-associated Co?* was unchanged in either
media (~30%), while it was lower for Ni?* (8% vs. 20%). It is possible that a reduced effect of
Ni2* is due to reduced uptake. As for the final possibility, it may be that the metabolic pathway
of glutamate confers metal resistance. The use of glutamate compared to (NH4)2SO4 as a
nitrogen source has been reported to result in a massive increase in a-ketoglutarate production
(64 vs. 0.5 mmol/mol glucose), as well as acetate, succinate, and pyruvate (281). a-ketoglutarate
has been found to have direct antioxidant function, and may thus provide some resistance to
redox-active metals (282). At this point, the involvement of the nitrogen source on Co?* and Ni?*
growth inhibition remains unclear and requires further study.

5.1.2 Growth curves in rich media

Rich media for routine use is called YPD (yeast extract peptone dextrose), and it supports
the growth of all viable yeast cells. It was suspected to contain many components which may
complex the metals and is thus less informative for toxicity testing. Growth was tested at pH 7.1

(unadjusted) and at pH 5; the curves are shown in Figure 69:
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Figure 69. Growth curves of BY4741 in YPD media at pH 7.1 or 5.0 at 30°C shaking at 200 rpm

over 24 hrs with 1 mM (A) Co?* and (B) Ni?*.

In contrast to the defined media, Co?* had a stronger inhibitory effect than Ni2*, but cells
began to recover by 24 hrs in the standard pH 7.1 media. Ni%* appeared to cause a slight increase
in stationary phase ODegoo, Which may be due to alteration of the shape or size of the cells. The
results highlight the importance of conditions when ranking metal potency, as Ni?* was far more
inhibitory in SC. A previous study which incubated log-phase S288C in YPD media for 2 days
reported unspecific MICgo for Co?" and Ni?* as >1.28 mM (117), suggesting that long-term
inhibition is largely recoverable, as observed here. Another study with BY4741 using YPD
media adjusted to pH 6.4 added metals at OD 0.8 and reported ECso’s over 12 hrs for CoCl; and
NiSO4 to be 0.4 and 2 mM, respectively (122). This suggests that the metals have a stronger

inhibitory effect on mid-log phase cells opposed to early-log phase used in this thesis, or that pH
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is also a factor. This agrees with the finding that the metals had a much stronger inhibitory effect
in YPD adjusted to pH 5 (Figure 69), though recovery was also observed over time (up to 33%
and 49% growth at 24 hrs for Co?* and Ni?*, respectively). The speciation of the metals
themselves is not pH-dependent (32), so this suggests that at pH 5, the metals may complex a
deprotonated media component which alters their effective speciation and/or increases their
bioavailability.

YPG media was also considered, as it is routinely used for the identification of
respiratory deficiency (RD), as it contains glycerol which cannot be fermented (119). The growth
in non-fermentable media is slower, thus OD was also measured at 30 hrs. Growth was found to

be very poor is unadjusted media, so the pH was set to 5. The results are shown in Figure 70:
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Figure 70. Growth curves of BY4741 in pH 5.0 YPG media at 30°C shaking at 200 rpm over 24

hrs with various concentrations of (A) Co?" and (B) Ni?*.
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In direct comparison to unadjusted YPD, the effects of both metals were much greater,
which suggests that the metals may induce RD. However, it was observed that the inhibitory
effects of Co?* and Ni?* also showed a pH-dependence in rich media (Figure 69). As such, some
of the inhibitory effects observed in YPG may simply be due to altered bioavailability at pH 5, in
addition to damage to respiration. The effects of Co?* were quite strong, as 1 mM Co?* treatment
resulted in only 19% growth by 30 hrs. Ni?* was much less potent than Co?*, but again had a
fairly large effect (66% growth by 30 hrs). 1 mM Co?* and Ni?* have been previously reported to
induce RD at rates of about 5 and 7%, respectively, after 24 hrs incubation in a customized rich
glucose media (283). However, another study reported that 1 mM Co?* induced 100% RD
mutants after 24 hrs in a customized rich glucose media, and 2.1 mM Ni?* induced 46% RD
mutants (138).

5.1.3 Comparing growth conditions

To compare the relative inhibitory effects and recovery of growth under various

conditions, results are summarized with 1 mM metal at 8 and 24 hrs in Figure 71:
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Figure 71. Summary of percent growth of BY4741 relative to control at (A) 8 hrs and (B) 24 hrs
under various media conditions with 1 mM Co?* or Ni%*. Arrows in Panel B indicate a relative

increase or decrease to values in Panel A.

One immediate observation was that the effects of either metal in YPG were not
recoverable after 24 hrs, whereas growth increased or remained the same under other conditions.
This supports the idea that mitochondria may be a target of Co?* and Ni?*. There were large
differences between the metals in that Co** was more potent in complex rich media, while Ni%*
was generally more potent in synthetic defined media, and both metals caused stronger effects at
pH 5. This suggests that components of rich media are depleted by Co?" or enhance the
bioavailability of Co?* yet only have this effect with Ni?* at pH 5 (279). Again, there is also the
surprising finding that glutamate as a nitrogen source prevents any growth inhibition. The growth
curves suggest, but are not entirely convincing, that respiration is a target which has been shown

in previous studies (138, 283, 284). It is possible that the binding targets/chelators available at
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pH 5 in rich media cause Co?" and Ni?* to localize or speciate differently than under simpler
conditions. Thus, further investigation was performed in SC media, in which mitochondrial
damage would not necessarily manifest itself in growth inhibition but could result in condition-

dependent loss of viability.

5.2 Effects of Co?* and Ni?* on Viability and Respiration of S. cerevisiae

Growth assays can provide information on inhibitory effects of test compounds but are not
necessarily related to toxicity and cell death. It is possible that the presence of metal simply
supresses growth, being cytostatic. Thus, it was considered if the cells maintain viability once
Co?* and Ni?* are removed from the growth medium. The same incubation scheme was used as
with the growth curves (Figure 65).

5.2.1 Spot plate assays with W303 and BY4741

The W303 strain turns red with functional mitochondria (172). After growing W303 for 6
hrs in SC in the presence of Co?* or Ni?*, cells were pelleted, resuspended in sterile water, and

spotted onto YPD with increasing dilution.

Stock D10 D100 D1000

\

1 mM Ni

2 mM Ni

1 mM Co

2 mM Co

Control

Figure 72. Spot plate assay of W303 grown for 6 hrs in SC spotted onto YPD in increasing

dilutions, then grown for 2 days.
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Firstly, the assay indicated that Co?* and Ni?* did not strongly affect the viability of
W303 after removal from the growth medium. However, it is still clear that 2 mM Co?* causes a
slight decrease in cell density, suggesting that it is mildly cytotoxic to W303 in SC media.
Additionally, the slightly white colour of the 2 mM Co?*-treated cells suggests that Co?* causes
mitochondrial damage.

Growth of the wild type BY4741 was then tested for viability using the spot plate assay

but was also spotted onto YPG to check if viability depends on respiratory capacity.

A B
Stock D10 D100 D1000  Stock D10 D100  D1000

Control

2 mM Co

1 mM Co

2 mM Ni

1 mM Ni

Figure 73. Spot plate assay of BY4741 grown for 6 hrs in SC spotted onto (A) YPD and (B)

YPG in increasing dilutions, then grown for 2 days.

The pattern on YPD again suggested that Co?* and Ni?* have relatively little effect on
viability under fermenting conditions. However, when the same samples were spotted onto YPG,
the growth of the 2 mM Co?*-treated sample was noticeably reduced, again suggesting that Co?*
especially affects the mitochondria. It was not clear from this assay if meaningful changes

occurred with the other treatments, so a more sensitive assay was performed.
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5.2.2 Viability on YPD and YPG

After 4 hrs growth in SC, ~400 cells were washed free of metal, counted, and identical
samples were plated on both YPD and YPG. This eliminates possible error from cell counts. The

growth ratio between these plates is shown in Figure 74:
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Figure 74. Ratio of colony counts on pH 5.0 YPG relative to that on YPD after 4 hrs growth in
SC with various Co?* or Ni%* concentrations. YPD plates were incubated for 2 days, and YPG

plates for 4 days. Significance is assessed relative to the control ((**) p < 0.01, (***) p < 0.001).

The growth ratios more clearly indicate that both Co?* and Ni?* cause greater decreases in
viability when plated on YPG. This suggests that Co?* and Ni?* cause damage to mitochondria
which impairs the respiratory capacity by some mechanism. The induction/selection of RD
mutants observed in the present study by 2 mM Co?* and Ni?* (75% and 51%, respectively) is
lower than has been previously reported for Co?* (100%), but comparable to that for Ni?* (46%)

(138). However, this study used a different yeast strain, growth conditions, incubation time, and
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reporter method (138). Another previous study also found that Co?* and Ni?*, along with other
carcinogens, showed a greater toxicity on YPG, with MICs ~43% lower than on YPD (284). It
was surprising to observe that the control did not show 100% of colonies on YPG, as this
suggests that there may have been mutations in the control, or that the plate incubation period
was not sufficient to allow all colonies to grow to visible density. It was also qualitatively
observed that the Ni%*-treated cells began showing colonies on YPG earlier than the others, even
though the overall density was lower. This may indicate mutation which leads to a higher growth
rate of the surviving cells, as Ni?* is known to be a potent mutagen (4).

5.2.3 Direct effects of Co?* and Ni?* on isolated mitochondrial membranes

While it appears that mitochondria are affected by Co?* and Ni?* (138, 283), it is not
known if the metals localize/bind to the membrane itself, which is the target of interest for this
thesis. Therefore, the direct effects of Co?* and Ni?* on the membrane fluidity of mitochondria
isolated from S. cerevisiae by Brittney Kozlowski were tested and compared to model liposomes
(Section 2.8.4). The metals were titrated into Laurdan-containing samples, with temperature held

at 30°C.
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Figure 75. AGP in 0.12 mg/mL (protein weight) S. cerevisiae isolated mitochondrial membranes
and 0.3 mM model mitochondrial membranes at 30°C upon titration of Co?* or Ni?* in 20 mM

Hepes, 250 mM sucrose pH 7.2.

The initial titration indicated that Co?* has very strong rigidifying interactions with the
isolated mitochondrial membrane, saturating at about 4:1 Co?*/lipid ratio. Ni?*, on the other
hand, showed very minor rigidifying effects which saturated at 1:5 Ni?*/lipid ratio. In the model
system, the effects of both Co?* and Ni?* showed a saturating pattern by about a 1:1 ratio. The
effects observed in the model were much greater than in the isolated mitochondria, which are to
be expected, as some lipid targets in mitochondria may be inaccessible, and some metal may be
protein-bound.

While the effects observed in the isolated mitochondria cannot be compared directly to the
lipid model because of the much greater complexity, the contrast provides insight into what may
be occurring in the isolated mitochondria. The fact that the effects of Ni?* saturate in a similar
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pattern to the model suggests that, in the mitochondria, Ni?* initially binds to accessible lipid
targets, but no further membrane binding occurs. The effects of Co?* on the isolated
mitochondria are very interesting in comparison to the model, as the effects require higher
concentrations (or more time) to saturate but begin to approach the effects seen in the model.
This suggests that the amount of accessible lipid targets may change as Co?* binds to the
membrane, or that Co?* can pass through over time. It has been previously observed that Co?*
accumulates within the mitochondrial matrix in yeast cells (140), so it seems feasible that Co?*

could have access to inner-leaflet lipids, as suggested here.

5.3 Live-cell Imaging with Labelled Mitochondria

It was also of interest to monitor the effects of Co?* and Ni?* on mitochondrial structure
and oxidative stress. As mentioned, Co?* and Ni?* have both been suggested to be inducers of
oxidative stress in the mitochondria leading to the opening of the MPTP in mammalian cells (20,
132, 133). Mitochondrial-specific dyes were used to monitor mitochondria using fluorescence

microscopy, according to the following timeline:

Collect and
Dilute to Dilute to OD 0.1 resuspend cells

Inoculate 0D 0.2 + Add metals + Add dye
l l l l Image

| ~16 hrs overnight | 2 hrs | 4 hrs ‘ ‘
20 min

Figure 76. Timeline for fluorescence microscopy experiments.
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5.3.1 Effects of Co?* and Ni?* on mitochondrial morphology

Yeast mitochondrial networks are arranged as tubules in healthy cells, but fragmentation
has been found to correlate with respiratory deficiency and loss of mtDNA (285). The effects of
Co?*and Ni?* on the morphology of BY4741 mitochondria were tested with MitoTracker Green-
FM (MTG-FM). MTG-FM is a mitochondrial dye which is intended to localize to the
mitochondria regardless of membrane potential (Molecular Probes, Eugene, OR), and becomes
fluorescent upon binding to specific matrix proteins (180, 286). The effects of Co?" and Ni?* on

the morphology of BY4741 are summarized in Figure 77:
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Figure 77. (A) Representative images of cells stained with 150 nM MitoTracker Green-FM
(MTG-FM) (Ex 490, Em 516 nm) in 10 mM Hepes, 5% glucose pH 7.4 at 1000x magnification
after 4 hrs growth in SC, along with corresponding brightfield (BF) images. Red arrows indicate

fragments not attached to the mitochondrial tubule. (B) Percentage of cells showing tubular vs.

fragmented morphologies.
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In assessing the 3D structure, both 2 mM Co?* and Ni?* caused a significant portion of
cells to show mitochondria as isolated pinpoints of fluorescence intensity, indicating
fragmentation from the tubular network. The amount of fragmentation induced by both metals
was low but relatively-similar, at about 15% (Figure 77). The fragmentation of mitochondria is
suspected to be linked to an apoptotic response in yeast (285). The relatively low amount of
fragmentation induced by these metals over 4 hrs suggests that they may be well-tolerated by the
cell, thus potentially having a stronger mutagenic tendency rather than causing immediate cell
death. Mitochondrial fragmentation has also been previously-reported for other metals including
Cd?* (287) and Ag* (117), after growth to mid-log phase. Mitochondrial fragmentation is
associated with disruption to respiration (117, 285, 288), and is thus consistent with the findings
for viability ratios (Section 5.2.2). Although MTG-FM is supposed to accumulate independent of
mitochondrial membrane potential, there is dispute in the literature (289, 290). Thus, it would be
of interest to compare the results using cells transformed with mitochondrial GFP markers, in
which the fluorescent probe would unguestionably be in the mitochondria (291).

5.3.2 Effects of Co?* and Ni?* on mitochondrial superoxide production

As has been mentioned, oxidative stress is one of the overarching themes of redox-active
metal toxicity (81), so it was suspected that this may be one of the major sources of damage to
the mitochondria caused by Co?* and Ni?*. The dye MitoSOX Red (MSR) is a specific indicator
of oxidative stress in the mitochondria, as it becomes fluorescent upon oxidation by superoxide
and then binding to mtDNA (292). The main reaction product of MSR oxidation is 2-

hydroxyethidine, a derivative of ethidium (293). A summary of the results is shown in Figure 78:
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Figure 78. (A) Representative images of cells stained with 5 UM MitoSOX Red (MSR) (Ex 510,
Em 580 nm) in 10 mM Hepes, 5% glucose pH 7.4 at 1000x magnification after 4 hrs growth in
SC, along with corresponding brightfield (BF) images. (B) Control-normalized fluorescence

intensities of mitochondria.

The intensities in each separate trial were normalized according to the control for that set
to account for any differences in staining conditions. Both metals show an increase in the relative
intensity generated by MSR, suggesting that they cause oxidative stress in the mitochondria.
However, the spread in the intensity data was very large (Figure 78B). To confirm the
significance of the increase, intensities were sorted into “bins” and the fraction of cells in each

bin is shown in Figure 79:
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Figure 79. Control-normalized intensities of cells stained with 5 uM MSR in 10 mM Hepes, 5%

glucose pH 7.4 sorted into intensity bins. ((*) p < 0.05, (**) p <0.01, (***) p <0.001).

The sorted intensities more clearly show that the metal-treated samples have fewer “dark”
cells and more “bright” cells compared to the control. The effects of Co?" appear to be greater
than that of Ni%* suggesting that Co?" is a more potent inducer of oxidative stress in the
mitochondria. This finding is consistent with the viability assays which showed that 2 mM Co?*
induced greater respiratory deficiency than 2 mM Ni?* (Section 5.2.2). Previous reports have also
found that excess H20; is generated by NiSO4 in human lymphocytes (132), and Co?" in isolated
rat liver mitochondria (133), supporting the findings here that both metals induce mitochondrial
oxidative stress.

However, it has been suggested that using MSR as a specific superoxide indicator can be
misleading, as further reactions may occur with the 2-hydroxyethidium product (293). Therefore,

the specific oxidation products should be characterized in order to exactly understand the type of
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ROS produced (293), but it is still clear that general oxidative stress in the mitochondria occurs.
Again, this is consistent with the current understanding of redox-active metal toxicity (44, 81).
Increased oxidative stress in the mitochondria may have direct implications for membrane

properties and function, as lipid peroxidation reactions may occur (81, 294).

5.4 Polar Lipid Extracts of S. cerevisiae Treated with Co?* and Ni?*

As it became clear that both Co?* and Ni?* exert inhibitory and toxic effects on S.
cerevisiae related to respiration, it was of interest to determine if these effects were associated
with inherent changes in polar lipid composition. Thus, whole cell lipids were extracted from
log-phase cells treated with Co?* or Ni?* for 4 hrs in SC.

Dilute to OD 0.1 +

Add metals Collect cell
Inoculate (200 mL cultures) pellet
l l l Cell wall breakage and
| | ‘ organic extraction |
| ~16 hrs overnight | 4 hrs ‘ 8 hrs |

Figure 80. Timeline for lipid extractions from S. cerevisiae.

Co?* and Ni?* were added to the yeast culture in late log-phase. The total lipid extract of
S. cerevisiae was rich in neutral lipid and did not form liposomes.

5.4.1 Polar lipid TLC of metal-treated extracts

The polar lipids were thus recovered by precipitation in acetone (185, 186), though the

yield was poor, and the composition was assessed by TLC (165):
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Figure 81. Polar lipid TLC of 100 ug of S. cerevisiae acetone-soluble/insoluble lipid extracts
after 4 hrs treatment in SC media: 1) Control, 2) 1 mM Co?*, 3) 1 mM Ni?*. PC = phosphatidyl-
choline, PS = phosphatidyl-serine, PE = phosphatidyl-ethanolamine, P1 = phosphatidyl-inositol,

CL = cardiolipin, PA = phosphatidic acid, Ergo = ergosterol, NL = neutral lipids.

It is clear that the large amount of neutral lipids and Ergo were removed in the acetone,
yet there were still some PC and PE lipids which were not recovered. TLC did not clearly
indicate compositional differences among the major phospholipids upon metal treatment, but
there appears to be a shift in the PE/P1 and PI/CL/PA spots upon Ni?* treatment. This suggests a
change in acyl chains towards a slightly less-polar nature. It is possible that this represents a shift
to longer or more saturated acyl chains, but detailed characterization of these spots was not

performed due to lack of time and proper equipment. The acetone-insoluble (polar) lipid extracts
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were used to prepare liposomes with Laurdan incorporated to see if the rigidity of the membrane
was affected.

5.4.2 Laurdan GP of polar lipid extracts

The melting curve of the Control extract compared to the Avanti Yeast polar extract is

shown in Figure 82:
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Figure 82. Laurdan GP melting curves of Avanti Yeast Polar Extract (YPE) and Control S.
cerevisiae extract after 4 hrs in SC media in 20 mM Hepes, 100 mM NaCl pH 7.4. Liposomes

were made with polar lipids from one independent extraction.

The melting curves of the Avanti polar extract and experimental extract were similar in
fluidity, but differences were greater above 25°C. One of the major contributing differences may
be the loss of some polar lipids (Figure 81) and the presence of Ergo in the Avanti extract
(Appendix C), as it was mostly removed in the experimental extract. For a future experiment, it

may be worthwhile to recover all the lost polar lipids by preparative TLC and add Ergo back to
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the extract. The difference of the Co%* and Ni?*-treated extracts from the Control are shown in

Figure 83:
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Figure 83. AGP of 1 mM metal-treated polar extracts relative to the control in 20 mM Hepes,

100 mM NaCl pH 7.4.

The melting of the Co?*-treated polar extract was identical to the control, which makes
sense given that the control and Co-treated extracts showed the same TLC pattern (Figure 81).
Again, consistent with TLC is the finding that the melting of the Ni?*-treated extract is minorly
different from the control. It is slightly more rigid at low temperatures and slightly more fluid at
high temperatures, but not different from the control at or around physiological temperature
(30°C) (Figure 83). This suggests that slight changes in composition may be due to a stress
response. It is possible that Ni* interacts directly with the membrane, thus S. cerevisiae alters
the composition to make it less favourable for metal binding, without affecting membrane

properties at 30°C. The liposome structure was also measured by DLS, and it was found that the
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Co?* liposome radii were not different from the control (48.9+0.7 nm), but the Ni?* liposomes
were slightly larger (52.1+0.4 nm). The reason for the slight size difference has not been
deduced, yet may depend on different composition, hydration, and packing. A previous study on
the response of A. ferrooxidans cytoplasmic membrane composition to Ni?* stress found that, in
general, most strains increased the saturated fatty acid content (295). Though a different
organism, this supports the idea here that Ni?* stress may prompt a slight alteration of acyl chain
structure towards a less-polar nature. The change may be related to modulating oxidative stress,
as saturated fatty acids would be less sensitive to lipid peroxidation (296).

However, the relatively minor effect observed on overall membrane properties may be
sensible, as it is likely impractical and potentially detrimental for cells to dramatically change
inherent membrane fluidity. It thus appears that, considering the total cell lipids, neither Co?* nor
Ni2* significantly regulate polar lipid synthesis pathways, though it should be noted that changes
in minor lipid components may not be detectable by TLC but require a more sensitive method
such as HPLC. In a previous study on rat liver mitochondria, Co?* was found to up-regulate CL
production as CL synthases require a metal cofactor, of which Co?* is the most potent activator in
mammals (66, 297). However, the yeast CL synthases operate much more efficiently with Mg?*
over Co%*, (66, 298) so Co?*-treatment may instead cause CL down-regulation in yeast. It is
possible that this effect in S. cerevisiae is too minimal to be detected by TLC of a total cell

extract. Thus, investigation with a more sensitive method is of interest for future study.

5.5 Neutral Lipid Extracts of S. cerevisiae Treated with Co?* and Ni?*

As little change was observed in polar lipids, it was then considered if any effect may have

occurred in the neutral lipid fraction. The major neutral lipids in S. cerevisiae include: storage
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lipids TAG and SE, structural sterols (mainly Ergo), and DAG (299). Neutral lipids are
important as an energy reserve and as precursors for lipid synthesis (299). DAG also functions as
a secondary messenger in signaling pathways (67, 299) and is involved in vesicular trafficking
(300).
5.5.1 Neutral lipid TLC of metal-treated extracts

The acetone-soluble neutral lipid fraction was separated by TLC (165) and spots were

identified using various standards:
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Figure 84. (A) Neutral lipid TLC of 100 ug of acetone-soluble lipid extracts from S. cerevisiae
treated for 4 hrs in SC media: 1) Control, 2) 1 mM Co?*, 3) 1 mM Ni?*. (B) Background-
corrected spot density distribution. PL = polar lipids, Ergo = ergosterol, FA = fatty acids, DAG =
diacylglycerol, TAG = triacylglycerol, SE = sterol esters, Unk = unknown. Significant difference
from the control is indicated. (*) p < 0.05, (**) p < 0.01, (***) p < 0.001
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In contrast to the polar lipid composition, obvious major changes were detected in the
neutral lipids. The Co?* and Ni?*-treated extracts showed a similar distribution pattern, with a
large increase in DAG and free fatty acids relative to the control and decreases in Ergo and TAG
(Figure 84). There was also a shift in the location of the SE spot towards a less polar nature. One
large unknown spot running near the end of the plate is yet unidentified but does not appear to be
affected. Additionally, the Co?* and Ni®*-treated neutral lipid extracts were pigmented compared
to the colourless control. The absorbance spectra indicated large differences (Appendix C), yet
the identities of the co-extracted pigmented compounds are yet unknown. To confirm that there
were no biases in conclusions based on relative distribution of spots, various ratios were also
measured. DAG, TAG, and FA content are intrinsically-linked, as well as Ergo/SE (299). The

ratios are shown in Figure 85:
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Figure 85. Spot density ratios between DAG/TAG, Ergo/SE, and FA/TAG for spots on neutral
lipid extracts TLC. Significant difference from the control is indicated. (*) p < 0.05, (**) p <

0.01
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The spot density ratios confirm that the apparent increase in DAG relative to TAG is real
for both Co?* and Ni?*, showing ~22x more DAG than the control. An FA increase relative to
TAG also occurs, with Co?* causing a 10x and Ni?* causing a 7x increase. Only Co?*
significantly decreased Ergo relative to SE (30% decrease), while Ni?*-treatment maintained the
Ergo/SE ratio, despite apparent changes in spot distribution (Figure 84B).

The zeta potential of 0.3 mM dispersions in 100 mM NaCl pH 7.4 showed that the
control neutral lipid extract (-25.7+3.1 mV) was considerably different from that of the Co?* and
Ni2*-treated extracts (-40.5+1.2 and -43.5+1.9 mV, respectively). This suggests that the metal-
treated extracts are more negatively-charged, which is likely due to more fatty acids present.

5.5.1.1 Detection of DAG regioisomers

DAG has several isomeric forms which have different activity in the cell (301). The
major distinction is between 1,2- and 1,3- regioisomers, which differ in the acylation position on
the glycerol backbone (301). From the TLC method presented above, the isomeric form of DAG
could not be determined, as 1,2- and 1,3-DAG ran identically. Thus, plates were modified with
boric acid, which allows for separation of DAG regioisomers (169). The results are shown in

Figure 86:
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Figure 86. TLC of 100 pg neutral lipid extracts on 2.3% boric acid-modified plates with 96:4
chloroform/ acetone. 1) = control, 2) = 1 mM Co?*-treated, 3) = 1 mM Ni®*-treated, 4) = 1,2-

DAG, 5) = 1,3-DAG, 6) = oleic acid.

The boric acid-modified TLC suggests that the DAG increase is due to accumulation of
1,3-DAG. The 1,2-DAG and FA spots run very similarly, but the band appears to correlate best
with FA, suggesting that there is no detectable change in 1,2-DAG levels. This suggests that the
metals may cause a preferential hydrolysis of TAG into the 1,3 form and it may get trapped in
this thermodynamically-favourable isomer (302). It seems unlikely that the 1,3 form is an
artefact, as there were no acidification steps during the extraction that would have promoted
isomerization (170), but further experiments should be done to confirm that it is not an artefact.

This is very interesting as 1,3-DAG is not the active signaling form of DAG, though it exerts

164



similar effects on membrane properties (303). The following schematic shows how the insertion

of DAG may lead to defects in normal bilayer packing:
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Figure 87. Schematic diagram of DAG accumulation in a PC bilayer.

The increase in DAG may be quite detrimental depending on where it localizes, as its
cone-shaped geometry results in bilayer destabilization and conversion to hexagonal phase (233,
304). The introduction of packing defects in the membrane may affect permeability and
membrane protein function.

5.5.2 Neutral lipids discussion

TAG is a major component of lipid droplets (LDs) in yeast, as it serves as an energy
storage molecule and a substrate in lipid synthesis pathways (299). The TAG/DAG/FA content is
intrinsically-linked as these molecules serve as substrates and precursors in lipid breakdown and
synthesis (305, 306). It is thus possible that the changes in TAG/DAG/FA are due to a common
interaction (299, 305-307), as the cycling pathways for neutral lipids are shown in Figure 88,

with observed changes noted:
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Figure 88. Major (A) DAG/TAG and (B) Ergo/SE cycling pathways in yeast (299, 306-308)
with observed changes noted. Enzymes involved are: 1) Pahlp, Dpplp, Lpplp, 2) Arelp, Are2p,
Dgalp (A only), 3) Lrolp, 4) Tgl3p, Tgl4p, Tgl5p, 5) Yehlp, Tgllp, Yeh2p (299, 307). This

figure is adapted from Wagner and Daum (2005). (307)

As the changes in polar lipids were apparently minor, it seems more likely that Co?* and
Ni2* affect DAG/TAG pathways at points 2 or 4 rather than involving phospholipids. Thus, this
suggests that Co?* and Ni?* may lead to enhanced breakdown of TAG and/or inhibit formation of
TAG. As the metals were added to the cells in late log-phase, it would be expected that the TAG
content was increasing at the time of addition (309-311). Thus, a possible pathway to explain the
increase of DAG/FA would be enhanced activation of lipases (Figure 88A). The lipases in S.

cerevisiae require Mg?* for function (312, 313), thus it is theoretically possible that Co?* and
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Ni2* could substitute for Mg?* (127, 314, 315) and may enhance their function. Another
mechanism for lipase activation may be due to Co?* and Ni?* binding and recruiting lipases to a
membrane surface, where they become activated (316). A specific lipase which may be affected
is Tgl4p, which is a homologue to adipose triglyceride lipase in mammals that hydrolyzes TAG
into 1,3-DAG specifically (301, 317).

Alternatively, Co?* and Ni?* may also block the conversion of DAG back to TAG by
inhibiting DAG acyltransferase activity, as these enzymes also require Mg?* (305, 311). Again,
in terms of physiological consequences, DAG is a non-bilayer forming lipid, promoting the
conversion to hexagonal phase (304), and thus destabilizing membranes (233) (Figure 87).
Additionally, accumulation of FA may be toxic to cells and especially mitochondria, as they
stimulate ROS production and lysosomal permeabilization (318-320). Thus, accumulation of
DAG and FA in the cell may lead to membrane destabilization and various downstream toxic
effects.

Similar enzyme inhibiting/ activating interactions may occur in the Co?*-stimulated
decrease in sterols (Figure 84B), but it is also possible that steps in the Ergo synthesis pathway
itself are affected (321). A previous study with S. cerevisiae similarly reported that Co?*
treatment resulted in sterol depletion as seen here (146). Interestingly, by monitoring levels of
sterol intermediates in the synthesis pathway of Ergo from squalene, they noted a correlation
with inhibition of diiron enzymes (146). They also found that Co?* caused an increase in
saturated fatty acids and specifically targeted mitochondrial Fe-S enzymes (146). A previous
study has found that S. cerevisiae accumulates TAG upon Cd?* exposure, a process which

appears to be due to disruption of Zn?* and Ca?* homeostasis (287, 322). Thus, substitution of
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Co?* and Ni?* for other essential metals such as Fe?* and Mg?* may represent a feasible
mechanism for changes in neutral lipid metabolism in vivo.

5.5.3 Live-cell imaging with C1-GFP to detect DAG localization

As DAG was found to be increased in metal-treated lipid extracts, it was of interest to
determine if Co?* and Ni?* treatment also affected where DAG was localized in the cell. To do
this, microscopy with a GFP reporter for DAG was used, graciously provided by the Zaremberg
lab. The transformation of BY4741 with a plasmid encoding C1-GFP was performed by
Suriakarthiga Ganesan, and transformed cells were selected by growth in SD-ura media (Table
6). The C1 domain contains a Zn?*-dependent DAG binding motif, and has been previously used
to visualize DAG pools in live yeast cells (183). In healthy cells, DAG is mainly localized in the
vacuolar membrane, and polarized in the plasma membrane (PM) near the budding point (183).
After 4 hrs treatment with metals in SD-ura media, the DAG pools were visualized by
fluorescence microscopy, using the same timeline as in Section 5.3 (Figure 76) aside from the 20

min dye incubation period.
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Figure 89. (A) Representative cell images of C1-GFP (Ex 488 nm, Em 509 nm) transformed into
BY4741 after treatment for 4 hrs in SD-ura, with corresponding brightfield images. (B)
Percentage of total cells with full plasma membrane visible by C1-GFP. (C) Average number of

vacuoles visible per cell. (D) Percentage of cells showing irregular punctuated C1-GFP intensity.

It may have been expected that the relative intensity of C1-GFP would be vastly higher in
the metal-treated cells, but this was not obviously apparent. This may support the finding of an
increase in the 1,3-DAG isomer (Figure 86), which does not bind the C1 domain (303), and
would thus not show a C1-GFP signal. Therefore, the changes observed in the C1-GFP patterns
are due to 1,2-DAG, of which the localization appeared to be greatly-affected. The control cells

showed the expected pattern in C1-GFP fluorescence, in that intensity was localized in vacuoles
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and usually polarized in the PM (183). However, the patterns were noticeably different upon
treatment with Co?* and Ni?* in that both metals caused significant increases in the fraction of
cells with total PM visible (Figure 89B), and the fraction of cells showing irregular speckled
intensity (Figure 89D). DAG puncta refer to bright spots aside from the membranes, with
examples indicated by arrows (Figure 89A). Additionally, both Co?* and Ni?* appeared to affect
the vacuolar morphology, as fewer vacuoles were detected on average (Figure 89C). Co?*
treatment almost exclusively resulted in one large vacuole or none to be visible, and never more
than two. Ni?* generally caused this effect as well, but also caused some cells to show many (4—
6) small vacuoles. So, the findings suggest that Co?* and Ni?* treatment induces localization of
DAG to the PM over the vacuole. The reason for the preferential localization of DAG in the PM
is not yet clear, but it suggests that the cells may be trapped in a “daughter-like” state. In normal
cells, the budding daughter cell usually contains DAG in the full PM (observation) (183),
distributed within the cell at about <4% of total lipids (96). This may suggest that once new cells
are formed under Co?" and Ni?* stress, the DAG is not redistributed from the PM.

The speckled intensity pattern is also very interesting, as this was rarely observed in the
controls (5%), but the majority of Co?*-treated cells (56%), and many Ni?*-treated cells (41%)
showed this pattern of DAG localization. This suggests that a portion of DAG is not in the PM or
vacuole, but rather highly-localized in small, dispersed structures. Although uncharacteristic for
DAG localization, a potential structure are lipid droplets (LDs) which are primarily composed of
TAG and SE (311). However, a recent study has shown that DAG is important in LD formation
as it accumulates at the budding sites of LDs from the ER membrane (323). Subsequent
depletion of DAG and replacement with lyso-lipids is then required for release of LDs from the
surface of the ER due to alteration of membrane curvature (323). Another recent study has
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reported that LD-derived DAG may accumulate in the cell if endosomal/vacuolar sorting is non-
functional (324). This provides an interesting possible explanation for the effects of Co?* and
Ni2* on neutral lipid pathways. The observed increase in 1,3-DAG (Section 5.4.3) and
localization of 1,2-DAG in punctuated points (Figure 89) may be due to Co?* and Ni?* keeping
DAG associated with LDs at the ER, and/or accumulating DAG in LDs by some mechanism.

It is not yet clear if or how the metal-induced changes in neutral lipids may be associated
with respiratory deficiency, yet a possible explanation may be that lipid distribution across
organelles is disrupted, with mitochondria suffering as a result. A previous study has
demonstrated that mutation in a vacuolar sorting protein resulted in mitochondrial defects due to
problems with membrane contact sites (325). It is possible that metal interference at vesicle
sorting and organelle communication sites affects a variety of pathways (326, 327). In both
mammals and S. cerevisiae, mitochondrial-ER membrane contact sites are enriched in PS lipids
(328), which have been identified as a relatively strong binding target of Co?* and Ni?*, and other
toxic metals (83, 91). While this hypothesis requires much further study, it is possible that some
of the in vivo effects observed come down to metal-lipid interactions in key sites.

Overall, this in vivo investigation has demonstrated that Co?* and Ni?* have significant
effects on respiration and lipid regulation in S. cerevisiae. Thus, lipid membrane disruption
appears to be a potential avenue for metal toxicity which may involve direct and indirect lipid-

metal interactions.
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Chapter Six: Summary, Conclusions, and Future Directions
6.1 Summary of Results

Lipid membranes were considered in this thesis as a potential point of interaction of Co?*
and Ni?* which may be implicated in toxicity, as disruption to membrane properties and lipid
dynamics may affect cell integrity and many cellular processes. The in vitro and in vivo studies
have suggested significant interactions with, and effects of Co?* and Ni?* on biologically-
relevant membranes.

Membrane rigidification as a result of direct lipid-metal interactions was observed in
systems of purely negatively-charged lipids: PA, CL, PG, PS, and PI, while zwitterionic/ neutral
lipids experienced negligible direct interaction (187). This can be attributed to the speciation of
Co?* and Ni?* into divalent species under the experimental conditions (32). The simple systems
showed that Co?* nearly always caused stronger membrane-rigidifying effects than Ni?*, except
for POPS. PS was identified as a strong binding target for Co?* and Ni?*, likely a result of the
highly-accessible negative charge at the carboxyl group and the potential for intra-lipid
complexation. It is not yet known whether this interaction has physiological consequences,
though externalization of PS is an important marker of apoptotic cells (206, 207). With PS and
PG, both metals showed a stronger preference for the fully-saturated DM forms of the lipids,
suggesting that tighter packing allows for greater metal complexation. This effect was not clearly
observed with CL (for Co?*) or PA. Dynamic light scattering also indicated the ability of Co?*
and Ni?* to induce swelling and aggregation/fusion in pure PA and PS liposomes, but not for PG
and CL.

The rigidifying effects observed in pure lipid systems were also present, but lesser, in

complex multi-lipid and lipid-protein membranes. Some of the membranes studied included
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commercial Polar lipid extracts (Avanti Polar Lipids, Alabaster, AL), lung surfactant models,
BLES (BLES Biochemicals Inc., London, ON), and RBCs. In general, the strength of effects on
these membranes were dictated by the presence of higher-affinity targets, PS and Pl lipids. The
identity of the negatively-charged lipid content was found to be more important than the amount,
as the E. coli extract was only weakly-affected though it contained the most negatively-charged
lipid. In a lipid peroxidation assay with Heart polar extract, Co?* was able to oxidize lipids
similarly to Fe?*, while Ni?* stimulated the Fe?*-catalyzed peroxidation and inhibited that of
Co?*, potentially due to binding certain lipid classes. Swelling and aggregation was not detected
in complex membranes, suggesting that Co?* and Ni?* may not have a biologically-relevant
ability to fuse membranes. However, Co?* and Ni?* were both able to affect the shape of RBCs
and cause minor release of intracellular components, suggesting that they do disrupt erythrocyte
membranes. In simplified RBC model systems, Co?* was able to cause significant leakage in
15% PS-containing membranes, but the presence of Chol exerted a substantial protective effect.
In the experiments with S. cerevisiae, mitochondria were confirmed as a likely target for
Co?* and Ni?* toxicity, as metal-treated cells incurred a reduced ability to grow with a non-
fermentable carbon source, as well as greater loss in viability. This respiratory deficiency
appeared to be associated with mitochondrial fragmentation and oxidative stress. Co?* especially
caused strong rigidifying effects on membranes of isolated mitochondria, suggesting that the
lipid membranes themselves may constitute a binding target even in the presence of many
complex proteins. Ni?* did not cause very strong effects, suggesting the metals may have
different pathways to generate the respiratory-deficient phenotype. While neutral lipids were
unaffected in direct interactions, the lipid extractions showed that this was a major area of Co?*
and Ni?* effects in live cells, causing accumulation of DAG in an uncharacteristic pattern. The
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consequences of this for membrane stability may be severe, as DAG is a non-bilayer forming
lipid (304). Co?* and Ni?* may thus modulate neutral lipid synthesis, conversion, and transport
pathways, having many potential consequences, which may or may not be linked to respiratory

deficiency.

6.2 Future Directions

One future direction of interest is to further investigate the nature of the metal-lipid
interactions. Many of the systems tested were rigidified as Co?* and Ni?* were increased past the
1:1 metal/lipid ratio, and the reasoning for this was not clear. It was thought that some of the
rigidifying effects observed may be due to displacement of water at the membrane surface, thus
leading to a response of the Laurdan probe as the surface environment changes (150). By
complementing the experiments with an acyl chain-localized probe such as diphenylhexatriene
(DPH), the effects of Co?* and Ni?* on lipid dynamics deeper in the membrane can be
investigated (329). This may help to better understand if the effects of the metal interactions are
surficial or extend into the bilayer. As well, the interactions of Fe?*/Fe3* with lipid membranes
would also be of interest to study, as one of the ways in which Co?" and Ni?* may exert a toxic
effect is by release of Fe?*/Fe®* from proteins (4, 23, 146, 330, 331).

It would also be of interest to improve the binding assay, as the MLV assay used in this
thesis had many flaws which did not allow for accurate measurement of binding or determination
of Kg. Ideally, it would be preferable to use LUVSs to be able to better estimate the amount of
accessible lipid. An obvious way to solve the problems in this assay would be
ultracentrifugation, which will pellet LUVs (332), but this is a fairly impractical solution for a

large amount of small-volume samples. Another possible solution is using a synthetic structure
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called ‘Lipobeads’, which consist of a polymeric hydrogel core with acyl chains attached for the
self-assembly of a lipid coating (333, 334). This would solve the problems of size control and
incomplete pelleting, as the Lipobeads can be synthesized as large particles up to 100 um (333).
The assay could then be performed much in the same way, without the problems of size changes,
pelleting differences, and estimation of available lipid. An entirely different assay is also a
possibility, as quenching of a Texas Red-DHPE (di-hexadecanoyl PE) fluorophore has
previously been used to estimate binding of Cu?* to PS liposomes (91). The authors have
indicated that Ni%* and Co?* are both able to quench Texas Red as well, thus the method could be
extended here (91). ITC is also a possible technigue, though it has been previously found to be
challenging to measure electrostatic metal-lipid interactions, or only show signals at very high
metal concentrations (190, 335).

The lipid peroxidation assay could also be extended in many ways such as altering the
chelator present, which may allow Ni?* to catalyze the Fenton reaction (246). The composition of
the lipid suspension could also be varied to determine if certain lipid classes truly are
specifically-targeted for peroxidation by the metals. This could be done by making models with
mixtures of head groups, with all lipids having identical acyl chains (18:2 preferably), such that
there is no inherent preference based on susceptibility to peroxidation. The assay could then be
performed in the same way to monitor lipid class depletion by TLC.

It would also be of interest to further investigate the membrane-permeating ability of
Co?* with more complex RBC models/extracts and compare this to other metals. It may be
possible that the interaction observed here is specific, as the effect was not observed with Ni?*,
This may provide an explanation for the previously-reported unique interaction of Co?* with
RBCs, which rigidified the membrane without ionophore addition, in contrast to other metals
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(112). Additionally, mitochondrial membrane mimics could be tested for permeating effects, as
this may represent a mechanism of damage toward mitochondria.

The effects of Co?* and Ni?* on BLES and LS models suggested that the presence of
surfactant proteins (SPs) may affect the interactions. It would thus be of interest to study the
potential binding interactions of Co?* and Ni?* with SPs. Additionally, the effects of Co?* and
Ni2* on monolayer models of LS would be an ideal experimental set-up, as this mimics the
natural LS environment better than a liposome (63). This could be done using a Langmuir trough
in which surface pressure can be monitored (336) in addition to using Brewster Angle
microscopy for imaging of lateral domain organization (337). Another set of experiments which
would be highly-relevant to Co?* and Ni?* toxicity would be to investigate the interactions of
metal nanoparticles with LS. Co?* and Ni?* have both been found to be toxic to the lungs upon
inhalation, and metal particulates in industry represent a potential source of exposure (1, 2, 4,
104, 338). Then, the strength of effects of solubilized Co?* and Ni?* versus particulate forms
could be compared.

Lastly, the in vivo studies with S. cerevisiae leave many unanswered questions which are
potentially meaningful. One of the major questions is to confirm the findings with the isolated
mitochondria and to then understand the extent to which the membrane-rigidifying interactions
observed in the pure mitochondrial fraction compare with that of other organellar fractions. This
could be done by subcellular fractionation to separate various components of interest such as the
vacuole, nucleus, ER, PM, and lipid droplets. Laurdan could then theoretically be incorporated as
shown for mitochondria. As well, various fractions could be incubated with metal, pelleted, and
the supernatant assayed for fraction of free metal. This could thus provide insight into preferable
association with different fractions, as well as the effects on the membranes of each fraction. At
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present, it is not entirely clear if mitochondrial membranes themselves are truly a preferential
target in whole cells, though the viability and microscopy experiments support this idea.

In terms of indirect effects on the membrane, another finding that opens many possible
investigations is in the neutral lipid extracts, as the reasoning behind the increase in 1,3-DAG
and the localization of DAG is not understood. It would be interesting to determine if the
accumulation persists over time as the cells grow, or if it is just a temporary response. One of the
possible pathways may be through activation of a specific lipase, potentially Tgl4dp, which is a
homologue to adipose triglyceride lipase in mammals which specifically produces 1,3-DAG
(301, 313, 317). Thus, the direct interactions of Co?* and Ni?* with this enzyme may be a
relevant consideration.

As well, the potential consequences of DAG and FA accumulation on membrane
properties and toxicity is also a finding which warrants further study. If possible, it would be
ideal to treat cells with Co?* and Ni?*, fractionate different components, then extract lipids from
each fraction to confirm where the changes in neutral lipids are occurring. It would be very
interesting to investigate if respiratory deficiency correlates with an alteration of neutral lipids in
the mitochondria. This would be quite a bit of work, and it is not known whether the subcellular
fractionation would occur correctly after metal treatment. It has been previously shown that
substitution of Mg?* for EDTA in the sucrose gradient leads to a completely different
fractionation profile (339). Thus, if possible at all, much optimization may be needed to collect
metal-treated fractions.

A potential way to firstly screen for metal localization may be to use fluorescence
microscopy with a dye for Co?* and Ni?* detection. One such possible dye is a variant of Calcein
used in this thesis called Calcein-AM (Molecular Probes, Eugene, OR), which is membrane-
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permeable. The metal uptake and distribution could then be theoretically followed by Calcein
quenching. Another possibility which has been previously used in plant cells for the detection of
Ni2* is Newport Green DCF, which can also detect Co?* (340). This could provide an initial
understanding of where the metals are localized in the whole cell.

Of course, it would then be meaningful to compare organellar localization, membrane
effects, and lipid composition changes induced by Co?* and Ni?* to that of other toxic and
essential metals, as effects of Co?* and Ni?* may or may not be specific. Then, a clearer picture
of metal toxicity may emerge in terms of specificity for different organelles and the effects on
membranes, both direct and indirect. This thesis has demonstrated that Co?* and Ni?* have
significant effects on lipids and membranes in vitro and in vivo. The effects on lipids and
membranes and their consequences as an avenue of metal toxicity in general is thus of interest

for future study.
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Appendix A

1.1 Interaction of Co?* and Ni?* with Laurdan
The potential direct interaction of Co?* and Ni%* with Laurdan was measured by injecting
metal into a sample of 9:1 (v/v) isopropanol/buffer containing 1 uM Prodan, a structural

analogue of Laurdan without the acyl chain (150). The final metal to Prodan ratio was 1000:1.
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Figure A-1. Fluorescence emission spectra of 1 UM Prodan in 7:1 isopropanol/buffer initially, and

following the addition of: buffer, 1. mM Co?*, 1 mM Ni?*.

Neither Co?* nor Ni?* quenched free Prodan significantly upon immediate addition or over

time. However, both metals were able to quench Laurdan in the membrane, suggesting that the

membrane acts as a scaffold for interaction.
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Figure A-2. Fluorescence spectra of Laurdan in DMPA at (A) 40°C and (B) 50°C with buffer, 30

pUM Co, or 30 uM Ni.

The quenching interaction did not result in peak shifts, so the GP ratio is still valid.

1.2 DLS count rate melting curves

To verify that the Laurdan quenching interaction was not affecting the results obtained, the
Tm’s of DMPG (not shown) and DMPA were also measured using DLS count rate (152). Other
lipid systems were tested but the transitions were too broad and poorly-resolved to determine

accurate Tm’s.
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Figure A-3. DLS count rate (CR) melting curves (right axis) and size profiles (left axis) of 0.3

mM DMPA liposomes with 60 uM Co?* or Ni?*.

Table A-1. Comparison of Tm’s of DMPA derived from Laurdan GP and DLS melting curves.

System Laurdan Tm DLS Tm Percent Error

DMPA 47.5 47.9 0.9
DMPA + 60 uM Co 48.6 48.9 0.6
DMPA + 60 UM Ni 48.3 48.7 0.8

The Tm’s derived from Laurdan and DLS were found to have errors of 0.5-2.0%,

suggesting that the techniques were in good agreement. Thus, the Laurdan quenching does not

appear to affect the results.
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1.3 Verifying the Tm of POPA

The Tm of POPA was found to be 20.5°C, which was unexpectedly low compared to the
Tm of 28°C listed on the Avanti Polar Lipids website. Thus, the melting of POPA was also tested
in 20 mM phosphate, 100 mM NaCl pH 7.4 buffer to confirm that the Hepes was not having an

effect. The curves are shown in Figure :
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0.4 -
0.35 -
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0.25 +
0.2 -
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0.1
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Figure A-4. Laurdan GP melting curves of 0.3 mM POPA liposomes in 100 mM NaCl with 20

mM Phosphate or 20 mM Hepes pH 7.4.

The melting of POPA was found to be essentially unchanged in phosphate buffer, thus it
did not appear to be a buffer effect. It may be that POPA is very condition-sensitive, as the
ionization changes within a physiological pH range (341), and head group charge would affect

how well the membrane packs together.

1.4 Quenching of Calcein by Co?* and Ni?*

The quenching of Calcein was used to detect Co?* and Ni?* in solution. The characteristics

of quenching are summarized in Figure :

211



A 100 B 24 -
80 - 22 1 ® Cobalt y = 0.0079x + 0.9174 .
E 2 ..."'..
3 i .0
] 60 A 18 4 Nickel .
2 . .
2 = 1.6 .
S 40 | —e—Cobalt | =
= . 1.4 - .o
< Nickel
= 12 - U
207 ' o y = 0.0041 + 0.9762
1 A
0 T S T T . 08 A I I I
0 20 40 . 60 . 80 100 120 0 50 100 150
Time (min) [Metal] (M)

Figure A-5. (A) % Intensity remaining of 0.3 pM Calcein in the presence of 3 uM Co?* or Ni?*

over time. (B) Stern-Volmer plot for quenching of 0.3 uM Calcein by Co?" or Ni?* after 1 hr

equilibration.

The quenching of Calcein was time-dependent for Ni?*, in that it took about 1 hr to fully
equilibrate, while Co?* quenched almost immediately (Figure A). Co?* was also a more potent

quencher, as shown by the steeper slope in the Stern-Volmer plot (Figure B).

1.4.1 Standard curves

Standard curves for detection of Co?* and Ni?* in the nanomolar range were made using

Calcein quenching:
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Figure A-6. Standard curves for fluorescence quenching of 0.3 uM Calcein by (A) Co?* or (B)

Ni2* after 1 hr incubation in the dark at room temperature.

1.5 MLV centrifugation and binding assay
1.5.1 Preliminary screening

A preliminary screen for the binding of Co?* and Ni?* to various membranes were tested
to determine if the method would work, if there was any difference between PO and DM forms,
and if there was any difference with incubation temperature. This preliminary screen was
performed before further optimization of the assay, thus the MLV samples were “unwashed” and
likely contained sonication-derived vesicles which did not spin down. The results are

summarized in Figure :
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Figure A-7. Preliminary screen of binding of 50 pM (A) Co?* or (B) Ni?* to 50 pM MLVs in 20

mM Hepes 100 mM NaCl pH 7.4 buffer determined by Calcein quenching of the supernatant.

The preliminary screen suggested that the assay could work, and the results were sensible
in that no more than half of the lipid was bound at a 1:1 metal/lipid ratio, and no binding was
found with POPC. Co?* and Ni?* showed very similar binding patterns. The only case in which
acyl chains made a large difference was between POPS and DMPS, as a much greater fraction of
Co?* and Ni?* could bind DMPS. There was not a clear temperature-dependence in binding, but
it is quite likely that the equilibrium at 37°C was altered upon handling at room temperature after
incubation. The apparent association followed the order of: PA > ~PS > CL > PG, which was
mostly consistent with the effects observed in Laurdan GP.

1.5.2 Accessible lipid in MLVs calculation

The approximate accessible lipid available in MLVs was determined by measuring the

sizes with DLS and assuming 4 bilayer structures (229, 230). The radii of the internal bilayer
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structures were assigned as 80%, 50%, and 30% of the external bilayer size, and the surface
areas (SA) of the outer and inner leaflets of each bilayer were calculated using the surface area

for a sphere (4nr?) and a bilayer thickness of 5.4 nm (228).

Table A-2. Calculated parameters for MLV structures to estimate fraction accessible lipid. A, B,

C refers to the internal bilayer structures O = outer leaflet, I = inner leaflet.

Parameter POPA POPS POPG
MLV ragius (NM) 419 335 184
A radivs (NM) (MLV 1agius*0.8) 335.2 268 147.2
B radius (NM) (MLV radius*0.5) 209.5 167.5 92
C radius (NM) (MLV radius*0.3) 125.7 100.5 55.2
MLV layer SAo (nm?) 2206165 1410261 425447
MLV layer SA| (nm?) 2093900 1320796 376969
A layer SAo (nm?) 1411945 902567 272286
A layer SA| (nm?) 831289 831289 233797
B layer SAo (nm?) 551541 352565 106361
B layer SA| (nm?) 496142 308566 82856
C layer SAo (nm?) 198555 126923 38290
C layer SA| (nm?) 165901 101110 24773
Fraction accessible
(MLV SAofsum SA) 0.2773 0.2634 0.2726

1.5.3 MLV size changes with metal addition

The effect of metal addition on the MLV structure was monitored by DLS, which is

summarized in Figure :
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Figure A-8. Radii (nm) (A,B) and polydispersity (C,D) of MLV samples (A,C) and supernatants

after incubation (B,D) as measured by DLS.

In general, the addition of Co?* or Ni?* caused the structures in both the MLV pellet and
the supernatants to become smaller in size on average. This was not necessarily expected from
the finding that both metals cause swelling and aggregation in LUVs of PA and PS. It is possible
that in the presence of metal there is an “optimal size” somewhere between LUV and MLV. This
is especially reflected in the PA data, in which the metals also caused significant decreases in the

polydispersity of both the MLVs and supernatants. This suggests that there is a narrowing of the
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size distribution peak. In terms of the relevance for the assay, metal-induced changes in the
structure of MLVs may affect their ability to pellet.

1.5.4 Pelleting efficiency estimates from DLS count rate

The count rate in DLS is a measure of how many scattered photons are reaching the
detector. It can be used as a very rough indicator of concentration, but it is affected by shape and

size (342). The count rates are shown in Figure :
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Figure A-9. Derived count rate (kcps) of (A) MLVs and (B) supernatants after incubation.

The count rate data for POPA shows a massive increase upon metal addition. As Co?* and
Ni2* were not found to increase the sizes of POPA MLVs (Figure ), this likely indicates that the
metals increase the pelleting efficiency. This correlates with a decreased count rate in the
supernatant. The pelleting efficiency of POPS appears to be slightly affected, but the metals do
not affect POPG, which would be expected based on the absence of size changes observed in

LUVs (Section 3.7.2). It appears that POPG is inherently worse at pelleting than POPA and
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POPS, as the count rate of the supernatant is higher (Figure B), which is likely due to the smaller
MLV sizes (Figure A).

While interesting, these findings highlight many of the complications in this assay for
comparative analysis; thus it was not pursued for further characterization of interactions beyond

POPA, POPS, and POPG.

Appendix B
2.1 Sizes of complex membranes with Co?* and Ni?* addition

The sizes of complex liposomes incubated with Co?* and Ni?* are shown in Figure :
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Figure B-1. Radii (nm) of complex liposomes in 20 mM Hepes, 100 mM NaCl pH 7.4 with 1.2
mM Co?* or Ni?*. BLES = bovine lipid extract surfactant, BPE = brain polar extract, EPE = E.
coli polar extract, HPE = heart polar extract, LPE = liver polar extract, LSM = lung surfactant
model 1, RBC = red blood cell extract, MM = mitochondrial mimic, YPE = yeast polar extract.
The MM was also resuspended in 250 mM sucrose 10 mM Hepes pH 7.2.
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Surprisingly, Co?* and Ni?* essentially did not affect the sizes of complex membranes
containing minor amounts of negatively-charged lipid. This is in contrast to heavy metals Cd?*
and Pb?* which caused swelling and aggregation (90, 237). The only notable size change
occurred in the MM when in an NaCl-free buffer, likely due to absence of charge-screening.

2.2 Preliminary lipid peroxidation experiments

An initial test for lipid oxidation was performed with DOPE (not shown), and Yeast polar
extract (Avanti Polar Lipids, Alabaster, AL):

NL

Ergo

PA/CL
PE/PI | Fe ey

PS

PCc &

i 2 3 4 5 6
Figure B-2. Polar lipid TLC of oxidized Yeast polar extract (Avanti Polar Lipids) under various
oxidizing conditions for 18 hrs. 1) = unoxidized YPE, 2) = Control, 3) = FeCly, 4) = CoCly, 5) =

NiCly, 6) = FeCl, (1 hr).

Only Fe** was able to catalyze oxidation of YPE and DOPE, but the extent of oxidation
was quite low, likely a result of the lack of polyunsaturation (96). A Kl/starch spray for detection

of lipid peroxides was tested with the 24-hr oxidized HPE:
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Figure B-3. Polar lipid TLC of oxidized Heart polar extract (Avanti Polar Lipids) under various
conditions for 24-hrs, visualized with 1:4 (v/v) 4% KI1/1% acetic acid and then 2% starch. 1) =

Control, 2) = FeCly, 3) = CoCly, 4) = NiCly, 5) = Fe/Co, 6) = Fe/Ni, 7) = Co/Ni, 8) = Fe/Co/Ni.

The peroxide stain indicated that only the Fe/Co/Ni treatment contained peroxides after
24 hrs, and that these highly-polar products remain at the origin. The reason that only the triple
metal mixture contained peroxides may be because the reaction is slower and some of the
peroxides have not yet been oxidized to further polar products (247). The intense band below the
solvent front was consistently observed when using this stain and may indicate peroxides present
in one of the solvents.

A preliminary test with a 1:1 POPC/POPA mixture to determine if negatively-charged

lipids are selectively-depleted yielded the following results:
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Figure B-4. (A) TLC of Fenton-oxidized 1:1 POPC/POPA MLVs under varying conditions of
metal catalyst. (B) Ratio of PA to PC spots on TLC plate. 1) = Control, 2) = FeCly, 3) = CoCly,

4) = NiCly, 5) = Fe/Co, 6) = Fe/Ni, 7) = Co/Ni, 8) = Fe/Co/Nii.

The oxidation of PO- type lipids was not very efficient, and Co?* and Ni?* were unable to
catalyze the reaction (Figure ). However, the results do suggest that PA is decreased relative to
PC in any of the Fe?*-containing treatments. Alike to Co?* and Ni?*, Fe?" has been previously-
found to bind negatively-charged lipids (343). This supports the idea that the localization of
redox-active metals to negatively-charged lipids results in selective depletion. Non-redox-active
metals may exert a similar effect simply by clustering these lipids for Fe?* to catalyze the

reaction (80).
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2.3 Effects of GSH on lipid interactions of HgCl. and CdCl:

The effects of GSH on Co?* and Ni?* interactions in model systems were compared to
HgCl, and CdCl; to determine if the interactions were stronger with heavy metals and dependent
on speciation. A summary of the results is shown in Figure :

2.3.1 Laurdan GP of various PS mixtures
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Figure B-5. Change in GP at 40°C in 0.3 mM liposomes in the presence of CoClz, NiCl,, CdCly,
or HgCl, with or without GSH present. (A) POPS, (B) 50:50 POPC/POPS, (C) 85:15

POPC/POPS, (D) 45:40:15 POPC/Chol/POPS.

While Co?* and Ni?* binding was unaffected in any system, GSH was able to affect

CdClzand HgCl; interactions. GSH slightly decreased the effect of Cd?*/CdCI* on POPS,
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suggesting that GSH may out-compete the membrane for Cd species. On the other hand, GSH
lead to a slightly enhanced fluidizing effect of HgCl., suggesting that the Hg-GSH complex may
carry a positive charge which allows it to bind POPS. HgCl. otherwise does not target POPS due
to speciation into primarily HgCls  and HgCls* (32, 85). In the 50:50 POPC/POPS system, the
effects with HgCl> were different than expected, in that GSH caused a slight decrease in effects.
A control test with POPC showed that Hg-GSH had no effect. The most striking results came
from the 85:15 POPC/POPS system, as HgCl> in the presence of GSH at a 1:1 ratio resulted in an
increased rigidifying effect similar to that of Ni%*. This, in combination with the results from
other systems, suggests that GSH does affect the speciation of HgCl> and allows it to target
negatively-charged lipids. However, it appears to depend strongly on the composition and
packing of the membrane, as the addition of Chol eliminated this effect.

2.3.2 Conductivity of metals with GSH present

To confirm that speciation changes may be occurring, the conductivity of metal solutions

with and without GSH were tested with 1:1 metal/GSH in duplicate.
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Figure B-6. Conductivity of 0.2 mM metal solutions with and without 0.2 mM GSH in 10 mM

NaCl pH 7.4.

The conductivity of the Hg/GSH solution significantly changes compared to HgCl> alone,
suggesting again that the speciation of HgCl; is affected by the presence of GSH. It would be of
further interest to characterize the lipid-GSH-Hg interactions occurring, yet this was beyond the

scope of this thesis.

Appendix C
3.1 Metal-media Interactions
The potential interactions of CoClz, NiClz, MnClz, and Pb(NO3). with various types of

yeast media were tested by monitoring ODsoo Over time.

3.1.1 ODeoo over time
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Figure C-1. ODeoo of yeast media with 5 mM metal at (A) 0 hrs and (B) 1 hr.

224



Upon incubation with complex (YPD) and synthetic defined (SC/SD) media, Co?*, Ni?*,
and Mn?* did not lead to precipitation of media components. Ni?* caused a slight increase in OD
(<0.01), but this did not change over 1 hr (Figure B) and can thus be easily corrected for. On the
other hand, 5 mM Pb?* caused massive precipitation, so the changes caused by 0.5 mM Pb?*

instead were monitored over time:

8 0.25 - —e—YPD

< 02 —e—SC
0.15 sD
0.1

Time (min)

Figure C-2. Change in ODsoo caused by Pb(NO)s in various yeast media over 1 hr with agitation.

Unexpectedly, YPD appeared to be the least-precipitated media by Pb?* and did not
change substantially over 1 hr. The synthetic defined media were highly precipitated and showed
a settling effect over time suggesting that components are removed from solution. Defined media
was the preferred choice for toxicity testing, so the fraction of free metal was then considered.

3.1.2 Calcein metal quenching to determine fraction bound to media

All four metals were able to be detected by Calcein quenching and standard curves were
made as in Section 2.4.3, though it was more sensitive for Co?* and Ni%*. 0.5 mM metal were

incubated with SD media for 1 hr and then centrifuged at 15,000 g for 15 min before assaying
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the supernatant for remaining metal. The values were corrected for a metal-free media blank and

are shown in Figure :
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Figure C-3. Expected and measured metal concentrations in supernatants of SD media incubated

at 30°C for 15 min, as determined by Calcein quenching.

The free Pb?* concentration in SD media was essentially zero, while the Co?*, Ni?*, and
Mn?* concentrations were as expected. An Ames assay (149) on supernatant and pellet fractions
of Pb?*-treated media showed that phosphate was being pelleted by Pb?*, which cannot be
excluded from the growth medium. Pb?* was thus not used in further growth experiments, as it
may interfere with ODgoo measurements and cause inhibitory effects simply by media depletion.
3.2 S. cerevisiae cell morphology

The morphology of treated yeast cells was occasionally monitored, and generally found to

be similar to the control. A representative image is shown in Figure :

Control 2mM Co 2 mM Ni

Figure C-4. BY4741 after 26 hrs in SC media at 1000x magnification.
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Upon treatment with Co?*, most cells showed a large, well-defined internal compartment
which may be a swollen vacuole. The Ni?*-treated cells contained similar features to control
cells, but some were slightly shriveled.

3.3 Yeast growth curves with Mn?*

Growth experiments were also performed with Mn?* to determine if there was specificity
or unique interaction among several similar transition metals. The results for SCglu, SC, and

YPD are shown in Figure :
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Figure C-5. Growth curves of BY4741 in (A) SCglu, (B) SC, and (C) YPD in the presence of

various concentrations of Mn?*.

Alike to Co?* and Ni%*, Mn?* was unable to have an effect on growth when glutamate is
used as a nitrogen source. Again, similar reasons may be contributing as presented in Section
5.1.1. Mn?* was much less potent than Co?* and Ni?* in SC media, as only at 5 mM could it
cause a slight decrease in stationary phase OD. In contrast, Mn?* had greater effects than Co?*

and Ni?* in YPD, suggesting that its interaction with media components, and thus bioavailability,
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is different. The results suggested that Co?*, Ni?*, and Mn?* all had different levels of interaction
with cells and possibly by different pathways. For the interest of time, Mn?* was not pursued

further.

3.4 TLC of Avanti yeast extracts

The commercially-available yeast extracts from Avanti Polar Lipids were also run on TLC

to see if the composition extracted in this thesis was similar.

A B
NL
Ergo
» SE
CL/PA TAG
PE/PI
DAG
PS Ergo
PC
1 2 1

Figure C-6. (A) Polar lipid TLC and (B) Neutral lipid TLC of Avanti lipid extracts: 1) = Total

yeast extract (YTE), 2) = Polar yeast extract (YPE).

The Avanti YTE and YPE were found to not differ greatly in composition, with the only
major difference being the relative enrichment of Ergo/NL (Figure ). This is in contrast to the
experimental extracts made in this thesis, as my YPE was devoid of Ergo/NL. The neutral lipids
found in the Avanti YTE show a similar distribution to the control in this thesis, as TAG is much
more enriched than DAG. However, the large unidentified spot observed in the experimental
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extracts was not present in the Avanti YTE. It is possible that this spot represents non-lipid

contaminants.

3.5 Absorbance spectra of neutral lipid extracts

It was observed that the acetone-soluble lipid extracts from metal-treated yeast were

pigmented compared to the control, so the absorbance spectra of these samples were measured:
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Figure C-7. Absorbance spectra of (A) 0.2 mg/mL and (B) 1 mg/mL neutral lipid extracts from

BY4741 dissolved in 7:3 chloroform/methanol.

The spectra of control and metal-treated extracts were very different, but most of the

absorbance occurred in the UV range. The various peaks observed are shown in Table C-1.:
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Table C-1. Wavelength of peaks 1-5 observed in the absorbance spectra of neutral lipid extracts

in 7:3 chloroform/methanol.

Peak Control 1 mM Co 1 mM Ni Possible Identity
1 240 240 241 Peroxidised lipid? (344, 345)
2 273 273 273 Protein
3 322 324 327 ?
4 N/A 385/404 387 Porphyrins (346)
5 N/A 640 N/A ?

All extracts appeared to have some protein contamination around 280 nm (Peak 2) which
may represent the unknown spot in TLC. The main difference in pigment must therefore come
from the peak and shoulder around 390 nm in the visible region. The identities of the peaks have
not been characterized but can be speculated. Peak 4 observed clearly in the Ni?*-treated extract
is consistent with the Soret peak previously reported for Ni?*-protoporphyrin IX, occurring at
384 nm (346). Thus, it is possible that this peak represents an accumulation of Ni?*-substituted
porphyrin. The Co?*-protoporphyrin X has been shown to have Soret peaks at 417 and 388 nm,
which is not clearly observed here, but may be indicated in the two shoulders from 350-450 nm.
Protoporphyrin is expected to be lipid-soluble, so it could theoretically be co-extracted (347) and
may be responsible for pigmentation.

The identities of Peaks 1 and 3 are a bit more elusive, as they are also present in the
control, suggesting that they are naturally present. It has been previously shown that lipid
peroxides absorb at 233 nm (167, 344, 345), so this is a potential explanation for Peak 1. This
would also be consistent with the idea that Co?* and Ni%* induce oxidative stress, though the

absorbance in the control is fairly high as well. To determine whether or not this may represent
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lipid peroxides, the neutral lipid TLC plate was sprayed with 1:4 (v/v) 4% KI/ 1% acetic acid and
2% starch (167, 168). The extracts did not stain blue/brown, so there are likely no lipid peroxides
present. There is no obvious hypothesis for Peak 3, but this may represent a lipid-soluble

aromatic compound.
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