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ABSTRACT

The overall objective of this research was to characterize the differences in the
metabolic control of oxidative phosphoryiation in drug sensitive and drug resistant
leukemic cells. Anti-cancer agents may function to promote tumor cell death in a
number of ways, however acquired or inherent drug resistance is a major problem in
successful cancer treatment. The role of mitochondria in apoptosis has received a
great deal of attention from a variety of biochemical perspectives in the past few
years. Based on evidence that mitochondrial metabolism is altered during apoptotic
processes, this research built on the hypothesis that an alteration in mitochondrial
energy metabolism which decreases the production of reactive oxygen species plays
a significant role in the protection of tumor cells from cytotoxic therapies. Two pairs of
sensitive and resistant leukemic cell lines were studied: the mouse L1210 cell line and
its drug resistant L1210/DDP subiine, as well as the human HL&O cell line and the
HL6O/MDR resistant cell line. Oxygen consumption was higher, and mitochondrial
membrane potential was lower in the resistant sublines of cells under both resting and
non-phosphorylating conditions. An analysis of the kinetics of mitochondrial proton
leak reactions revecied that a higher amount of oxygen consumption was used to
balance the leak in the resistant cells compared to the sensitive cells. Uncoupling
proteins in the mitochondrial inner membrane may cause mitochondrial proton leak
and thereby reversibly uncouple oxidation from phosphoryiation. Levels of uncoupling

protein 2 (UCP2) were found to be higher in the mitochondria of resistant cells.



Northem blot analysis confirned the expression of uncoupling protein 2 mRNA in the
L1210 and L1210/DDP cell lines, with a higher amount present in the sensitive cells.
Based on evidence of the presence of certain mitochondrial proteins in the plasma
membrane, immunoblots of plasma membrane proteins were conducted. Results
revealed the presence of UCP2, with higher amounts observed in the sensitive
leukemic cells. The plasma membrane potential of the sensitive cells was significantly
lower than in the resistant cells, and in the case of the L1210 cells, was sensitive to GDP,
a proposed inhibitor of UCP2. Other mitochondrial differences were revealed through
the analysis of cellular ATP content and the activity of cytochrome oxidase in both cell
types. The findings from this research suggest that drug resistant leukemic cells use a
metabolic strategy in which mitochondrial oxidative phosphorylation is uncoupled.
Uncoupling proteins, in particular UCP2, have been proposed to regulate reactive
oxygen species production through modulation of mitochondrial membrane potential.
As reactive oxygen species have been implicated in various aspects of apoptosis,
uncoupling proteins may provide a mechanism for resistance to chemotherapeutic

agents and radiation by minimizing the production of reactive oxygen species.
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INTRODUCTION

1. LEUKEMIA

Leukemia is a form of cancer that results in the uncontrolled production of
abnormal white biood cells that can no longer protect against disease (Castoldi, etal.,
1992). It aiso inhibits the growth of red blood cells, causing anemia in virtually every
patient. All blood cells pass through many stages of development, beginning in the
bone marmrow as blasts. Leukemia can occur at any of these stages affecting one of
the two mgjor categories of white blood cells: lymphoid cells or myeioid cels.
Lymphoid leukemia and myeloid leukemia have different symptoms as well as
different treatments (Beutier, 2001). Leukemia s also classified according to the course
and duration of the disease. Acute leukemia involves a sudden onset and involves
immature cells that cannot perform their proper function. The symptoms of acute
leukemia are more severe than that of chronic leukemia, which progresses more
slowly. Chronic leukemia typically involves more mature cells that can partially
perform their function. There are about sixteen specific types identified to date
(Castoldi, et al., 1992), however the four broad types are named based on the
categories discussed. They are: acute lymphocytic leukemia (ALL), acute myeloid
leukemia (AML), chronic lymphocytic leukemia (CLL). and chronic myeloid leukemia
(CML).

The primary feature of leukemia is the failure of the bone marmrow to produce
enough healthy white blood cells, red blood cells, and piatelets to carry on regular

-1-



bodily functions. Marrow failure is characterized by increasing vulnerability to infection,
fatigue. bone pain, and bleeding/bruising (Estey. 2001). Leukemia affects 13.2 per
100,000 men and 7.7 per 100,000 women in the United States (The Leukemia and
Lymphoma SocietyS™; http://www.leukemia.org). Seventy percent of leukemiaoccurs
in adults (mostly CLL and AML). ALL is the predominant form of leukemia in children.

The three major categories of possible and established causes of leukemia are
genetic factors, diseases, and physical and chemical agents. Risk factors include
genetic and chromosomal abnormalities, radiation exposure, chemical and drug
exposure, and smoking.

Main treatments of leukemia are chemotherapy. radiation therapy. and bone

marrow transpiantation.

2. TUMOR CELL DIVISION AND METABOLISM

Cancer cells are distinguished by cell division in defiance of normal growth
control mechanisms and by the ability to invade other tissues. Rapid cell division,
characteristic of most tumor cells, is also a feature of developing tissues and of adult
tissues that must regenerate such as hematopoietic cells, skin cells, and regenerating
liver cells. Paradoxically when celis rapidly divide, there is a pronounced metabolic
shift away from the more energy efficient mitochondrial adenosine triphosphate (ATP)
production (oxidative phosphorylation) towards an increased rate of cytoplasmic,
glucose dependent ATP synthesis (glycolysis). Compared to oxidative phosphorylation,

glycolysis results in far fewer molecules of ATP per molecule of giucose. The reasons
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underlying this metabolic shift during cell division are not well understood. [t is well
documented that fast growing tumor cells have elevated rates of glycolysis (Biswas,
et al.. 1997) facilitated by increased activities of key processes in glycolytic regulation.
These include glucose transporter expression, glucose uptake, glucose-6-phosphatase,
tissue hexokinase activity, and increased lactate production (Halicka, et al., 1995,
Oudard, et al., 1997). These changes positively comelate with malignant transformation
and with the progression of malignancy (Weber, 1977). A major consequence of the
high rate of glycolysis is that glucose carbons are no longer an important carbon

source for mitochondirial oxidation in tumor cells.

3. DRUG RESISTANCE

Resistance to anticancer drugs is @ major problem in successful cancer
freatment. A patient may initially present with resistant tumors, develop resistance
during treatment, or develop resistance at the time of relapse (Bradshaw and Arceci,
1998). Amajor goalin cancerresearch is to understand the mechanisms by which cells
become resistant to chemotherapeutic drugs, and then find ways to prevent or bypass
the celiular resistance. Factors proposed to explain this phenomenon include
decreased drug uptake, increased deoxyribonucleic acid (DNA) damage repair,
enhanced drug detoxification, altered expression of molecule(s) targeted by the drugs.
and loss of cell surface death inducing receptors such as CD95 (Fas) (Arceci, 1995).
Tumor cells develop an enhanced ability to survive by aitering the cellular pathways

that function to overcome the cytotoxic effects of drugs at one or more of these levels.
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The exact mechanism may depend on the drug of interest as well as the tumor type
treated. However, the mechanisms of pleiotropic drug resistance remain obscure.
Many cancers that initially respond to treatment later become resistant, often to awide
range of unrelated drugs. This has been termed ‘multidrug resistance’ (MDR).
A major cause of MDR seems to be the activation of the MDR1 gene which
encodes the efflux pump P-glycoprotein (P-gp). This protein is thought to confer
resistance by removing the cytotoxic drug from the cell (Marks, et al., 1996). There is
a significant amount of evidence that increased expression of P-gp is associated with
decreased responsiveness to chemotherapy and poor outcome In a variety of solid
tumors and also in leukemia (Chan, et al., 1997, Leith, 1998, Leith, et al., 1999). To date
the largest amount of work on MDR has focused on transport-mediated drug resistance

mechanisms and, in particular, drug effiux systems (Arceci, 2000).

4. APOPTOSIS

Physiological cell death occurs through the processes of apoptosis and necrosis.
The boundaries between these processes. once thought to be distinct, have recently
blurred. However, it is widely accepted that necrotic cell death typically results in the
osmotic rupture of a cell leading to inflammation of surrounding tissue, while apoptosis
involves cell shrinkage. membrane biebbing, nuclear DNA degradation, cell
fragmentation, and phagocytosis of the fragments by sumounding cells. The
development of certain types of cancers involves the loss of apoptosis that is needed

to remove damaging cells. As well, resistance to chemotherapeutic agents is related
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to expression of proteins that act to inhibit apoptosis.

Apoptosis, also referred to as programmed cell death or cell suicide, describes
a cascade of celiular pathways leading to a series of well-defined biochemical and
morphological changes (Hannun, 1997). Apoptosisis essential for normal development
and maintenance of tissue homeostasis. A number of regulatory switches exist in most
cells to induce apoptosis or prevent it from occuming (Hannun, 1997). Defects in the
machinery of programmed cell death contribute to many prevalent diseases. An
excess of unwanted apoptosis is linked to nerve cell loss in Alzheimer’s disease,
whereas not enough apoptosis is a cause of many cancers and autoimmune diseases
(Finkel, 2001).

To date, two main mechanisms of apoptosis have been identified: death-
receptor-induced apoptosis and apoptosis induced by chemicals and stress. On the
plasma membrane of many cells there exist death receptors which, when triggered
by their coresponding ligands, result in an activation of caspases and induction of
apoptosis (Ashkenazi and Dixit, 1998). Death receptors are members of the tumor
necrosis factor (TNF)-receptor family; the best known are CD95 (also known as Fas) and
TNF Receptor-1. Apoptosis induced by other stimuli such as stress, DNA-damaging
agents, and cancer chemotherapeutic agents involves a disruption of mitochondria

and subsequent release of pro-apoptotic molecules into the cytosol.

A) MITOCHONDRIA AND APOPTOSIS

Over the past few years apoptosis research has experienced a shift in thinking

from a theory that had the nucleus ultimately determining the cell’s fate to a paradigm
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that has mitochondria playing a major reguiatory role. Mitochondria undergo
significant changes in membrane integrity before the morphological changes
associated with apoptosis present themselves. There is a loss of mitochondrial
membrane potential leading to the release of cytochrome ¢ and apoptosis inducing
factor (AIF) from the intermembrane space into the cytosol. Cytochrome ¢ can
interact with apoptotic protease activating factor-1 (Apaf-1) to activate caspase 9
which in tum activates other caspases and a nuclease activating factor (Alnemi, 1999).
Caspases are a family of cysteine proteases that play a critical role in the execution
phase of apoptosis (Cohen, 1997). Alf can directly activate nuclear endonucleases,
causing the characteristic oligonucleosomal DNA fragmentation pattemn observed
during apoptosis.

Opening of the mitochondrial permeability transition (MPT) pore within the
mitochondrial inner membrane occurs during apoptosis and is thought to be the
primary cause of loss of mitochondrial function (Figure 1). MPTis known to be induced
by exposure to high calcium concentrations as well as oxidative stress (Kowaltowski,
et al.. 2001). The latter may represent @ mechanism of induction of reactive oxygen
species (ROS)-linked apoptosis. Studies have shown that a wide variety of antioxidants
can protect against MPT (Kowaltowski, et al., 2001). The main souce of ROS leading to
MPT is the mitochondrial electron transport chain (described below). There is general
agreement that the adenine nucleotide translocator (ANT) and cyclophilin d (CyP-D)
are components of the pore (Kowaltowski, et al., 2001). Some suggest that other
proteins may be involved, such as the outer membrane voltage-dependent anion

channel (VDAC), aiso known as porin.



Figure 1 The mitochondrial permeability fransition. Reactive oxygen species (ROS),
high calcium concentrations, and possibly other triggers lead to pore opening. Water
and solutes up to 1500 Daltons in size enter the matrix, leading to dissipation of the
mitochondrial inner membrane potential (AW,,.). matrix swelling, and outermembrane
disruption and the release of cytochrome c into the cytosol. (Figure modified from
Green and Reed, 1998)



- .

ROS, Ca?*,

other triggers
CLOSED OPEN
Outer PORIN/VDAC
Mitochondrial
Membrane

Inner Adenine Nucleotide

Mitochondrial Transporter and
Membrane associated molecules
-
cyclophilin D

Solutes, Water

* Dissipation of A¥Ym

* Matrix swelling

» Outer membrane disruption and
cytochrome c release




In addition to proteins that are released from the mitochondria during apoptosis,
the other group of mitochondrial proteins involved in programmed cell death are the
pro- and anti-apoptotic members of the Bcl-2 family that largely localize to the outer
mitochondrial membrane (Bemardi, et al., 1999). Bax is an example of a pro-apoptotic
member of the family that can serve as a docking protein for other proteins involved
in the apoptotic cascade. Bcl-2 is an anti-apoptotic member that appears to affect
MPT and/or the release of cytochrome ¢ and AlF. Increased expression of Bci-2 or of
its apoptosis-inhibitory homologues is involved in the pathogenesis of a number of

human cancers (Susin, et al., 1998).

8)  REACTIVE OXYGEN SPECIES AND APOPTOSIS

Itis well documented that apoptosis can be induced by oxidative stress (Lenaz,
1998, Skulachev, 1997, Skulachev, 1996). Apoptosis can be divided into two phases: an
activation phase that consists of the signaling pathways that initiate apoptosis, and an
execution phase that involves the molecular machinery required for cell death to
occur. ROS do not seem to be required in the execution phase, but can be involved
in the activation phase, for example. as activators of MPT (Jacobson, 1996).

Mitochondria are the major cellular source of ROS (discussed in Section 7).

S. MITOCHONDRIA

A)  OXIDATIVE PHOSPHORYLATION
Mitochondria are the main source of ATP, the major energy ‘currency’ of cells
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(Figure 2). In non-dividing cells of the body, mitochondria normally provide over 90%
of cellular ATP (Roife and Brown, 1997). The synthesis of ATP from adenosine
diphosphate (ADP) and inorganic phosphate (P) by mitochondria is driven by electron
flow from areduced substrate to oxygen. The transfer of electrons through the electron
transport chain is carried out by four inner membrane-associated complexes, along
with cytochrome ¢ and ubiquinone (Nishikawa, et al. 2000). Complex |
(NADH:ubiquinone oxidoreductase) accepts electrons from NADH + H*, derived from
glucose oxidation and mitochondrial tricarboxylic acid (TCA) cycle activity. Complex
Il (succinate:ubiquinone oxidoreductase) receives electrons from FADH,. Regardiess
of the initial source of electrons, both complex | and complex ll transfer their electrons
to ubiquinone, which in tum transfers them to complex lil (ubiquinol:.cytochrome ¢
oxidoreductase). The electrons then proceed through cytochrome ¢, complex IV
(cytochrome ¢ oxidase), and then to molecular oxygen which combine with protons
to form water. As electrons pass through complexes |, ill, and IV, a protonmotive force
(Ap) is generated by the pumping of protons from the mitochondrial matrix into the
intermembrane space (Brand, et al., 1994). The Ap consists of two components: a
transmembrane electrical potential (AW,) and a pH gradient (ApH). Ap fuels proton
movement back into the matrix through ATP synthase and the combined action of the
adenine nucleotide translocator and phosphate carrier, resulting in the formation of

ATP.

B) PROTON LEAK

if the flow of protons back into the matrix is aiways through ATP synthase, then
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Figure 2 The mitochondrion. Mitochondria are the main source of cellular ATP. The
mitochondrion contains an outer and an inner membrane that divides the organelle
into two distict compartments: the intermembrane space which is located between
the two membranes, and the matrix which is enclosed by the inner membrane.
(Figure adapted from Kleinsmith and Kish, 1995; electron micrograph provided to our
laboratory by Dr. L.P. Kozak)






the processes of substrate oxidation and ADP phosphorylation are said to be
compiletely coupled. Research in the last decade, however, has shown convincingly
that oxidative phosphoryiation is never fully coupled, in isolated mitochondria as well
as mitochondriain intact cells (Brand, et al., 1994). There exists a passive leak of protons
across the mitochondrial inner membrane such that a significant proportion retum to
the matrix without being coupled to ATP synthesis or any other energy conserving
reaction (Brown, 1992, Brown and Brand, 1986). This nonproductive proton
conductance pathway has been termed “proton leak”. The energy of the
protonmotive force is released as heat.

Atfirst the question arose whether the proton leakis an artefact of mitochondrial
isolation or whether proton leak is a real physiological phenomenon. |t was thought
that the forces used to disrupt cellular membranes and thus free the mitochondria for
subsequent analyses were responsible for disrupting the physical properties of the
mitochondrial inner memebrane, thus allowing a form of proton movement that could
not occur in normal, intact mitochondria. This was answered by numerous studies in
which mitochondrial proton leak has been shown to exist in intact cells and tissues,
including hepatocytes (Harper and Brand, 1993, Nobes, et al., 1990), thymocytes
(Buttgereit, et ai., 1992), and lymphocytes (Buttgereit, et al., 1991). it is now generally
accepted that mitochondrial proton leak is a substantial contributor to basal
metabolism (Porter, 2001).

The existence of a proton leak was first measured by Mitchell and Moyle
(Mitchell and Moyle, 1967). They added a puise of oxygen to anaerobic mitochondria

ond bacteria and detected the pumping out of protons with a pH electrode. When
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the supply of oxygen was consumed, the protons leaked back across the membrane
as evidenced by an increase in pri. Measurements of proton leak were iater
conducted by first inhibiting all known proton transport processes and then inducing
an artificial Ap with potassium gradients (Brown and Brand, 1986, Krishnamoorthy and
Hinkle, 1984). Results showed that the rate of ieak was larger at high Ap values and
had a roughly exponential dependence on Ap. The dependence of leak on Ap
reflected earlier findings by Nicholls (Nicholls, 1974). In these experiments an approach
was used whereby the substrate oxidation reactions of mitochondria in the absence
of ATP synthesis (state 4) could be progressively siowed by the addition of electron
transport chain inhibitors such as malonate. Results showed that only smail reductions

in Ap were required to substantially reduce the respiration rate of mitochondria.

C)  PHYSIOLOGICAL SIGNIFICANCE OF THE PROTON LEAK

Regardiess of the efficiency of mitochondrial ATP synthesis, mitochondrial
energy expenditure is proportional to oxygen consumption, as oxygen is the final
electron acceptor in the electron transport chain. The amount of energy consumed
through leaks is carefully controlled by cells and leak is low when ATP needs are high
(Hafrer, et al., 1990). Leak thus has a tonic effect on overall oxygen consumption, and
it has been proposed as an important contributor to standard metabolic rate (SMR)
(Brand, 1990).

The energy consumed by proton leak in isolated rat hepatocytes has been
shown to account for 26 + 7% of the total oxygen consumption rate or 33 + 7% of the

mitochondrial respiration rate (Nobes, et al.. 1990). In resting perfused rat skeletal
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muscle, Rolfe and Brand (Roife and Brand, 1996) determined that up to 52% of the
resting respiration rate was dedicated to countering the leak of protons into the
mitochondrial matrix. However, the proton leak and mitochondrial ATP synthesis
compete for the same driving force, and while proton leak accounted for a large
proportion of energy expenditure in these resting systems, the question arose as to
whether the contribution of proton leak is still significant at higher metabolic rates.
Under this condition, flux through ATP synthase must increase to accommodate greater
workloads. Rolfe et al. (Rolfe, et al., 1999) increased the respiration rate twofold, by
stimulating the omithine-urea cycle and gluconeogenesis in hepatocytes, and by
inducing vigorous confraction in perfused rat hindquarters. The results of these
experiments indicated that proton leak decreased with increased workload, but only
slightly. Proton leak was measured as 22% of the overall available energy in
hepatocytes, and 34% in skeletal muscle. Taken together, these studies show that
proton leak is very important to the overall energy expenditure of the rat and, by
inference, of mammails. It is estimated that proton leak in a rat accounts for 20-25% of

the SMR, making it the largest single contributor to energy metabolism.

D)  POSTULATED FUNCTIONS OF THE MTOCHONDRIAL PROTON LEAK

What is the purpose of a seemingly wasteful process that makes such a
substantial contribution to cellular respiration? A number of different functions have
been proposed, including () maintenance of normal body temperature through heat
production, (ji) control over energy metabolism, and (i) reduction of reactive oxygen

species (ROS) production.



() Maintenance of Normal Body Temperature Through Heat Production

It has been suggested that the proton leak in mammails sefves to maintain a
constant body temperature by balancing the heat lost by the body with heat
produced by leak mechanisms. Smaller mammails have a larger surface area to
volume ratio relative to larger mammails, which leads to a larger amount of heat lost
that needs to be balanced by an increased metabolic rate (Brand, 1990). Relative to
body size, both the mass and metabolic rate of heat-producing organs is larger in
smaller mammais (Krebs, 1950). In 1993 Porter and Brand (Porter and Brand, 1993)
established that the rate of mitochondrial proton leak as well as the metabolic rate of
mammais are inversely proportional to body size. Experiments using an ectotherm
(cold-blooded) model, the bearded dragon lizard, showed that the state 4 rate of
isolated hepatocytes is only about 20% of that of hepatocytes isolated from a rat of
similar body mass and housed at the same environmental temperature (Brand, et ai.,
1991). However, the lizard hepatocytes utilize oxygen at only 25% the rate of rat
hepatocytes. Therefore, even though the rate of proton leak is reduced in the bearded
dragon reiative to the rat, the cost of the proton leak as a proportion of metabolic rate
is similar in both models. Extending these findings, there is evidence that the
proportional contribution that proton ieak makes to SMR in mitochondria isolated from
ectothermic and endothermic vertebrates with a range of whole body standard
metabolic rates is similar (Brookes, et al., 1998). This suggests that heat production to

maintain body temperature is not the only function of the leak.



@)  Control Over Energy Melabolism

Since the oxygen that is used to drive the futile cycle of proton pumping and
leak across the mitochondrial inner membrane cannot be used to drive ATP synthesis,
the occurrence of the leak effectively lowers the P/O ratio (ATP produced per moie
oxygen consumed) below itsmaximum possible values (Brand, et al., 1994). Increased
ATP demand causes an increase in the rate of phosphorylation reactions at any Ap,
thereby lowering Ap and proton leak and increasing the coupling ratio. Conversely,
increased proton leak will divert more of the energy flux to proton cycling, lowering the
effective P/O ratio. This allows oxidative phosphorylation to vary its coupling efficiency
depending on demand without the need to make large changes in the rate of oxygen
consumption. This rapid, short-term response may provide a mechanism for increasing
the sensitivity and responsiveness to effectors in the cell that ultimately affect ATP

requirements.

(i)  Reduction of Reactive Oxygen Species Production

An increased mitochondrial membrane potential (as when coupling of
respiration is increased) is associated with components of the electron transport chain
being reduced as well as a slower respiratory rate. This can stimulate ROS production
by increasing the life span of highly reactive intermediates of the electron transfer
chain such as semiquinone radicals (Korshunov, et al., 1997). It has been proposed that
a reduction in AW, through proton leak could provide protection against ROS
production at the mitochondrial level (Skulachev, 1996). An increase in proton leak

would stimulate oxygen consumption and decrease the formation of ROS. In this
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respect, the accompanying loss of energy in the form of ATP would be a "price worth
paying’ to increase metabolic flexibility or to avoid the damaging effects of ROS
(Bouillaud, et al., 2001). A more detailed explanation of mitochondria and ROS is

provided below.

6. PROTON LEAK AND THE UNCOUPLING
PROTEINS

The proton permeability of the mitochondrial inner membrane is particulary
high compared to other ions. Aspects of the phospholipid composition of the
mitochondrial inner membrane strongly comrelate with the proton conductance of the
membrane. But experiments by Brookes and colleagues (Brookes, et al., 1997)
demonstrated that proton leak through the lipid bilayer can only account for
approximately 5% of total proton leak. Another possibility is proton leak occuring
through protein-lipid interactions. The other major feature of the inner membrane
determining bilayer proton permeability is the existence of specific proteins catalysing
some or most of the proton leak.

Uncoupling proteins (UCPs) present in the mitochondrial inner membrane have
been proposed to cause mitochondrial proton leak and thereby reversibly uncouple
oxidation from phosphoryiation (Figure 3) (Boss, et al., 1998). Uncoupling causes a
decrease in AW, an increase in the rate of substrate oxidation, and the release of
energy as heat. A number of proteins belong to the uncoupling protein family. and

they in tum belong to the much larger mitochondrial carier protein family that also
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Figure 3 Schematic represeniation of the mitochondrial inner membrane illustrating
the components of the oxidative phosphoryiation system and the proposed function
of uncoupling proteins in proton leak. As electrons from reduced substrates are
transferred through the components of the electron transport chain (shown in blue),
protons are translocated from the matrix to the intermembrane space. The
protonmotive force produced fuels proton movement back into the matrix through
ATP synthase (purple) and the combined action of the adenine nucleotide (red) and
phosphate (green) carriers, resulting in the synthesis of ATP. Uncoupling proteins
(UCPs) present in the mitochondrial inner membrane have been proposed to cause
proton ieak and thereby reversible uncouple oxidation from phosphoryiation.
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includes the ATP/ADP transiocator and the phosphate translocator.

A) UCPI

The first UCP was found in mitochondria from brown adipose tissue (BAT). The
mitochondria of mature brown adipocytes contain UCP1 (originally called
thermogenin or uncoupling protein), a 32 kDa protein that dissipates the proton
gradient generated by the electron transport chain, producing heat instead of ATP
(Figure 4). UCP1 was cloned in 1985 by Bouillaud and colleagues (Bouillaud, et al.,
1985), nearly a decade after its identification. The features of UCP1 and ifs regulation
were first uncovered by David Nicholls (Nicholls, 1979). The physiological function of
UCP1, and of BAT in general, is thermogenesis (heat production) (Himms-Hagen, 1990).
It is of major importance for thermoreguiation in newbom humans. As well, small
mammais adapt to cold by increasing the amount of UCP1 in their BAT mitochondria,
allowing heat to be produced at a greater rate. A number of other features may be
important in response to an animal’s need to produce heat. Fatty acids are required
to achieve maximum UCP1 activity. The mechanism of action of fatty acids is currently
a matter of discussion, with two models being proposed: the fatty acid flip-fiop model
and the model where the fatty acid acts as a prosthetic group to UCP1 (Klingenberg
and Huang, 1999, Nicholls and Rial, 1999). Conversely, activity is inhibited by purine
nucleoside di- and tri-phosphates (ADP, ATP, GDP, GTP). The binding site is located on
the cytosolic side towards the C-terminus of the protein. The relative physiological
importance of UCP1 to adult humans is limited, however, because adults possess very

little active BAT. As well, because UCP1 is exclusive to BAT, this protein cannot account
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Figure 4 Membrane-spanning model of uncoupling protein 1 (UCP1). UCP1 is a
member of the mitochondrial carrier family. It contains six transmembrane a-helices
with both the N- and C- teminals facing the intermembrane space. The protein is
organized as a triplicated structure, with each domain containing approximately 100
residues with two transmembrane helices. The transmembrane structure and amino
acid composition of the other members of the UCP family are similar.
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for proton leak observed in other tissues. It did, however, provide the crucial

foundation for the identification of other candidate uncoupling proteins.

) UCP2

In 1997, Fleury and colleagues (Fleury, et al., 1997) cloned the first UCP1 isoform,
UCP2. Human UCP2 is 59% identical to human UCP1, and is also able to uncouple
mitochondrial respiration as demonstrated by transfection into Saccharomyces
cerevisiae (Fleury, et al., 1997). The amino acid sequence of mouse UCP2 is 95%
identical to human UCP2. Mitochondrial carrier protein motifs exhibited in UCP1 are
conserved in UCP2, as are the amino acids essential for purine nucleotide binding.
Unlike UCP1, UCP2 is ubiquitously expressed with the highest leveis found in white
adipose fissue (WAT), BAT, heart, kidney, spleen, thymus, leukocytes, macrophages,
Kupffer cells iver), bone marrow and stomach in both mice and humans (Fleury, etal.,
1997). Its expression throughout the immune system suggested a role for UCP2 in
immunity and/or thermoregulatory responses to infection (Fleury, et al.. 1997). In BAT
of transgenic mice deficient in UCP1, UCP2 messenger RNA (MRNA) was found to be
increased 5-fold (Enerback, et al., 1997). In these mice UCP2 was thought to provide
the compensatory mechanism by which these mice remained lean even when fed @
high fat diet. At the chromosomal level, UCP2 was mapped to regions of human
chromosome 11 and mouse chromosome 7 that had been previously linked to

hyperinsulinemia and obesity (DeBry and Seidin, 1996, Warden, et al., 1995).



c) UCP3

Soon after the cloning of UCP2, athird uncoupling protein was discovered (Boss,
et al.. 1997, Vidal-Puig, et al., 1997). UCP3 is expressed in skeletal muscle of humans;
in rodents it is also expressed in BAT. This selective expression in tissues where energy
expenditure can be very high mokes it a potential mediator of adaptive
thermogenesis. Human UCP3 is 58% identical to human UCP1 and 73% identical to
human UCP2. The gene is found adjacent to that for UCP2 on chromosome 7 in mice
and on chromosome 11 in humans (Solanes, et al., 1997). Two isoforms of UCP3 have
been found: a long form (UCP3)) and a short form (UCPy) (Boss, et al., 1997). The short
form does not have the 37 residues of the C-terminus that the long form contains.
These residues form part of the sixth transmembrane domain as well as the putative

nucleotide binding domain.

D) BMCP1 AnD UCP4

The discovery of UCP2 and UCP3 in 1997 was closely followed by the cloning of
two more related proteins. Brain mitochondrial camier protein 1 (BMCP1) is expressed
mainly in the brain, but is also present in other tissues to a small extent (Sanchis, et al.,
1998). The fifth member of the uncoupling protein family, characterized in January
1999, is UCP4. It is expressed exclusively in the brain (Mao, et al.. 1999). The sequence
homology of BMCP1 and UCP4 to UCP1 are about 34%. Both BMCP1 and UCP4 genes
have been expressed in yeast and have been shown to lower AW, interpreted as an

increase in proton leak.
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E)  FUNCTION(S) OF THE UNCOUPUNG PROTEIN HOMOLOGUES

Most of what is known about uncoupling proteins has been acquired from
studies of UCP1 (Nicholls and Rial, 1999). The thermogenic function of UCP1 seems to
have influenced many of the hypotheses as to the physiological roles of the UCP
homologues (Stuart, et al., 2001). UCP2, for instance, is most highly expressed in tissues
that do not play an important role in heat production. The mRNA levels of BAT UCP2
increase in UCP1 knockout mice, yet these mice are cold intolerant. This suggests that
UCP2 has not replaced the thermogenic function of UCP1 in this tissue (Stuart, et al.,
2001). Their function does not seem to be thermogenesis, but nevertheless studies have
shown that they catalyze a proton conductance (Echtay, et al.. 2001). Many studies
have been conducted on the uncoupling protein homologues over the past fouryears,
yet their true physiological function is still a matter of debate. Other potential roles
proposed for these proteins include involvement in obesity, diabetes, and fatty acid
metabolism. Another postulated role that provides a basis for this research project is

the reguiation of ROS production (described below).

7. MITOCHONDRIA AND REACTIVE OXYGEN
SPECIES

It is well established that mitochondria are the main source of ROS in the cell
(Vidal-Puig, 2000). produced under normal conditions as inevitable by-products of
aerobic metabolism. Reactive oxygen species include the superoxide radical anion
(0O,). hydroxyl radical (OH"), hydrogen peroxide (H,O,). nitric oxide (NO) and

peroxynitrite (ONNO") (Lenaz. 1998). The two main sites of superoxide generation in the
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mitochondrial inner membrane are NADH dehydrogenase at complex | and the
interface between ubiquinone and complex il (Nishikawa, et al., 2000). It is calculated
that 1-4% of oxygen reacting with the electron transport chain is incompletely reduced
and results in ROS production (Richter, 1988). During respiration, the primary reactive
product is O,", which is subsequently converted to H,0, by superoxide dismutase. As
H,O, molecules are potentially involved in various celiular regulatory processes
including signal transduction, gene transcription, oxidative damage. and apoptosis
(Halliwell, 1987, Kroemer, et al., 1995, Sen and Packer, 1996), their leveis must be tightly
regulated. Cells are equipped with extensive antioxidant defense mechanisms to
counteract the damaging effects of ROS. Survival can be considered to depend on
a balance between ROS production and antioxidant activity. The production of H,O,
is higher when respiration rates are slow than when respiration rates are high, and low
when proton retum to the matrix is almost exclusively through ATP synthase (Chance,
et al., 1979). In state 4 (no ATP production) the reduced electron transport chain and
the high AW, would increase O, production. By being major producers of ROS,
mitochondria are exposed to high concentrations and are therefore particularly
susceptible to their aftack. Damage to mitochondrial components includes lipid
peroxidation, protein oxidation and mitochondrial DNA (mtDNA) mutations. Cardiolipin
is a lipid found in the mitochondrial inner membrane and is required for cytochrome
oxidase activity (Lenaz, 1998). ROS decrease cardiolipin to a larger extent than other
lipids due to its high degree of unsaturation. Protein oxidation has been described to
affect the enzymes of the electron transport chain, ATP synthase, the adenine

nucleotide translocator (ANT), and other proteins found in mitochondria (Lenaz. 1998).
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Mitochondrial DNA is also very susceptible to oxidative damage. Since it is located in
the matrix, it is very close to the source of ROS. Aiso, mtDNA does not have introns and
lacks histones and other DNA-associated proteins which makes the probability of
damaging a coding region of mtDNA very high. Studies involving human brain regions
showed that damage to mtDNA is approximately ten times greater than damage to
nuclear DNA (Richter, et al.. 1988). Since mtDNA encodes for a number of polypeptide
chains that belong to complexes of the electron transport chain, one of the
consequences as a result of damage caused by ROS would be defective electron
transfer and oxidative phosphoryiation (Johns, 1995). It has been established that
defects in the electron transport chain lead to enhanced production of ROS (Richter,
et al., 1995, Sohal and Sohal, 1991). This would therefore establish an unstoppable

feedback of mtDNA aiterations and oxidative stress.

A)  UNCOUPUNG PROTEINS AND ROS

A high AW, is accompanied by a slower respiratory rate which stimulates ROS
production by increasing O, tension and favoring longer life spans of highly reactive
intermediates of the electron transfer chain. It has been proposed that miid
mitochondrial uncoupling could provide a mechanism to reduce AW,, and therefore
ROS production at the mitochondrial level. Négre-Salvayre et al. (Negre-Salvayre, et
al., 1997) showed that inhibition of UCP1 by GDP (a known inhibitor of UCP1) increased
AW, and H,0, production. An uncoupling agent reversed this effect. GDP was also
able to increase AW, and H,0, production of the mitochondria from UCP2-expressing

cells of the liver (Kupffer cells), spieen, and thymus. Altogether these results strongly
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suggest that UCP2 is sensitive to GDP and is able to modulate H,O, generation. Thisrole
for UCP2 as a regulator of oxidative stress would be consistent with the importance of
ROS in tissues of the immune system which express this protein. Arsenijevic et al.
(Arsenijevic, et al.. 2000) showed that macrophages from UCP2 knockout mice
generated 80% more ROS than wild-type mice.

Studies have demonstrated an increased production of ROS in skeletal muscle
mitochondria of UCP3 knockout mice as determined by measurement of superoxide
production and aconitase activity(Vidal-Puig, et al., 2000). Activation of UCP1 in vitro
was shown to decrease ROS production (Vidal-Puig, et al., 2000). Diabetic
hyperglycemia causes a number of biochemical changes, including anincrease in the
production of ROS. Nishikawa et al. showed that this increase was produced by the
proton electrochemical gradient generated by the electron transport chain, and could
be prevented by overexpression of UCP1 as well as an uncoupler of oxidative
phosphoryiation. In pancreatic B-celis, overexpression of UCP2 is accompanied by

protection against H,0,-induced toxicity (Li, et al., 2001).

8. OBJECTIVE

The possibility that uncoupling proteins may act to protect cells from apoptosis
through reguiation of ROS production provided the rationale for investigating the
involvement of uncoupling proteins in tumor cell mitochondrial bioenergetics. The aim
of this research was to characterize the differences in the metabolic control of

oxidative phosphorylation in drug sensitive leukemic cells, which die apoptotically. and
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drug resistant leukemic cells, which withstand apoptosis-induced cell death. This was
based on the hypothesis that an alteration in mitochondrial energy metabolism which
decreases production of ROS plays an important role in the protection of tumor cells
from cytotoxic therapies. Specifically, the proposal put forward is that mitochondrial
UCP2 is actively involved Iin this protection. The significance of this research comes
from the potential to understand the metabolic pathways which regulate susceptibility
of tumor cells to cell death and the potential to reverse drug resistance in tumor cells

that are difficuit to kill during chemo- and radiotherapy.

A)  CeLLLiNes

This research began by using a leukemic cell line called L1210. The L1210 cells,
derived from a DBA/2 mouse in 1949, are lymphocytic cells and are sensitive to cisplatin
and methotrexate (Richon, et al., 1987). The cispiatin-derived L1210/DDP subline is cross
resistant to methotrexate. The L1210 cell line and its subline have been used for many
years to study the mechanism of drug resistance. The L1210 celis are non-adherent,
morphologically round. and rapidly dividing whereas the L1210/DDP cells are
adherent, morphologically large and amorphous, and slowly dividing (Bhushan, et al.,
1998). The L1210/DDP cells are aiso cell surface Fas negative, rendering them
insensitive to Fas-induced cellular signals (Bhushan, et al., 1998).

Cispiatin  (cis-diammine dichioroplatinum (I)) (ODP) is a common
chemotherapeutic agent used in the treatment of patients with ovarian, testicular,
bladder, neck, and lung cancers (Bhushan, et al., 1999). Although it has been used

extensively, its effectiveness had been limited, due to the development of resistant
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cancer cells. Accompanying the resistance to DDP is the acquisition of cross resistance
to a number of unreiated drugs. A great deal of research has been devoted to
overcoming this resistance by understanding the interactions between DDP and DNA.

DDP enters the cell by diffusion, and hydrolysis of its chloride ions produces an
active platinum compound (Rosenberg, 1979). These compounds react with DNA
forming crosslinks which alter the tertiary structure of DNA and inhibit DNA functions
(Erickson, et al., 1981). Resistance to DDP has been proposed to occur by a number of
mechanisms including increased repair of DDP-DNA lesions, altered DDP uptake by the
cell, and altered intracellular localization of DDP by compounds such as glutathione
and metallothionein.

DDP resistance is often associated with cross resistance to methotrexate (MTX),
a folate antagonist (Schabel, et al.. 1983, Teicher, et al., 1986). MTX exerts its Cytotoxic
effects through competitive inhibition of dihydrofolate reductase (DHFR), preventing
it from maintaining an adequate cellular supply of tetrahydrofolate. Tetrahydrofolates
are required as cofactors in the synthesis of purine nucleotides and thymidylate (Taylor
and Tattersall, 1981). Therfore, despite the dissimilarity in action of these two anti-
cancer agents, cross resistance is commonly found.

L1210 mouse leukemia cells employ a high-affinity transport system for MTX and
reduced folate compounds. Transport is mediated by a 48 kDa integral plasma
membrane protein and a 38 kDa peripheral protein (Price, et al., 1988).

The research continued by examining another pair of sensitive and resistant
leukemic cells. The HL&O cells are a promyelocytic cell line of human origin. The

HLSO/MDR resistant subline expresses the P-gp membrane protein (described above).
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The HL60/MDR celis exhibit low level extended cross resistance to a wide range of

chemotherapeutic drugs (Su, et al., 1994).

8) TopP-DOWN METABOLIC CONTROL ANALYSIS

Metabolic Control Analysis (MCA). used extensively in this research, is amethod
for analysing the control of metabolic systems. MCA attempts to describe the reiative
control each component in a metabolic system exerts on the pathway fluxes (rates)
and metabolite concentrations. In this scenario the metabolic system is the
independent variable while the fluxes and metabolite concentrations are the
dependent variables. The amount of control that any individual component of a
metabolic system has is measured by changing the level of that component and
monitoring its effect on the system variable (fiux or metabolite concentration) of
concem. MCA can simplify the study of complex metabolic systems.

MCA was first developed by Kacser and Bums (Kacser and Bums, 1973) and
Heinrich and Rapoport (Heinrich and Rapoport, 1974). Fiux control coefficients were
described which provided a quantification of control of each individual enzyme in Q
metabolic pathway. The first application of MCA to oxidative phosphoryiation was the
measurement of the flux control coefficients of the various components of the system
in isolated rat liver mitochondria (Groen, et al., 1982). This was performed by titration
experiments with ireversibie inhibitors of mitochondrial enzymes and transporters. The
decreases seen in their activity were related to changes in respiration. This approach
is now referred to as the bottom-up approach because the description of control is

generated from analysing individual enzymatic components (Murphy, 2001). This

-28-



approach is limited, however, in that all system components must be known, and the
measurement of flux control coefficients is difficult in intact cells. Another
disadvantage lies in the difficulty of determining flux control coefficients for every
enzyme in a pathway since specific inhibitors with known kinetic properties are often
not available (Kunz, 2001). This led to the development of the top-down approach to
metabolic control analysis.

In the top-down approach, a metabolic system is grouped into a number of
blocks of reactions that either feed into or consume a common intermediate (Brown,
et al., 1990). In contrast to the bottom-up approach, the top-down approach provides
flux control coefficients for blocks of enzymatic reactions in a metabolic pathway
rather than for individual reactions. The kinetic response of each block of the system
to the concentration of the intermediate is measured in the presence and absence of
an effector (Buttgereit, et al., 1994). Only those blocks that have a changed kinetic
response to the intermediate contain sites of action that are important in changing the
flux through the intermediate (Harper and Brand, 1993, Harper and Brand, 1995). A
requirement for this approach is that the blocks of reactions must affect each other
solely through the concentration of the intermediate. In other words, the blocks must
not be able to influence each other without involving the intermediate of the system.
The overdll kinetics of a block of reactions is described in terms of elasticity. Elasticity
describes the responsiveness of a branch of a metabolic pathway to changes in the
amount of the intermediate in that pathway (Harper, et al., 1998). If the elasticity of a
branch differs between two cell types being studied, for example, then one site of

difference is located within the reactions encompassed by that branch.
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The metabolic system that was investigated in this research is the oxidative
phosphorylation system. In applying the top-down approach to oxidative
phosphorylation, the system is divided into three blocks of reactions and the common
intermediate is mitochondrial membrane potential (AW,) (Figure 5). AV, Is produced
by the substrate oxidation block of the system, which includes cellular catabolic
reactions, the citric acid cycle, and uitimately the electron transport chain. The AW,
is consumed by the remaining two blocks. The phosphorylation branch of the system
includes ATP synthesis and all cellular ATP-consuming reactions. The proton leak
branch consists of the leak of protons and any cation cycles across the mitochondrial
inner membrane. To manipulate the concentration of the intermediate, the blocks of
reactions are titrated with various inhibitors or activators. Sites of regulation within the
system are determined by simuitaneously measuring the oxygen consumption (ie.. flux)
through the pathway.

For the purposes of this research, the top-down approach was used to examine
the kinetics of proton leak reactions and look for differences between that in drug
sensitive and drug resistant leukemic cells. This branch of reactions was made to be
the only consumer of AW, by adding oligomycin, a specific inhibitor of ATP synthase
that prevents any protons from retuming to the mitochondrial matrix through this route.
Any oxygen consumption that remains is that which is used to drive proton leak. This
is referred to as state 4 respiration or maximal non-phosphorylating respiration. The
kinetic response of the leak to AW, was assessed by titrating with antimycin, an inhibitor
of complex lli of the electron transport chain, in the presence of saturating amounts of

oligomycin. Also, for one pair of sensitive and resistant leukemia celis the kinetics of
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Figure 5 Schematic represeniation of the oxidative phosphoryiation system. The
intermediate within the system, mitochondrial membrane potential (AW,). is
produced by the substrate oxidation reactions and consumed by both the
phosphoryiation reactions and the proton leak reactions. The substrate oxidation
reactions consist of giucose and endogenous substrate oxidations, the tricarboxylic
acid (TCA) cycle, and the electron transport chain. The phosphorylation branch of
the system includes AW, -dependent ATP synthesis and cellular ATP-consuming
reactions. Proton leak reactions consists of the leak of protons and any cation cycles
across the mitochondrial inner membrane.
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substate oxidation reactions was measured by fitrating the AW, consumers with
oligomycin. Aswaell, the elasticity of the phosphorylation block to AW,,, was measured

from titrations with antimycin aione.



METHODS AND MATERIALS

1. GENERAL METHODS

A)  Ceu CuLtuge

(M Caell Lines

L1210, L1210/DDP, HLA0, and HLYO/MDR celis were obtained from Dr. M. Karen
Newell of the Department of Biology. University of Colorado at Colorado Springs. Cells
were stored prior to use in liquid nitrogen containers in 2.0 mi cryovial microtubes
(Sarstedt). The cells were stored at a concentration of 2.5 x 10° cells/ml in 1 mi of
complete RPMI 1640 medium containing 10% dimethyl sulphoxide (DMSO). Cells were
thawed at 37°C and added to 15 mi conical tubes (Sarstedt) containing 10 mi of
medium and spun at 1000 rom (200g) for 10 minutes at room temperature using a
Beckman J-6B centrifuge. The medium was removed by suction and the cells were
respuspended in 2 mi of medium and placed in a 8.8 cm? Nunclon® cell culture dish

(Nalge Nunc Intemational). The medium was replaced after 24 hours.

(i) Incubation of Cells
All cell lines were cuitured in complete RPMI 1640 medium. Cells were kept in
175 cm? tissue culture fiasks (Falcon) at 37°C in a 5% CO,/ 95% air Queue Systems

incubator.



(W) Preparation of Complete RPMI 1640 Medium

To a 500 mi bottle of RPMI 1640 medium (Wisent Inc.) containing 2 mM
glutamine, the following were added under sterile conditions: 50000 units penicillin, 50
mg streptomycin, 1 mM sodium pyruvate, 50 uM 2-mercaptoethanol, and 4 mg
gentamycin. Approximately 400 mi of this solution was poured into a sterile 500 mi
media bottie (Gibco) through a 500 mi capacity bottie top fitter (Nalgene). The filter
is a polyethersulfone (PES) membrane with a 0.2 um pore size. The contents were
transferred to the bottle by suction, and when 100 mi was remaining in the fiiter 25 mi
of heat-inactivated Fetal Calf Serum (5% final concentration; see section (v) below)
and the remaining volume of RPMI solution was added. The bottie of complete RPMI

1640 medium was stored at 4°C.

(iv) Heat Inactivation of Fetal Calf Serum

Fetal Calf Serum (FCS, Wisent Inc.) was removed from -20°C, heated to 56°C
and held at this temperature for 45 minutes. 25 mi aliquots were transferred to sterile
50 mi conical tubes (Sarstedt) and the tubes were wrapped in Fisher® All-Purpose

laboratory wrap. The tubes were stored at -20°C prior to use.

B)  LOWRY AssAY OF PROTEIN CONCENTRATION

The protein concentration of samples was measured using the Lowry assay
adapted from Lowry et al. (Lowry, et al., 1951). Bovine serum albumin (BSA) at a
concentration of 300 ug/mi in 0.5 N NaOH was used in the preparation of the reference
standards. A six point calibration curve was constructed consisting of 0, 15, 30, 60, 90,

and 120 ug of protein. The standards and samples were preporéd simuitaneously,
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according to the following table:

Isolation Mass of
medium Protein

Solutions were prepared in 16 x 100 mm borosilicate glass disposable culture tubes.
Sampies were assayed in triplicate to improve accuracy. The standard or the sample
was added to the tubes followed by isolation medium (specific to that in which the
sample was originally suspended) and 0.5 N NaOH. The tubes were mixed well by
vortexing and then the copper reagent (10% Na,CO, 0.1% K,CHO, .H,0O. 0.05%
CuSO0, 5H,0) was added and the tubes were mixed again and left for 10 minutes at
room temperature. A commercially available 2N phenol reagent (Folin & Ciocalteu;
BDH) was diluted 1:16 with H,0 just before use. The phenol reagent was added and
the tubes were mixed immediately and incubated at 55°C for § minutes. To stop the
reaction the tubes were placed on ice for 5-10 minutes and the solutions were
transferred to polystyrene semi-micro disposable cuvettes. The absorbance was read

at 550 nm using a Beckman DUB-65 spectrophotometer. The absorbance of the
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standards was plotted as a function of protein content to produce a standard curve.
The protein concentrations of the samples were calculated based on the equation for

the standard curve.

2. MITOCHONDRIAL BIOENERGETICS IN INTACT
CELLS

A)  ISOLATION AND INCUBATION OF CELLS

Cells were transferred from the culture flasks to several S0 mi Falcon conical
tubes and spun at 1000 rpm (200g) for 10 minutes at 4°C using a Beckman J-6B
centrifuge. The culture medium was removed from the tubes by suction and the cell
pellet in each tube was resuspended in isolation medium (100 mM sucrose, 10 mM
EDTA. 100 mM Tris-HCI, and 46 mM KCI; pH 7.4). The voiume of isolation medium added
to each pellet was approximately twice that of the volume of the pellet. Foreach ceill
type. the cell suspensions were combined into one 50 mi conical tube. Cell
concentration and cell viability were determined using a hemocytometer at 160x
magnification and trypan blue dye (Sigma®). Two drops of cells, five drops of isolation
medium, and three drops of 0.6% trypan blue were mixed in @ minitube. The trypan
blue dye exclusion method relies on a breakdown in membrane integrity determined
by the uptake of the dye to which the cell is normally impermeable. A Pasteur pipefte
was used to transfer approximately 20 4 of the cell mixture from the minitube to the
hemocytometer by ejecting the mixture at the edge of the chamber and allowing it
to be drawn undemeath the coverslip by capillary action until the surface was
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uniformly covered. A grid made up of 25 squares, each containing 16 smaller squares,
was used to count the cells. After determining the number of cells contained in the

larger 25 square pattem, the concentration of cells was calculated as follows:

¢ = nx 10* x dilution factor, where c¢ = concentration (cells/ml)

n = number of cells counted

All cell suspensions had a viability of at least 90%. Prior to the incubations, the cell
suspensions were stored on ice.

To study the kinetics of oxidative phosphorylation reactions (Figure 5), cell
suspensions were diluted to a concentration of 1.0 x 10’ celis/mi in a total volume of
2.5 mi with incubation medium (106 mM NaCl, 0.41 mM MgSO,, 256 mM NaHCO,, 10
mM Ng,HPO,, 10 mM glucose, 2.5 mM CaCl, § mM KCI, 0.1 mg/mi inulin, and 0.1 mM
methyitriphenylphosphonium bromide (TPMP-Br); pH 7.4). This cell suspension was
piaced in a 20 mi screw cap glass scintiliation vial and the gas phase above the
suspension was 95% air and 5% CO, to allow the medium to equilibrate to a pH of 7.4.
Duplicate glass vials were prepared for the simultaneous determinations of oxygen
consumption and mitochondrial membrane potential. The cells were preincubated
at 37°C in a shaking water bath (50 cycles/second) for 10 minutes to allow the celis to
reestablish steady state ion gradients after being stored on ice. Various inhibitors,
uncouplers, and/or isotopes were then added to the cells and the incubation period
continued for an additional 20 minutes. After a total of 30 minutes in the water bath,
aliquots were taken for the measurements of oxygen consumption and mitochondrial

membrane potential.



The resting state values for oxygen consumption and membrane potential were
measured in the absence of inhibitors or uncouplers. Saturating concentrations of
oligomycin (100 nM) were added to produce state 4 (non-phosphorylating) respiration
conditions. Then to characterize the responsiveness of mitochondrial proton leak
reactions to decreases in mitochondrial membrane potential, incremental amounts of
the electron transport chain inhibitor, antimycin, were added (50 nM, 250 nM, and
#M). To characterize the responsiveness of the ATP synthesis and tumover reactions in
cells incubated in the absence of oligomycin, increasing amounts of antimycin were

added (100 nM, and 200 nM).

B) DETERMINATION OF OXYGEN CONSUMPTION

Therespiration rate of the cells was determined using aHansatech (Norfolk, U.K.)
Clark-type oxygen electrode contained within a magnetically stimed incubation
chamber kept at 37°C through the use of a water bath circulator. Assessments were
performed in duplicate, each using 1.0 ml of ceil suspension (1.0 x 107 cells).
Respiration rates were measured approximately 2-3 minutes after the cell suspension
was added to the chamber in order to allow a linear rate to be established. To
determine the maximum respiratory capacity of the cells, 10 4M carbonyl cyanide p-
trifluoromethoxyphenlylihydrazone (FCCP) was added to cells in the resting state and
measured for approximately 5 minutes. Rates were monitored using the Duo 18™ data
acquisition program (World Precision Instruments, FL) which provided real-time

recording on a personal computer.



Q) DETERMINATION OF MITOCHONDRIAL MEMBRANE POTENTIAL

M Measurement of Celluiar Volume

After the 10 minute preincubation period, 2.5 «Ci *H,0/mi and 0.1 xCi
(“C)methoxyinulin/mi were added to the glass vial. After the cells were incubated for
an additional 20 minutes at 37°C, triplicate aliquots of cell suspension (700 /) were
removed from the glass vial and transferred into 1.5 mi minitubes containing 300 4 of
silicone oil (42% (v/v) dinonyiphthalate and 58% silicone fluid D.C. 550) layered over 100
A of Triton X-100 (2% (v/v) in 250 mM sucrose). The minitubes were spun at 13000g for
2 minutes at room temperature using a Hermie 2230M minicentrifuge. 200 4 aliquots
of the supematant were removed from the minitubes and transferred to 20 mi
polyethylene scintillation vials and mixed with 5 mi of scintillation cocktail (Formula-989;
Packard Bioscience B.V.). The residual supermnatant and most of the oil layer were
aspirated, and the walls of the minitubes were wiped with a twisted tissue. The pellet
was resuspended by vortex mixing, and each minitube was placed into a scintiliation
vial and mixed with § mi of scintillation cocktail. The radioactivity of the supermatant
and peliet were determined by dual-channel scintillation counting for *H and '“C using
aBeckmanLsS 1701 Liquid Scintillation Counter, with quench and cross-over accounted
for. The volume of cell pellet available to each isotope, measured as its space in 4,
was calculated as pellet dpm divided by the dpm/u of the supematant. Cellular
volume was calculated as CH,0 space - (“C)methoxyinulin space). The °H,O provided
ameasure of total pellet volume while the (*C)methoxyinulin, animpermeabie probe.

provided a measure of the extracellular volume of the peliet. Cellular volume was
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measured each day in parallel with mitochondrial membrane potential (AW,) to

ensure accurate results.

() Measurement of Plasma Membrane Potentiol

After the 10 minute preincubation period, 0.1 #Ci %Cl/ml and 2.5 4Ci *H,0/mi
were added to the glass vial. To examine the effects of GDP on plasma membrane
potential, 10 4 of 250 mM GDP was added at this time. After the cells were incubated
for an additional 20 minutes at 37°C, triplicate aliquots of cell suspension (700 4) were
removed from the glass vial and processed as described above for the measurement
of cellular volume. The radioactivity of the supematant and pellet were determined
by dual-channel scintiliation counting for *H and ¥Cl, with quench and cross-over
accounted for. The volume of cell pellet available to each isotope, measured as its
space in 4, was calculated as pellet dpm divided by the dpm/u of the supematant.
The chioride accumulation ratio ((Ch./(CN,.) was calculated as (CH,O space -
(“C)methoxyinulin space) - CH,0 space - ¥CI space)/(*H,0 space - (“C)methoxyinulin
space)). Cellular volume was measured in paraliel to obtain values for*H,0 space and

(“C)methoxyinulin space. AW, was calculated using the Nemst equation as follows:

AW, = -615 = log([CI'L/[Cl )

(i) Measurement of Mitochondrial Membrane Potentiol
The AW, was calculated based on the cellular distribution of the lipophilic
cation, methyltriphenyiphosphonium (TPMP*) as described by Nobes et al. (Nobes, et

al., 1990) and Harper and Brand (Harper and Brand, 1993). The relationship between
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AV, and distribution of TPMP* at 37°C is:

Vea, [ (O], [TPMPl,a. (V+Vy)
A¥ =615 log -1

Vua | [AQLMTPMPLa, V.

Afterthe 10 minute preincubation period, 0.1 xCi (*H)TPMP*/miwas addedto the
glass vial prepared for the determination of AW .. After the cells were incubated for
an additional 20 minutes at 37°C, triplicate aliquots of cell suspension (700 /) were
removed from the glass vial and processed as described above for the measurement
of cellular volume. The radioactivity of the supematant and peliet were determined
by dual-channel scintillation counting for °*H and “C, with quench and cross-over
accounted for. The volume of cell pellet available to each isotope, measured as ifs
space in i, was calculated as pellet dpm divided by the dpm/u of the supematant.

AW, is calculated by knowing the proportion of cytoplasmic volume that is
occupied by the mitochondrial matrix ((V,,/V,) or mitochondrial volume/cell volume),
the apparent activity coefficient of TPMP* in the extraceliular, cytopiasmic plus
nuclear, and mitochondrial compartments(a,, o.. and a,,,. respectively), and the extent
of TPMP* accumuigtion into the whole cell ((TPMP*),/(TPMP*),)) and within the
cytoplasm in relation to the external medium ((CI),/(Cl)). where t = total and e =
extracellular. The volume of pellet available to each isotope., measured as its space
in 4, was calculated as pellet dpm divided by the dpm/u of the supematant. The
CH)TPMP* accumuiation ratio ((TPMP*),/(TPMP*),) was calculated as (CH)TPMP" space -

("“C)methoxyinulin space)/(H,C space - (“C)methoxyinulin space). The valuesforV,,
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(Cn,/(Ch), and the activity coefficients were adopted from Buttgereit et al. (Buttgereit,

et al., 1994).

3. EXPRESSION OF UNCOUPLING PROTEIN 2

A) ISOLATION OF MITOCHONDRIA

Mitochondria were isolated using differential centrifugation as adapted from
the protocol described by Reinhart et al. (Reinhart, et al., 1982). Cells were transferred
from the culture flasks to several 50 mi Falcon conical tubes and spun at 1000 rpm
(200g) for 10 minutes at 4°C using a Beckman J-6B centrifuge. The culture medium was
removed from the tubes by suction and the pellet in each tube was resuspended in
isolation medium (100 mM sucrose, 10 mM EDTA, 100 mM Tris-HCI, and 46 mM KCI; pH
7.4). The volume of isolation medium added to each pellet was approximately twice
that of the pellet. The cell suspensions were combined into one 50 mi conical tube
and spun at 1000 rpm (200g) for 10 minutes at room temperature. The cell pellet was
resuspended in 12 mi of isolation medium and 3.8 mi of 60% glycerol/40% isolation
medium (2 M final giycerol concentration) was added. The solution was gently mixed
and left at room temperature for 10 minutes. The cell suspension was spun at 1800 rpm
(700g) for 10 minutes at room temperature. The cell peliet was resuspended in 10 mi
ofisolation medium and asample of cellsin the presence of trypan blue (as described
above) was examined using a hemocytometer to ensure that the celis had been

broken open. The resulting cell homogenate was spun at 2000 rom (480g) for 10
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minutes at 4°C using a Sorvall Superspeed RC2-B Automatic Refrigerated Centrifuge
equipped with a §5-34 rotor. The supematant was then poured through a 250 m filter
(Nitex) into a clean centrifuge tube and spun at 10000 rpm (12000g) for 10 minutes at
4°C. The resulting supermatant was discarded and the peliet was resuspended, using
a blunt ended glass stiring rod, with § ml of isolation medium. The suspension was spun
at 10000 rpm (12000g) for 10 minutes at 4°C. The final mitochondrial pellet was
resuspended in suspension medium (120 mM KCI, 20 mM sucrose, 20 mM glucose, 10
mM KH,PO, 5 mM HEPES, 2 mM MgCl,, and 1 mM EGTA: pH 7.4). The protein
concentration of the mitochondrial suspension was determined by the Lowry method

described above.

B)  ISOLATION OF PLASMA MEMBRANE FRACTIONS

To isolate plasma membranes of cells, the method described by Caldwell et
al. (Caldwell, et al., 1988) was employed. Using this method, the authors (including our
collaborator) demonstrated plasma membrane separation using adenylate cyclase
as an enzymatic marker, and aiso measured GTP in the isolated fractions as aindicator
of contamination. Cells were transferred from the culture flasks to several 50 mi Faicon
conical tubes and spun at 1000 rpm (200g) for 10 minutes at 4°C using a Beckman J-6B
centrifuge. The culture medium was removed from the tubes by suction and the peliet
in each tube was resuspended in PB-PI buffer (86 mM glucose, 96 mM NaCl, 0.1 mM
EGTA. 5 mM EDTA. 20 mM HEPES; pH 7.4 containing 30 xg/mi soybean trypsin inhibitor,
6 ug/mi leupeptin, 6 xg/mi antipain, 15 units/mi aprotinin, and 3 ug/ml pepstatin). The

cell suspensions were combined into one 50 mi conical tube and PB-PI buffer was
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added to a total volume of 50 mi. The cell suspension was spun at 1000 rom (200g) for
5 minutes at 4°C. The cell pellet was resuspended in 12 mi of PB-Pl and 3.8 mi of 60%
glycerol/40% PB-PI buffer (2 M final glycerol concentration) was added. The solution
was gently mixed and left at room temperature for 10 minutes. The cell suspension was
spun at 1800 rpm (700Q) for 10 minutes at room temperature. The cell pellet was
resuspended in 10 mi of hypotonic lysis buffer (20 mM HEPES, 25 mM sucrose, 0.1 mM
EGTA: pH 7.4) and a sample of cells in the presence of trypan blue (as described
above) was examined using a hemocytometer to ensure that the celishad been lysed.
The 10 mi of cell homogenate was mixed with 10 mi of a 60% sucrose solution. 10 mi
of the resulting 30% sucrose solution was layered onto 20 mi of a 50% sucrose solution
in a polyethylene ultracentrifuge tube and balanced with an identical tube to within
+/- 0.01 g. The tubes were spun at 23000 rpm (96500g) for 1 hour at 4°C using a
Beckman L8-55M ultracentrifuge equipped with a SW-28 rotor. The material that
collected at the interface of the two sucrose solutions was collected and diluted with
10 mi of lysis buffer, and spun at 17000 rom (35000g) for 20 minutes at 4°C using a Sorvall
Superspeed RC2-8 Automatic Refrigerated Centrifuge equipped with a SS-34 rotor. The
final plasma membrane pellet was resuspended in PB-Pi buffer, and th:2 protein

concentration was determined by the Lowry method described above.

C)  POLYACRYLAMIDE GEL ELECTROPHORESIS AND WESTERN BLOTTING

() Sampie Preparation
Detection of uncoupling protein 2 in samples was performed using

polyacrylamide gel electrophoresis and Westem blotting. Samples were prepared by
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diluting them with an appropriate amount of phosphate buffered saline (PBS; 5.2 mM
K,HPO,, 1.5 mM KH,PO,, 140 mM NaCl, 3 mM KCI: pH 7.4) followed by the addition of
an equal volume of sample ioading buffer (2% sodium dodecyl sulfate (SDS), 100 mM
Tris-HC!, 4 mM PMSF in isopropanol, 2 mM EDTA with bromophenol, 25% glycerol (w/v),
10% 2-mercaptoethanol (v/v)) to achieve a final concentration of 2 ug protein/u.
Molecular weight markers (Santa Cruz Biotechnology. Inc.) were used undiluted as
recommended by the supplier, and Rainbow molecular weight markers (Amersham
Pharmacia Biotech) were prepared by addition of PBS and sample loading buffer in
a2:3:5ratio, respectively. Recombinant mouse UCP2 (Stratagene®) was prepared with
PBS and sample loading buffer in a 1:49:50 ratio, respectively, to a concentration of 1

ng/M.

(¥) Electrophoresis

For the casting and running of gels, the Mini-PROTEAN® I Electrophoresis Cell
(Bio-Rad) was used. Glass plate sandwiches were assembled on a casting stand and
checked for leaks using 100% ethanol. The separation gel (16% acrylamide, 1%
bisacrylamide, 9% Tris base, 120 mM HCI, 0.06% TEMED, 0.1% SDS, 0.1% ammonium
persulfate) was poured into the assembled gei sandwiches using a 1 ml pipette to a
level approximately 1 cm below the point at which the comb would be placed. The
separation gel was immediately overlaid with distilled water and left to polymerize for
45 minutes. Following polymerization, the distilled water was removed by inversion of
the casting stand and the area above the separation gel was dried. The stacking gel

(4% acrylamide, 0.3% bisacrylamide, 0.8% Tris base, 60 mM HCI, 0.06% TEMED, 0.1% SDS,
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0.1% ammonium persulfate) was poured above the separation gel and a comb was
placed in the solution. The gel was left to polymerize for 30 minutes. Following
polymerization, the comb was removed gently and the gel cassettes were removed
from the casting stand and attached to the inner cooling core. The inner cooling core
was lowered into the electrophoresis cell and running buffer (0.3% Tris base. 1.4%
glycine. 0.1% SDS) was added to the inner chamber until it overflowed and reached
approximately 2 cm above the bottom of the gels. Prior to loading the samples,
Rainbow molecular weight markers were boiled for 1 minute and recombinant UCP2
and molecular weight markers were boiled for 3 minutes. The samples were loaded
with a Hamilton syringe inserted approximately 1-2 mm from the well bottom before
delivery. Runner buffer was added to compiletely fill the chamber and the lid was
placed on top of the electrophoresis cell. The electrical leads were attached to a

power supply and the gels were run for 170 minutes at 180 V.

(ii) Transfer

After electrophoresis was complete, the gels were removed from the glass
plates and placed in transfer buffer (0.7% giycine, 0.15% Tris base, 20% methanol (v/v))
to equilibrate for 30 minutes at room temperature with moderate shaking. For the
transfer procedure, a Mini Trans-Blot® Electrophoretic Transfer Cell (Bio-Rad) was used.
The 0.45 um nitrocellulose membrane (NCM; Bio-Rad) and the filter paper (Whatman®
Grade No. 1) were cut to the dimensions of the gel and were soaked in transfer buffer
along with the fiber pads for 30 minutes prior to assembling the gel sandwich. The

sandwich was assembiled in the gel hoider cassette in the following order: fiber pad,
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2 pieces of filter paper, gel. NCM, 2 pieces of filter paper, fiber pad. The cassette was
placed into the electrode module situated in the buffer tank. A frozen Bio-lce cooling
unit (used to absorb heat during the transfer) was placed in the tank which was then
filled with transfer buffer. A stir bar was added to help maintain even buffer
temperature and ion distribution in the tank. The lid was placed on top of the transfer
cell, the leads were attached 1o a power supply, and the transfer proceeded for one
hourat 120 V.

After the transfer was complete, the NCM was removed, wrapped in Fisher® All-
Purpose laboratory wrap and stored at 4°C until immunoblotting took place. Storage

of NCM following protein transfer never exceeded 2 days.

(v) immunobilotiing

For immunobilotting, all incubations and washes were performed at room
temperature with shaking on a Belly Dancer® shaker (Stovall Life Science Inc.). To
block non-specific binding sites the membrane was incubated in blocking solution (5%
skim milk powder, 0.1% Tween® 20 in PBS) for 45 minutes with gentle shaking. The
membrane was rinsed using two changes of washing solution (0.1% Tween® 20 in PBS)
followed by two washes for § minutes and one wash for 10 minutes with vigorous
shaking. Incubation of the membrane with primary antibody (goat anti-human UCP2;
Santa Cruz Biotechnology. Inc.) diluted in antibody keeping solution (3% BSA, 0.2% NaN,
in H,0) to @ concentration of 1.5 ug/mi was performed for one hour with gentle
shaking. The membrane was rinsed with washing solution followed by two washes for

5 minutes and two washes for 10 minutes with vigorous shaking. Incubation of the
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membrane with secondary antibody (donkey anti-goat IgG horseradish peroxidase
conjugate; Santa Cruz Biotechnology. Inc.) diluted 1:5000in PBS containing 5% skim milk
powder was performed for one hour with gentie shaking. The membrane was rinsed
with washing solution followed by two washes for 5 minutes and three washes for 15
minutes with vigorous shaking. A final two washes were performed for § minutes each

in PBS alone.

(v) Detection

Detection of the immobilized specific antigens conjugated indirectly with the
horseradish peroxidase labelled secondary antibody was performed using an
Enhanced chemiluminescence (ECL™) Westem Blotting Detection System (Amersham
Pharmacia Biotech). The blot was placed in the detection boat of an ECL™ Mini-
Camera (Amersham Pharmacia Biotech), protein side down. The lid was closed and

the blot was exposed to the film (Polaroid Polapan) for various exposure times.

4. ENZYMATIC ASSAYS

A)  MEASUREMENT OF CYTOCHROME OXIDASE ACTIVITY

Cytochrome oxidase (COX) was determined in celiular homogenates as an
indicator of mitochondrial content based on the method of Yonetani and Ray
(Yonetani and Ray, 1965). A spectrophotometric assay was used to measure the rate
at which COX can oxidize its substrate, cytochrome c. This was done be measuring the

rate of disappearance of the reduced cytochrome ¢, which absorbs light at 550 nm.
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Cellular homogenates were solubilized with a 0.3% Lubrol WX solution. Foreach 10,9
of cellular protein, 1 4 of the Lubrol solution was added and the sample was then
diluted to a final protein concentration of 1.0 mg/mi with 0.1M phosphate buffer
(K,HPO,, pH 7.0). The Lubrol solubilized homogenate was mixed well and kept on ice
for 1.5 hours, with occasional mixing. During this period, a fresh solution of 202 4M
cytochrome ¢, pH 7.0 (horse heart, type lli; Sigma®) was prepared containing 0.025%
ascorbic acid to keep the cytochrome c in its reduced form. For each determination
an aliquot of Lubrol solubilized homogenate (100 »g) was added to a polystyrene semi-
micro disposable cuvette containing phosphate buffer and mixed well. Cytochrome
¢ was then added to the cuvette, mixed well by inversion, and immediately placed
in a Beckman DU®-65 spectrophotometer and the absorbance was read continuously
for 1 minute at 550 nm. The Beckman Kinetic Soft-Pac module (program 6é: kindata)
was used to compile the data and obtain reaction rates. For each assay, six different
concentrations of cytochrome ¢ (13.4, 20.1, 26.8, 33.5, 40.2, and 46.9 4M) were used.
A Lineweaver-Burk plot was constructed by plotting the reciprocal of the initial velocity
against the reciprocal of the cytochrome ¢ concentration in order to obtain @ Vi, for

each sample, calculated as the reciprocal of the y-intercept.

B)  QUANTITATION OF INTRACELLULAR ATP LEVELS

For each determination, 50000 cells were aliquoted into 1.5 mi minitubes and
six minitubes were prepared for each cell line. The minitubes were spun at 13000g for
2 minutes at room temperature using a Hermie 2230M minicentrifuge. The supematant

was removed with a pipette and the cells were resuspended in 200 4 PBS with gentie
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mixing. The cells were washed once more and resuspended in 300 4 glycine buffer
(20 mM glycine, 50 mM MgSO,, 4 mM EDTA; pH 7.4). The samples were heated at
100°C for 1 minute to extract the ATP. Samples were cooled at room temperature and
stored at -20°C until ready for use. To determine cellular protein content, samples were
resuspended in 3004 glycine buffer containing 0.5% Triton X-100 and assayed using the
Lowry determination of protein concentration as described above.

Samples were thawed at room temperature and 100 4 from each sample was
transferred into two 20 mi screw cap glass scintilation vials for duplicate
determinations. A Luciferase-luciferin (Sigmna®) working solution was prepared at a
concentration of 0.5 mg/mi and kept on ice. A fresh working solution was prepared for
each cell line to optimize enzyme activity. To the 100 4 of sample, 75 4 of Luciferase-
luciferin working solution was added and the vial was mixed quickly yet gently and
placed in a Beckman LS 1701 Liquid Scintillation Counter for immediate counting. A
standard curve for ATP was constructed from 50 nM to 700 nM in 50 nM increments and

processed as above.

S. RNA ANALYSIS

Precautions taken to prevent RNase contamingtion included the use of powder-
free disposable gloves at all times, use of glassware that had been previously heated
at 200°C for at least 4 hours, and treatment of solutions (where possible) with

diethyipyrocarbonate (DEPC). DEPC binds to RNase, imeversibly inactivating it.



A)  ISOLATION OF TOTAL RNA

isolation of total RNA was performed according to the insert provided with the
TRIzo® Reagent (Gibco BRL™) and is adapted from the method developed by
Chomczynski and Sacchi (Chomczynski and Sacchi, 1987). Cells were transferred from
the cuilture flask to G 50 mil Falcon conical tube and spun at 1000 rom (200g) for 10
minutes at 4°C using a Beckman J-6B centrifuge. The culture medium was removed
from the tube by suction and the cells were lysed in TRIzol® Reagent by repetitive
pipetting. Approximately 1 mi of the reagent was used for every 5 x 10° celis. The cell
lysate was transferred to a 1.5 ml minitube and incubated for § minutes at room
temperature to allow the complete dissociation of nucleoprotein complexes. For
every 1 mi of TRIzol® Reagent, 200 4 of chioroform was added and the tube was
shaken vigorously by hand for 25 seconds followed by incubation for 3 minutes at room
temperature. The tube was spun at 11300 rpm (12000g) for 1§ minutes at 4°C using @
Micromax mini centrifuge (International Equipment Co.). Following centrifugation, the
RNA remained in the upper aqueous phase, separated from the interphase and a
lower phenol-chioroform phase. The aqueous phase was transferred to another 1.5 mi
minitube and the RNA was precipitated by adding 500 4 of isopropyl! alcohc: for every
1 mi of TRIzo!® Reagent used to lyse the cells. The sample was incubated for 10 minutes
at room temperature and spun at 11300 rom (12000g) for 10 minutes at 4°C. The
supematant was removed and the RNA pellet was washed once with 1 mi of 75%
ethanol for every 1 mi of TRizol® Reagent initially used. The sample was mixed by
vortexing and spun at 9000 rom (7500g) for 5 minutes at 4°C. The supematant was

removed and the pellet was air dried for 10 minutes. The RNA was dissolved in DEPC-
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treated sterile distiled water by repetitive pipetting and incubated at 5§5°C for 10
minutes to release any remaining ethanol vapour.
The concentration of the RNA was determined by measuring the absorbance

at 260 nm and using the following equation:

Absorbance was also measured at 270 nm and 280 nm to determine the purity of the
isolated sample. The ratio of A,./A,., equals 1.8 for pure nucleotides and the ratio of

Azo/ Ao ©Quals 1.28 for pure RNA. The RNA was stored at -20°C.

B) NORTHERN BLOT ANALYSIS

() Electrophoresis

A 1.2% agarose gel was prepared by adding 1.2 g of agarose to 87 mi of DEPC-
treated sterile distilled water. The solution was boiled until the agarose meited and
allowed to cool for approximately 20 minutes. 10 mi of 10X 3-(N-Morpholino)
propanesulfonic acid (MOPS) buffer (200 mM Mops, 50 mM CH,COONa, 20 mM
ethylene diamine tetraacetic acid (EDTA); pH 7.0) and 5.1 mi of 37% formuldehyde
were added to the solution and the gel was immediately poured onto the casting
plate containing a comb. Any air bubbles on the surface of the gel were removed by
touching with a sterile pipette tip. The gel was left to set for 1 hour.

RNA samples were prepared in 1.5 mi minitubes with 20 ug of RNA added to 20
M of loading buffer (12.4 M formamide, 2.2 M formaldehyde, 1X MOPS, 7% glycerol.

0.25% bromophenol blue). The RNA sample was heat-denatured at 65°C for 10 minutes
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in a water bath, and cooled on ice for 2 minutes. Ethidium bromide was added to give
a final concentration of 2 ug/mi.

The comb was removed and the wells of the gel were rinsed with running buffer
(1X MOPS). The electrophoresis tank was filled with running buffer and the samples

were loaded. The gel was run for 4 hours at 68V.

@) Transter

The gel was soaked in denaturation buffer (50 mM NaOH, 100 mM NaCli in
DEPC-treated sterile distilled water) for 20 minutes with gentie shaking on the Belly
Dancer® shaker. This partially cleaves the RNA molecules and aids in the transfer of
larger molecules. The gel was placed in neutralization buffer (100 mM Tris-HCI pH 7.6
in DEPC-treated sterile distilled water) for 20 minutes with gentle shaking and then
washed twice for 20 minutes each in 2X SSC buffer (300 mM NaCl, 30 mM
Na,C,H:0,-2H,0:; pH 7.0). A piece of nylon membrane (Roche Molecular Biochemicals)
was cut to the size of the gel and soaked for 5§ minutes in DEPC-treated sterile distilled
water followed by a 10 minute soak in 20X SSC buffer.

The blotting apparatus was set up by placing several sheets of Whatman®
Grade No. 1 fiiter paper soaked in 20X SSC buffer on a glass plate contained in a dish
filled with 20X SSC buffer to just below the glass piate level. The ends of the filter paper
are immersed in the 20X SSC buffer to act as a wick for the buffer. The gel is piaced on
the filter paper and surrounded with a layer of Parafilm® *M” Laboratory Film (American
National Can™) on the exposed areas of the filter paper. This ensures that the only

route for the 20X SSC buffer from the dish is through the gel. The surface of the gel was
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kept wet with buffer, and the nylon membrane was placed on top of the gel, avoiding
air bubbles being trapped in between. Three layers of pre-soaked filter paper were cut
to the exact size of the gel and placed on top of the membrane. Several inches of
paper towels were placed on the filter papers, and covered with a glass piate and a
lead weight. The transfer proceeded ovemight with the paper towels being replaced
as they became completely wet. Following transfer, the paper towels were removed
and the gel orientation on the membrane was marked. The membrane was removed
from the gel and washed twice in 2X SSC for 5 minutes, then baked at 80°C for 2 hours.

At this stage the membrane could be stored dry at 4°C until ready for hybridization.

(ilil) Hybridization

The membrane was placed in a plastic dish containing DIG Easy Hyb (Roche
Molecular Biochemicals) hybridization buffer. The dish was closed and placed in a
65°C water bath for 30 minutes with gentie shaking. The digoxigenin-labeled UCP2
probe (previously prepared in our laboratory) was boiled for 5 minutes and cooled on
ice for 1 minute. The probe was added to hybridization buffer to give a final
concentration of 100 ng/mi and the membrane was placed in this solution. The
membrane was hybridized at 65°C ovemight. Following hybridization, the membrane
was washed twice for 5 minutes in post-hybridization solution 1 (2X SSC, 0.1% SDS in
DEPC treated water) at room temperature with vigorous shaking. The membrane was
then washed twice for 15 minutes in post-hybridization solution 2 (0.1X SSC, 0.1% SDS in

DEPC treated water) at 65°C with vigorous shaking.



(v) immunological Detection

The membrane was removed from the washing solution and incubated for 30
minutes at room temperature in 100 mil blocking solution consisting of 1% blocking
reagent (Roche Molecular Biochemicals) in maleic acid buffer (100mM C,H,0,COOH,
150 mM NaCl: pH 7.5). Anti-Digoxigenin-AP (Roche Molecular Biochemicals) was
diluted 1:10000 in 10 mi of blocking solution and the membrane was incubated for 30
minutes in this solution. The membrane was rinsed briefly in the remaining 90 mi of
blocking solution and washed twice for 10 minutes in washing buffer (0.3% Tween® 20
in maleic acid buffer) at room temperature. The membrane was removed from the
washing buffer and equilibrated for § minutes in 20 mi of detection buffer (100 mM Tris-
HC!, 100 mM NaCl; pH 9.5). Following equilibration the membrane was placed on a
sheet of plastic laboratory wrap and approximately 1 mi of COP-Star (Roche Molecular
Biochemicals) was added per 100 cm? of membrane. A second sheet of plastic
laboratory wrap was used to cover the membrane. After a § minute incubation, the
membrane was photographed under ultraviolet light in a Multiimage™ Light Cabinet

using Alpha Ease™ imaging software (Alphalnnotech Corporation).

6. MOLECULAR BIOLOGY TECHNIQUES IN THE
VISUALIZATION OF UNCOUPLING PROTEIN 2
CELLULAR LOCALIZATION

A)  PRePARATION OF COMPETENT BACTERIAL CELLS

All manipulations were made in sterile conditions and all solutions were
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autoclaved priorto use. An ovemight culture of Escherichia coli(E. coli) DH5a bacteria
was grown on Lenox broth (LB) medium plates (1% tryptone, 0.5% yeast extract, 0.5%
NaCl, 1 mM NaOH, 1.5% agar; pH 7.4) at 37°C. The following day an average size
colony was selected from the plate by touching a sterile pipette tip to the colony. The
tip was placed in an Erlenmeyer fiask containing 25 mi of LB medium (1% tryptone, 0.5%
yeast extract, 0.5% NaCl, 0.5% NaCl; pH 7.4 with 1N NaOH) and the flask was covered
with plastic laboratory wrap and placed into a controlled environment incubator
shaker (New Brunswick Scientific Co.) at 250 rom and 37°C in a darkroom and left
ovemight. The next moming, the ovemight culture was diluted 1:100 in LB medium to
obtain a final volume of 60 mi in a sterile Elenmeyer flask. The diluted bacteria were
grown in the incubator shaker (250 rpom, 37°C) until the absorbance of the solution
measured at 600 nm was between 0.30 and 0.60. The absorbance was measured as
1 ml of culture against 1 mi of LB medium. The culture was transferred into two 50 mi
conical fubes and spun at 2000 rpm (900g) for 15 minutes at 4°C using a Beckman J-68
centrifuge. The supermatant was discarded and the cells were resuspended in a total
volume of 20 mi of cold RF1 solution (100 mM RbCl, 50 mM MnCl,-4H,0, 30 mM
CH,COOK. 10 mM CaCl,-2H,0, 15% (w/v) glycerol; pH 5.8). The celis were incubated
on ice for 30 minutes and spun at 2000 rpm (800g) for 15 minutes at 4°C. The
supematant was discarded and the cells were resuspended in § mi cold RF2 solution
(10 mM MOPS, 10 mM RbCl, 75 mM CaCl,-2H,0, 15% (w/v) glycerol: pH 6.8). The cells
were incubated on ice for 15 minutes, and 250 i aliquots were transferred to 2.0 mi
cryovial micro*ubes and fiash frozen in a liquid nitrogen bath for 3 minutes. The cells

were stored at -80°C.



B)  TRANSFORMATION OF E. Cou witH UCP2-PIRES2-EGFP CONSTRUCT

All manipulations were made in sterile conditions and all solutions were
autoclaved prior to use. In a 15 mi conical tube, 1 ng of UCP2-pIRES2-EGFP DNA
construct (obtained from Dr. Mike Wheeler) was added to 10 4 sterile distilled H,O and
the tube was placed on ice. Competent E. Coli cells were thawed on ice and 200 4
of cells were transferred to the conical tube. The tube was swirled gently to mix the
DNA evenly with the cells and was incubated on ice for 45 minutes. The cells were
heat shocked by placing the tube in a 42°C water bath for 90 seconds and then
immediately on ice. 800 4 of SOC medium (2% tryptone, 0.5% yeast extract, 10 mM
NaCl, 2.5 mM KC!, 10 mM MgCl,. 10 mM MgSO,, 20 mM glucose: pH 7.0) was added
to the tube followed by incubation at 37°C for 45 minutes with moderate agitation. The
solution was spread on LB medium piates containing 50 xg/mi kanamycin A (Sigma®)

and left overnight at 37°C.

C)  MiNI-PREP PROCEDURE TO ISOLATE PLASMID FROM TRANSFORMED CELLS

All manipulations were made in sterile conditions and all solutions were
autoclaved prior to use. The following day an average sized colony was selected from
the plate by touching a sterile pipette tip to the colony. The tip was placed in an
Erlenmeyer flask containing 25 mi of LB medium and the fiask was covered with plastic
laboratory wrap and placed into the incubator shaker (250 rpom, 37°C) in a darkroom
and left ovemight. The next day 2.0 mi of cuiture was transferred to a 2.0 mi minitube
and spun at 14000 rpm (18300g) for 2 minutes at room temperature using a Micromax

mini cenfrifuge. The supemnatant was removed by suction and the cells were
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resuspended in 150 4 of cold P1 buffer (50 mM Tris-HC!, 10 mM EDTA, 400 ug/ml RNAse)
and mixed by vortexing. An equal volume of P2 buffer (200 mM NaOH, 1% SDS) was
added and the minitube was mixed by inversion several times until the contents
became very viscous, then incubated for 5 minutes at room temperature. An equal
volume of P3 buffer (3 M CH,COOK, 12% (v/v) glacial acetic acid) was added and the
minitube was mixed gently by hand until a white precipitate formed. The minitube was
spun at 14000 rpm (18300g) for 10 minutes at 4°C to peliet the white precipitate. The
supematant was transferred to a new minitube containing 1 mi of 100% ethanol and
was mixed by vortexing. The minitube was spun at 14000 rom (18300g) for 10 minutes
at 4°C to pellet the plasmid DNA. The ethanol was removed using a pipette and the
pellet was air dried for 10 minutes at room temperature. Depending on the size of the
pellet, 30-50 4 of TE buffer (10mM Tris-HCI, 1 mM EDTA; pH 8.0) was added and the
pellet was resuspended by vortexing. The minitube was placed in a 65°C incubator
for 15 minutes (cap closed) to remove any remaining ethanol from the minitube. The
tube was opened to release any pressure that had built up.

The concentration of the DNA was determined by measuring the absorbance

at 260 nm and using the following equation:

DNA concentration (in ug/i4) = gbsorbance = 50 = dilution factor
1000

The DNA was stored at -20°C.

D) RESTRICTION ENDONUCLEASE DIGESTION OF DNA

All components of the solution to be prepared were thawed, with the exception
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of the restriction enzyme, and placed on ice. The final volume of the digest was 25 i
and consisted of 5 ug DNA, 2 4 of 10X REact 3 buffer (50 mM Tris-HCI, 10 mM MgCl,. 100
mM NaCl; Gibco BRL™), 10 units ECoRI (2 units/ug DNA; Gibco BRL™), and sterile
distilled water. The components were added into g sterile 1.5 mi minitube with the
restriciton enzyme stock being added last. directly from -20°C. In a separate minitube.
40 4 of A DNA (Gibco BRL™) was mixed with 5 4 of 10X reaction buffer and 50 units
EcoRl. The minitubes were mixed gently and incubated at 37°C for 1 hour. A 1%
agarose gel was prepared by mixing 0.8g agarose in 80 ml of 1X TBE buffer (50 mM Tris
base, 50 mM H,B80, 1 mM EDTA-Na,2H,0). The solution was boiled until the agarose
meited and allowed to cool for approximately 20 minutes. Ethidium bromide was
added to give a final concentration of 2 ug/mi and the gel was poured onto the
casting piate containing a comb and left 20 minutes to polymerize. Samples were
prepared for loading by combining 5 4 of the digest with 2 44 of DNA loading buffer
(50%(v/v) glycerol, 50 mM EDTA, 0.125% (w/v) bromophenol biue, 0.125% (w/v) xylene
cyanol, pH 8.0) and 5 /4 of sterile distilled water. For the A DNA sample to be loaded,
3 4 of the digest was combined with 2 4 of DNA loading buffer and 7 4 of sterile
distiled water. Foliowing polymerization, the comb was removed and the samples
were loaded into the gel. The electrophoresis tank was filled with 1X TBE and the gel
was run for approximately 1 hour at 68V. Image analysis of the gel was performed
under ulitraviolet light in a Multiimage™ Light Cabinet using Alpha Ease™ imaging
software. Restriction endonuclease digestion confirmed the successful isolation of the

UCP2-pIRES2-EGFP construct from the transformed cells.



E)  TRANSFECTION OF LEUKEMIC CELLs wiTh UCP2-PIRES2-EGFP CONSTRUCT
Transfection of cells was performed according to the insert provided with the
LipofectAMINE™ Reagent (Gibco BRL™). In a Nuncion® 9.6 cm? 6 well cell culture
plate (Nalge Nunc Intemnational), 3 x 10° cells were seeded out per well in 2 mi of
complete RPMI 1640 medium. The wells contained sterile glass cover slips coated with
0.1% gelatin that had been dried in a laminar flow hood the previous day. The cells
were incubated for 20 hours at 37°C in a 5% CO,/ 95% air incubator, until they were
approximately 80% confluent. Solution A consisted of 2 ug of the construct in 100 4 of
serum-free Opti-MEM® Reduced Serum Medium (Gibco BRL™). Solution B consisted
of 15 4 of LipofectAMINE™ Reagent in 100 1 of serum-free medium. Solutions A and
B were combined into one 1.5 mi minitube, mixed gently, and incubated at room
temperature for 45 minutes to aliow the DNA-liposome complexes to form. During this
incubation, the cells were rinsed with 2 mi of serum-free medium. Following the
incubation, 0.8 mi of serum-free medium was added to the minitube containing the
complexes and the solution was mixed gently and overiayed onto the rinsed cells. The
cells were incubated with the complexes for 10 hours at 37°C after which 1 ml of
complete RPMI 1640 medium containing twice the normal concentratior: of serum
(10%) was added without removing the transfection mixture. The medium was
replaced with 3 mi fresh complete medium 24 hours following the beginning of the
transfection. The transfection proceeded for a total of 48 hours, after which cells were
treated with the fluorescent probe Mitotracker® Red (Molecular Probes inc.) followed

by cell fixation and confocal microscopy analysis.



F)  TREATMENT OF CELLS WITH MITOTRACKER® ReD

Mitotracker® Red is a mitochondrion-selective dye that stains mitochondria with
an intensity that is proportional to AW,,.. Following the transfection period, the medium
was removed from the cells and 2 mi of complete medium containing 100 nM of
Mitotracker® Red was added. The cells were incubated for 45 minutes at 37°C

followed by replacement of the dye-containing medium with fresh medium.

G)  CelLFiXATION

The medium was removed from the well and the celis were washed twice with
10 mM tissue culture PBS (10 mM Na,HPO, 1 mM NaH,PO,H,0. 3 mM KCI, 140 mM
NaCl, pH 7.4) for § minutes at room temperature. Cells were fixed with methanol for
10 minutes at 4°C followed by three washes each of 5§ minutes with tissue cuiture PBS
at room temperature. The fixed coverslip was removed from the well using needle-
nosed forceps. One drop of VECTASHIELD® Mounting Medium (Vector Laboratories
Inc.) was placed on a glass microscope slide and the coverslip was placed on the
slide with the cells facing down. The coverslip was anchored to the slide with nailpolish
and allowed to dry. Tissue culture PBS was added on top of the slide to assist in the

removal of any excess nailpolish, then removed.

H) CONFOCAL MICROSCOPY ANALYSIS

Cells were visualized for green fluorescence protein (GFP) and Mitotracker® Red
by confocal microscopy using a Zeiss® LSM 410 invert scan laser microscope. The
fluorescence excitation maximum and emission maximum for GFP were 488 nm and
507 nm, respectively. The fluorescence excitation maximum and emission maximum
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for Mitotracker® Red were 579 nm and 5§99 nm, respectively. Data were analyzed

using Carl Zeiss LSM software (Zeiss®).

7. MATERIALS

RPMI 1640 medium, penicillin/streptomycin, sodium pyruvate, and gentamycin
were from Wisent Inc. Oligomycin, antimycin, FCCP, trypan blue, BSA, 2-
mercaptoethanol, inulin, TPMP-Br, ATP, GDP, cytochrome c, fryptone, yeast extract,
soybean trypsin inhibitor, leupeptin, antipain, aprotinin, and pepstatin were from
Sigma®. Dinonylphthalate was from ICN Biomedicals Inc.. Silicone fluid D.C. 550 was
from Aldrich Chemical Company, Inc.. All radioisotopes were from DuPont-NEN® and
Mandel Scientific Co. Limited. (H)TPMP* was also purchased from American
Radiolabeled Chemicals, inc.. DEPC was from Amersham Pharmacia Biotech. RNAse
was from Roche Molecular Biochemicals. UCP2-pIRES2-EGFP construct was obtained

from Dr. Mike Wheeler at the University of Toronto, Toronto, Canada.

8. STATISTICAL ANALYSIS

Data were analysed by unpaired t-tests or one way ANOVA followed by Tukey's
post hoc tests using Prism® 3.00 (GraphPad Software inc.) for Windows. A p value less
than 0.05 was considered statistically significant. Data are expressed as means and

standard efror of the mean (SEM).
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RESULTS

Based on evidence showing that mitochondrial metabolism is altered during
apoptotic processes (Garland and Halestrap, 1997), the aim of this research was to
characterize the differences in the metabolic control of oxidative phosphorylation in
drug sensitive leukemic cells, which die apoptotically, and drug resistant ieukemic
cells, which die non-apoptotically. The research began by investigating the L1210
mouse leukemic cell line and the L1210/DDP resistant subline. This was followed by

further analyses with the HL60 human leukemic cells and the resistant HL60/MDR cells.

1. ANALYSISOFL1210ANDL1210/DDP CELLS

A)  RESTING AND STATE 4 CONDITIONS

Resting and State 4 conditions were compared between the two cell types.
Resting respiration was measured in the absence of any inhibitors or uncouplers, and
was found to be significantly higher (p < 0.005) in the drug resistant L1210/DDP cells
(Figure 6A). Values were 13.32 2 0.61 (n=7) and 9.47 + 0.66 (n=7) nmol O, x 10 celis” x
min" for the L1210/DDP cells and L1210 cells, respectively. State 4 respiration was
determined by adding a saturating concentration of oligomycin, a specific inhibitor of
ATP synthase. During state 4 respiration the route of proton return to the matrix is

through mitochondrial proton leak. Again the L1210/DDP cells exhibited a higher rate
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Figure 6 Oxygen consumption and mitochondrial membrane potential of L1210 and
L1210/DDP cells. Cells were incubated at 37 °C in a shaking water bath at a
concentration of 10 million cells per mi of incubation medium in glass vials. The gas
phase above each suspension was 95% air and §% CO, to allow the medium to
equilibrate to a pH of 7.4. The cells were preincubated in the water bath for 10
minutes to allow the celis to reestablish steady state ion gradients after being stored
on ice. Cells were then incubated a further 20 minutes in the presence of any
inhibitors and isotopes before aliquots were taken for the measurement of oxygen
consumption and mitochondrial membrane potential. Panel A: Oxygen consumption
of L1210 and L1210/DDP celis under ‘resting’ (absence of inhibitors) and ‘state 4' (100
nM saturating concentration of the specific inhibitor of ATP synthase oligomycin)
conditions. Values are presented as the mean £ SEM of 7 determinations (assessments
performed in duplicate for each determination). Panel B: Mitochondrial membrane
potential under ‘resting’ and ‘state 4' conditions. Values are presented as the mean
+ SEM of 7 determinations (assessments performed in triplicate for each
determination).
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of oxygen consumption (Figure 6A) with a value of 9.61 £ 0.76 nmol O, x 107 cells™ x
min” (n=7), compared to 7.45 + 0.83 nmol O, x 10’ celis’ x min (n=7) for the L1210
cells. Although the difference is not statistically significant, the trend is towards
increased oxygen consumption in the resistant subline.

Concurrent with measurements of oxygen consumption, mitochondrial
membrane potential was also determined (Figure 6B). Under both resting and state 4
conditions, AW, was significantly lower (p < 0.0001) in the L1210/DDP cells than in the
L1210 cells. Resting AW, values were 159.8 £ 1.7 mV (n=7) and 139.5 £ 7.2mV (n=7) for
L1210 and L1210/DDP cells, respectively. State 4 AW, values were 164.2 £0.9 mV (n=7)
and 148.8 £ 2.0 mV (n=7) for L1210 and L1210/DDP cells, respectively. Within each cell
line, there is also a significant increase in AW, (p < 0.05) as respiration is taken from a
resting state to non-phosphoryiating conditions.

Higher oxygen consumption and lower AW, in the drug resistant cells suggests

that mitochondrial proton leak is increased in these cells.

B)  OveraLL METABOLIC KINETICS

With these results the research was extended to a full anglysis of the overall
metabolic kinetics of oxidative phosphoryiation in the two celis lines, focusing primarily
on the overall kinetics of mitochondrial proton leck reactions. These analyses require
simuitaneous deteminations of oxygen consumption and AW, and the use of specific
mitochondrial inhibitors. The overall kinetics of mitochondrial proton leak reactions are
shown in Figure 7. In the presence of a saturating amount of oligomycin (state 4), AW,

is gradually inhibited with the addition of increasing amounts of antimycin, an inhibitor
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Figure 7 Relationship between mitochondrial membrane polential (AW,) and leak-
dependent respiration (per cell) in L1210 and L1210/DDP cells. The kinetic response
of the proton leak subsystem to AW, was determined by titrating the substrate
oxidation reactions with increasing amounts of antimycin (50 nM, 250 nM, 5 /M) in the
presence of a saturating concentration of oligomycin (100 nM). State 4 respiration is
defined as maximal non-phosphorylating respiration and is achieved with the
saturating concentration of oligomycin. Oxygen consumption is expressed in this
figure on a per cell basis. Values are presented as the mean + SEM of 6
determinations for both cell lines. Assessments were performed in duplicate for
oxygen consumption and triplicate for mitochondrial membrane potential.
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of complex lil of the electron transport chain. Leak dependent oxygen consumption
for any given vaiue of AW, (e.g.. between 145 and 150 mV) is markedly higher in the
L1210/DDP cells. in other words, more oxygen is required by the resistant cells in order
to maintain the same level of AW, as in the sensitive cells. Thus leak is increased in the
resistant cell type.

Itis also clear from Figure 8 that the overall kinetics of substrate oxidation (Figure
8A) and of phosphorylation (Figure 88) are quite different between the two cell types.
Taken together, these results show that there exists significant difference in the

metabolic kinetics of L1210 and L1210/DODP cells.

C)  CEUULAR RESPIRATORY CAPACITY

To investigate the maximum respiratory capacity of the two celi lines, 10 uM of
the artificial uncoupler carbonyl cyanide p-triftuoromethoxyphenylhydrazone (FCCP)
was added to cells in the resting state. FCCP increases the proton conductance of the
mitochondrial inner membrane. Figure 9 reveals a significant increase (p < 0.05) in
oxygen consumption in the presence of FCCP for both cell lines. Values for L1210 cells
were 9.05 +0.77 (n=7) and 12.01 £ 0.68 (n=7) nmol O, x 10’ cells’ x min"' for resting and
FCCP-stimulated, respectively. For the L1210/DDP cells, values were 11.90 £ 0.99 (n=7)
and 15.80 + 0.91 (n=7) nmol O, x 10’ cells' x min" for resting and FCCP-stimulated,
respectively. Thus the resistant cells have a higher maximum respiratory capacity than

the sensitive cells (p < 0.01).

D)  UNCOUPLING PROTEIN 2 EXPRESSION

Because the results demonstrate lower AW, in the drug resistant L1210/DDP cells,
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Figure 8 Relationship between mitochondrial membrane potential (AW,) and
respiration rate of (A) subsirate oxidation reactions and (8) phosphoryiation reactions
in L1210 and L1210/DDP cells. (A) The kinetic response of the substrate oxidation
subsystem was determined by the addition of a saturating amount of oligomycin (100
nM) to achieve state 4 (maximal non-phosphorylating) respiration. (B) The kinetic
response of the phosphorylating subsystem was determined by titration of resting
respiration with increasing amounts of antimycin (100, 200 nM) and correcting for ieak-
dependent respiration at that vaiue of AW, For both graphs, values are presented
as the mean + SEM of 5 determinations. Assessments were performed in duplicate for
oxygen consumption and triplicate for mitochondrial membrane potential.
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Figure 9 Acute effect of FCCP on the resting respiration rates in (A) L1210 and (B)
L1210/DDP cells. To determine the maximum respiratory capacity of the cells, 10 M
of the arificial uncoupler carbonyl cyanide p-trifluoromethoxyphenylhydrazone
(FCCP) was added to cells in the resting state and measured for approximately §
minutes. FCCP is a protonphore that catalyzes the net electrical uniport of protons
and increases the proton conductance of the mitochondrial inner membrane. For
both graphs, values are presented as the mean + SEM of 7 determingtions
(assessments performed in duplicate for each determination).






it was reasoned that one mechanism accounting for this could be through the activity
of the recently characterized uncoupling protein 2 (Fleury, et al., 1997). The presence
of UCP2 in both cell lines was measured using a polyclonal antibody specific for UCP2
in Westermn blot analysis (Figure 10). The results demonstrate that the drug resistant
subline expresses higher levels of mitochondrial UCP2, a finding that was consistently
observed with numerous mitochondrial fraction isolations. The detected mitochondrial
protein has an approximate molecular weight of 33 kDa. In Figure 10 each cell line is
represented by two distinct mitochondrial preparations.

Northem blot analysis confirned expression of Ucp2 in both cell lines (Figure 11).
RNA was isolated from both cell types and probed with a digoxigenin-iabeled UCP2
probe. Lanes 3 and 4 contain RNA from the brown adipose tissue of a UCP1 knockout
mouse and a UCP1 control mouse, respectively. Asisshown in this figure, and has been
described previously (Enerback, et al., 1997), there is an increased expression of UCP2
mRNA in the absence of UCP1. Surprising, however, is the higher amount of Ucp2
MRNA present in the L1210 cells compared to the L1210/DDP cells.

it has previously been shown that mitochondrial proteins can be found in extra-
mitochondrial locations in the cell. There seems o exist a general assumption in
protein localization that organellar proteins do not exit the comparment they are
targeted to. However more and more mitochondrial proteins are being identified to
function not only in mitochondria but also at unexpected, yet very specific extra-
mitochondrial locations. They are identified as single protein products of single genes;
in other words their location does not seem to be the result of mechanisms such as

altemative splicing or translation initiation (Soltys and Gupta, 2000). A proposal put
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Figure 10 Representative Westem biot of protein isolated from purified mitochondrial
fractions of L1210 and L1210/DDP ceils. Mitochondria were isolated using differential
centrifugation. Protein content was determined using the modified Lowry method.
Lane 1: Molecular weight markers (Santa Cruz Biotechnology, Santa Cruz, CA). Lanes
2 and 3: L1210 mitochondrial protein (60 xg) from two distinct mitochondrial
preparations. Lanes 4 and §: L1210/DDP mitochondrial protein (60 »g) from two
distinct mitochondrial preparations. The primary antibody was goat anti-human UCP2
(Santa Cruz Biotechnology. Santa Cruz, CA) used at a concentration of 1.5 u.g/mi. The
secondary antibody was donkey anti-goat IgG horseradish peroxidase conjugate
(Santa Cruz Biotechnology. Santa Cruz, CA) used at a dilution of 1:5000. Detection
was performed using an Enhanced chemiluminescence (ECL) kit (Amersham
Pharmacia Biotech).
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Figure 11  Northem biot analysis o evaiuate the level of uncoupling protein 2 mRNA
expression in L1210 and L1210/DDP cells. RNA was isolated as described in Methods
and Materials. Electrophoresis was performed followed by transfer to a nylon
membrane which was probed with a digoxigenin-labeled Ucp2 probe previously
prepared in our laboratory. Lane 1: L1210/DDP RNA (20 »g). Lane 2: L1210 RNA (20
#Q). Lane 3: Brown adipose tissue RNA (20 ug) from a UCP1 knockout mouse. Lane
4: Brown adipose tissue RNA (20 x9) from a UCP1 control mouse.
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forward suggests that specific export mechanisms exist by which specific proteins can
exit the mitochondrion, allowing these proteins to have additional functions at certain
extra-mitochondrial sites (Soitys and Gupta, 2000). The cell surface as a potential site
of relocation has received a large amount of interest. The protein that has received
the most attention in these studies is Hspé0, a mitochondrial molecular chaperone that
has also been found on the plasma membrane of a number of cell types (Soitys and
Gupta, 2000). Another mitochondrial protein found on the cell surface is aspartate
aminotransferase (Bradbury and Berk, 2000). Studies confimed that its extra-
mitochondrial location in 313-L1 fibroblaosts is not due to altemative splicing. Other
proteins found on the plasma membrane include mitochondrially transmitted factors
(MTP), P32 protein, and Hsp70 (Soltys and Gupta. 1999). Cytochrome ¢ has been found
to localize in secretory granules in the pancreas and anterior pituitary (Soitys, et al.,
2001).

With this in mind, the search for UCP2 in the L1210 and L1210/DDP celis was
extended to the cell surfface. Plasma membrane fractions were isolated using sucrose
density gradient uitracentrifugation. The protocol applied is one that has been shown
to produce minimal contamination by organellar components (Caidwell, et al., 1988).
Waestermn biot analysis (Figure 12) revealed the presence of UCP2 in these fractions, with
higher amounts being observed in the L1210 cells, coincident with the higher mRNA
expression (described above). These findings were repeated with several other piasma
membrane isolations. Each cell line in Figure 12 is represented by two distinct plasma
membrane preparations. In Lane 6 the UCP2 standard is conjugated to a small protein

and the expected molecular weight is 39 kDa. The supplier of the standard explained
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Figure 12  Represeniative Westem biot of protein isolated from purified piasma
membrane fractions of L1210 and L1210/DDP cells. Plasma membrane fractions were
isolated using sucrose density gradient ultracentrifugation. Protein content was
determined using the modified Lowry method. Lanes 1 and 7: Molecular weight
markers (Santa Cruz Biotechnology, Santa Cruz, CA). Lanes 2 and 3: L1210 plasma
membrane protein (60 xg) from two distinct membrane preparations. Lanes 4 and
5: L1210/0DP plasma membrane protein (60 pg) from two distinct membrane
preparations. Lane 6: uncoupling protein 2standard (15 ng; Stratagene, La Jolla, CA).
The standard is conjugated to a small protein and the expected molecular weight
is 39 kDa. The primary antibody was goat anti-human UCP2 (Santa Cruz
Biotechnology. Santa Cruz, CA) used at a concentration of 1.5 ug/mi. The secondary
antipody was donkey anti-goat IgG horseradish peroxidase conjugate (Santa Cruz
Biotechnology, Santa Cruz, CA) used at adilution of 1:5000. Detection was performed
using an Enhanced chemiluminescence (ECL) kit (Amersham Pharmacia Biotech).
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the lower of the two bands in this lane as an unknown breakdown product.

E) PLASMA MEMBRANE POTENTIAL

Uncertain as to the function of UCP2 on the cell surface, the plasma membrane
potential (AW,) of the two cell types was measured to gain some insight (Figure 13).
Under resting conditions AW, was significantly lower (p <0.05) in the L1210 cells. Values
were 20.40 + 1.90 mV (n=4) and 35.90 + 5.20 mV (n=5) for L1210 and L1210/DDP cells,
respectively. GDP, a known inhibitor of UCP1 and proposed inhibitor of UCP2 (Negre-
Salvayre, et al., 1997), was added to the cells. No difference is AW, was observed in
the L1210/DDP cells, which express very little cell surface UCP2, but there was a
significant increase (p < 0.05) in AW, in the L1210 cells which have higher amounts of
UCP2 in the plasma membrane. The AW, increased to 33.65 £ 4.70 mV (n=4), very
similar to the value for the resistant cells. These results suggest that UCP2 may function
as a transporter of protons (and perhaps other ions) on the cell surface and its activity
can be inhibited by GDP. But GDP is known to act on many cell surface proteins, and
there may exist other differences between the two cell types that would account for
this change in AW,. Therefore these results are preliminary and require further

investigation.

F)  CYtocHROME OXIDASE ACTIVITY

Activity of cytochrome oxidase is accepted as an indicator of cellular
mitochondrial content. In Figure 14A, results are presented as a function of totai
celiular protein content with rio significant difference observed between the two cell

types. Values were 1529  26.9 (n=3) and 191.8 £ 19.2 (n=3) nmol cytochrome ¢
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Figure 13  Plasma membrane potential (AW)) of L1210 and L1210/DDP celis under
nomal conditions and in the presence of GDP. Cells were incubated at 37 °C ina
shaking water bath at a concentration of 10 million celis per mi of incubation medium
in glass vials. The gas phase above each suspension was 95% air and §% CO, to aliow
the medium to equilibrate to a pH of 7.4. The cells were preincubated in the water
bath for 10 minutes to allow the cells to reestablish steady state ion gradients after
being stored on ice. Celis were then incubated a further 20 minutes in the presence
of *H,0 and *CI. To examine the effects of GDP on plasma membrane potential,
1 mM GDP was added after the preincubation period. Values are presented as the
mean + SEM of 4 determinations for L1210 cells under normal conditions and in the
presence of GOP, and 5 detemrminations for L1210/DDP cells under normal conditions
and in the presence of GDP. Assessments were performed in triplicate for each
determination.
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Figure 14 Cytochrome oxidase activily of L1210 and L1210/DDP cells. A
spectrophotometric assay was used to determine the rate at which cytochrome
oxidase can oxidize its substrate cytochrome ¢ by measuring the rate of
disappearance of reduced cytochrome ¢ which absorbs light at 560 nm. Activity of
cytochrome oxidase is used as an indicator of cellular mitochondrial content. In (A),
values are expressed as a function of total cellular protein content. In (B), values are
expressed on a per cell basis to take into account the size of the cells. Values are
presented as the mean + SEM of 3 determinations. Assessments were performed in
triplicate for each determination.



Cytochrome Oxidase

e g
e tia
oA B Sl




oxidized x min™' x ug cellular protein™ for L1210 and L1210/DDP cells, respectively. In
other words, per unit cellular protein both cell types have similar amounts of
mitochondria. However, by examining the cells under a microscope and by
performing aQ total cellular protein determination (Table 1), it was evident that the

L1210/DDP are much larger and contained higher amounts of protein than the L1210

cells.

TABLE |

Cell Type Mass of Protein per Cell
| (ng)

L1210 0.14 £ 0.03

Cellular Protein Content of L1210 and L1210/DDP cells. Total

cell homogenates were used to determine protein

concentrations using the modified Lowry method

(described in Methods and Materials). Values are

presented as the mean + SEM of 5 determinations for each

cell type. Assessments were performed in duplicate for

each determination.
When cytochrome oxidase values are expressed to take into account cell size (Figure
14B), the resistant L1210/DDP celis appear to have a greater mitochondrial content.
Values were 21.3 + 3.7 (n=3) and 82.1 + 8.2 (n=3) nmol cytochrome ¢ oxidized x min"
x 10° celis™ for L1210 and L1210/DDP cells, respectively.

If oxygen consumption is normalized for total cytochrome oxidase activity, the

oxygen consumption of the resistant cells becomes very low. To illustrate this, in Figure

15 the overall kinetics of mitochondrial proton leck first described in Figure 7 are shown
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Figure 15 Relationship between mitochondrial membrane potential (AW,) and leak-
dependent respiration (comrected for mitochondrial content) in L1210 and L1210/DDP
celis. The kinetic response of the proton leak subsystem to AW, was determined by
titrating the substrate oxidation reactions with increasing amounts of antimycin (S0nM.
250 nM, 5 uM) in the presence of a saturating concentration of oligomycin (100 nM).
State 4 respiration is defined as maximal non-phosphoryiating respiration and is
achieved with the saturating concentration of oligomycin. Oxygen consumption is
expressed in this figure to take into account differences in mitochondrial content.
Values are presented as the mean = SEM of 6 determinations. Assessments were
performed in duplicate for oxygen consumption and tripiicate for mitochondrial
membrane potential.
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with oxygen consumption expressed to refiect the estimated mitochondrial content.
AW, is not affected by these changes, but oxygen consumption in the resistant
L1210/DDP cells is no longer indicative of increased proton leak. Because the assay
measures maximal activity of the cytochrome oxidase, itis not possible to compare the
actual in vivo activities of the enzyme between the cell types. This is further discussed

below.

G)  CeLwLAR ATP CONTENT

Because mitochondrial oxidative phosphorylation appears to be uncoupled in
resistant cells, and because uncoupling lowers mitochondrial ATP synthesis, levels of
ATP were compared between sensitive and resistant cells. When ATP was assayed on
a per cell basis (Figure 16A), the results showed a higher amount in the L1210/DDP cells
(p <0.01). Values were 63.0 £ 3.5 (n=3) and 108.0 = 7.0 (n=4) pmol ATP/50000 cells for
L1210 and L1210/DDP cells, respectively. Initially the lower amount in the sensitive cells
was thought to be due to their higher tumover rate. But when corrections were made
for differences in total protein content (Figure 16B), the results showed a lower amount
in the L1210/DDP celis (p <0.001). Values were 9.1 £ 0.5 (n=3) and 5.1 £ 0.3 (h=4) pmol
ATP/ug cellular protein for L1210 and L1210/DDP cells, respectively. This was thought
to be due to increased uncoupling or the possibility of inactive mitochondriain resistant

celis (discussed below).



Figure 16  Caellular ATP content of L1210 and L1210/DDP cells. ATP was extracted
from the cells and quantified using a Luciferase-luciferin assay (Sigma®). In (A), values
are expressed on a per cell basis. In (B), values are expressed to reflect total cellular
protein content. Values are presented as the mean ¢ SEM for 3 independent
experiments for L1210 cells and 4 independent experiments for L1210/DDP cells. Each
experiment consisted of 4 individual determinations of ATP content.
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H)  CONFOCAL MICROSCOPY ANALYSIS

in an attempt to obtain more information on the cellular localization of UCP2,
L1210and L1210/DDP cells were transfected with a UCP2-pIRES2-EGFP construct. Upon
successful incorporation into the cell, once transiated the protein will appear green
when examined under fluorescence. To provide a visual account of mitochondrial
membrane potential, cells were simuitaneously treated with the mitochondrion-
selective dye Mitotracker® Red, which stains mitochondria with an intensity that is
proportional to AW, Figure 17 shows several micrographs of L1210 cells. Cellular
localization proved difficult to interpret, however, because the very large nuclei of the
cells forces the contents of the cytosol against the plasma membrane, making it
difficuit to distinguish between mitochondria and cell surface. In the bottom left comer
of each panel there is a cell which is dying, as evidenced by the lower AW, and the
lack of UCP2-EGFP expression. In the bottom right panel the orange colour created by
the overigp of green and red fluorescence indicates that UCP2 is expressed in
mitochondria. Similarly in Figure 18 the large nuclei of the L1210/DDP cells is evident,
as is the significant amount of overlap between mitochondria and UCP2 (bottom right
panel). However if one looks closely there s still @ fair amount of green fluorescence,
indicating that perhaps UCP2 is found in other parts of the cell as well. In Figure 19 a
comparison is made between the two cell types. Note the difference in cell size as
well as the lower AW, in the L1210/DDP cells, indicated by the weaker red
fluorescence. This weaker fluorescence was consistently observed when comparing
the celllines at equal magnification, but for the purpose of presentation the L1210 cells

are shown at a greater magnification.
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Figure 17 Confocal micrographs of L1210 cells. Cells were transfected with a UCP2-
pIRES2-EGFP construct followed by treatment with the mitochondrion-selective dye
Mitotracker® Red, as described in Methods and Materials. Cells were then fixed and
visualized by confocal microscopy. Upper left panel: non-fluorescence micrograph.
Upper right panel: visualization of Mitotracker® Red staining. Bottom left panel:
visualization of UCP2-piRES2-EGFP localization. Bottom right panel: fluorescence
overiap of Mitotracker® Red and EGFP. Magnification: 1000x.






Figure 18 Confocal microgrophs of L1210/DDP cells. Cells were transfected with a
UCP2-pIRES2-EGFP construct followed by treatment with the mitochondrion-selective
dye Mitotracker® Red, as described in Methods and Materials. Celis were then fixed
and visualized by confocal microscopy. Upper left panel: non-fluorescence
micrograph. Upperright panel: visualization of Mitotracker® Red staining. Bottorn left
panetl: visualization of UCP2-pIRES2-EGFP locdlization.  Bottom right panel:
fluorescence overlap of Mitotracker® Red and EGFP. Magnification: 400x.
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Figure 19  Confocal micrograph comparison of L1210 and L1210/DDP cells. Cells
were transfected with a UCP2-pIRES2-EGFP construct followed by treatment with the
mitochondrion-selective dye Mitotracke® Red, as described in Methods and
Materials. Cells were then fixed and visualized by confocal microscopy. Upper left
panel: visualization of Mitotracker® Red staining in L1210 cells. Upper right panel:
visualization of UCP2-pIRES2-EGFP Icalization in L1210 cells. Bottom left panei:
visualization of Mitotracker® Red staining in L1210/DDP cells. Bottom right panel:
visualization of UCP2-pIRES2-EGFP Icalization in L1210/DDP cells. Magnification: 1000x
(L1210), 400x (L1210/DDP).
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2. ANALYSIS OF HL60 AND HL60O/MDR CELLS

In addition to providing a second set of results that would support the findings
in the L1210 and L1210/DDP cells, switching to a human leukemic cell line pair of
sensitive and resistant cells also allows for an analysis of mitochondrial bioenergetics

in a different species.

A)  RESTING AND STATE 4 CONDITIONS

In assessing resting and state 4 oxygen consumption, the resistant HL6O/MDR
cells exhibited significantly higher rates (p < 0.05) under both conditions (Figure 20A and
208). Values for resting oxygen consumption were 23.71 £ 2.42 (n=6) and 34.74 £ 3.73
(n=6) nmol O, x 10/ cells’ x min™ for the HL&O cells and HL6O/MDR cells, respectively.
Under state 4 conditions, oxygen consumption was 9.00 £ 1.74 (n=6) nmol O, x 10’ cells™
x min for the HL&0 cells and 15.75 + 1.10 (n=6) nmol O, x 107 celis* x min™ for the
HL&0/MDR cells. Within each cell type, there is a significant inhibition of respiration (p
< 0.001) upon addition of oligomycin to achieve state 4 conditions.

Both resting andstate 4 AW, were significantly lower (p < 0.005) in the HL6O/MDR
cells compared to the HL&0 cells (Figure 20C and 20D). The AW ,, for resting conditions
was 1706 £ 2.9 (n=6) and 148.3 z 6.8 (n=6) mV for the HL60 and HL6O/MDR cells.
respectively. Values for state 4 AW, were 166.3 £ 1.9 mV (n=6) for the HL&0 cells and
153.8 + 8.0 mV (n=06) for the resistant HL6O/MDR cells.

As evidenced with the resistant L1210/DDP cells, higher oxygen consumption
and lower AW, in the drug resistant HL60/MDR cells suggest that mitochondrial proton

leak is increased compared to the sensitive HL6O cells.
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Figure 20 Oxygen consumption and mitochondriol membrane potential of HL60 and
HL60/MDR celis. Cells were incubated at 37 °C in a shaking water bath at a
concentration of 10 million cells per mi of incubation medium in glass vials. The gas
phase above each suspension was 95% air and 5% CO, to allow the medium to
equilibrate to a pH of 7.4. The cells were preincubated in the water bath for 10
minutes to allow the cells to reestablish steady state ion gradients after being stored
on ice. Cells were then incubated a further 20 minutes in the presence of any
inhibitors and isotopes before aliquots were taken for the measurement of oxygen
consumption and mitochondrial membrane potential. Panels A and B: Oxygen
consumption of HL60 and HLOO/MDR celis under (A) ‘resting’ (absence of inhibitors)
and (B) ‘state 4' (100 nM saturating concentration of the specific inhibitor of ATP
synthase oligomycin) conditions. Values for both panels are presented as the mean
+ SEM of 6 determinations (assessments performed in duplicate for each
determination). Panels C and D: Mitochondrial membrane potential of HL60 and
HL60/MDR cells under (C) ‘resting’ and (D) ‘state 4' conditions. Values for both panels
are presented as the mean + SEM of 6 determingtions (assessments performed in
triplicate for each determination).
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B)  KINETCS OF MITOCHONDRIAL PROTON LEAK

Extending to the left of state 4 values in Figure 21 are the curves that represent
mitochondrial proton leak kinetics. Each point on the curve for the resistant HL60/MDR
cells has a higher oxygen consumption and lower AW, than the corresponding point
on the curve for the sensitive HLA0 cells. Again, more oxygen is required by the resistant
cells in order to maintain the same level of AW, as in the sensitive cells. Thus leak is

increased in the resistant cells.

C)  CELLULAR RESPIRATORY CAPACTTY

Figure 22 shows the acute effects of FCCP on the resting respiration rates of the
two cell lines. There was a significant increase (p < 0.05) in oxygen consumption in the
presence of FCCP for both cell lines. Values for HL6O cells were 20.85 = 1.40 (n=6) and
29.52+ 2.05 (n=6) nmol O, x 10’ cells’ x min' for resting and FCCP-stimulated,
respectively. For the HL60/MDR cells, values were 30.74 £ 1.95 (n=6) and 39.50 + 2.35
(n=6) nmol O, x 107 cells™ x min for resting and FCCP-stimulated, respectively. Thusthe

resistant cells have a higher (p < 0.01) maximum respiratory capacity.

D)  UNCOUPUNG PROTEIN 2 EXPRESSION

To determine if increased mitochondrial proton leak in the HL6Q/MDR cells is
corelated to differences in mitochondrial UCP2 content, mitochondrial fractions were
isolated and analyzed by Westermn blot analysis (Figure 23). The results demonstrate that
the drug resistant cells express higher levels of mitochondrial UCP2.

Based on the results of the Northem blot analyses performed on the L1210 and
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Figure21 Relationship between mitochondrial membrane potential (AW,,) and leak-
dependent respiration (per cell) in HLA0 and HL6O/MDR cells. The kinetic response of
the proton leak subsystem to AW, , was determined by titrating the substrate oxidation
reactions with increasing amounts of antimycin (50 nM, 250 nM, 5 4M) in the presence
of asaturating concentration of oligomycin (100 nM). State 4 respiration is defined as
maximal non-phosphorylating respiration and is achieved with the saturating
concentration of oligomycin. Oxygen consumption is defined in this figure on a per
cell basis. Values are presented as the mean + SEM of 6 determinations. Assessments
were performed in duplicate for oxygen consumption and triplicate for mitochondrial
membrane potential.
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Figure 22 Acute effect of FCCP on the resting respiration rates in (A) HL60 and (B)
HL60/MDR cells. To determine the maximum respiratory capacity of the cells, 10 UM
of the artificial uncoupler carbonyl cyanide p-trifluoromethoxyphenylhydrazone
(FCCP) was added to cells in the resting state and measured for approximately S
minutes. FCCP is a protonphore that catalyzes the net electrical uniport of protons
and increases the proton conductance of the mitochondrial inner membrane. For
both graphs, values are presented as the mean + SEM of 6 determingtions
(assessments performed in duplicate for each determination).






Figure 23 Representative Westem biot of protein isolated from purified mitochondrial
fractions of HL60 and HL60/MDR cells. Mitochondria were isolated using differential
centrifugation. Protein content was determined using the modified Lowry method.
Lane 1: Molecular weight markers (Santa Cruz Biotechnology. Santa Cruz. CA). Lanes
2 _and 3: HL6O mitochondrial protein (60 xg) from two distinct mitochondrial
preparations. Lanes 4 and §: HL60/MDR mitochondrial protein (60 ug) from two
distinct mitochondrial preparations. The primary antibody was goat anti-human UCP2
(Santa Cruz Biotechnology, Santa Cruz, CA) used at aconcentration of 1.5 ug/mi. The
secondary antibody was donkey anti-goat IgG horseradish peroxidase conjugate
(Santa Cruz Biotechnology. Santa Cruz, CA) used at a dilution of 1:5000. Detection
was performed using an Enhanced chemiluminescence (ECL) kit (Amersham
Pharmacia Biotech).
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L1210/DDP cells (Figure 11), plasma membrane fractions were isolated from both HL60
and HLAO/MDR cell lines to look for the presence of UCP2 on the cell surface. Similar
to previous results with the mouse cell lines, UCP2 levels were found to be higher in the
drug sensitive HL6Q cells (Figure 24). These findings support the notion that UCP2, like
some other mitochondrial proteins, can be found in other parts of the cell, particularly

the cell surface.

E)  PLASMA MEMBRANE POTENTIAL

The AW, of the two cell types was measured in an attempt to determine the
possible role of UCP2 on the plasma membrane (Figure 25). Under resting conditions
AW_ was significantly lower (p < 0.01) in the HL6O cells. Values were 22.40 + 5.10 mV
(n=5) and 34.00 + 5.57 mV (n=5) for HLA0 and HLSO/MDR cells, respectively. Unlike the
results reported in the L1210 and L1210/DDP celis, no significant difference in AW, was
observed in either cell line when GDP was added. Differences in resting conditions,
however, provide an important start in determining the function of a mitochondrial

protein like UCP2 on the cell surface.

F)  CYTOCHROME OXIDASE ACTIVITY

in examining cellular mitochondrial content, similar results were obtainedin the
human leukemic cells as in the mouse cell lines. When results are presented as a
function of total cellular protein content (Figure 26A), there is no difference observed
between the HL60 and HLOO/MDR cells. Vailues were 101.1 £34.7 (n=3) and 125.3+30.0
(n=3) nmcl cytochrome ¢ oxidized x min" x ug cellular protein™ for sensitive and

resistant cells, respectively. After determining differences in cell size using a total
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Figure 24  Represeniative Westem biot of protein isolated from purified plasma
membrane fractions of HL60 and HL60/MDR cells. Plasma membrane fractions were
isolated using sucrose density gradient ulhacentrifugation. Protein content was
determined using the modified Lowry method. Lanes 1 and 7: Molecular weight
markers (Santa Cruz Biotechnology. Santa Cruz, CA). Lanes 2 and 3: HL60 plasma
membrane protein (60 4g) from two distinct membrane preparations. Lanes 4 and
5: HLOO/MDR plasma membrane protein (60 ug) from two distinct membrane
preparations. Lane é: uncoupling protein 2 standard (15 ng; Stratagene). The
standard is conjugated to a small protein and the expected molecular weight is 39
kDa. The primary antibody was goat anti-human UCP2 (Santa Cruz Biotechnology.
Santa Cruz, CA) used at a concentration of 1.5 ug/mi. The secondary antibody was
donkey anti-goat IgG horseradish peroxidase conjugate (Santa Cruz Biotechnology.
Santa Cruz, CA) used at a dilution of 1:5000. Detectior was performed using an
Enhanced chemiluminescence (ECL) kit (Amersham Pharmacia Biotech).
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Figure 25 Plasma membrane potential (AW,) of HL60 and HL60/MDR cells under
nomal conditions and in the presence of GDP. Cells were incubated at 37 °Cin G
shaking water bath at a concentration of 10 million celis per mi of incubation medium
in glass vials. The gas phase above each suspension was 95% air and §% CO, to allow
the medium to equilibrate to a pH of 7.4. The cells were preincubated in the water
bath for 10 minutes to aliow the cells to reestablish steady state ion gradients after
being stored on ice. Cells were then incubated a further 20 minutes in the presence
of *H,0 and *¥CI". To examine the effects of GDP on plasma membrane potential, 1
mM GDP was added after the preincubation period. Values are presented as the
mean + SEM of 5 determinations for both cell types under normal conditions and in
the presence of GDP. Assessments were performed in triplicate for each
determination.
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Figure 26 Cytochrome oxidase activity of HL60 and HLSO/MDR cells. A
spectrophotometric assay was used to determine the rate at which cytochrome
oxidase can oxidize its substrate cytochrome c by measuring the rate of
disappearance of reduced cytochrome ¢ which absorbs light at 550 nm. Activity of
cytochrome oxidase is used as an indicator of cellular mitochondrial content. In (A),
values are expressed as a function of total ceilular protein. In (B). values are
expressed on a per cell basis to take into account the size of the cells. Values are
presented as the mean = SEM of 3 determingtions. Assessments were performed in
triplicate for each determingtion.
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cellular protein determination (Table 2), results were expressed to reflect this.

TABLE 2
Cell Type Mass of Protein per Cell
(ng)

0.12:0.04

Cellular Protein Content of HL60 and HL60O/MDR celis. Total
cell homogenates were used to determine protein
concentrations using the modified Lowry method
(described in Methods and Materials). Values are
presented as the mean + SEM of § determinations for each
cell type. Assessments were performed in duplicate for
each determingation.
Results presented in Figure 26B indicate that the HL6O/MDR cells appear to have @
greater mitochondrial content. Values were 12.5 £ 4.3 (n=3) and 38.0£9.1 (n=3) nmol
cytochrome c oxidized x min™ x 10° celis” for L1210 and L1210/DDP cells, respectively.
The overall kinetics of mitochondrial proton leak of these cells are shown in
Figure 27 with oxygen consumption expressed to reflect the differences in estimated
mitochondrial content between cell types. Again, AW, is not affected by these
changes, but oxygen consumption in the HL60/MDR cells is no longer indicative of
increased proton leak. An interpretation of these results along with those observed for

the mouse leukemic cell lines is provided below in the Discussion section.



Figure 27 Relationship between mitochondrial membrane potential (AW,) and leak-
dependent respiration (comrected for mitochondrial content) in HLA0 and HL60/MDR
cells. The kinetic response of the proton leak subsystem to AW, was determined by
titrating the substrate oxidation reactions with increasing amounts of antimycin (50 nM,
250 nM, 5 uM) in the presence of a saturating concentration of oligomycin (100 nM).
State 4 respiration is defined as maximal non-phosphorylating respiration and is
achieved with the saturating concentration of oligomycin. Oxygen consumption is
expressed in this figure to take into account differences in celiular size and
mitochondrial content. Values are presented as the mean + SEM of 6 determinations.
Assessments were performed in duplicate for oxygen consumption and triplicate for
mitochondrial membrane potential.
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G) CONFOCAL MICROSCOPY ANALYSIS

HL60 and HL60/MDR cells were also transfected with the UCP2-piRES2-EGFP
construct and treated with Mitotracker® Red to obtain visual information on UCP2
cellular localization and AW, is. Figure 28 shows micrographs of HL60 celis examined
under the various fluorescence conditions. Again the large nuclei hindered attempts
to decipher between mitochondrial and extra-mitochondrial localization. This is also
the case for the HL6O/MDR cells (Figure 29). A less intense red fluorescence for the
resistant cells supports the previous findings of lower AW, determined with the lipophilic
cation TPMP*. The orange overlap produced as well as the traces of green areas in this

overiapping panel (bottom right) are similar to the results described in the L1210 and

L1210/DDP cells.



Figure 28 Confocal micrographs of HL60 cells. Cells were fransfected with a UCP2-
pIRES2-EGFP construct followed by treatment with the mitochondrion-selective dye
Mitotracker® Red, as described in Methods and Materials. Cells were then fixed and
visualized by confocal microscopy. Upper left panel: non-fluorescence micrograph.
Upper right panel: visualization of Mitotracker® Red staining. Bottom left panel:
visualization of UCP2-pIRES2-EGFP localization. Bottom right panel: fluorescence
overiap of Mitotracker® Red and EGFP. Magnification: 1000x.






Figure 29 Confocal micrographs of HL60/MDR cells. Cells were tfransfected with a
UCP2-piRES2-EGFP construct followed by treatment with the mitochondrion-selective
dye Mitotracker® Red, as described in Methods and Materials. Celis were then fixed
and visualized by confocal microscopy. Upper panel: visualization of Mitotracker®
Red staining. Bottom left panel: visualization of UCP2-pIRES2-EGFP localization.

Bottom right panel: fluorescence overlap of Mitotracker® Red and EGFP.
Magnification: 1000x.






DISCUSSION

Consistent with the proposal put forward at the beginning of this research, the
results of this thesis demonstrate that drug sensitive and drug resistant leukemic cells
differ in many of aspects of mitochondrial bioenergetics. Because the uncoupling of
energy substrate oxidation from ADP phosphorylation is known to result in decreased
mitochondrial membrane potential, accompanied by increased rates of substrate
oxidation, electron transport, and oxygen consumption, the results show that drug
resistant leukemic cells use a metabolic strategy in which mitochondrial oxidative
phosphorylation is less coupled compared to the sensitive cells. This work is consistent
with experiments performed by Harper and colleagues (Harper, Antoniou, Villalobos-
Menuey et al., submitted), as well as the findings of others, that implicate uncoupling
proteins in the regulation of reactive oxygen species production and their possibie role
in protection of tumor cells from cytotoxic therapies.

Under both resting and state 4 conditions, drug resistant cells consistently
exhibited higher rates of cellular oxygen consumption and lower AW, compared to
leukemic cells that are sensitive to apoptosis induced by chemotherapeutic cgents
and radiation (Figures 6 and 20). An investigation into the overall kinetics of
mitochondrial proton leak revealed that, over a range of mitochondrial membrane
potentials, leak-dependent oxygen consumption is much higher in the resistant cells
(Figures 7 and 21). Due to the increased amount of proton leak in the drug resistant

cells, more oxygen is being consumed in an attempt to re-establish the protonmotive
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force across the mitochondrial innermembrane (MIM). The higher respiratory capacity
of the resistant cells (Figures 9 and 22) may be due to the need for increased oxygen
consumption when ieak is increased in these cells.

Differences were also shown to exist in the substrate oxidation and
phosphorylation reactions between the L1210 and L1210/DDP cells (Figure 8). In the
resistant cells, increased activity of the substrate oxidation reactions may be a direct
result of the increased proton leak in an effort to restore protonmotive force to normail
values. It is difficult to speculate as to the specific mechanisms responsible for the
differences seen in the kinetic responses of the phosphorylation subsystem to AW, in
the L1210 and L1210/DDP cells. As described in Figure 5, the phosphorylation branch
of the oxidative phosphoryiation system includes ATP synthesis and all cellular ATP-
consuming reactions, such as those involved in protein, DNA, and RNA synthetic
reactions. These two branches of the three branch system were only briefly iooked at,
however, and should be examined further to provide more insight as to the exact
mechanisms responsible for the differences seen.

A higher degree of mitochondrial proton leak in the resistant cells was
supported by the Westem blot analyses showing higher amounts of UCP2 in the
mitochondria of resistant cells compared to sensitive cells (Figures 10 and 23). A major
issue in the study of the new members of the uncoupling protein family is the absence
of reliable antibodies to detect the proteins as well as to decipher between the
different isoforms. In the case of UCP2, levels of expression Qiso pose a probiem.
Mitochondria from spleen have a higher amount of UCP2 compared to other tissues,

yet Pecqueur et al. (Pecqueur, et al.. 2001) showed that the level of expression is less
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than 1% of the level of UCP1 in brown adipose tissue mitochondria. Nevertheless,
bands were seen in the 33 kDa range of all Westem blots probed with the N-terminal
UCP2 antibody (Santa Cruz Biotechnology. Inc.) that has also been used by others
(vang, et al.. 2000). This antibody was also able to recognize the UCP2 standard
(Figures 12 and 24). Although most of the commercially available anti-UCP antibodies
are said to cross react with other proteins, the amount of cross-reactivity observed for
this antibody was very low in the mitochondrial preparations.

These results showing a greater amount of UCP2 in the mitochondria of resistant
cells are in agreement with the proposal that the decrease of AW, by uncoupling
proteins may provide a means by which cells can safely minimize ROS production, and
in tum provide resistance against apoptosis induced by oxidative stress. it is well
established that mitochondria are the main source of ROS in the cell, however the idea
that uncoupling proteins are involved in their reguiation is relatively new. These
findings. however, are consistent with the concept (Skulachev, 1996) that a decrease
in AW would increase the transport of electrons through the electron transport chain,
decreasing the period of interaction between these electrons and molecular oxygen,
thus reducing the formation of ROS.

Looking beyond leukemic cells and apoptosis prevention, these observations
in general broaden our view of uncoupling proteins and their possible roles throughout
the body (Vidal-Puig. 2000). Shown to be expressed in macrophages. the levels of
UCP2 could be regulated in order to increase ROS production during infection.
Conversely, increased levels of UCP2 and aiso UCP3 in other tissues in response to food

restriction or exercise may constitute a physiological response to prevent unwanted
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oxidative stress.

In confirming the presence of UCP2 in these cells, Northemn bilot analysis
revealed that the drug sensitive L1210 cells have higher amounts of Ucp2 mRNA
compared to the resistant L1210/DDP cells (Figure 11). Previous reports have shown that
the level of UCP2 mRNA does not correlate with the amount of UCP2 protein in lung
and stomach mitochondria (Pecqueur, et al., 2001). Protein amounts were 4 and 10
times lower, respectively, than in spleen mitochondria; however mRNA levels were very
similar in the three tissues. Therefore it is also possible that mRNA levels do not reflect
protein content in the L1210 and L1210/DDP cells. It was decided to investigate this
further, and the possibility that this protein may be found in other parts of the cell was
examined. This was not a radical concept, as others have identified mitochondrial
proteins that function in extra-mitochondrial sites throughout the cell (Bradbury and
Berk, 2000, Soltys, et al., 2001, Soltys and Gupta, 2000, Soitys and Gupta, 1999). A
prominent location is the cell surface, and isolation of the plasma membrane revealed
the presence of UCP2, with higher amounts found in the sensitive cells of both the
mouse and human cell lines (Figures 12 and 24). interesting to note is the position of the
bands found in the plasma membrane fractions of the HL60 cells. The bands are
slightly higher than the 34 kDa molecular weight marker; this may be due to possibie
glycosylation or phosphorylation that is specific to extra-mitochondrial UCP2. Current
work in our laboratory is investigating this possibility. Mitochondrial UCP2 in the human
leukemic cells migrated to a position similar to the UCP2 of the mouse cell lines. Flow
cytometric work of permeabilized and non-permeabilized cells by our coliaborator, Dr.

M. Karen Newell, also contributed to the notion that UCP2 may be found eisewhere in
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the celi (unpublished data). Localization to other cellular locations is possible, and
should be investigated further.

Since the true physiological function of the uncoupling protein homologues is
unclear, the function of UCP2 on the cell surface is, at best, an educated guess. With
the resources that are available in our laboratory, the plasma membrane potential of
the cells was examined to gain some insight. Under normal conditions the AW, was
significantly lower in the sensitive cells, which contain higher amounts of cell surface
UCP2 compared to the resistant celis (Figures 13 and 25). Anincrease in the AW, of the
L1210 cells was observed in the presence of GDP, a known inhibitor of UCP1 and a
proposed inhibitor of UCP2 (Negre-Salvayre, et al., 1997), whereas no effect was seen
in the L1210/DDP cells. GDP may be acting on other structures on the cell surface,
however, and may be causing the change in AW, in a way that does not involve
UCP2. This, and the results which show no effect of GDP on the human leukemic cell
lines, demonstrates the need for a more precise and detailed look into the role of
plasma membrane UCP2 as a potential transporter of ions.

When the analysis of cellular ATP content was first performed on the L1210 and
L1210/DDP cells, the lower amount present in the sensitive cells was thought to be due
to the need for greater use of energy for their higher rate of tumover (Figure 16A).
When cellular protein content was determined, values were corrected and indicated
significantly lower levels of ATP in the resistant L1210 cells as a function of total protein
content (Figure 16B). This is thought to be due to either increased uncoupling or the
possibility of inactive mitochondria in the resistant cells (discussed below). The

experiments were conducted with celis under normal conditions. At the time of the
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discovery conceming cell size and protein content it was not possible to repeat the
analyses under different conditions to obtain a more definite answer as to the reasons
for the difference in ATP levels. Perhaps this could be accomplished by incubating the
cells with a saturating concentration of oligomycin to look at non-mitochondrial ATP
production, then present values to refiect ATP synthesis by oxidative phosphorylation
only. Also the cells could be placed in a quiescent, non-dividing state to investigate
differences in cellular ATP-consuming reactions that do not include cell division.
Cormrections for differences in celluiar protein content between cell sublines also
led to modifications in the interpretation of the cytochrome oxidase values first
presented (Figures 14A and 26A). When comected for total protein content, the resuits
demonstrate higher total mitochondrial content in the drug resistant cells (Figures 148
and 26B). When celiular oxygen consumption rates are normalized for total
cytochrome oxidase activity, oxygen consumption of the resistant ceilis is very low.
Mitochondrial membrane potential is unaffected by this, but changes in oxygen
consumption values do not reflect increased proton leak in the resistant cells (Figures
15 and 27). Because the assay measures the maximal activity of the cytochrome
oxidase, it is not possible to compare the actual in vivo activities of the enzyme
between cell types. Thus it was most appropriate to present cellular oxygen
consumption on a per cell basis. It has been shown that mitochondria sorted for low
AW, are in an ultracondensed shape whereas those in cells that have a nomal AW,
were not condensed (Dinsdale, et al.. 1999). This change in structure may affect
normal respiratory chain activity and thus provide an explanation as to the reasons for

low oxygen consumption values when normalized for cytochrome oxidase activity.
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Other studies have described ultracondensed mitochondria in leukemic cells and
implicated them in the signaling of the apoptotic process (Jia, et al., 1997q, Jia, et al.,
1997b). It may seem ideal to perform the analyses of oxygen consumption and AW,
using isolated mitochondria instead of intact celis. This was attempted but never was
successful due to a low mitochondrial yield, and more importantly, the inability to
isolate fully functional, respiring mitochondria with which to conduct the experiments.

Confocal microscopy analysis provided images of AW, as well as expression of
the GFP-tagged UCP2in cells. The differences in AW, between sensitive and resistant
celis under resting conditions were clear, however nuclear size and the reduced
cytoplasmic volume made cellular locdlization of UCP2 difficult to interpret. The
contents of the cytosol were shown to be pressed against the plasma membrane as
aresult of the large nucleus present in all the cell types studied. In the superimposed
images of red and green fluorescence, some green is still seen amidst the dominant
orange, but this was visible only in a few images.

Work by Dr. Newell has complemented the results obtained in this thesis by
examining more closely the levels of H,0, production by drug sensitive and drug
resistant leukemic cells under various conditions. In spite of the increased rate of
cellular oxygen consumption in the resistant cells, the basal levels of H,0O, as detected
by a fluorescent probe were similar between sensitive and resistant ceils (Harper,
Antoniou, Villalobos-Menuey et al.. submitted). Maximal levels of H,O, were
determined by irradiation, and DNA damage was measured in paraliel. Both cell types
exhibited increased levels of H,0, but the increase was lower in the resistant cells,

suggesting a mechanism of protection. DNA damage was also found to be less severe
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compared to the sensitive cells. Addition of an artificial uncoupler of mitochondrial ATP
synthesis reduced H,0O, levels in L1210 cells, but had no effect on the resistant
L1210/D0DP cells.

Among the potential roles of ROS in apoptosis, one is their effect on
mitochondrial permeability transition (MPT). With the electron transport chain serving
as the main source of ROS leading to MPT, and based on evidence that MPT can be
inhibited by antioxidants (Kowaltowski, et al., 2001), it is plausible that decreased ROS
production due to increased mitochondrial UCP2 expression could act as a protective
mechanism against MPT and the apoptotic cascade that follows it.

The work on these sensitive and resistant leukemic celis serves as evidence for
the proposal that uncoupling of mitochondrial ATP synthesis provides a mechanism for
dual resistance to both chemotherapeutic agents that induce apoptosis and to
radiation by decreasing the production of reactive oxygen species. That uncoupling
proteins are involved in protection from reactive oxygen species damage has been
described (Negre-Salvayre, et al., 1997, Nishikawa, et al., 2000). This work is also
consistent with the recent report that the production of ROS and subsequent cellular
damage induced by hyperglycemia in endothelial cells is prevented by transfection
with UCP1 (Nishikawa, et al., 2000). Ucp2 mRNA has been reported to be expressed in
drug resistant cells (Voehringer, et al., 2000). As well, in pancregtic B-cells,
overexpression of UCP2 was accompanied by increased cell survival after H,0,-
induced toxicity (Li, et al., 2001). Finally, reports demonstrating that mice without UCP2
have increased levels of ROS and revert from susceptibility to resistance to Toxoplasma

gondii (Arsenijevic, et al.. 2000), likely from availability of ROS, suggest that the
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mechanism is important in many aspects of immunity. This research suggests that such
a metabolic strategy may provide the basis for survival of inherently resistant or drug-
selected resistant cells and accounts for the commonly recognized dual resistance to
both drugs and iradiation. This discovery impacts both tumor therapeutics and
potentially the therapeutic approach to other diseases where damage from reactive

oxygen species is involved.
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