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ABSTRACT

Uncoupling protzin (UCP) is one of a family of mitochondrial transport proteins
involved in energy metabolism. It is specific to brown adipose tissue mitochondria where
it has the primary function in mammals of non-shivering thermogenesis. Heat production
is achieved by uncoupling oxidative phosphorylation. It has been suggested that UCP
serves the uncoupling role by providing a regulated pathway for proton re-entry back into
the mitochondrial matrix. UCP also transports monovalent anions electrophoretically,
such as chloride and alkylsulfonates, but the physiological role of anion transport is not
yet known, although models based on UCP-catalyzed anion transport for uncoupling have
been put forth. Both proton and anion transport are inhibited by purine nucieoside di- and
triphosphates, but only proton transport is activated by fatty acid. The detailed
mechanisms of ion transport and their regulation remain unknown.

Our approach to studying UCP independently from all other brown adipose tissue
mitochondrial protein components was to functionally express UCP in a nov ! cellular
environment. The initial goal of this project was to establish an expression system in
yeast to determine whether UCP was responsible for the nucleotide-sensitive ion
permeabilities observed in brown adipose tissue mitochondria. Establishing a functional
yeast expression system would also allow structure/function relationships of UCP to be

explored using site-directed mutagenesis of the UCP ¢cDNA.
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An expression system for UCP in yeast was developed by inserting the rat UCP
cDNA into a Saccaromyces cerevisiae/Escherichia coli shuttle vector under transcriptional
control or the inducible GAL 1 promoter and transforming yeast strain JB516 (MA Ta,
ura3, adel, leu2, hisd, gal™) with this construct. High level expression of rat UCP in
yeast mitochondria was achieved by altering the region around the start codon in the rat
UCP c¢DNA to one resembling a highly expressed yeast gene. Expression of 7u-100 pg
UCP/mg mitochondrial protein is reported, a level similar to that found in brown adipose tissue
mitochondria of cold adapted rats. Functional assays were developed for UCP in yeast
mitochondria to measure fatty acid-activated, GDP-inhibited uncoupling of yeast mitochondria
and to measure GDP bound to yeast mitochondria containing UCP. Oleate-activated uncoupling
that was reversed by GDP was observed and specific for yeast mitochondria containing UCP. In
addition, GDP was found to bind specifically to yeast mitochondria containing UCP with a
comparable affinity to that found for brown adipose tissue mitochondria, although the level
of binding was lower.

Past chemical modification studies on UCP using cysteine and arginine modifying
reagents suggested that these residues had functional significance with respect to ion
transport and their regulation. However, the specific location of these residues could not be
determined. Photoaffinity labelling with purine nucleotide analogs showed that the third
domain of UCP was involved in purine nucleotide binding, but these studies also did not
identify functionally important residues. The yeast expression system was used in conjuction
with site-directed mutagenesis of the UCP cDNA to identify functionally important residues in

UCP.



Initial studies focused on the cystcines of UCP, all seven of which are conserved in
UCP in all species studied to date. Each cysteine was changed independently to senne. Yeast
mitochondria containing independentdy each mutant form of UCP showed fatty acid-actvated, GDP-
inhibited uncoupling. Tysteine 253 was modified further to alanine and phenylalanine to
further investigate the role of this residue since cysteine 253 had been covalently labelled
with a purine nucleotide analogue. These substitutions were also without effect on UCP
function in yeast mitochondria. From the cysteine studies, it appears that none of the seven
cysteinesin UCP serve a critical role in fatty-acid activated, GDP-inhibited uncoupling. The
next study investigated the role of arginine 276 in UCP. This residue was mutated to both
glutamine and leucine. Yl’east mitochondria containing the mutant proteins showed normal faity
acid-activated uncoupling, but the inhibitory effect of GDP was lost. Arginine 276 was
therefore frund to be involved in purine nucleotide regulation of UCP, but presently, itisnot
known if this residue i1s involved directly in the binding of purine nucleotides or in

propogating the response in the protein to bound nucleotide.
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INTRODUCTION
The primary function of brown adipose tissue in mammals is to produce heat,
either to maintain or raise body temperature, known as non-shivering thermogenesis, or
to waste food energy, known as diet-induced thermogenesis (reviewed in Himms-Hagen,
1990). Heat is produced by brown adipose tissue due to the action of a mitochondrial
inner membrane protein unique to this tissue known as uncoupling protein (UCP) or
thermogenin. UCP has a molecular mass of 32kDa and is thought to function in the inner

membrane as a dimer, as discussed later in the introduction.

1.1 MITOCAONDRIAL OXIDATIVE PHOSPHORYLATION

In all mitochondria, the itnner membrane is relatively impermeable to charged
species., During mitochondrial respiration, as electrons are transferred from the substrate
being oxidized through the electron transport chain (respiratory chain} and finally onto
oxygen, protons are pumped out from the mitochondrial matrix across the mitochondrial
inner membrane into the intermembrane space (Figure 1-1). Because the inner membrane
is relatively impermeable to protons, a proton electrochemical gradient is established
across the inner membrane that serves to temporarily store the energy released from
substrate oxidation. When protons flow down their electrochemical gradient re-entering
the mitochondrial matrix, energy is released. If protons re-enter the matrix through the
ATP synthase, the energy released is used to drive ATP synthesis. Mitochondria are

under respiratory control when substrate oxidation occurs only in response to

1
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Figure 1-1. Mitochondral Oxidative Phosphorylation (Modified from Lehningeret al,,
1993)

Electrons from NADH or other oxidizable substrates are transferred through the
complexes of the respiratory chain (ILILIILIV) to oxygen. Electrons reach ubiquinone
(UQ) via complexes I and II. UQH, is a mobile carrier of electrons. It passes electrons
to complex HI, which in turn passes them to cytochrome ¢, another mobile carrier.
Complex IV transfers electrons from reduced cytochrome ¢ to oxygen. As electrons flow
through complex I, III and IV, protons are pumped by the complexes from the matrix into
the intermembrane space, forming a proton electrochemical gradient across the inner
membrane. The energy released as protons re-enter the matrix through the ATP synthase
(F F,) is used to drive ATP synthesis. If protons re-enter the matrix through an alternate
pathway (UCP) rather than through the ATP synthase, the released energy is dissipated
as heat.



phosphorylation of ADP to ATP so that proton extrusion (through the respiratory chain)
is balanced by proton re-entry (through the ATP synthase). Under these circumstances,
oxidation and phosphorylation are coupled by the proton electrochemical gradient and,
therefore, the mitochondria are termed coupled. If protons re-ciicr the matrix by an
alternate pathway rather than through the ATP synthase, substrate oxidation will still
occur in response to proton re-entry into the matrix, but without phosphorylation of ADP
by the ATP synthase. Under these circumstances, oxidation and phosphorylation are not
coupled to each other through the proton electrochemical gradient and, therefore, these
mitochondria are termed uncoupled. Uncoupled mitochondria lack respiratory control
because oxidation occurs in the absence of phosphorylation. In brown adipose tissue
mitochondria, UCP provides an alternate pathway for protons to re-enter the matrix such
that the ATP synthase is bypassed. Without the synthesis of ATP, the energy released
from the proton electrochemical gradient is dissipated as heat. Brown adipose tissue UCP
is so named because of its uncoupling effect on oxidative phosphorylation. UCP is also

known as thermogenin due to the heat generated by its mitochondrial uncoupling action.

1.2 ACTIVATION OF NON-SHIVERING THERMOGEMESIS

Non-shivering thermogenesis can be activated in newbomns and rodents by
exposure to cold due to the activation of UCP present in brown adipose tissue
mitochondria (reviewed in Himms-Hagen, 1990; Nedergaard and Cannon, 1992). A cold
stimulus causes the release of noradrenaline from the sympathetic nerves directed to
brown adipose tissue. Of the adrenergic receptors on the brown adipocyte, interaction

of noradrenaline with the B,-type appears to be the most relevant to induce the acute
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thermogenic response in hamsters and rats (Arch er al., 1984; Arch, 1989; Mohell and
Dicker, 1989, Zhoa et al., 1994), although B,-adrenergic receptors may also be involved
in the rat (Granneman and Whitty, 1991; Scarpace and Matheny, 1991; Gourbern ef al.,
1993). Interaction of noradrenaline with [-receptors increases adenylate cyclase activity
which increases the cellular cAMP level which in tum triggers a cAMP-dependent
cascade of events. The cAMP activates 2 protein kinase which in turn activates a lipase
that releases free fatty acid from the triacylglycerol stores in the brown adipocyte. Some
of the free fatty acid released by the lipase activates UCP present in the mitochondrial
inner membrane. The mechanism of fatty acid activation of UCP at present is unknown,
but is discussed in sections 1.3.1 Fatty Acid Activation of UCP and 1.5 UCP AS A
FATTY ACID ANION TRANSPORTER. Activated UCP provides an alternate pathway
for protons to re-enter the mitochondrial matrix, thus dissipating the energy from
oxidation that was stored in the proton electrochemical gradient as heat. Most of the
released fatty acids are oxidized by B-oxidation to provide fuel for the mitochondrial
respiratory chain directly in the form of reduced coenzymes and indirectly in the form of
acetyl-CoA which enters the citric acid cycle. Since the respiratory chain operates at an
accelerated rate in response to the dissipation of the proton electrochemical gradient due
to the action of UCP, this accelerates all of the mitochondrial dehydrogenases of the citric
acid cycle (for isocitrate, oxoglutarate, succinate and malate) that deliver reduced
coenzymes to the respiratory chain (Himms-Hagen, 1990). In addition to activating UCP
present in brown adipose tissue mitochondria, cold exposure also causes an increase tn
the thermogenic response in mammals by increasing the amount of brown adipose tissue
in the animal and by increasing the level of UCP in brown adipose tissue (reviewed in

Himms-Hagen, 1990).



1.3 REGULATION OF PROTON CONDUCTANCE

Early in the study of brown adipose tissue mitochondria, it was determined that
respiratory control of uncoupled brown adipose tissue mitochondria was gained by
removal of endogenous fatty acid (either by albumin addition or B-oxidation)} and by
addition of purine nucleoside di- or triphosphates (reviewed in Nicholls ef al., 1986). The
mechanisms by which fatty acids and purine nucleotides regulated the proton conductance
of the inner membrane of brown adipose tissue mitochondria was studied in a series of
experiments initiated by Nicholls using Syran hamster (Nicholls, 1974a, Rial et al., 1983)
and guinea pig (Nicholls, 1977) brown adipose tissue mitochondria. In these studies,
proton conductance was measured as the proton current carried back across the
mitochondrial inner membrane, in the absence of ATP synthesis, per unit of proton
electrochemical potential (nmo! H'/min/mg mitochondrial protein/mV). Proton current was
calculated from the mitochondrial respiratory rate. They also characterized the
conductance as either ohmic, which means that there is a linear relation between
respiration and proton electrochemical potential, Apyy,. of non-chmic, where the
respiratory rate increases without a proportional increase in membrane potential. The
membrane potential where conductance changes from ohmic to non-ohmic ts termed the
breakpoint potential.

Rat liver mitochondria show a low ohmic conductance of 0.13 nmol
H'/min/mg/mV up to 180 mV, above which the proton conductance increases in a non-
ohmic fashion (Nicholls, 1974b). The membrane potential where the transition from
ohmic to non-ohmic conductance occurs is known as the breakpoint potential, which is

approximately 180 mV 1n rat liver mitochondria (Nicholls, 1974b). The maximum Apy;,
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maintained 2cross rat iiver mitochondria is 230 mV (Nicholls, 1974b). Nicholis (1974a;
1977) found that isolated brown adipose tissue mitochondna could not maintain a Apy,,
across the inner membrane in the presence of endogenous fatty acid and in the absence
of GDP, therefore the proton conductance was unmeasurably high. Addition of albumin
to brown adipose tissue mitochondria to bind fatty acid lowered the conductance across
the inner membrane such that a relatively high ohmic conductance (3.8 and 16 nmol
H'/min/mg/mV in hamster and guinea pig brown adipose tissue mitochondria
respectively) was established (Nicholls, 1974a; Nicholls, 1977). In the presence of
albumin, the inner membrane was able to maintain a Ay, of 80 mV (Nicholls, 1974a,
Nicholls, 1977). Addition of both albumin and GDP substantially lowered the proton
conductance of the inner membrane of brown adipose tissue mitochondna such that it
mimicked that measured for rat liver mitochondria (Nicholls, 1974a; Nicholls, 1977, Rial
et al., 1983). A low ohmic conductance of 0.8 and 0.7 nmol H'/min/mg/mY in hamster
and guinea pig brown adipose tissue mitochondria respectively was established up to 180
mV, above which a high non-ohmic conductance was observed (Nicholls, 1974a; Nicholls,
1977; Rial ef al., 1983). Under these conditions, the mitochondrial inner membrane was
able to maintain a maximum membrane potential of 230 mV. In the presence of albumin
and GDP, addition of exogenous fatty acid to respiring brown adipose tissue mitochondria
did not restore the higher ohmic conductance observed in the absence of GDP, but fatty
acid addition did over-ride the inhibitory effect of GDP by increasing the non-ohmi:
proton conductance and decreasing the breakpoint potential (Rial ef al., 1983). It should
be emphasized that in non-respiring mitochondria where the membrane potential is low
and well below the breakpoint potential, fatty acid can not over-ride the inhibitory effect

of GDP (Rial er al., 1983).



1.3.1 Fatty Acid Activation of UCP

The effect of fatty acids on brown adipose tissue mitochondria have been studied
in detail. Fatty acid stimulation of proton conductance in brown adipose tissue
mitochondria increases with fatty acid chain length and requires an unesterified carboxyl
group on the fatty acid (Rial er al,, 1983). Rial er al. (1983) reported respiratory rate
increases of approximately 300% above the basal rate in the presence of GDP in brown
adipose tissue mitochondria isolated from cold-adapted hamsters with the addition of
myristic (14:0), palmitic (16:0), palmitoleic (16:1) and oleic (18:1) acids. Cunningham
et al. (1986) found that palmitate uncoupled brown adipose tissue mitochondria isolated
from cold-adapted guinea pigs in a partially saturable manner, requiring 100 nM free
palmitate for half-maximal response. However, palmitate was ineffective at this
concentration as an uncoupler of brown adipose tissue mitochondria in the presence of
very low levels of UCP, when mitochondria were isolated from warm-adapted animals
(Cunningham er al,, 1986). Fatty acid activation of proton flux across lipid membranes
in proteoliposomes reconstituted with purified UCP has now been reported by several
groups (Strieleman er al., 1985; Jezek et al.,, 1990; Katiyar and Shrago, 1991; Murdza-
Inglis er al., 1994; Winkler and Klingenberg, 1994). In a recent study by Winkler and
Klingenberg (1994) fatty acids were found to stimulate proton flux in proteoliposomes
reconstituted with UCP in parallel to results found for fatty acid respiratory stimulation
of brown adipose tissue mitochondria (Rial et al., 1983). Activation of proton flux in
proteoliosomes required fatty acids with a chain length of at least C-8 reaching a
maximum at C-14 for saturated fatty acids, with maximum activation also observed for

long chain unsaturated fatty acids (oleic and linoleic). As in brown adipose tissue



mitochondria, blockage of the free carboxyl group of the fatty acid prevented activation

of proton flux (Winkler and Klingenberg, 1994).

1.3.2 GDP Inhibition of UCP

Nichoils (1976) first showed that brown adipose tissue mitochondria isolated
from cold-adapted animals bound higher levels of GDP in companson to brown adipose
tissue mitochondria isolated from warm-adapted animals. The binding of 8-azido-ATP,
a photoaffinity analogue of ATP, to brown adipose tissue mitochondria was used to
identify a 32 kDa protein (UCP) as the unique purine nucleotide receptor in brown
adipose tissue mitochondna (Heaton ef a/., 1978). It has since been shown that GDP
vinding to and UCP levels in brown adipose tissue mitochondria vary depending on the
thermogenic state of the amimal, with the highest levels of both found in thermogenically
active animals (reviewed in Trayhurn and Milner, 1989}. In addition, the molar ratio of
GDP bound per UCP_ . ... to brown adipose tissue mitochondria is highest in
mitochondria isolated from cold-adapted animals when the proton conductance of the
inner membrane is highest and lowest in mitochondria isolated from thermoneutral
animals when the proton conductance of the inner membrane is lowest (reviewed in
Trayhurn and Milner, 1989).

Changes in the level of GDP bound to brown adipose tissue mitochondria
without changes in UCP levels (referred to as masking and unmasking of GDP binding
sites on UCP) have been documented in several studies where bound GDP and UCP
levels were quantified in parallel (reviewed in Trayhurn and Milner, 1989). Masking of

GDP binding sites is observed in mitochondria taken from cold-adapted animals that have
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been rewarmed for a brief time period. These mituchondria show both a decrease in GDP
binding level and a decrease in proton conduc.anze without a change in UCP level (Swick
and Swick, 1986; Peachey et al., 1988; Goubem et al.,, 1992). Conversely, unmasking of
GDP binding sites is observed in mitochondria taken from warm-adapted animals that
have been exposed briefly to the cold. These mitochondria show both an increase in GDP
binding and an increase in proton conductance without an increase in UCP level
(Desautels et al., 1978; Gribskov et al., 1986; Swick and Swick, 1986; Trayhum ef al.,
1987; Peachey et al., 1988; Henningfeld and Swick, 1991). Due to the masking and
unmasking of GDP binding sites on UCP, purine nucleotide binding to brown adipose
tissue mitochondria is now used as an index of the activity of the proton conductance
pathway in brown adipose tissue mitochondria, rather than as a measure of the amount
of UCP present in the mitochondria. Masking and unmasking of GDP binding sites is
thought to reflect inactivation and activation of UCP respectively (Trayhumn and Milner,
1989). The mechanism of masking and unmasking GDP binding sites on UCP is not
known. It has been sugggsted that these changes may be enzyme-mediated because of
the unmasking effect observed for UCP isolated from Mg"2+ treated brown adipose tissue
mitochondria (Swick and Swick, 1988; Henningfield and Swick, 1991). Unmasking of
GDP binding sites induced by magnesium treatment of brown adipose tissue mitochondria
was dependent on the time of treatment and concentration of magnesium used. Due to
masking and unmasking of GDP binding sites on UCP, the molar ratio of GDP bound
to active UCP is still not certain, ranging between 0.5 to 1 mol GDP per mol UCP_ - -
in mitochondria isolated from cold-adapted animals (reviewed in results section 3.3.1

GDP Binding to Brown Adipoese Tissue Mitochondria).
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The affinity of purine nucleotides for purified UCP and UCP present in brown
adipose tissue mitochondria is dependent on the pH of the binding medium (Nicholls,
1976, Klingenberg, 1988, Rafael er al., 1994). The pH dependence of purine nucleotide
binding to UCP was first shown using hamster brown adipose tissue mitochondria, where
the K for GDP binding to the mitochondria increased from 4.2 uM at pH 6.7 to 34 pM
at pH 7.9, an eight-fold reduction in the binding affinity (Nicholls, 1976). A more
detailed binding study using purified hamster UCP over a pH range of 5-8 snowed that
the affinity was highest and pH independent between pH 5.5-6.5, but became pH
dependent and decreased above pH 6.8 (Klingenberg, 1988). These results were
confirmed for rat UCP using membrane particles isolated from rat brown adipose tissue

(Rafael er al., 1994).

14 UCP AS A MEMBER OF THE MITOCHONDRIAL CARRIER FAMILY
Uncoupling protein is one of the many transport proteins that are present in the
mitochondrial inner membrane. The hydrophobic core of biological membranes creates
a permeability barrier for the passage of charged species. Transport of positively or
negatively charged or zwitterionic metabolites across the mitochondrial inner membrane
is catalyzed by specific transport proteins, ten of which have been purified from animal
mitochondria: ADP/ATP carrier (AAC), phosphate carrier (PiC; in yeast, PTP), UCP,
oxoglutarate carrier, citrate transport’ protein, dicarboxylate carrier, pyruvate carriei,
camnitine carrier, aspartate/glutamate carrier and ornithine carrier (reviewed in Palmieri,
1994). These mitochondrial carrier proteins have a narrow range of molecular mass from

28 to 34 kDa as measured by SDS-PAGE (Palmieri, 1994).
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Five of these carriers have been sequenced to date; AAC, PiC, UCP, the
oxoglutarate carrier and the citrate transport protein (Aquila e ., 1982; Runswick et /.,
1987; Ridley et al., 1986, Runswick er al., 1990; Kaplan er @', 1993). The sequenced
proteins appear to form a family based on their primary amino acid sequence and
proposed membrane structure (Aquila er al., 1987). It was proposed that these carrier
proteins have a tripartite structure, containing three related domains of approximately 100
residues with significant intemmal amino acid homology among the domains (Saraste and
Walker, 1982). Based on hydropathy plots of the proteins and sequence alignment of the
three domains, a transmembrane arrangement of the carriers was proposed (Saraste and
Walker, 1982) as tllustrated for UCP in Figure 1-2 (Klingenberg, 1990; Nedergaard and
Cannon, 1992; Mayinger and Klingenberg, 1992; Klingenberg, 1993): each 100 residue
domain contains two transmembrane amphipathic a-helices which are connected by a
hydrophilic section of 35 to 40 residues (regions A,B,C in Figure 1-2) with each domain
being connected by a shorter hydrophilic section (regions a,b in Figure 1-2).

It is now thought that both the N- and C-terminal ends of the carriers and the
two short hydrophilic segments (regions a and b in Figure 1-2) connecting the three
domains reside on the cytosolic side of the mitochondrial inner membrane (reviewed in
Palmieri, 1994}, It is also thought that each hydrophilic segment connecting the
transmembrane helices within each domain (regions A, B and C in Figure 1-2) are on the
matrix side of the mitochondrial inner membrane with part of each segment looping up
into the membrane region between the amphipathic helices forming a pocket in the

membrane (reviewed in Palmieri, 1994).
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Figure 1-2. Putative Transmembrane Disposition Model of UCP in the Mitochondrial
Inner Membrane

This putative transmembrane disposition model of UCP is based on the model proposed
by Nedergaard and Cannon (1992) with the addition of matrix loops A, B and C depicted
as looping up into the mitochondrial inner membrane, as proposed for UCP and AAC by
Klingenberg (1990, 1993; Mayinger and Klingenberg, 1992). Regions a and b connect
the 100 residue domains of UCP, whereas regions A, B and C connect the two
transmembrane a-helices within each domain respectively. The N- and C-terminal ends
of UCP and regions a and b are thought to reside on the cytosolic side of the inner
membrane.
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Support for the membrane disposition mode! of the carriers has come from
several studies that examined the accessibility of the proposed extramembranous regions
of the carriers to non-permeant probes such as proteolytic enzymes and peptide specific
antibodies. Tryptic cleavage of UCP at lys292 in brown adipose tissue mitochondria
indicated that the C-terminal end of UCP was directed towards the cytosolic side of the
inner membrane (Eckerson and Klingenberg, 1987). This was further verified by the
ability of a disulfide cross-link to be formed between C-terminal SH groups of UCP
monomers at cys304 which could be removed by trypsin digest (Klingenberg and Appel,
1989). Arg residues in loop A of the AAC were found to reside on the matnix stde of the
inner membrane due to their accessibility to an arginine-specific endoprotease in inside-
out submitochondrial particles only (Brandolin et al., 1989). In similar studies using arg-
endoprotease and lys-endoprotease to study the topology of PiC, loop B containing argl40
was found to be on the matrix side of the inner membrane (Capobianco et af, 1991) and
loop a (containing lys96), loop b (containing lys198) and the C-terminal region
(containing lys288) were found to be on the cytosolic side of the inner membrane
(Palmieri er al, 1993).

The topology of AAC, PiC, the oxoglutarate carrier and UCP have all been
studied using antibodies to different segments of the proteins. The N-terminal segment of
AAC was found to be on the cytosolic side of the inner membrane from the reactivity of
anti-N-terminal antibodies to AAC with frozen/thawed mitochondria (Brandolin ef al.,
1989). Using antibodies raised against the N- and C-terminal segments of PiC and the
oxoglutarate carrier, it was determined that both the N- and C-terminal segments of these

proteins are on the cytosolic side of the inner membrane (Capobianco et al., 1991;



14

Bisaccia ef al., 1994). Miroux er al. (1992, 1993) were able to verify the orientations of
the first, second, third, fourth and sixth predicted a-helices in UCP using antibody back-
titration experiments. In these experiments, the immunoreactivity of antibodies in an anti-
UCP antibody preparation to individual fusion proteins containing antigenic epitopes of
UCP was determined using an ELISA method. The sequence specificity of antibodies in
the antibody preparation was determined by the fusion protein bound to the ELISA plate.
To determine whether the sequence specific antibody being assayed could react with UCP
on the cytosolic or matrix side of the inner membrane, the antibody preparation was
incubated with increasing amounts of either brown adipose tissue mitochondria or brown
adipose tissue submitochondrial particles respectively (submitochondrial particles contain
both rightside-out and inside-out inner membranes). The residual sequence specific
antibodies remaining unbound to mitochondria or submitochondrial particles were assayed
by ELISA. If submitochondrial particles but not mitochondria decreased the ELISA
signal, then the sequence specific antibody reacted to a UCP epitope on the matrix side
of the inner membrane. If both submitochondrial particles and mitochondria decreased
the ELISA signal, then the sequence specific antibody reacted to a UCP epitope on the
cytosolic side of the inner membrane. Since the sequence specific epitope was on the
ELISA plate, one could determine the sidedness with respect to the inner membrane of
the UCP sequence.

Information on the membrane topology of the mitochondrial membrane carriers
has also been gained from covalent binding studies of photoaffinity nucleotide derivatives
to AAC and UCP (reviewed in Klingenberg, 1993). Because it was known that purine

nucleotides regulate UCP from the cytosolic side of the inner membrane (Nicholls, 1976),
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but residues in the proposed matrix loop C of UCP were labelled by photoaffinity
nucleotide derivatives, Klingenberg proposed that matrix loop C loops up into the
membrane area between the transmembrane a-helices 5 and 6 as outlined in Figure 1-2
(Mayinger and Klingenberg, 1992). Because matrix loops B and C were labelled in AAC
by the photoaffinity nucleotide derivatives, Klingenterg (1993) has proposed a membrane
disposition model for AAC where each matrix loop A, B and C loops up into the
membrane area between the transmembrane o-helices, as outlined for UCP in Figure 1-2.

It is thought that the carriers descended originally from a single gene that
encoded a protein of 100 amino acids containing two transmembrane helices that formed
the ancestral carrier family gene by gene triplication, followed by diversification to form
the members of the carrier family ( Saraste and Walker, 1982; Runswick et al., 1987,
Aquila and Klingenberg, 1987; Kuan and Saier, 1993). Based on the primary sequence
of the carriers, UCP is most closely related to the oxoglutarate carrier (Kuan and Saier,
1993} which exchanges oxoglutarate and malate. Paimieri (1994) determined conserved
residues among the carrier family by aligning 15 sequences among the 5 carriers. From
the sequence alignment, the sequence motif P-h-D/E-h-h-K/R-(20-30 amino acids)-D/E-G-
(4 amino acids)-a-K/R-G (h = hydrophobic, a = aromatic) was found to be repeated three
times in the carriers, starting at the end of helices I, III and V respectively and ending in
the middle of helices II, IV and VI respectively (Figure 1-2). It is likely that the highly
conserved residues would not be involved in carrier specificitiy and, therefore, probably
serve a structural role in the carriers (Walker and Runswick, 1993; Kuan and Saier, 1993;

Palmien, 1994).
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This carrier family is also known as the mitochondrial anion carrier family of
proteins because all of the sequenced mitochondrial carriers to date are known to transport
anions acrcss the inner membrane. Transport of metabolites by this family occurs as
electroneutral antiport or symport of two charged species (oxoglutarate carrier, citrate
transport protein, PiC), electrogenic antiport of two charged species (AAC) or
electrophoretic uniport (UCP).

The anion permeability of brown adipose tissue mitochondria was first identified
by Nicholls and Lindberg (1973) when they found the inner membrane of brown adipose
tissue mitochondria was permeable to chloride, bromide and nitrate and that the
permeability in non-respiring mitochondria was inhibited by purine nucleotides. Like the
fatty acid-induced proton conductance of brown adipose tissue mitochondria, the chloride
conductance of brown adipose tissue mitochondria was not inhibited by GDP in respiring
mitochondria. Anion transport was demonstrated for purified UCP reconstituted into
proteoliposomes, where it was found that UCP catalyzed the transport of a large variety
of anions including chloride, alkylsulfonates, oxohalogenides, some monovalent phosphate
analogs and pyruvate (Jezek ef al., 1990; Jezek and Garlid, 1990). Only monovalent
anions were transported and the transport rate of the alkylsulfonates was found to increase
with increasing alkyl chain length. In the reconstituted system, anion transport was also
inhibited by GDP as in non-respiring brown adipose tissue mitochondna. Furthermore,
the monovalent anions that were transported competitively inhibited chloride transport.
Based on their results, Jezek and Garlid (1990) suggested that the anions interact with a
hydrophobic site in UCP and possibly pass through a hydrophobic channel. Currently,

it is not known whether, physiologically, UCP transports protons from the intermembrane
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space electrophoretically across the mitochondrial inner membrane into the matrix or
whether it is strictly an anion transporter, transporting the fatty acid anion
electrophoretically out of the matrix into the intermembrane space (Andreyev et al., 1989,

Skulachev, 1991).

1.5 UCP AS A FATTY ACID ANION TRANSPORTER

Before examining the possible mechanisms of fatty acid activation of UCP, a
general mechanism of fatty acid uncoupling of mitochondria will be examined. Fatty
acids are known to be natural uncouplers of oxidative phosphorylation in liver and muscle
mitochondria as well as brown adipose tissue mitochondria (reviewed in Wojtczak and
Schonfeld, 1993). However, fatty acids have a limited effect on the proton conductance
of phopholipid bilayers that are impermeable to the fatty acid anion (Skulachev, 1991).
It has been shown that long chain fatty acids cross phospholipid bilayers in the
undissociated form with a half-time less than 2 s, whereas the dissociated form crosses
slowly, with a half-time of minutes (Kamp and Hamilton, 1992). Therefore, the
uncoupling mechanism of fatty acids must differ from that for artificial protonophore
uncouplers such as carbonylcyanide-p-trifluoro-methoxyphenylhydrazone (abbreviation
FCCP) or carbonylcyanide-m-chlorophenylhydrazone (CCCP) (Andreyev ef al, 1989;
Skulachev, 1991). These uncouplers are weak lipophilic acids that can cross the
hydrophobic barrier of the membrane in both their protonated, neutral form and their
deprotonated, anionic form because the negative charge of the anion is strongly
delocalized over the molecule (reviewed in Nicholls and Ferguson, 1992). Thus,

membrane proton conductance is increased by protonophores because the protonated form
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of the uncoupler can cross the membrane, deprotonate to release the proton, and then the
anionic form can diffuse back across the membrane to pick up another proton (Nicholls
and Ferguson, 1992).

To explain how fatty acids uncouple mitochondria, Skulachev proposed that
uncoupling is catalyzed by a fatty acid anion transport protein present in the mitochondrial
inner membrane (Andreyev et al., 1989; Skulachev, 1991). The fatty acid anion would
be transported out of the matrix into the intermembrane space where the fatty acid anion
would then get protonated and return to the matrix by diffusion across the membrane. A
net proton flux into the matrix would result from the fatty acid cycling. Skulachev
sugpested that fatty acid anion transport could be mediated by the ADP/ATP carrier
(AAC) in mitochondria in general, since mitochondrial uncoupling by palmitate was
inhibited by inhibitors of the carrier (see Andreyev ef al., 1989). He also proposed that
fatty acid anion transport in brown adipose tissue mitochondria would be mediated by
UCP, a member of the same mitochondrial carrier family as AAC. In support of this
theory, the reconstituted AAC has now been shown to mediate fatty acid-activated proton
flux in proteoliposomes in a manner that is sensitive to inhibitors of adenine nucleotide
transport (Brustovetsky and Klingenberg, 1994). Free fatty acid could not maintain proton
flux in liposomes lacking AAC or containing inactive AAC, demonstrating the specific
effect of fatty acid on AAC.

At present, the mechanism of fatty acid activation of UCP 1s not known To
date, saturable binding of fatty acid to UCP has not been demonstrated for UCP in brown
adipose tissue mitochondria due to a high level of non-specific fatty acid binding as

indicated from binding studies using [3H]palmitate (Cunningham ef al., 1986). However,
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evidence for the existence of a fatty acid binding site on UCP has i:zen reported by Jezek
and Freisleben (1994) . Garlid's group has examined the characteristics of anion transport
by UCP in detail to gain insight into the mechanism of transport catalyzed by UCP.
Purified and reconstituted UCP has been found to transport monovalent anions with
hydrophobic anions showing the highest transport rates (Garlid and Jezek, 1990).
Similarly to AAC, GDP-sensitive, fatty acid-activated proton flux is observed in
proteoliposomes reconstituted with purified UCP (Jezek et al, 1994; Murdza-Inglis et dl,
1994; Winkler and Klingenberg, 1994). Laurate-activated proton flux is inhibited by
undecanesulfonate, hov, ever, undecanesulfonate itself can not catalyze proton flux across
the membrane (Murdza-Inglis et al., 1994). This finding also supports Skulachev's theory
for fatty acid anion transport since undecanesulfonate, unlike laurate, does not diffuse
across lipid membranes in its protonated form, and therefore, it could not complete the
protonophoric cycle required for proton efflux. Recently, Jezek er al (1994) using
purified, reconstituted UCP have shown that chloride transport is competitively inhibited
by fatty acid and noncompetitively inhibited by GDP, laurate-activated proton flux is
competitively inhibited by nitrate and hexanesulfonate and laurate-activated proton flux
is inhibited by GDP. Taken together, these results indicate that the anion transport
pathway is the same as the possit!le fatty acid binding site and distinct from the nucleotide
binding site (Jezek er al,, 1994). They propose that UCP is an anion channel designed
to transport fatty acid anions and does not transport protons at all, in line with Skulachev's
proposed mechanism.

As opposed to Skulachev's proposal for fatty acid anion transport through UCP

as the mechanism of fatty actd uncoupling, Winkler and Klingenberg (1994) have
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proposed that fatty acid anion does not get completely transported across the membrane,
but rather, participates in uncoupling by supplying the carboxyl group in the transport
channel to act as the proton translocating group. In this model, the carboxyl group of the
positioned fatty acid would accept the proton from one side of the membrane and after
a protein conformational change, deliver it to the other side of the membrane.
Alternatively, the fatty acid may bind in the two half-channels of the transport pathway,
thereby supplying both proton accepting and proton delivering carboxyl groups to a
central proton translocating gioup endogenously present in UCP (Winkler and

Klingenberg, 1994).

1.6 RATIONALE FOR EXPRESSION OF UCP IN YEAST

Prior to the start of this thesis work, although UCP had been identified as the
protein in brown adipose tissue mitochondria that bound purine nucleotides (Heaton eral.,
1978), it was not known what role UCP played in the ion conductance properties of the
inner membrane. In addition, there were conflicting results over whether proton and
chloride transport competed in brown adipose tissue mitochondria {Nicholls and Lindberg,
1973; Kopecky et al., 1984, reviewed in Nicholls er al., 1986 and Nedergaard and
Cannon, 1992). Although both proton and chloride transport in brown adipose tissue
mitochondria could be inhibited by purine nucleoside di- and triphosphates, only proton
transport was activated by fatty acid (reviewed in Nicholls ef al., 1986). The mechanisms
of fatty acid activation and purine nucleotide inhibition of uncoupling in brown adipose
tissue mitochondria as well as the ion transport mechanism were also not known prior to

the start of this research project.



1.6.1 Knowledge of Ion Transporting Pathway in Brown Adipose Tissue

At the beginning of this thesis study, it was not known whether both the proton
and chloride conductances of the brown adipose tissue mitochondrial inner membrane
were due to the action of one protein with a common channel responsible for both
conductances or two proteins with individual channels or possibly one protein with two
transport channels, one for protons and a second one for anions (reviewed in Nedergaard
and Cannon, 1992). Nicholls concluded that proton and chloride transport were
competitive because he did not observe swelling of brown adipose tissue mitochondria
that was dependent on simultaneous proton and chloride transport. Using his experimental
design, the K*/H" antiport ionophore nigericin would transport K* into the matrix in an
electroneutral exchange for H out of the matrix. If UCP also transported both CI” and
H* into the matrix simultaneously, the overall effect would be an increase of KClI in the
matrix which would lead to mitochondrial osmotic swelling (Nicholls and Lindberg,
1973). No swelling was observed when swelling depended on simultaneous transport of
both protons and chloride ions, although proton-dependent swelling and chloride-
dependent swelling were observed independently. It appeared from these results that both
ions were transported through a common pathway. Nicholls suggested that rather than
having a common transport pathway for both protons and anions, proton transport could
actually be hydroxyl ion transport in the opposite direction, which would have the same
uncoupling effect on mitochondria (Nicholls ef al.,, 1984). If this were the case, then one
protein (UCP) with an anion transport pathway would account for the observed ion
conductances in brown adipose tissue mitochondria. However, Kopeckey et al. (1984)

observed both proton extrusion (monitored by measuring external pH) and chlornide
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transport (monitored by measuring mitochondrial swelling) simultaneously in brown
adipose tissue mitochondria. They concluded that these processess are not competitive
and suggested that there were two separate ion-transporting pathways that were both

inhibited by GDP. Nicholls disagreed with their interpretation (Nicholls er al.,, 1986).

1.6.2 Reconstitution of UCP

To determine whether UCP was responsible for the ion conductance properties
of the brown adipose tissue mitochondrial inner membrane, these transport properties
would have to be observed for UCP independentiy from all other brown adipose tissue
specific mitochondrial components. One way of achieving this is to reconstitute purified
UCP isolated from brown adipose tissue mitochondria into phospholipid vesicles. Initial
attempts at reconstituting UCP into liposomes using purified UCP failed to consistently
demonstrate proton flux inhibited by GDP (Bouillaud er al, 1983). Strieleman ef al.
(1985a) were the first to observe both proton and chloride flux that was inhibited by GDP
in proteoliposomes reconstituted with UCP. However, UCP was only partially pure prior
to their reconstitution (Strieieman et al., 1985a). They subsequently showed that GDP-
sensitive proton conductance but not chlonde conductance of UCP containing
proteoliposomes was increased by palmitic and oleic acid but not by palmitoyl-CoA. This
was the first direct evidence that supported the idea that fatty acids were the physiological
activators of UCP. However, because UCP was only partially pure prior to reconstitution,
it could not be stated that fatty acid directly activated UCP (Strieleman et al., 1985b).
During this time period, Klingenberg and Winkler (1985) only observed GTP-sensitive

proton flux in proteoliposomes reconstituted with partially purified UCP, but did not
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observe chloride flux across the liposomal membrane. Furthermore, fatty acids did not
further increase the observed proton flux. Because the isolated UCP used in these
reconstitution studies was only partially purified, and both groups observed different ion
conductances, it could not be stated unequivocally that the ion conductances in brown

adipose tissue mitochondria were due to UCP.

1.6.3  Structure/Function Studies of UCP by Chemical Modification and Protease
Digestion of UCP

Chemical modification and protease digestion of UCP in brown adipose tissue
mitochondria has been used to demonstrate that UCP was the ion conducting pathway in
brown adipose tissue mitochondria, to determine domains in thr: protein involved in purine
nucleotide binding and to distinguish specific types of amino acids involved in GDP
binding, ion transport and regulation of fatty acid activation and GDP inhibition of ion
transport.

Chymotrypsin treatment of UCP in brown adipose tissue mitochondria, which
causes proteolytic fragmentation of UCP, caused a parallel decrease in both proton and
chloride ion transport and fatty acid activation of proton transport, indicating that these
processes share a common structural element (Femandez er al., 1987). UCP was shown
to exist as a dimer in the inner membrane since a disulfide cross-link could be formed
between the C-terminal cysteine residues of the monomers, which indicated that the
monomers were in close proximity to each other in the membrane (Klingenberg and
Appel, 1989). Since the cross-linking of the monomers did not interfer with GTP binding

to the protein or proton transport, and cross-linking could be removed by trypsin
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digestion, which cleaves the C-terminus of UCP (Eckerskorn and Klingenberg, 1987), it
was concluded that the C-terminus of UCP was not involved in either of these processes
(Klingenberg and Appel, 1989).

Both arginine and lysine modifying reagents were found to decrease GDP
binding to brown adipose tissue mitochondria and/or isolated UCP. GDP binding to
brown adipose tissue mitochondria and purified UCP was decreased by the lysine specific
reagent 2.4 6-trinitrobenzenesulfonic acid (Lin and Klingenberg, 1982). Although the
arginine modifying reagent phenylglyoxal was less effective in decreasing GDP binding
to brown adipose tissue mitochondria (Lin and Klingenberg, 1982), Katiyar and Shrago
(1989) showed that the arginine modifying reagents phenylglyoxal and 2,3 butanedione
could decrease GDP binding to purified UCP. They also showed that arginine
modification of UCP had no effect on the reconstituted proton flux, but prevented GDP
inhibition of proton flux (Katiyar and Shrago, 1991). Photo-oxidation of brown adipose
tissue mitochondria also caused a decrease in GDP binding, with tryptophan likely being
the photo-oxidizable amino acid in the purine nucleotide binding site (Lin and
Klingenberg, 1982). Diazobenzenesulfonate, which modifies ionizable groups, caused no
effect on ion transport or its regulation by fatty acid, but decreased GDP inhibition of
transport and both GDP binding affinity and capacity in brown adipose tissue
mitochondria (Kopecky et al., 1987).

Using various cysteine modifying reagents, the seven cysteine residues in UCP,
all of which are conserved, were implicated in all functions of UCP: GDP binding (Rial
and Nicholls, 1986;), proton transport (Jezek, 1987, Jezek and Drahota, 1989), both proton

and chloride transport (Rial and Nicholis, 1986) and GDP regulation of ion transport (Rial
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and Nicholls, 1986; Jezek and Drahota, 1989). Jezek and Drahota (1989) suggested that
there were two types of SH groups in UCP, one type (SH) associated with proton
transport and the other type (SHp) associated with purine nucleotide binding.

Photoaffinity labelling of UCP using the nucleotide derivatives 8-azidoadenosine
5'-triphosphate (8-azido-ATP), 2-azidoadenosine 5'-triphosphate (2-azido-ATP) and 3'-O-
(5-fluoro-2,4-dinitrophenyl)adenosine 5'-triphosphate (FDNP-ATP) localized the punne
nucleotide binding region of UCP to the third domain of the protein in matnix loop C
(Winkler and Klingenberg, 1992; Mayinger and Klingenberg, 1992). Since it is known
that purine nucleotides regulate UCP from the cytosolic side of the inner membrane
(Nicholls, 1976) but the region of UCP labelled by the nucleotide derivatives were in the
putative matrix loop C, Mayinger and Klingenberg (1992) proposed that matrix loop C
loops up into the membrane between putative transmembrane o-helices 5 and 6 to form
a nucleotide binding pocket as outline in Figure 1-2.

The limitation of all the chemical modification studies lies in their inability to
identify the location of specific amino acid residues involved in any function. In addition,
there is an uncertainty of whether the observations were due to loss of a functional group
in the protein or due to addition of the chemical groups from the modifying reagents that
sterically interfered with function or caused conformational changes in the protein,
resulting in loss of function. Although the use of photoaffinity derivatives to probe
binding sites for ligands on proteins allows the binding region in the protein to be
localized, this technique is limited in that the actual residues involved in binding can not
be identified. By changing individual residues in UCP by site-directed mutagenesis, the

roles of specific residues in function could be observed with minimal steric interference
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from the substitution. In addition, because UCP has several functions to be monitored
{(purine nucleotide binding, ion transport, fatty acid activation of proton transport, purine
nucleotide regulation of transport), gross conformational changes in protein structure from
the mutagenesis can be ruled out if only one function is modified and the others remain

unaffected.

1.64  Heterologous Expression of UCP in Yeast

A second approach to studying UCP independently from all other brown adipose
tissue mitochondrial protein components other than reconstituting the protein in
proteoliposomes is to functionally express UCP in a novel cellular environment. The
initial goal of this project was to establish an expression system for UCP to determine
whether UCP was responsible for the nucleotide-sensitive ion permeabilities observed in
brown adipose tissue mitochondria. Establishing an expression system for UCP also had
the advantage of enabling future structure/function studies of UCP to be carried out using
site-directed mutagenesis to target the role of specific amino acids in UCP.

A eukaryotic expression system for UCP was chosen such that the functions of
UCP could be studied in the host mitochondria as long as import of UCP occurred. Yeast
were chosen over mammalian cells due to the ability to establish a stable, high level
expression system in yeast using an autonomously replicating plasmid that contains the
foreign DNA (reviewed in Emr, 1990; Rose and Broach, 1990). Mammalian cells do not
naturally contain autonomously replicating DNA plasmids and therefore, without
integration of the foreigh DNA into the host genome, expression of foreign DNA from

mammalian expression plasmids in mammalian cells is only transient, with the DNA
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being lost over time (Kaufman, 1990). To establish stable expression of foreign DNA in
mammalian cells as opposed to transient expression, the foreign gene must be integrated
into the host chromosomal DNA to establish a stable cell line or virus vectors must be
used which can have limited host range (Kaufman, 1990). Another advantage of using
yeast for foreign gene expression is the ability to put gene expression under control of an
inducible promoter in the yeast plasmid, thus avoiding any negative effects of constitutive
expression of a foreign gene in the host (Mylin et al., 1990; Price ef al., 1950; Etcheverry,
1990). Lastly, transformation of yeast and maintenance of yeast transformants is
convenient and inexpensive.

Although UCP is foreign to yeast, it is a member of the mitochondrial carrier
family. It was thought that UCP may be targeted to and imported into yeast mitochondria
using the same yeast mitochondrial import pathway as used by the yeast AAC, a member
of the mitochondrial carrier family. Neither of these proteins contain a cleavable targeting
sequence. However, the Neurospora crassa AAC, which also lacks a cleavable target
sequence, was imported into isolated rat liver mitochondria, indicating that fungal and
mammalian mitochondrial import pathways may be conserved (Schleyer er al., 1982). In
addition, the human omithine transcarbamoy lase precursor, a mitochondrial matrix enzyme
in humans, was imported into the matrix of Saccaromyces cerevisiae mitochondria and
proteolytically processed into its functional form (Cheng et al., 1987). This finding was
significant because the yeast omithine transcarbamoylase is a cytosolic enzyme lacking
a cleavable target sequence, and therefore, the human ornithine transcarbamoylase, which
contains a mitochondrial targeting presequence, successfully used the yeast import

pathway,
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For expression of UCP in yeast, the rat UCP ¢cDNA was cloned into an S.
cerevisiae/Escherichia coli shuttle vector pCGS110 (Figure 1-3). This vector was
constructed from the bacterial plasmid pBR322, with additions of the yeast GAL I
promoter (Johnston and Davis, 1984), a segment of the endogenous yeast 2 p plasmid
(Futcher, 1988), and the yeast URA 3 gene (Rose and Broach, 1990) inserted into the
plasmid. This vector has all the properties required for propogation in both E. coli and
§. cerevisiae and for selection of bacterial and yeast cells containing the vector (reviewed
in Rose and Broach, 1990): a bacterial origin of replication {ori), an E. coli selectable
marker (ampicillin resistance, Ap), a yeast origin of replication and partition system to
ensure daughter cells will contain a copy of the vector (both present in the 2 | segment),

a yeast selectable marker (URA 3), and an inducible yeast promoter for transcription of

UCP cDNA (Pgar 1)

1.6.5  Structure/Function Studies of UCP

If a functional expression system for UCP was established, the long term goal
of this project was to study structure/function relationships of UCP. This would be
accomplished by changing individual amino acid residues in UCP by site-directed
mutagenesis of the UCP cDNA and determining the effect of these changes on the
function of UCP. Mutagenesis would concentrate on the cysteine and arginine residues
in UCP based on the results from chemical modification studies (see section 1.6.3
Chemical Modification of UCP), as well as their conservation in UCP and their location
in UCP based on the putative membrane disposition model (see results sections 3.4.1
Cysteine Residues and 3.4.2 Arginine Residues and parts therein for detailed dicussion

on rationale for changes).
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Figure 1-3.  Saccharomyces cerevisiae/Escherichia coli shuttle vector pCGS110

This vector was a gift from Dr. D. T. Moir, Collaborative Research Inc. It was
constructed from the bacterial plasmid pBR322, with additions of the yeast inducible
promoter GAL 1, a segment of the endogenous yeast 2 i plasmid and the yeast URA 3
gene encoding orotidine-5'-phosphate decarboxylase (the yeast ==lectable marker). For
propagation and selection in E. coli, the vector also contains a bacterial origin of
replication (ori} and ampicillin resistance gene (4 p).



MATERIALS AND METHODS
2.1 MATERJALS

2.1.1 Chemicals and Reagents

The following is a list of chemicals and reagents required for this research and

the companies from where they were purchased.

Adenine (hemisulfate salt)
ADP

Agarose

Albumin, bovine (essentially fatty acid free)
Ammonium persulfate
Ampicillin

ATP

Bacto-agar

Bacto-peptone
Bacto-tryptone
Carboxyatractyloside
CCCP

D(+)-galactose

D-glucose

Di-potassium hydrogen orthophosphate
DL-Lactic acid

DTT

EDTA

GDP

GTP

Glycerol

Glycine

HEPES

Hydroxylapatite
L-arginine hydrochloride
L-ascorbic acid
L-histidine

L-leucine
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Sigma

Boehringer Mannheim
FMC

Sigma

BRL

Sigma

Boehringer Mannheim
Difco

Difco

Difco

Boehringer Mannheim
Sigma

Sigma

BDH

BDH

Sigma

Boehringer Mannheim
BDH

Boehringer Mannheim
Boehringer Mannheim
BDH

BDH

Sigma

Calbiochem

Sigma

Sigma

Sigma

Sigma



L-methionine
L-tryptophan

Magnesium chloride
Mannitol

NCS solubilizer

Nonidet P-40 (NP-40)
Oleic acid (sodium salt)
Oligomycin

Omnifluor

Potassium acetate
Potassium chloride
Potassium dihydrogen orthophospate
Potassium hydroxide
Skim milk powder
Sodium chloride

Sodium dodecyl sulfate
Sodium hydroxide
Sodium potassium tartrate
Sorbitol

Succtnic acid, disodium salt
Sucrose

Toluene

Tris

Triton X-100

Yeast nitrogen base

w/o amino acids and ammonium sulfate

2.1.2 Radiechemicals
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Sigma

Sigma

BDH

BDH
Amersham
Sigma

Sigma
Calbiochem
Dupont

BDH

BDH

BDH

BDH

Camation

BDH

Gibco BRL
BDH

Fisher Scientific
BDH

Sigma

BDH

BDH
Boehringer Mannheim
Biorad Laboratories

Difco

[2-3H]Adenosine 5'-diphosphate (23 Ci/mmol), {8,5'-3H]gua.nosine 5'-diphosphate

(25-50 Ci/mmol), [9,10-3H(N)]oleic acid {2-10 Ci/mmol) and [MC(U)]sucrose (475

mCi/mmol) were purchased from Dupont NEN. [leI]Protein A labelled with Bolton and

Hunter reagent (31 mCi/mg) and [*°S]dATPaS (1000 Ci/mmol) were purchased from

Amersham.
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2.13 Antibodies
Anti-rabbitIgG, peroxidase-linked species-specific whole antibody (from donkey)
was purchased from Amersham. Monospecific anti-rat UCP antibody from rabbit was

prepared in Dr. K. B. Freeman's laboratory.

2.14 Westem Blot Kits
The Renaissance Western Blot Chemiluminescence Reagents were purchased

from Dupont NEN. The ECL Western Blotting Detection Reagents were purchased from

Amersham.

2,15 Enzymes

Zymolyase-100T was purchased from both ICN Biochemicals and Seikagakgu
America. Yeast Lytic Enzyme was purchased from ICN Biochemicals. Restriction
endonuclease suppliers included Bethesda Research Laboratories, Boehringer Mannheim,
New England Biolabs and Pharmacia Biotech. DNA ligase (T4) was purchased from New
England Biolabs and Pharmacia. DNA polymerase I Klenow fragment was purchased

from New England Biolabs and polynucleotide kinase was purchased from Pharmacia.

2.1.6 DNA Kits
Qiagen Plasmid Kit and Qiaex DNA Gel Extraction Kit were purchased from

Qiagen.
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2.1.7 Qloning Vectors and Host Bacterial Strains

M13mpl9 was purchased from GIBCO BRL Research Products, Life
Technologies, Inc., pGEMTM-SZf(+) was purchased from Promega and pSPT18-UCP was
constructed by Susanna Reichling in Dr. K. B. Freeman's laboratory. Library Efficient
HB101 competent cells (F" merB mrmr hsdS20(rp",my") recAl3 supEd4 aral4 galK2 lacY1
proA2 rpsL20(Sm") xy15 A'leu mill), Subcloning Efficiency DH5a Competent cells (F",
$80dlacZAM15 A(lacZY A-argF)U169 deoR recAl endAl hst17(rK',mK*) supE44 N\ thi-
1 gyrA96 relAl) and IM107 M13 host cells (endAl, gyrA96, thi, hsdR17, supE44, relAl,
1aD36 (ry’, mK+) A(lac proA B)/F', proA B, lac1%ZAM15 were purchased from GIBCO

BRL Research Products, Life Technologies, Inc.

2.1.8 Yeast Expression Vector and Saccaromyces cerevisiae Strains

The S. cerevisiae/Escherichia coli shuttle vector pCGS110 was a gift from Dr.
D. T. Moir, Collaborative Research Inc. S. cerevisiae strains JB516 (MATa ura3, adel,
leu2, his4, gal™) and BF304-15d (MA Ta, ura3, leu2, his3, adel, metld, arg5,6, trpl) were
gifts from Dr. A. B. Futcher. S. cerevisiae strains CY22 (MATa, ura3-32, hisd, trpl),
CY21 (MATa, ura3-52, leu2) and 699 (MA Ta, ura3, leu2, his3, ade2-1, trpl-1, cani-100)

were gifts fromm K. Nasmyth and K. Ardnt.

2.19 Olipodeoxynbonucleotides
Oligodeoxyribonucleotides were purchased from the Central Facility of the
Institute for Molecular Biology and Biotechnology at McMaster University and were used

in subcloning or to alter the rat UCP ¢cDNA.,
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PRIMER OLIGODEOXYRIBONUCLEOTIDE SEQUENCE PURPOSE
AB264 5'GarcTeeal BamH I/Pst I bridge
AB265 S'sarceracd’ BamH I/Kpn I bridge
AB439 . > GACACATAAATAAACARAATGGTCTCTT®' | increase translation
AB440 3 ACGTCTGTGTATTTATTTGTTTTACCAGAGAAGC” of UCP mRNA in yeast
AB1279 3 T TTCTGCCTCCCTAGCAGAC? change cys24 to ser
AB1280 ' CATCAACTCTACAGAGCS change cys188 to ser
ABl281 ' CGTCCCCTCCCATTTACS change cys2l3 to ser
AB1282 5 CGGGTTTTCCACCACACY change cys224 to ser
AB1283 5'ACCCAGCTCTGCAATGACS change cys253 to ser
AB1284 > GTTTGTGTCCTTTGAAC change cys287 to ser
AB1285 5' CAGTGGACTCCACCACATAG® change cys304 to ser
AB1703 ' GATGCGAGCTCGIGCATG®' irtroduce sac I site
AB1704 GCTCGAGCAC into pCGS110
AB1831 %' GAACAGCTGTAGARAGAGC®' change 1ys292 to
stop codon
AB2585 > AGTGTACCCAGCGCTGCAATGACCATGS change cys253 to ala
AB2713 5 ACCCAGCTTTGCAATGACS' change cys253 to phe
AB2714 5 PTTTCTGCAACTCGGATCS change arg276 to gln
AB2715 > PPTTCTGCTACTCGGATC? change arg276 to leu
AB3568 5 GCTGGCATCCAGCAGCAARTCAGCTTTG? change arg83 to gln
AB3569 > ATCTAATGACAAARTGTCAT® change arglB2 to thr
AB3570 5 CCCTGCCAATTACTGTCS change his214 to gln
AB3574 ' GCCTTTTTCCAAGGGTTTG? change

lys268 to gln
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2.2 CULTURING OF BACTERIA AND YEAST
22.1 Bacterial Growth Medium

Bacterial strains were grown in incubators at 37°C either shaking in liquid
medium at 225 rpm or stationary on agar plates. Two types of liquid medium and agar
plates were used:
Luria-Bertani (LB) medium: 1% bactotryptone, 0.5% bacto yeast extract, 1% NaCl, pH
7.5, supplemented with ampicillin at 40 pg/ml when required for selection.
2YT medium: 1.5% bactotrvptone, 1% bacto yeast extract, 0.5% NaCi, pH 7.5,
supplemented with ampicillin at 40 pg/ml when required for selection.
LB amp plates: LB medium supplemented with ampicillin at 40 pg/mi with the addition
of 1.5% bactoagar.

Minimal medium agar plates: 20 ml 10X M-9 salts, 3 g agar and 175 ml of water are

mixed, autoclaved and cooled to 55°C to which the following sterile solutions are added
to a final volume of 200 ml: 0.2 ml 1 M Mg8O,, 2 mi 10 mM CaCl,, 2 ml of 20%
(w/v) glucose and 0.2 m! of 10 mg/ml thiamine. (10X M-9 salts: 60 g Na,HPO,, 30 g
KH,PO,, 5 g NaCl, 10 g NH,CI, H,0 to 1 litre.

Top_agar: 1% bactopeptone, 0.8% NaCl, pH 7.5 with the addition of 0.6% bactoagar

2.2.2 Storage of Bacteria
Bacteria were stored either at 4°C on agar plates for up to one month or frozen

at -70°C in liquid medium containing 15% glycerol.
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223 Yeast Growth Medium

Yeast strains were grown in incubators at 30°C either shaking in liquid medium

at 180 rpm or stationary on agar plates. Two types of liquid medium and agar plates

were used:

YPD medium: 1% bacto yeast extract, 2% bacto peptone, 2% glucose, pH 6.5

Ura- selective prowth medium: 0.17% yeast nitrogen base, 0.5% (NH,),50,, 0.005%
each of adenine, leucine, histidine, tryptophan, methionine and arginine with 2% lactate
and 0.05% glucose as the carbon sources, pH 6.5

YPD plates: 1% bacto yeast extract, 2% bacto peptone, 2% glucose, 2% bactoagar,
pH 6.5

Ura- selective plates: 0.17% yeast nitrogen base, 0.5% (NH,),S0,, 0.005% each of
adenine, leucine, histidine, tryptophan, methionine and arginine, 2% glucose, 2%

bactoagar, pH 6.5

2.24 Storage of Yeast
Yeast were stored preferentially ai 4°C on agar plates and replated every two
months. They were also frozen at -70°C in YPD medium containing 50% glycerol by

adding 0.2 ml of an overnight culture to 1.0 ml of YPD containing 60% glycerol.

2.3 CLONING
2.3.1 Restriction Endonuclease Digests
Restriction endonuclease digests were set up in sterile 1.5 ml microcentnifuge

tubes with the desired quantity of plasmid DNA, the appropriate buffer as recommended
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by the manufacturer of the enzyme, the required units of restriction endonucleases and
sterile, deionized/distilled water in an appropriate final volume (usually 20-80 pl) as
outlined by Sambrook er al (1989). The reactions were carried out at 37°C in a water

bath for approximately 1 h.

2.3.2  Agarose Gel Electrophoresis

Plasmid DNA or DNA fragments were separated by electrophoresis through 1%
agarose gels as outlined by Sambrook ef af (1989). The buffer used for electrophoresis
and to dissolve the agarose was 0.5 X TBE (0.045 M Tris-borate, 0.001 M EDTA). The
DNA samples were prepared in a 20 pl final volume containing the required amount of
DNA, 4 p! formamide dye mix and sterile, deionized/distilled water. Various
combinations of applied voltage and running times were used to separate DNA samples.
To visualize the DNA, the gel slabs were first soaked for 15 min in deionized/distilled
water containing the fluorescent dye ethidium bromide (0.5 pg/mil) then exposed to UV
light.

Low melting agarose gels were also used to separate DNA samples that were to
be purified from the gel. The gels were made as described above except low melting
point agarose was used. Due to the fragile nature of the gels, they were run in the cold
room at low voitage (50 V) for several hours to separate the DNA samples. The DNA

was also visualized using ethidium bromide.
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233  Purification of DNA Fragments From Agarose Gels

DNA was purified either from 1% low melting point agarose gels (Sambrook er
al., 1989) or from regular agarose gels using the Qiaex method. After the DNA was
separated by electrophoresis, the desired DNA bands were cut out from the agarose gel
and placed in a sterile microcentrifuge tube (maximum of 2 gel slices per tube). To
recover the DNA from the low melting point agarose, 200 ul of 0.2 M Tris-HCI, pH 8.0
and 10 pg tRNA were added to the gel slices and the mixture was heated for 10 min at
65°C. An equal volume of phenol saturated with 0.2 M Tris-HCI, pH 8.0 was then added
to denature the proteins, the solution was vortexed and the phases were separated by
microcentrifugation for 3 min. The upper aqueous phase was collected and put into a new
sterile microcentrifuge tube. After back extraction of the phenol phase with 200 pl of
sterile, deionized/distilied water, the aqueous phases were combined. The aqueous
solution was extracted two times with an equal volume of phenol:chloroform {1:1) and
one time with 500 pl of chloroform. The DNA was precipitated by the addition of one
tenth the volume of 3 M sodium acetate, pH 5.2 and one volume of isopropanol. After
incubating the sample on ice for 15 min or overnight at -20°C, the DNA was recovered
by microcentrifugation for 15 min at 4°C. The DNA peliet was washed once with 70%
ethanol, dried under vacuum and dissolved in 20 pl of TE buffer.

Using the Qiaex method, agarose slices containing DNA were solubilized in a
high salt buffer in the presence of the Qiaex silicagel particles. The high salt
concentration of the buffer disrupts hydrogen bonding between sugars in the agarose,
dissociates any DNA binding proteins from the DNA and forces the nucleic acids to

adsorb to the Qiaex silicagel particles. The Qiaex particles were then washed with an



39

ethanol-containing buffer to remove salts and dyes and the resultant purified DNA was

eluted from the particles using TE buffer.

234 Ligation of DNA Fragments

Ligation reactions were set up in a 20 pl final volume containing 200 ng of
vector DNA with an appropriate amount of insert DNA to establish a 4:1 molar ratio of
insert to vector. The appropriate units of T4 DNA ligase and the corresponding ligation
buffer were added to the reaction using sterile deionized/distilled water to make up the

final volume. The reactions were incubated either overnight at 12°C or for 3 h at 16°C.

23.5  Transformation of E coli

Commercially available competent bacterial cells (DHSct or HB101) were used
to propogate plasmid DNA by transforming the cells with the desired plasmid. The
manufacturer's directions were followed for transformation of the bacteria. The cells were
removed from the -70°C freezer and allowed to thaw on ice. The suggested volume of
cells was aliquoted into chilled, sterile 1.5 ml microcentrifuge tubes followed by the
addition of 1 pl of the ligation reaction (1-10 ng of DNA) to the cells. The cells were
then incubated on ice for 30 min, heat shocked for the required time at the appropriate
ternperature and then put on ice for 2 min. LB or 2YT medium was then added to the
cells to a final volume of 1 ml and the cultures were incubated at 37°C with shaking for
1 h. Aliquots of the cultures (100 pl) were spread on LB amp plates and incubated at

37°C ovemight to select for transformants.
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23.6 Plasmid DNA Preparation

Plasmid DNA was prepared on a small scale from overnight bacterial cultures.
These cultures were established by inoculating 3 ml volumes of LB or 2YT medium
containing ampicillin with single bacterial colonies. After overnight growth of the culture,
plasmid DNA was isolated from the cells using the method outlined by Bimboim ( 1983)
o: a modified version of the Qiagen protocol for Plasmid Mini preparation.

Following the Birnboim method, bacterial cells were pelleted in microcentrifuge
tubes from 1.5 ml of culture by microcentrifugation at maximum speed for 15 s. Each
pellet was then suspended in 0.1 ml lysozyme solution and left on ice for 5 min. Alkaline
SDS (0.2 ml) was added to the samples and the tubes inverted several times to gently mix
the solutions. After leaving the samples on ice for 5 min, 0.15 ml of high salt solution
was added, the samples were gently mixed and left on ice for 15 min. The resultant
precipitate was pelleted by microcentrifugation for 10 min. The DNA was precipitated
from 0.35 ml of supernatant with the addition of 0.9 ml of cold 95% EtOH. After
precipitating the DNA on ice for 15 min, the DNA was recovered by microcentrifugation
for 10 min. The resultant pellets were dissolved in 0.1 ml acetate-MOPS-CDTA buffer
and reprecipitated with 0.2 ml of 95% EtOH. The dried DNA pellets were dissolved in
25-40 pl TE buffer.

Using the Qiagen method, the bacterial cell pellets from 1.5 ml of culture were
resuspended in 0.3 ml of buffer P1 containing RNase A, mixed gently with 0.3 ml of
buffer P2 (alkaline SDS) then incubated at room temperature for 5 min. Following this,
0.3 ml of buffer P3 (high salt buffer) was added to the samples, the samples were gently

mixed by inversion and the resultant precipitate was pelleted by microcentrifugatior for
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15 min at 4°C. At this point, the DNA was precipitated directly from 0.8 ml of
supernatant with the addition of isopropanol (0.5 volumes) without passing it through a
Qiagen-tip. After incubating the samples on ice for 30 min, the plasmid DNA was
pelleted by microcentrifugation for 5 min at 4°C. The DNA pellet was washed once with

500 pl of 70% EtOH, dried under vacuum and dissolved in 30 pl of TE buffer.

2.3.7  Sequencing

Dideoxy sequencing was used to determine nucleotide sequences in plasmid
constructs. Protocols outlined in the T7Sequenc:ingTM Kit from Pharmacia P-L
Biochemicals were followed for single-stranded and double-stranded template sequencing
using T7 DNA polymerase and [3SS]dATPaS as the radioactive label. After the
annealing, extension, labelling and termination reactions were complete, the chain-
terminated reaction products were separated by electrophoresis through an 8%
polyacrylamide sequencing gel under denaturing conditions as outlined in the Pharmacia
protocol. Since [3SS]dATP was used for the radioactive label, the gel was soaked for 20
min in 1 liter of 10% acetic acid, 10% methanol in distilled water to remove the urea
before the gel was transfered to a sheet of whatman paper. After the gel was dried, it was

exposed to X-ray film overnight, then processed and analyzed the next day.

2.3.8 Plasmid DNA Analysis
Isolated plasmid DNA was initially analysed by agarose gel electrophoresis
(Sambrook et al., 1989) to determine the size, purity and estimated concentration of each

plasmid preparation. To determine whether a plasmid construct contained the desired
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insert, the plasmid was digested with restriction enzymes and the sizes of the resultant
fragments were determined using agarose gel electrophorsesis. Dideoxy sequencing was

used to confirm the nucleotide sequence of each new plasmid construct.

24 SITE-DIRECTED MUTAGENESIS
24.1 Mutagenesis

Oligonucleotide-mediated, site-directed mutagenesis was carried out following
the method developed by Kunkel ef al. (1987). The details of the method are outlined in
Sambrook er al (1989). The first step required generating and isolating the single-stranded
template DNA that contained uracil in place of thymine. This was accomplished by
growing recombinant M13 in a duf” ung” F' strain of E. coli in the presence of uracil. The
phosphorylated mutagenic oligonucleotide was then annealed to the single-stranded
template DNA to serve as a primer for DNA extension. Following primer extension and
ligation, the resultant double-stranded DNA was used to transfect ung' E. coli cells,
where uracil-containing DNA was degraded. Library efficient HB101 competent cells (F7)
were used following the manufacturer's transformation protocol with JM107 cells (F")
present in the top agar to support plaque formation. Twelve resultant plaques were used
to transfect IM107 cultures in order to prepare and sequence the resultant single-stranded

phage DNA to determine if the desired mutation was present.

24.2 Single-Stranded Phage DNA Preparation
Single-standed M13 phage DNA was prepared from transfected JM107 cells

following the method outlined in the BRL instruction manual for M13 cloning /dideoxy
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sequencing. Cultures of JM107 cells (5ml) were inoculated with a single phage plaque
and grown for 6 h at 37°C with vigorous shaking (300 rpm). Phage DNA was prepared
from 1.5 m! of the culture. Bacterial cells were pelleted using a microcentrifuge and later
used to isolate double-stranded M13 RF plasmid DNA. Single-stranded phage DNA was
recovered from the supernatant. The MI13 virus was precipitated from the supernatant
with PEG/NaCl at room temperature and recovered by microcentrifugation. The viral
pellet was then resuspended in TE buffer and extracted with phenol/chloroform (1:1). The
upper aqueous phase was extracted with chloroform and the phage DNA was precipitated
from the upper aqueous phase using one tenth the volume of 3 M sodium acetate and
two volumes of 95% ethanol. The phage DNA was pelleted by microcentrifugation,
washed once with cold 80% EtOH, dried under vacuum and resuspended in TE buffer.

Dideoxy sequencing of the phage DNA was used to confirm the site-directed mutation.

2.5 ANALYSIS OF PROTEINS
2.5.1 Lowry Protein Assay

The method of Lowry ef al. (1951) was used for protein determination. A
standard curve using bovinc serum albumin standards (0, 25, 50, 75, 100 pg) was
prepared for each protein determination. The alkaline copper reagent (reagent C, 5 ml)
was added to 1 ml of the protein standards and the appropriately diluted unknown protein
samples, then vortexed immediately upon addition. After a 30 min stand at room
temperature, 0.5 ml of the Folin-Ciocalteau reagent {reagent D) was added to the samples
and the samples were immediatelely vortexed. The absorbance (Aggo) was measured after
one h at room temperature. A standard curve of absorbance versus the amount of BSA

was used to determine the amount of protein in the unknown samples.
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252  SDS Polyacrylamide Gel Electrophoresis

Electrophoresis of protein samples through polyacrylamide gels (SDS-PAGE)
was used to separate proteins to determine their size and punty (Laemmli, 1970). The
Bio-Rad mini-gel apparatus was used to cast and run 12.5% polyacrylamide separating
gels. After the separating gel polymerized for approximately 1 h, the stacking gel was
poured. The samples were applied to the stacking gel within 30 min. Protein samples
to be analyzed were initially dissolved in 2X SDS gel-loading buffer (4 volumes 30%
SDS, 1.5 volumes of the following: stacking gel buffer, glycerol, - mercaptoethanol and
0.1% bromophenol blue). An appropriate aliquot was then diluted with water to a final
1X loading buffer concentration in a 20 pl volume and loaded onto the gel. Samples
were separated by electrophoresis at 150 V in reservoir buffer (0.025M Tris-HCI, 0.2 M
glycine, pH 8.3, 0.1% SDS) for approximately 1 h until the dye front ran off the gel. The
gels were then used for immunoblots or staining with Commassie Brilliant Blue or silver
salts.

30% acrylamide/bis solution: 30% acrylamide, 0.75% bis-acrylamide

Separating gel buffer; 1.5 M Tris-HCI, pH 8.8

Stacking gel buffer: 0.5 M Tns-HCI, pH 6.8

Separating gel: reagents required to make one separating gel for a Bio-Rad mini-gel.
1.87 ml deionized/distilled H,0; 1.5 m! separting gel buffer; 2.5 ml, 30% acrylamide/bis
solution; 60 pul, 10% (w/v) SDS; 12 uL, 50% (v/v) glycerol; 2 uL TEMED,; 45 pL, 10%
{w/v) ammonium persulphate.

Stacking gel: reagents required to make one stacking gel for a Bio-Rad mini gel.

1.18 m! deionized/distilled H,0; 0.5 ml, stacking gel buffer; 0.38 ml, 30% acrylamide/bis
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solution; 10 pL, 10% (w/v) SDS; 4 uL, 50% (v/v) glycerol; 2 uL, TEMED; 12.5 L,

10% (w/v) ammonium persulphate.

2,53  Protein Silver Staining

Silver staining was used to visualize proteins on polyacrylamide gels. After
separating the protein samples by SDS-PAGE, the gel was placed in destaining solution
(20% EtOH, 10% acetic acid) for 10 min. The gel was then washed twice for 20 min
with 50% methanol, then three times for 20 min with distilled water. The gel was placed
in 150 ml of water containing 5 pg/ml of DTT for 30 min. After removal of this
solution, the gel was placed in silver nitrate solution (100 mg/100 m! water) for 30 min
followed by two quick washes with distilled water. The gel was then placed in
developing solution (12 g Na,CO;, 200 pl of 37% formaldehyde in 400 ml of distilled
water) with gentle shaking back and forth until the desired staining intensity of the protein

bands developed. The staining was stopped by the addition of 10% acetic acid.

2.54 Westem Blotting

Western blotting was used to detect and quantitate UCP in yeast subcellular
fractions based on the method of Towbin ef al. (1979). Proteins were transferred
electrophoretically from polyacrylamide gels to nitrocellulose either at 100 V for 1 h or
40 mA overnight in transfer buffer (25 mM Tris-HCI, 192 mM glycine, pH 8.3, 20%
methanol). The nitrocellulose was then blocked with Carnation instant skim milk powder
(5%) 1n Tris/saline solution {0.9% NaCl, 10 mM Tris-HCl, pH 7.4) for 30 min at 37°C.

The antibody/antigen reaction took place in a seal-a-meal bag cut to the size of the
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nitrocellulose. The primary antibody (100 ul) was added to the nitrocellulose in 5 ml of
Tris/saline blocking solution and incubated at room temperature for 90 min on a rocking
platform. The nitrocellulose was then washed with shaking at 10 min intervals one time
with Tris/saline, two times with Tris/saline containing 0.05% NP40 and one time with
Tris/saline. The secondary antibody, either [lzsl]protein A (5 pl/5 ml Tris/saline blocking
solution} or anti-rabbit peroxidase linked antibody (0.25 pul/5 ml Tris/saline blocking
solution) was added to the nitrocellulose and incubated for 30 min at room temperature
on a rocking platform. The nitrocellulose was then washed as stated previously and dried
thoroughly on whatman paper. The ['ZSI]protein A probed nitrocellulose was exposed
directly to X-ray film for 2-7 days. The nitrocellulose probed with the peroxidase-linked
antibody was incubated for 1 min with the chemiluminescence reagents from the ECL or
Renaissance western blot kit, sandwiched betwsen plastic wrap and exposed to X-ray film

for 1-5 min.

255 Immunoprecipitation

UCP was immunoprecipitated from subcellular fractions using monospecific
antibodies from rabbit following the method of Chien and Freeman (1984). Aliquots of
subcellular fractions were added to adjusting buffer (10 mM Tris-HCI, 0.3 M NaCi, 5 mM
EDTA, 1% Triton X-100, pH 7.2) to a 1 ml total volume. Soy bean trypsin inhibitor (5
pl of 5 mg/ml stock) and 20 pl of antiserum were added to the samples which were then
rotated overnight at 4°C. Protein A-Sepharose CL-4B beads swollen in adjusting buffer
(20 pl) were then added to the samples and rotated at 4°C for 3 h. The protein A-

anttbody-UCP complex attached to the sepharose beads was then pelleted using a
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microcentrifuge and washed 10 times with 1 ml of adjusting buffer. The antibody-UCP
complex was stripped from the protein A-Sepharose CL-4B beads by incubating the pellet
in 100 pl stripping buffer (8% SDS, 6.5% [-mercaptoethanol, 60 mM Tris-HCl, pH 6.8)
for 1 h at room temperature. The protein A-Sepharose CL-4B beads were then pelleted
by centrifugation and the supematent transfered to a fresh tube. The supernatant protein

samples were then separated by SDS-PAGE and detected by a western blot.

2.6 CONSTRUCTION OF UCP EXPRESSION VECTORS
2.6.1 Original UCP Expression Vector Containing Rat UCP ¢cDNA

The Kpn 1/Pst 1 fragment of the rat UCP ¢cDNA from pSPT18UCP was cloned
into the BamH 1 site of pCGS110 beside the inducible Gal/ 1 promoter. This was
achieved using two, 8-nucleotide-long bridges (AB264 and AB265) designed to join Psz

I and Kpn 1 restriction site overhangs to a BomH I overhang respectively.

2.6.2 Expression Vector Containing Altered 5' Region of UCP cDNA

The UCP cDNA altered at the 5’ end was constructed in pGEMSZSf by cloning
the UCP ¢DNA containing Sph 1/Tag I fragment from pSPT18UCP into Sph 1/Pst 1 cut
pGEMSZSf using two complimentary oligonucleotides (AB439 and AB440) designed to
have Pst I and Tag I restriction site overhangs at their ends and an altered UCP 5'region.
The altered UCP cDNA was removed from pGEMSZfUCP with Pst I and ligated into
BamH I cut pCGS110 with an 8-nucleotide-long bridge (AB264). DNA fragments used
in the ligation reaction were separated by agarose gel electrophoresis (Sambrook er al.,

1989) and purified from low melting point agarose.
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2.6.3 Modified pCGS110 Containing Sac I Site
A Sac 1 site was introduced into pCGS110 to simplify subcloming of UCP ¢cDNA
from MI13mpl9 into pCGS110 after site-directed mutagenesis. Two complimentary
oligonucleotides (AB1703 and AB1704) designed to contain an internal Sac I site and
BamH I and Sph 1 restriction site overhangs on their ends were subloned into BanH
1/Sph I cut pCGS110. This enabled the Sac I/Sph 1 UCP ¢cDNA containing fragments from

M13mpl9 to be directly subloned into Sac I/Sph I cut pCGS110.

2.7 YEAST EXPRESSION SYSTEM
271 Transformation of Yeast

Shuttle vector constructs were introduced into yeast cells by electroporation
(Becker and Guarente, 1991) or into lithium treated competent cells following the method
of Ito et al. (1983). For electroporation, a 50 ml YPD culture of yeast was harvested
when the cells reached an Agy, of 1.3 to 1.5. After the pelleted cells were washed with
sterile water, they were concentrated and resuspended in 500 pl of sterile 1.0 M sorbitol.
Plasmid DNA (3 pul of a plasmid mini-preparation} was added to 40 pl of concentrated
cells and the cells were electroporated in 0.2 cm sterile electroporation cuvettes at 1.5 kV,
25 WF, 200 Q using a BioRad gene pulser with pulse controller. Immediately following
electroporation, 1 ml of cold, sterile 1.0 M sorbito! was added to the cells and the cells
were spread on selective plates.

Yeast transformation with lithium treated cells required the 50 ml YPD yeast
culture to be harvested at late log phase. After washing the cells with sterile water, the

cell pellet was resuspended in 500 pl of lithium acetate solution (10 mM Tris-HCI, 1 mM
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EDTA, 0.1 M lithium acetate, pH 7.5) and incubated for 1 h at 30°C with agitation,
Carrier DNA (50 ug) and transforming DNA (1 pg) were added to 100 pl of cells and
the transformation mix was incubated for 30 min at 30°C without agitation. DNA uptake
was facilitated by adding 700 pl of solution containing 40% PEG, 0.1 M lithium acetate,
1X TE buffer to the transformation mix and incubating the mixture for another 30 min
at 30°C without agitation. The cells were pelleted with a microcentrifuge, washed twice
with TE buffer, resuspended in 100 pul TE buffer and spread on selective plates.
Transformed cells from either method were selected on ura- selective plates and
became visible after several days growth at 30°C. From each independent transformation,
the colonies on that plate were array plated onto a new selective plate. Then, an
individual colony was chosen to be streaked onto a selective plate. The resultant yeast
plate derived from a single colony was used to start liquid cultures and was replated as

required or every two months, whichever came first.

2.7.2 Expression of UCP in Yeast

Starting cultures (100 ml) of yeast transformants were inoculated from the single
colony yeast plates and were grown in selective medium in a 250 ml flask at a shaking
rate of 180 rpm for approximately 2 days at 30°C. The starting cultures were then used
to inoculate 500 ml of selective medium. These cultures were grown for an additional
5htoan Agyy 0f 0.3-0.4. Expression of UCP was then induced by addition of galactose
to 0.2%. Cells were grown for an additional 8-12 h before harvesting the cells. Control
yeast transformants not containing the UCP cDNA were grown following the same
procedure outlined above. Yeast transformants not induced to express UCP were grown

under the same conditions without the addition of galactose.
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2,7.3  Mitochondrial Isolation from Yeast

Mitochondria were isolated from yeast essentially as described by Gasser
(Gasser, 1983). Yeast cells were pelleted at 5000 rpm for 5 min using a GSA rotor and
washed once with deionized/distilled water. Cell walls were prepared for digestion by
incubating the cells for 10 min in 0.1 M Tris-sulfate, pH 9.4, 10 mM DTT at 0.5 g cell
wet wt/ml. The cells were then pelleted at 5000 rpm for 5 min using an SS$34 rotor,
washed once with 1.2 M sorbitol and repelleted. The cells were resuspended in
spheroplasing buffer {1.2 M sorbitol, 20 mM potassium phosphate pH 7.4, 1 mM PMSF)
and the cell walls were digested using Zymolyase or Yeast Lytic Enzyme at 1 mg
enzyme/g cell wet weight. The spheroplasts were pelleted at 3500 rpm for 5 min using
an SS34 rotor, washed twice with 1.2 M sorbitol and then resuspended in chilled breaking
buffer (0.6 M mannitol or sucrose, 20 mM HEPES-KOH, pH 6.5 or 7.4, 0.1% fatty acid-
free BSA, 1 mM PMSF). Spheroplasts were disrupted using 20 strokes of a Dounce
homogenizer. The nuclear fraction was recovered at 3500 rpm for 5 min and the
mitochondrial fraction at 9000 rpm for 10 min using an SS34 rotor. The mitochondrial
fraction was washed once with breaking buffer, any residual nuclear fraction was pell=ted
with a low speed spin and the mitochondnal fraction was again recovered from the
supernatant. The final mitochondrial pellet was resuspended in 500 pl of breaking buffer

without PMSF.

28 SUBCELLULAR LOCALIZATION OF UCP
28.1  Western Blot Analysis of Subcellular Fractions

To determine the subcellular location of UCP, aliquots of the nuclear,
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mitochondrial and post mitochondrial fractions were separated by 12.5% SDS-PAGE,
transferred onto nitrocellulose and immunodetected using a rabbit monospecific antibody

to UCP and ['%I}labelled protein A.

2.8.2 Hydroxylapatite Purification of UCP from Mitochondria

UCP was purified from yeast mitochondria following the hydroxylapatite column
purification procedure outlined by Lin and Klingenberg (1980). Basically 2.5 mg of
mitochondrial protein were extracted first with Lubrol WX, then with Triton X-100. The
supernatant was added to a hydroxylapatite column, and 50 pl fractions were collected.
Aliquots of each fraction (2-5 pl) were then separated by SDS-PAGE and the proteins
visualized by silver staining. The identity of UCP was verified by a western blot of the

fractions.

283 Yeast Mitochondrial Inner Membrane Preparation

The mitochondrial outer membrane was removed from approximately 6-8 mg of
mitochondria in a 1.0-ml volume using a 0.4:1.0 ratio of digitonin to mitochondnal
protein. After a 1 min incubation on ice, the resulting mitoplasts were recovered by
microcentrifugation for 5 min at 4°C. The mitoplasts were resuspended in 500 ul of
hypotonic medium containing 10 mM Tris-HCl, 1 mM EDTA, prH 7.2, and sonicated
3 X 20 s in a bath sonicator to release the matrix contents. M :branes were collected
at 150,000 g for 20 min and resuspended in 500 pl of mitochond:. | breaking buffer (0.6
M mannitol, 20 mM HEPES-KOH, pH 7.4, 0.1% fatty acid-free BSA). Marker enzyme

assays were performed on each fraction according to published procedures and included
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the outer membrane marker, kynurenine hydroxylase (Hayaishi, 1962), the inner

membrane marker, cytochrome ¢ oxidase (Cooperstein and Lazarow, 1951), and the

matrix marker, malate dehydrogenase (Gregory er al,, 1971).

2.9 UCP FUNCTIONAL ASSAYS
29.1 Respiration Assay

Two assays based on monitoring mitochondrial respiration were developed to
assess the ability of UCP to uncouple oxidative phosphorylation in yeast mitochondria.
Respiration of yeast mitochondria was determined using the YSI 5300 monitor, the 5357
micro oxygen probe and the 5356 micro oxygen chamber, which had a capacity of 0.6 ml.
The reaction buffer contained 0.65 M sorbitol, 0.36 mM EDTA, 10 mM KCI, 10 mM
KH,PO,, 10 mM Tris-HCl, and either 0.05% or 0.3% fatty acid-free bovine albumin
adjusted to a final pH of 6.5. The reaction buffer was added to the oxygen chamber from
the bottom outlet using an airtight syringe. Once a stable oxygen consumption signal was
established, 10-20 pl of mitochondria (200-400 ng) were added to the chamber through
the top porthole using a Hamilton syringe. All other additions to the chamber were made
through this porthole.
Assay #1: Reaction buffer containing 0.3% fatty acid-free BSA was added to the
oxygen chamber. After the addition of mitochondria containing or lacking UCP, succinate
(10 mM) was added as a substrate. Coupling was determined by measuring the
respiratory control ratio (RCR) after the addition of 60 nmol of ADP (100 uM) (see
Figure 3-12 for illustration). Activation of UCP was tested by measuring the stimulation

of the respiratory rate after oleate addition (0-300 M) and the resultant effect of oleate
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on the coupled state of the mitochondria (see Figure 3-15 for illustration). Inhibition of
UCP was tested by measuring the decrease in the respiratory rate after GDP addition (167
M) and the resultant effect of GDP on the coupled state of the mitochondria (see Figure
3-15 for illustration) .

Assay #2;: Reaction buffer containing 0.05% fatty acid-free BSA was added to the
oxygen chamber. After the addition of mitochondria containing or lacking UCP, succinate
(10mM) was added as the substrate. Oligomycin (66 ug/ml) was then added to the
mitochondria to inhibit oxidative phosphoryiation. Activation of UCP was tested by
measuring the stimulation of the respiratory rate after the addition of oleate/BSA mixutres
(see Figure 3-18 for illustration). Inhibition of UCP was tested by measuring the decrease

in the respiratory rate after GDP addition (0- 2 mM) (see Figure 3-18 for illustration).

2.9.1.1 Determination of Free Oleate Concentration in Oleate/BSA Solutions

The stock oleate solutions used in the mitochondrial respiration assays were
either premixed oleate/BSA solutions added to respiration buffer or oleate solutions added
to respiration buffer containing 0.3% BSA. This requires that the concentration of free
oleate not bound to BSA present in the respiration assays be determined. This was
accomplished by determining the partitioning of oleate between aqueous and organic
phases in the absence and presence of BSA following the procedure of Spector ef al.
(1969). First, the partitioning of oleate into heptane was determined. [3H]Oleate
solutions in mitochondrial reaction buffer without BSA, pH 6.5 were prepared at a range
of concentrations from 1 to 500 pM oleate at 100 uCi/umol and 0.8 to 2 mM oleate at

1 pCi/umol. An aliquot of 620 ul of each solution was transferred into glass vials and
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an equal volume of heptane was added. After flushing the tubes with nitrogen to remove
oxygen, the solutions were equilibrated overnight at 37°C with gentle shaking. Aliquots
of each phase were removed and appropriate volumes of each phase were counted in 10
ml of ACS scintilation fluid. Based on the radioactivity recovered in each phase and the
specific activity of [3H]oleate, the concentration of oleate in each phase was determined.
A standard curve of the (-log[oleate]hcplam) vs (-log[oleate]aqumus) was plotted. The
second stage was to determine the partitioning of oleate between heptane and the BSA
present in the aqueous phase. [3H]OleatelBSA stock solutions were prepared from a stock
of 35 mM [3H]oleate15 mM BSA at 100 pCi/umol using 5 mM BSA as the diluent such
that a range of [3H]oleate/BSA solutions were made (oleate/BSA molar ratios ranging
from 0.5 to 7) all at 100 pCi/umol. Respiration reaction buffer, pH 6.5 (600 nl)
containing 0.05% BSA was aliquoted into glass vials and then 20 pl of each
[3H]oleate/BSA stock solution was added to individual vials and mixed. Heptane (620
ul) was added to the vials and the samples were equilibrated overnight, aliquots from the
phases were removed and appropriate volumes were counted as explained above. Based
on the radioactivity recovered in each phase, the concentration of oleate in the heptane
phase and the total concentration of oleate in the aqueous phase (which included oleate
bound to BSA and unbound to BSA) was determined. As stated in Spector et al. (1969},
two aqueous solutions (one with and one without BSA) that are in equilibrium with the
same concentration of free fatty acid in heptane are, in turn, in equilibrium with each
other. Based on this, the concentration of free, unbound oleate in the aqueous phase
containing BSA can be read off of the standard curve of the (-log[oleate]hcpmnc) vs

(-log[oleate] ) generated in the absence of BSA based on the concentration of oleate

aqueous
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determined in the heptane phase (Spector er al, 1969). A standard curve was then
generated, plotting the molar ratio of oleate/BSA in the respiration reaction versus
(-log[oleate]nqumusfue), such that the free oleate concentration in the respiration assays

could be determined from the curve.

29.2  GDP Binding Assay

The ability of UCP to bind purine nucleotides was tested by measuring the
amount of [3H]GDP bound to yeast mitochondria containing and lacking UCP. The
centrifugation method of Desautels et a/ (1978) was followed measuring the amount of
GDP bound to mitochondria in the presence and absence of ADP. [MC]sucrose was used
as a supernatant marker to measure the amount of unbound [3H]GDP from the supematant
trapped in the mitochondrial pellet. Mitochondria were isolated from yeast and
resuspended in the breaking buffer containing 0.6 M mannitol, pH 7.4. The binding assay
toock place in 1.5 ml microcentrifuge tubes. Mitochondria (500 ug) were added to
reaction buffer (0.65 M sorbitci, 0.36 mM EDTA, 10 mM KCl, 10 mM KH,PO,, 10 mM
Tris-HCI, pH 6.5, 0.05% fatty acid-free BSA) and mixed by inversion. At 30 s intervals,
succinate (10 mM), oligomycin (66 pg/ml), fatty acid-free BSA (167 pM) and
carboxyatractyloside (0.1 mM) were added to the mitochondnia and mixed by inversion.
One min after the addition of carboxyatractyloside, [°’H]GDP (0-25 M) was added to the
reaction and mixed by inversion. Binding proceeded at room temperature for 5 min.
Mitochondria were then pelleted for 2 min using a microcentrifuge. The supernatant was
removed from the mitochondrial pellet and saved. The bottom of the microcentrifuge tube

containing the mitochondrial pellet was cut off and placed in 1 ml of tissue solubilizer.
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A fraction of the supernatant (100 pl) was also placed in 1 ml of tissue solubilizer. The
samples were incubated at 50°C for 2 h with gentle shaking. For liquid scintillation
counting, 7 ml of toluene-omnifluor and 100 pl of 10% ascorbic acid were added to the
samples. The samples remained in the counter overnight devoid of light and were
counted the following moming. To measure binding in the presence of ADP, 2 mM ADP

was added to the reaction 1 min prior to the GDP addition.



RESULTS AND DISCUSSION
3.1 EXPRESSION OF RAT UNCOUPLING PROTEIN IN YEAST
To study the functioning of UCP independently from brown adipose tissue
mitochondrial components, an expression system for UCP was examined in yeast. If the
protein functioned in yeast mitochondria, the long term goal of this project was to use
site-directed mutagenesis of the UCP cDNA to investigate structure/function relationships

of UCP.

3.1.1  Modified UCP ¢DNA Required for High Level Expression

To study the function of rat UCP in yeast mitochondria, an expression level of
UCP in yeast mitochondria comparable to that found in rat brown adipose tissue
mitochondria was desired. In cold-adapted animals when non-shivering thermogenesis
is active, UCP can represent 10% of the mitochondrial protzin (reviewed in Trayhurn and
Milner, 1989). Since mitochondrial proteins represent approximately 10% of total cellular
protein, an expression level of UCP representing approximately 1% of total cellular
protein was desired.

The rat UCP ¢cDNA (Ridley er al., 1986) was inserted into the S. cerevisiae/E.
coli shuttle vector pCGS110 at the BamH 1 site such that the cDNA was under
transcriptional control of the inducible GAL 1 promoter (Figure 3-1). Using this system,
it was previously shown that UCP was synthesized at low levels under induction

57
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EcoR 1 BamH |

BamH 1 Sec Sph |
s m'gqcmrcmcgmc’ '
GCTCGAGCAC

pCGS110
7.4 kb

Figure 3-1.  Saccharomyces cerevisiae/Escherichia coli shuttle vector pCGS110

A description of the vector can be found in the legend to Figure 1-3. The original rat
UCP cDNA from pSPT18UCP was inserted into the vector at the unique BamH | site
beside the inducible GAL 1 promoter as outlined in the methods section 2.6.1 Original
UCP Expression Vector Containing Rat UCP ¢DNA. Rat UCP ¢cDNA altered for high
level expression in yeast from pGEMSZfUCP was inserted into pCGS110 at the unique
BamH 1 site of pCGS110 as outlined in the methods section 2.6.2 Expression Vector
Containing Altered 5' region of UCP ¢DNA. A Sac I site was introduced into pCGS110
to simplify subcloning of UCP ¢cDNA from M13mp19 into pCGS110 after site directed
mutagenesis. Two complimentary oligonucleotides designed to contain an internal Sac
I site with Bam¥ I and Sph I restriction site overhangs on their ends were subcloned into
BamH 1/Sph 1 cut pCGS110 as explained in the methods section 2.6.3 Modified
pCGS110 Containing Sac I site. This enabled Sac I'Sph I UCP ¢cDNA fragments from
M13mpl9 to be directly subcloned into Sac 1/Sph 1 cut pCGS110.
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conditions, but represented only 0.008% of the total [3SS]methionine-labelled cell protein
(Murdza, 1988). The low level of UCP was not due to degradation of the protein, loss
of plasmid from the cells or a low level of UCP mRNA (Murdza, 1988). Since the region
around the start codon in yeast transcripts is very different from that found in mammalian
mRNAs (Hamilton er al., 1987) and there is a codon bias in highly expressed yeast genes
(Sharp ef al., 1986), it appeared the low level of UCP observed in yeast was probably due
to inefficient translation of the mRINA.

High level expression of UCP was achieved by altering the region around the
start codon of the rat UCP ¢cDNA as outlined in Figure 3-2. The 18 nucleotides upstream
from the start codon were changed to match the scquence of a highly expressed S.
cerevisiae glyceraldehyde-3-phosphate dehydrogenase gene (G3PaD) (Hamilton et al,
1987) and the 5 nucleotides downstream from the start codon, codiag for valine and
serine, were changed to match the sequence of highly used valine and serine codons in
yeast (Sharp ef al.,, 1986}. An oligonucleotide incorporating these changes along with its
complimentary strand were designed and used to construct the altered UCP ¢cDNA as
outlined in the methods section 2.6.2. Expression Vector Containing Altered 5' region of
UCP ¢DNA. Expression of the altered cDNA resulted in at least a 24 fold increase in the
level of UCP present in the mitochondrial fraction over that obtained with the unmodified
¢DNA (Figure 3-3) as determined by scanning densitometry of the immunod.ii. ted
protein bands on X-ray film. The level of UCP in yeast mitochondria was quantified
from western blots of mitochondrial fractions toc be 70-100 pug UCP/mg mitochondrial
protein (Figure 3-4) with an average value of 88 * 8 ug UCP/mg mitochondrial protein.

The level of rat UCP in yeast mitochondria is very similar to the level of UCP found in
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Met Val Ser
rat UCP DNA: TCTGCCCTCCGAGCCAAGATGGTGAGTT

Met Val Arg
G3PDa DNA: CACACATAAATAAACAAAATGGTTAGAG

Met Val Ser
altered DNA: GACACATAAATAAACAAARRTGGTCTCTY

Figure 3-2. Altered Nucleotide Sequence in the Rat UCP ¢DNA Reguired for High
Level Expression of UCP in Yeast

The 18 nucleotide upstream and the 5 nucleotide downstream regions around the start
codon of rat UCP ¢cDNA were changed to ones that closeiy resembled the sequence of a
highly expressed yeast glyceraldehyde-3-phosphate dehydrogenase gene (G3PDa) and
highly used codons in yeast.
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Figure 3-3. Immunoblot Analysis of Mitochendrial Fractions Isolated From Cells
Having Either the Original or the Altered UCP ¢DNA

Yeast transformants containing the shuttle vector pCGS110 with either the original rat
UCP ¢DNA (0) or the altered form (A) were induced to express uncoupling protein (U}
by the addition of galactose to 0.2% for 10 h. After the cells were disrupted and
fractionated, samples from the mitochondrial fractions were separated by SDS-12.5%
PAGE, transferred to nitrocellulose and detected with monospecific antiserum against rat
UCP and [lzsl]-labelled protein A. Lanes I, 4 and 6 contain 50 pg of mitochondria from
cells centaining the altered rat UCP c¢DMA; lanes 2, 5 and 7 contain 50 pg of
mitochondria from cells containing the original rat UCP ¢cDNA; lane 3 contains 7.1 ug
rat UCP marker.
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Figure 3-4,  Quantification of UCP in a Yeast Mitochondrial Fraction

Purified rat UCP and yeast mitochondria isolated from transformants induced to express
UCP were separated by SDS-12.5% PAGE, transferred to nitrocellulose and detected with
monospecific antiserum against rat UCP and [lZSI]-labelled protein A. Lanes 1,3,5,79
contain 0.49, 0.42, 0.35, 0.28 and 0.21 pg of rat UCP purified from brown adipose tissue
mitochondria respectively. Lanes 2, 4, 6 and 8 each contain 5 pg of yeast mitochondria
isolated from yeast transformant JB516pCGS110 UCP (which contains the altered UCP
cDNA) that was induced to express UCP by galactose induction (0.2%) for 10 h. The
accompanying graph shows the standard curve resulting from the densitometry signals
from the western blot for the UCP standards shown 1n the above photograph versus the
amount of protein applied to each lane. This curve was used to measure the amount of
UCP in the mitochondrial samples based on their densitometry signals. The mitochondrial
samples of lanes 2, 4, 6 and 8 contained 0.36, 0.45, 0.40 and 0.40 pug UCP respectively
for 5 pg mitochondria! protein. This results in an average expression level of UCP in this
mitochondrial preparation of 80 + 4 ug UCP/mg mitochondrial protein.



63
brown adipose tissue mitochondria of cald-adapted rats, 75 + 6 pg UCP/mg mitochondrial
protein for rats acclimated at 4°C for 5 days (Peachey et a/,, 1988) and 52 + 3 ug
UCP/mg mitochondrial protein for rats acclimated at 4°C for 3 weeks (Trayhurn er al,,
1987).

Using a similar galactose-inducible yeast expression system, Arechaga ef al.
(1993) reported expression of 24 ug UCP/i : mitochondrial protein after removal of the
5' and 3' non-coding sequences in the rat UCP cDNA in the expression vector. Other
eukaryotic expression systems for UCP have been established by others throughout the
course of this research, however, they have not been used for functional studies. UCP was
expressed in Xenopus laevis oocytes and detected in the mitochondrial fraction, but the
protein was not functional (Klaus er al, 19 ,. UCP was functionally expressed in CHO
cells, although the level of UCP was not reported and no further reports of
structure/function studies have appeared using this expression system (Casteilla et al,

1990).

3.1.2  Growth of Cells Expressing UCP

The growth of yeast in medium containing a non-fermentable carbon source such
as lactate forces the cells to use mitochondrial oxidative phosphorylation to generate ATP
as opposed to using glycolysis. Cells able to grow in this type of non-fermentable
medium must contain functional mitochondria prior to their isolation. If mitochondria are
partially uncoupled, the cells would grow at a slcv.2r rate. The growth of yeast
transformants in selective lactate medium after addition of 0.2% galactose was monitored

to determine whether the expression of UCP had any effect on cell growth. In comparing



64
the growth curves in Figure 3-5, after the addition of 0.2% galactose, cells lacking UCP
c¢DNA had a doubling time of 6.5 h and cells containing UCP ¢cDNA had a doubling time

of 7 h, which indicated that the expression of UCP did not significantly affect yeast cell

growth,

3.2 LOCALIZATION OF UCP TO THE YEAST MITOCHONDRIAL INNER
MEMBRANE

3.2.1 Subcellular Localization of UCP

Immunodetection of UCP from cell fractions of galactose-induced yeast
transformants was performed to determine the subcellular location of UCP (Figure 3-6).
UCP was detected in the post-nuclear fraction (lane 3) and the mitochondrial fraction
(lane 5), but not in the post-mitochondrial fraction (lan. %) from cells containing the UCP
c¢cDNA. No protein at 32 kDa was immunodetected in cell fractions isolated from cells

lacking the UCP c¢cDNA (lanes 7-9).

3.2.2 Hydroxylapatite Purification of UCP

The first indication that UCP was imported into yeast mitochondria and not just
bound to the outer mitochondrial membrane came from the purification of UCP from the
yeast mitochondrial fraction. Using the standard method of Triton X-100 extraction and
hydroxylapatite chromatography of mammalian brown adipose tissue mitochondria, UCP
imported into the mitochondrial inner membrane does not bind to the column and comes
out in the column void volume (Lin and Klingenberg, 1980). In contrast, UCP not

imported into the mitochondrial inner membrane in vitro, but either bound to the
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Figure 3-5. Growth Curves of Yeast Transformants Induced With Galactose

Yeast transformants containing pCGS110 either without the UCP ¢cDNA or with the UCP
cDNA altered for high level expression in yeast were grown in Ura- selective growth
medium to an Ay, of approximately 0.25. At that time (time O on the above graph),
galactose was added to the cultures to a final concentration of 0.2% and the growth of the
cultures were monitored over the next 32 h. The relative absorbance at each time point
was calculated by dividing each Ay, value at each time point by the initial Ay, value
at time 0 in order to more easily compare the growth rates of the cultures.
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Uce- - - -
cDNA + + +
Figure 3-6. Imm- ‘ot Analysis of Uncoupling Protein Distribution in Yeast Cell
Frac

Yeast transformants were induced to express UCP by the addition of galactose to 0.2%
for 8 h and then cells were disrupted and fractionated. A portion of each cell fraction was
immunoprecipitated using monospecific antiserum against rat UCP and protein A-
Sepharose CL-4B. The immunoprecipitates were separated by SDS-12.5% PAGE,
transferred to nitrocellulose and detected with monospecific antiserum against rat UCP
and [1251]-labelled protein A. Lanes 1, 4 and 6 contain rat 32 kDa UCP markers of 0.35,
0.28 and 0.21 pg, respectively. Lanes 2, 3 and 5 represent 0.14% of the post
mitochondrial, 0.23% of the post nuclear and 0.42% of the mitochondrial fractions,
respectively, isolated from galactose-induced yeast cells transformed with pCGS110
containing the altered UCP ¢cDNA. Lanes 7, 8 and 9 rcpresent the same percentages
stated above for the mitochondrial, post nuclear and post mitochondrial fractions,
respectively, from galactose induced cells transformed with pCGS110 lacking modified
UCP cDNA.
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mitochondrial outer membrane or other particulate matter in the import reaction, remains
bound to the column using this purification procedure (K.B. Freeman, personal
communication). Analysis of the hydroxylapatite column fractions from mitochondria of
yeast containing and lacking UCP ¢cDNA by SDS-12.5% PAGE and silver staining
revealed two protein bands at 32 and 30 kDa in the column void volume. Immunoblot
analysis of the fractions only detected UCP at 32 kDa from mitochondria of cells
containing UCP ¢DNA (Figure 3-7a, lanes 3-5 and 7-9) but not from mitochondria of
cells lacking UCP cDNA (Figure 3-7b, lanes 3-5 and 7-9). Since UCP could be isolated
using this purification procedure, it was likely that UCP had been incorporated into
mitochondrial membranes as in brown adipose tissue mitochondria rathe: than bound to

mitochondna.

3.2.3 Submitochondrial Localization of UCP

The submitochondrial location of UCP was determined by comparing the level
of UCP immunodetected in submitochondrial fractions to marker enzyme activities in the
different submitochondrial fractions. The inner-to-outer membrane ratio of the level of
UCP, cytochrome ¢ oxidase activity (an inner membrane protein marker) and kynurenine
hydroxylase activity (an outer membrane protein marker) were 3.0 + 0.7, 3.8 £ 0.4 and
0.4 + 0.1 respectively (Table 3-1). These data indicated that UCP was located in the
mitochondrial inner membrane since its submitochondrial location correlated with the

activity of the mitcohondrial inner membrane marker cytochrome ¢ oxidase.
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Figure 3-7. Immunoblot Analysis of a Triton X-100 Extract of the Yeast Mitochondrial
Fraction Separated by Hydroxylapatite Chromatography

UCP was purified from a yeast mitochondrial fraction isolated from transformants
containing the UCP ¢cDNA that were induced with galactose (a). The standard methods
of Triton X-100 extraction and hydroxylapatite purification were followed as outlined in

- the methods section 2.8.2 Hydroxylapatite Purification of UCP from Mitochondria. The
same procedure was also performed using yeast mitochondria isolated from non-induced
transformants (b). One 150 pL fraction and six 50 pL fractions were collected from the
hydroxylapatite column, 5 pL of each were separated by SDS-12.5% PAGE, transferred
to nitrocellulose and detected with monospecific antiserum against rat uncoupling protein
and [IZSI]-labelled protein A. Lane 1, fraction 1, lane 2, 5 pg yeast mitochondrial
protein; lanes 3, 4, 5, 7, 8 and 9, fractions 2,3,4,5,6 and 7, respectively; lane 6, 0.14 pg
of rat uncoupling protein purified from brown adipose tissue mitochondria.
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Table 3-1. Mitochondrial Location of UCP

Mitochondria isolated from yeast transformants induced to express UCP with 0.2%
galactose for 8 h were subfractionated intc an inner membrane fraction, outer
membrane and intermembrane space fraction and matrix fraction following the
method outlined in section 2.8.3 Yeast Mitochondrial Inner Membrane Preparation.
Marker enzyme assays were performed on the submitochondrial fractions. UCP
levels were determined by Western blot analysis of the submitochondrial fractions.
The outer membrane marker was kynurenine hydroxylase and the inner membrane
marker was cytochrome ¢ oxidase. The data presented is the average from two
individual mitochondrial preparations = SEM.

Protein Detected Inner Membrane/Outer
Membrane Level
—
Uncoupling Protein 3.0+ 07
Cytochrome ¢ Oxidase 38+04

Kynurenine Hydroxylase 0401
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33 FUNCTIONING OF UCP IN YEAST MITOCHONDRIA
3.3.1 GDP Binding to Yeast Mitochondria
33.1.1 GDP Binding to Brown Adipose Tissue Mitochondria

Several studies have shown that UCP exists in mitochondria in either a non-
functional form with respect to proton conductance where GDP binding sites are masked
resulting in a low level of bound [3H]GDP or a functional form where GDP binding sites
are unmasked resulting in a high level of bound [3H]GDP (Ashwell et al., 1985, Gribskov
et al., 1986, Trayhurn er al., 1987, Swick and Swick, 1988, Peachy er o/, 1988). The
molar ratio of GDP bound/UCP to brown adipose tissue mitochondria has been used as
an index for the proton conductance activity of mitochondria specific to UCP rather than
as a measure of mitochondrial UCP levels due to the masking/unmasking of GDP binding
sites. The molar ratio has heen reported to approach 1.0 mol GDP per mol UCP_ .
(UCP_,) in brown adipose tissue mitochondria isolated from cold-adapted rats (Peachey
et al., 1988, Feil and Rafael, 1994) and for UCP purified from rat brown adipose tissue
mitochondria (French ef al., 1988) in contrast to a molar ratio of 0.5 found for purified
hamster UCP (Lin and Klingenberg, 1982). A molar binding ratio of | has been
interpreted to mean that all of the UCP is in a fully active conformation for proton
conductance with mitochondrial thermogenic activity at its maximum (Peachey ¢t al,,
1988, Feil and Rafael, 1994). Peachey et al. (1988) showed that the maximum molar
ratio measured was dependent on the length of time rats were exposed to the cold. They
reported that within hours of cold exposure, initial unmasking of GDP binding sites
occurred without an increase in UCP level (0.88 mol GDP/mol UCP,) that was followed

by an increase in UCP level and remasking of GDP binding sites after prolonged cold
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exposure (0.42 mol GDP/mol UCP,,). This response was interpreted to mean that upon
cold exposure, rats acquired excess thermogenic capacity in order to allow them to
respond quickly to additional cold stress by unmasking inactive UCP. Binding ratios less
than 0.5 mol GDP/mol UCP_, have been measured in mitochondria from warm-adapted
rats (Trayhurn e al., 1987, Peachey ef al., 1988). However, Feil and Rafael found that
the molar GDP/UCP,, ratio varied from 0.5 - 1.0 depending on the thermogenic activity
of brown adipose tissue mitochondria. In this study, the molar ratio of bound GDP to
UCP was 0.5 mol GDP/UCP,, in mitochondria from warm-adapted rats and 1.0 mol
GDP/UCP,_ in mitochondria from cold-adapted rats (Feil and Rafael, 1994). They also
stated that brown fat mitochondria from warm-adapted guinea pigs and rats were coupled
in the absence of GDP, whereas mitochondria from cold-adapted animals were uncoupled
in the absence of GDP. Interpreting their results in terms of dimeric UCP (the functional
unit of UCP in the mitochondrial inner membrane), Feil and Rafael (1994) suggest that
the UCP dimer (UCP,) binls one GDP in the inactive state, with this bound nucleotide
having no regulatory relevance, and that the UCP binds two GDP molecules in its active
state, with the bound nucleotides regulating UCP function.

The differences in the literature for the molar ratio of GDP bound/UCP_ may
reside in the methods used to quantify UCP. T ‘| and Rafael (1994) stated that thoir
purification of UCP from brown adipose tissue mitochondria by hydroxylapatite
chromatography represented only 40-50% of the protein eluted from the column. They
state that if UCP was purified only to this extent in previous studies, and was
subsequently used as a standard for UCP quantification in mitochondria, molar GDP

binding levels/'UCP, may have been underestimated. However, French er al. (1988)
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punfied UCP from rat brown adipose tissue mitochondria of cold-adapted antmals using
the standard hydroxylapatite chromatography method and measured 0.85 mol GDP
bound/mol UCP_ using this purified UCP.

In summary, it appears that the GDP binding ratio in thermogenically active rat
brown adipose tissue mitochondria can approach a value of 1 mol GDP bound/mol UCP |
with this ratio ranging from 0.5-1 and that the level of GDP bound to thermogenically
inactive rat brown adipose tissue mitochondria is not certain, but is equal to or less than
0.5 mol GDP/mol UCP_,. The molar ratio of GDP bound to UCP for UCP in
thermogenically active and inactive brown adipose tissue mitochondria is an important
parameter to be accurately determined for several reasons. In terms of understanding the
function of UCP, it must be determined whether the functional unit of UCP, UCP,, binds
one mol of GDP in its inactive state and two mol of GDP in its active state, or whether
the molar GDP binding ratio can vary from zero mol GDP bound for completely inactive
UCPy and up to two mol GDP bound to active UCP; These parameters are also
important in order to asscss the functional state of UCP that is expressed in heterologous

systems or reconstituted into proteoliposomes.

3.3.1.2 GDP Binding To Yeast Mitochondria: Optimization of Binding Conditions

GDP binding experiments to yeast mitochondrnia containing and lacking UCP were
carried out to determine the extent of GDP bound per mol UCP in comparison to the
molar GDP binding ratio found in the literature for rat brown adipose tissue mitochondria.
Binding of [3H]GDP to yeast mitochondna containing and lacking UCP in the presence

and absence of ADP was carried out following the centrifugation method of Desautels ef
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al. (1978) as outlined in the methods <ection 2.9.2 GDP Binding Assay. [MC]Sucrose
was used as a supernatant marker to measure the amount of unbound [3H]GDP from the
supernatant trapped in the mitochondrial pellet.

In preliminary studies, binding of [3H]GDP to mitochondria containing and
lacking UCP was measured with 10 uM GDP at pH 7.4. Yeast mitochondria containing
80 pg UCP/mg mitochondrial protein bound 0.45 = 0.02 nmol GDP/mg mitochondrial
protein (Table 3-2). Control mitochondria isolated from non-induced transformants bound
0.05 + 0.01 nmol GDP/mg mitochondrial protein and control mitochondria isolated from
galactose induced transformants that contained the shuttle vector without the UCP cDNA
bound 0.10 + 0.01 nmol GDP/mg mitochondrial protein (Table 3-2). After subtracting
the level of GDP bound to control mitochondria, yeast mitochondria containing UCP
bound 0.12 - 0.14 mol GDP/mol UCP_. This level of binding is comparable to that
found for brown adipose tissue mitochondria isolated from cold-adapted rats that had been
rewarmed to thermoneutral temperature (27°C) where GDP binding decreased from 0.30
to 0.12 mol GDP/mol UCP,, for 62 ng UCP/mg mitochondrial protein (Peachey er al,,
1988). The reduction in the molar ratio of GDP bound/UCP_, was thought to be due to
remasking of GDP binding sites on UCP which occured concurrently with inactivation of
mitochondrial proton conductance.

For the initial binding studies to yeast mitochondria, the buffer used for
mitochondrial isolaiion and GDP binding contained 0.6 M mannitol, 20 mM HEPES and
0.1% BSA at a pH of 7.4. However, past studies have shown that the affinity of purine
nucleotides for purified UCP and UCP present in brown adipose tissue mitochondria was

dependent on the pH of the binding medium. The strongest binding was observed over
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Table 3-2. GDP Binding to Isolated Yeast Mitochondria

Mitochondria were isolated from yeast transformants containing or lacking the UCP
c¢DNA that were grown in the presence or absence of 0.2% galactose for 8 h. Both the
mitochondrial isolation and the GDP binding were carried out in mitochondrial isolation
buffer containing 0.6 M mannitol, 20 mM HEPES, pH 74, 0.1% BSA. Binding of
[3H]GDP to isolated mitochondria was carried out in the presence of carboxyatractyloside
(0.1 M) as outlined in the method section 2.9.2 GDP Binding Assay using 10 pM GDP
without the addition of succinate, fatty acid free BSA or oligomycin. Data is presented
as the mean of three replicate binding samples from single mitochondrial preparations +
SEM. Yeast mitochondria isolated from transformants containing the UCP ¢DNA that
were induced with galactose contained 80 pg UCP/mg mitochondrial protein as
determined by immunoblot analysis.

Yeast Transformant UCP Expression GDP Bound
(nmol/mg mitochondrial
protein)

+UCP ¢cDNA +UCP 0.45 £ 0.02
+0.2% galactose for 8 h
+UCP cDNA -uUCp 0.05 + 0.0}
-galactose
-UCP ¢cDNA -UcCp 0.1 £0.01

+0.2% galactose for 8 h
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a pH range of 5.5 - 6.5 but the binding affinity decreased as the pH increased above 6.8
(Nicholls, 1976, Klingenberg, 1988, Rafael et ai., 1994). In addition, GDP inhibition of
oleate activated uncoupling of yeast mitochondria containing UCP (results section 3.3.2.4
Oleate Stimulation and GDP Inhibition of Yeast Mitochondrial Respiration) was observed
and measured at pH 6.5 in mitochondrial respiration buffer (0.65 M sorbitol, 0.36 mM
EDTA, 10 maM KCl, 10 mM KH,PO,, 10 mM Tris-HCI, 0.05% BSA). Binding of GDP
to yeast mitochondria was then tested using the mitochondrial respiration buffer at pH 6.5
to determine optimal binding conditions using 10 pM GDP (Table 3-3).

Mitochondria were isolated as before at pH 7.4 and the binding assay was carried
out in both the isolation buffer at pH 7.4 (0.6 M mannitol, 20 mM HEPES, 0.1% BSA,
pH 7.4) and the respiration buffer at pH 6.5 (0.65 M sorbitol, 0.36 mM EDTA, 10 mM
KCl, 10 mM KH,PO,, 10 mM Tris-HCI, 0.05% BSA, pH 6.5). Binding of GDP (10 uM)
to yeast mitochondria containing UCP increased from 0.5¢ + 0.02 to 0.93 + 0.03 nmol
GDP/mg mitochondrial protein fcr binding measured in isolation versus respiration buffer
respectively (Table 3-3). GDP binding to control mitochondria lacking UCP also
increased from 0.10 £ 0.01 to 0.4 * 0.04 nmol GDP/mg mitochondrial protein for binding
measured in isolation versus respiration buffer respectively (Table 3-3). Isolating
mitochondria containing UCP 1n an isolation buffer containing 0.6 M sucrose at pH 6.5
(the conditions required to prepare coupled yeast mitochondria, results section 3.3.2.3
Respiratory Control of Yeast Mitochondria) instead of 0.6 M manmitol at pH 74
decreased GDP binding measured in respiration buffer, pH 6.5 from 0.93 + 0.03 to .23
+ 0.1 nmol GDP/mg mitochondrial protein (Table 3-3). The higher level of GDP bound

measured at pH 6.5 to mitochondna isolated in isolation buffer containing mannitol at pH



Table 3-3. Comparison of GDP Binding in Different Buffers to Yeast Mitochondria
Isolated in Different Buffers

Mitochondria were isolated from yeast transformants containing (+UCP)} or lacking
(-UCP) the UCP c¢DNA after growth in the presence of 0.2% galactose for 8-10 h.
Mitochondrial isolation buffer either contained 0.6 M mannitol, 20 mM HEPES, pH 7.4,
0.1% BSA or 0.6 M sucrose, 20 mM HEPES, pH 6.5, 0.1% BSA. GDP binding to
r.itochondria was assayed in either mitochondrial isolation buffer containing 0.6 M
mannitol, 20 mM HEPES, pH 7.4, 0.1% BSA or mitochondrial respiration buffer
containing 0.65 M sorbitol, 0.36 mM EDTA 10 mM KCl, 10 mM KH,PO,, 10 mM Tris-
HCI, pH 6.5, 0.05% BSA. Binding of [ 'I]GDP was carried out as outlined in the
methods section 2.9.2 GDP Binding Assay using 10 uM GDP. Data is presented as the
mean + SEM. Data for GDP binding to -UCP mitochondria in mitochondrial isolation
buffer (0.6 M mannitol, 20 mM HEPES, pH 7.4, 0.1% GSA) was taken from Table 3-2
and GDP binding to -UCP mitochondria in respiration buffer was taken from Table 3-4.
GDP binding to +UCP mitochondria was assayed in duplicate.
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UcCPp
Expression

Mitochondrial
Isolation Buffer

GDP Binding Buffer

GDP Bound
nmol/mg
Mitochondnal
Protein

| S D S |

+UCP 0.6 M mannitol | Isolation Buffer
20 mM HEPES | (0.6 M mannitol, 20 mM 0.50 £ 0.02
pH 7.4 HEPES, pH 74, 0.1%
0.1% BSA BSA)
Respiration Buffer
(0.65 M sorbitol, 0.36
1 mM EDTA, 10 mM KCl, 0.93 +0.03
10 mM KH,PO,, 10 mM
Trs-HCL, pH ¢ ~ 9 05%
BSA)
+UCP 0.6 M sucrose Respiration Buffer
20 mM HEPES, | (0.65 M sorbitol, 0.36
pH 6.5, mM EDTA, 10 mM KCI, 023 +0.10
0.1% BSA 10 mM KH,PO,, 10 mM
Tris-HC], pH 6.5, 0.05%
BSA)
-UCp 0.6 M mannitol | Isolation Buffer
20 mM HEPES, | (0.6 »” manmtol, 20 mM 0.10 £ 0.0}
pH 74, HEPES, pH 7.4, 0.1%
0.1% BSA BSA)
f
Respiration Buffer
(0.65 M sorbitol, 0.36 0.40 + 0.04

mM EDTA, 10 mM KClI,
10 mM KH,PH, , 10 mM
Tris-HCI, pH 6.5, 0.05%
DSA)
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7.4 versus mitochondria isolated in isolation buffer containing sucrose at pH 6.5 may be
due to 2 lower level of endogenous GDP bound to UCP in mitochondria isolated at the
higher pH in comparison to that bound to UCP in mitochondria isolated at the lower pH
resulting from the pH dependancy of nucleotide binding to UCP (see results section 3.3.3
Comparison of UCP Functions in Yeast Mitochondria for further discussion).

Specific binding of GDP to UCP was measured as the difference between GDP
binding to mitochondria containing and lacking UCP. From Table 3-3, for mitochondna
isolated in isolation buffer at pH 7.4 with binding measured in the same buffer, specific
binding of GDP to UCP in mitochondria was 0.4 nmol GDP for approximately 80 pg
UCP (0.5 nmol GDP/mg mitochondrial protein minus 0.1 nmol GDP/mg mitochondrial
protein), for a molar binding ratio of 0.16 mol GDP/UCP_. For mitochondria isolated in
isolation buffer at pH 7.4 with binding measured in respiration buffer at pH 6.5, specific
binding of GDP to UCP in mitochondria was 0.53 nmol GDP for appre:.imately 80 ug
UCP (0.93 nmol/mg mitochondrial protein minus 0.40 nmol/mg mitochondrial protein),
for a molar binding ratio of 0.21 mol GDP/UCP,. The higher level of specific GDP
binding to UCP measured in respiration buffer at pH 6.5 as compared to isolation buffer
at pH 7.4 is probably due to the pH dependence of binding, since purine nucleotides have
a higher affinity to UCP at lower pH (Nicholls, 1976; Klingenberg, 1988). For
mitochondria isolated in sucrose isolation buffer at pH 6.5, specific binding of GDP to
UCP could not be determined because the appropriate control of GDP binding to
mitochondria lacking UCP isolated under these conditions was not measured. However,
even if there was no GDP bound to control mitochondria under these condition, the

specific binding of GDP to UCP would be 0.23 nmol GDP for 80 pg UCP (0.23 nmol
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GDP/mg mitochondnal protein minus 0 nmol GDP/mg mitochondrial protein), for a molar
binding ratio of 0.09 mol GDP/UCP,. As stated above, the lower level of binding
measured to mitochondria isolated under these conditions could be due to a higher level
of endogenous GDP bound to UCP in these isolated mitoshondria (see results section
3.3.3 Comparison of UCP Functions in Yeast Mitochondria).

Since the highest specific binding of GDP to UCP was measured for mitochondria
isolated in isolation buffer at pH 7.4 (0.6 M mannitol, 20 mM HEPES, 0.1% BSA) using
respiration buffer at pH 6.5 for the binding reaction, these conditions were used for
subsequent GDP binding studies. Using these binding conditions would also allow a
direct comparison of the K, for GDP binding and the K, for GDP inhibition of fatty acid
activated respiration in mitochondria containing UCP (results section 3.3.2.4 Oleate
Stimulation and GDP Inhibition of Yeast Mitochondrial Respiration) since the binding and

respiration measurements would be done in the same buffer.

3.3.1.3 GDP Binding to Yeast Mitochondria: Effect of Carboxyatractyleside on
GDP Binding

To determine if ADP could compete for the specific GDP binding to UCP in
yeast mitochondria, GDP binding would have to be measured in the absence and presence
of ADP. To avoid ADP binding to the ADP/ATP carrier, carboxyatractyloside, a potent
inhibitor of the ADP/ATP carrier that binds to its adenine nucleotide binding site, was
present in the GDP binding assay in order for ADP competition studies to be done
(Nicholls, 1976; Desautels et al, 1978). Although UCP belongs to the same

mitochondrial carrier family as the ADP/ATP carrier and binds both guanine and adenine
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nucleotides, GDP binding to brown adipose tissue mitochondria was shown to be
carboxyatractyloside insensitive (Nicholls, 1976). To determine if carboxyatractyloside
had any effect on GDP binding to yeast mitochondria, GDP binding was measured in its
absence and presence. In the absence of carboxyatractyloside, yeast mitochondria lacking
UCP bound a substantial level of GDP, which increased approximately 2.5 fold when
cells were grown in the presence of galactose (Table 3-4).  Although both
carboxyatractyloside (100 uM) and ADP (2 mM) reduced the level of GDP bound to
yeast mitochondria lacking UCP by approximately 70 - 75%, this still left a background
level of 0.4 nmol GDP bound/mg mitochondrnial protein at 10 pM GDP for control
mitochondria lacking UCP isolated from galactose induced cells. In contrast, rat liver
mitochondria were found to bind only 0.05 nmol GDP/mg mitochondrial protein at 10 uM
GDP in the presence of carboxyatractyloside (Nicholls, 1976). The carboxyatractyloside-
sensitive binding of GDP that can be competed by ADP in yeast mitochondria (line 1 of
Table 3-4), which has also been reported by Arechaga e al. (1993), has not been reported
in other mitochondria.  Further binding studies were done in the presence of
carboxyatractyloside to reduce the background level of GDP bound to control yeast
mitochondria.

To determine the molar ratio of GDP bound to UCP, the background level of
GDP bound to centrol yeast mitochondria lacking UCP isolated from galactose-induced
cells was subtracted from the level of GDP bound to mitochondria containing UCP. This
correction for background GDP binding to control mitochondria was not done when
binding data was analyzed for brown adipose tissue mitochondria, probably because
Nicholls (1976) found that rat liver mitochondria showed a low level of GDP binding at

10 uM GDP, 0.05 nmol GDP/mg mitochondrial protein.
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Table 3-4. Comparison of GDP Binding to Yeast Mitochondria in the Presence and
Absence of Carboxyatractyloside and ADP

Mitochondria were isolated from yeast transformants containing or lacking the UCP
¢DNA that were grown in the absence or presence of 0.2% pgalactose for 8-10 h.
Mitochondrial isolation buffer contained 0.6 M mannitol, 20 mM HEPES, pH 7.4, 0.1%
BSA. GDP binding was determined at 10 pM GDP in respiration buffer (0.65 M sorbitol,
0.36 mM EDTA, 10 mM KC|, 10 mM KH,PO,, 10 mM Tris-HCI, pH 6.5, 0.05% BSA
as outlined in the methods section 2.9.2 UCP Binding Assay. Binding wa: measured in
the presence or absence of carboxyatractyloside (0.1 mM) and in the presence or absence

of ADP (2 mM). Data is presented as the mean + SEM.

GDP Bound (nmol/mg mitochondrial protein)
b ____________________________________|
uce . Ga]act?se -carboxyatractyloside +carboxyatractyloside
Expression | Induction
-ADP +ADP -ADP +ADP
-uce -gal 0.59+ 0,01* | 0.1540.01* 0.18x0.01* 0.201£0.02*
-UCP +gal 1.5540.04* N.D. 0.40+0.04% | 0.38+0.057
+UCP +gal 1.45+0.02* N.D. 0.89+0.127 | 0.6640.047

* Data were obtained from singlc mitochondnial preparations with cach sample assayed in

duplicate.

Data are averages from three separate mitochondnal preparations.
N.D. - not determined.
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3.3.1.4  GDP Binding to Yeast Mitochondria: Binding Using Optimized Conditions

GDP binding curves were generated for yeast mitochondria containing and lacking
UCP isolated from cells grown under the same induction conditions (Figure 3-8).
Mitochondria lacking UCP showed a maximum binding of 0.4 nmol GDP/mg
mitochondrial protein with a K, of 0.35 M. A similar level of GDP binding to yeast
mitochondria was observed by Arechaga et al. (1993} at 0.32 nmol GDP/mg mitochondrial
protein with a higher dissociation constant of 1.3 pM GDP. Yeast mitochondria
containing UCP bound between 0.68 - 1.08 nmol GDP/mg mitochondrial protein (Figure
3-8). The level of UCP was quantified for each mitochondrial preparation and the
appropriate background level of GDP binding to mitochondria lacking UCP was
subtracted from the binding data. The level of GDP binding was expressed as mol GDP
bound per mol UCP dimer (UCP,) (Figure 3-9). From Figure 3-9, aK  of 0.8 £0.1 utM
GDP with a maximum binding capacity of 0.35 £ 0.02 mol GDP/mol UCP, or 0.18 +
0.01 mol GDP/mol UCP was measured. The binding affinity compares well to the
binding affinities found for UCP in rat brown adipose tissue mitochondria at pH 7.1: 0.4
uM GDP (Sundin and Cannon, 1980), 0.92 uM GDP (Trayhurn ef al., 1987), 0.38-0.73
UM GDP (Peachey ef al., 1988), 0.9 uM GDP (Rafael et al., 1994) and for that found for
UCP in yeast mitochondria at pH 6.8, 0.4 uM GDP (Arechaga et al., 1993). The K, for
purified rat UCP at pH 6.8 was 3.3 uM GDP (French et al., 1988). The binding capacity
for the yeast expressed UCP in this thesis study (0.18 + 0.01 mol GDP/mol UCP_)) was
close to that found for UCP in brown adipose tissue mitochondria from cold-adapted rats
that had been rewarmed (0.12 mol GDP/mol UCP,_} where it was thought that masking

of GDP binding sites on UCP occurred. The molar ratio of GDP bound to UCP in yeast
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Figure 3-8. GDP Bound to Isolated Yeast Mitochondria

Mitochondria were isolated from galactose-induced yeast transformants as outlined in the
methods section 2.7.3 Mitochondrizl Isolation From Yeast using isolation buffer
containing 0.6 M mannitol, 20 mM HEPES, pH 7.4, 0.1% BSA. Binding of [3H]GDP
to 0.5 mg mitochondria was measured in mitochondrial respiration buffer, pH 6.5 in the
presence of carboxyatractyloside at GDP concentrations ranging from 0.1-25 uM GDP
as outlined in the methods section 2.9.2 GDP Binding Assay. Three mitochondrial
preparations containing wild type UCP ((1} wt UCP, 110 pg UCP/mg mitochondrial
protein; (i1) wt UCP, 86 pug UCP/mg mitochondrial protein; (i11) wt UCP, 82 pug UCP/mg
mitochondrial protein) were tested and three mitochondrial preparations lacking UCP ((iv)
-UCP, data represents average of three experiments) were tested. Data is expressed as
nmol GDP bound/500 pug mitochondrial protein for each concentration of GDP tested.
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Figure 3-9. GDP Bound to Isolated Yeast Mitochondria Expressed Per Mol UCP; ..

The level of GDP bound to mitochondria lacking UCP was subtracted from that bound
to mitochondria containing UCP. The data is expressed as mol GDP bound/mol
UCPy; .- The data was calculated fiom experiments plotted in Figure 3-8 and represents
the average from three independent mitochondrial preparations containing UCP + SEM.
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mitochondria from Arechaga er al. (1993) was not stated but could be calculated from
their data. The tinding capacity they attributed to UCP was 0.17 + 0.1 nmol GDP/mg
mitochondrial protein and the expression level of UCP was on average 24 pg/mg
mitochondrial protein which would result in 0.23 + 0.13 mol GDP/mol UCP_,. Therefore,
the binding capacity of UCP in yeast mitochondria is comparable between the yeast
experiments. It is not known if the low ratio of GDP bound/UCF in yeast mitochondria
was due to UCP being inactive with respect to GDP binding because the protein had not
been activated in this system and therefore, the majority of UCP resided in a masked,
inactive state or because the protein (or a fraction of it) had been covalently modified or

folded improperly into the mitochondria, impairing its ability to bind GDP.

3.3.1.5 GDP Binding to Yeast Mitochondria: ADP Competed GDP Binding

GDP binding experiments were also carried out in the presence of ADP since
UCP binds both GDP and ADP in brown adipose tissue mitochondria (Nicholls, 1976,
Desautels er al., 1978) and in its purified form (Klingenberg, 1988, French er af, 1988).
If ADP was a competitive inhibitor of GDP, then the GDP binding curve in the presence
of ADP should be shifted to the right with respect to the curve in the absence of ADP,
such that there are lower levels of bound GDP in the presence of ADP at the tested GDP
concentrations. Results shown in Figure 3-10(a) indicate that the GDP binding curves in
the presence of 2 mM ADP to mitochondria containing UCP are shifted to the right. The
ADP competed GDP binding, calculated from the difference between binding in the
absence and presence of ADP, is shown in Figure 3-10(b). From these curves, the GDP

binding at 25 uM GDP was determined to be, on average, 28% of that found for GDP
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Figure 3-10(a). = GDP Bound to Yeast Mitechondria in the Absence and Presence of
ADP

GDP binding to yeast mitochondria was carried out as outlined in the legend to Figure
3-8 in the absence (-ADP) and presence (+ADP) of 2 mM ADP. Binding curves in the
absence of ADP are reproduced from Figure 3-8. Graphs (i), (i) and (iii) are for
mitochondrial preparations containing 110, 86 and 82 pg wild type UCP/mg
mitochondrial protein respectively. GDP binding to mitochondria lacking UCP is
illustrated in graph (iv) and represents the average binding curves calculated from three
independent mitochondrial preparations + SEM.
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Figure 3-10(b).  ADP competed GDP Binding to Yeast Mitochondria

The amount of bound GDP competed by ADP was calculated from the difference between
the GDP binding curves of Fig. 3-10(a) in the absence (-ADP) and the presence (+ADP)
of ADP. Binding curves (i), (ii) and (iii) are for mitochondrial preparations containing
110, 86 and 82 pg wild type UCP/mg mitochondrial protein respectively. Binding curve
(iv) represents ADP competed GDP binding to yeast mitochondria lacking UCP which is
the average curve calculated from three independent mitochondrial preparations + SEM.
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bound to mitochondria in Figure 3-8. From the data in Figure 10(b), the ADP competed
GDP binding was recalculated after subtracting the data for mitochondria lacking UCP
and expressed as the molar ratio of GDP bound/UCP, (Figure 3-11). The ADP competed
GDP binding had a binding capacity of 0.14 £ 0.02 mol GDP/mol UCP,, which was only
40% of the GDP binding capacity measured in Figure 3-9 (0.35 £ 0.02 mol GDP/mol
UCP,). The binding affinity of GDP was 0.9 + 0.4 uM GDP from Figure 3-11 which
was within error of the binding affinity of 0.8 £ 0.1 uM GDP from Figure 3-9. In theory,
the binding affinity of GDP and the molar ratio of GDP bound/UCP, should be the same
for GDP binding to UCP (Figure 3-9) and ADP competed GDP binding to UCP (Figure
3-11). It is not clear why 2 mM ADP did not compete all GDP binding to UCP. If 1t
is assumed that GDP and ADP have equal binding affinity to UCP and ADP is a
competitive inhibitor of GDP, then it can be calculated using the equation 1/V=1/V_ ..
+ Kp/Voax (1 + [IVK)(1/[S]) that in the presence of 2 mM ADP, GDP binding should
have been reduced to 1% of its original value.

This lack of complete inhibition of GDP binding by ADP was also observed in
rat brown adipose tissue mitochondria where a 10 fold excess of ADP reduced GDP
binding to brown adipose tissue mitochondria from cold-adapted rats by 50% (Desautels
el al, 1978). In mouse brown adipose tissue mitochondria, the ADP competed GDP
binding was also reported to be lower than GDP binding in the absence of ADP
(Goodbody and Trayhumn, 1981). Rafael et al. (1994) have recently shown that UCP in
rat brown adipose tissue mitochondria had an 18 fold higher affinity for GDP over that

for ADP at pH 7.0. In the yeast experiment, if ADP was a competitive inhibitor of GDP

binding, with a 67 fold excess of ADP, a K, of 14 uM ADP (assuming the K, is 18
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Figure 3-11. ADP Competed GDP Binding Expressed Per Mol UCPy;,,,

The level of GDP bound to yeast mitochondria lacking UCP that could be competed by
ADP (Figure 3-10b(iv)) was subtracted from that bound to mitochondria containing wild
type UCP (Figure 3-10b(i-iii)). The data is expressed as the mol GDP bound/mo!
UCP,io Each point represents an average from three independent mitochondrial
preparations + SEM.
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times higher for ADP than GDP), and a binding capacity equal to that found for GDP
(0.35 mol ADP/mol UCP,), then ADP would still have reduced binding to 17% of the
original value. If this were so, then the binding capacity for the ADP competed GDP
binding would be 83% of the original binding capacity. It is not known whether ADP
only competes out 40% of the binding to UCP due to a lower affinity (K of 100 uM
ADP required to compete out 40% of GDP binding at 2 mM ADP), or whether expression
of UCP increases the background level of GDP binding in yeast mitochondria due to

increased GDP binding to some other protein present in yeast mitochondria.

33.2 Uncoupling of Oxidative Phosphorylation in Yeast Mitochondria by UCP
3.3.2.1 Oxidative Phosphorylation and Respiratory Control

Oxidative phosphorylation refers to the flow of electrons through the
mitochondrial respiratory chain to oxygen as ADP is simultaneously phosphorylated to
ATP (as outlined in the Introduction, Figure 1-1). As electrons are transferred from the
electron carriers of the respiratory chain to oxygen, protons are pumped out from the
mitochondrial matrix across the mitochondrial inner membrane into the intermembrane
space. Since the mitochondrial inner membrane is relatively impermeable to protons,
respiration establishes an electrochemical gradieat across the inner membrane which
serves as a storage form for the energy of substrate oxidation. The stored electrochemical
energy of the transmembrane proton gradient, termed the protonmotive force, is used to
drive ATP synthesis. When protons flow down their electrochemical gradient back into
the matrix through the ATP synthase, the energy released is used in the synthesis of ATP.

As the proton electrochemical gradient collapses during this process, the rate of respiration
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(oxygen consumption) increases in order to pump protons back out of the matrix at a rate
that balances proton re-entry into the matrix,

The regulation of oxidative phosphorylation by ADP is called respiratory control.
Mitochondria are under tight respiratory control when oxidation occurs only as ADP is
phosphorylated to ATP. Since oxidation and phosphorylation are coupled to the proton
gradient under these circumstances, the mitochondria are iermed "coupled”. When protons
re-enter the mitochondrial matrix through an alternative pathway, bypassing the ATP
synthase, oxidation occurs without phosphorylation. These mitochondria are not under
respiratory control and are termed "uncoupled". Respiratory control is measured by
comparing the rate of mitochondrial oxygen consumption in the presence of ADP to the
rate that results after all the ADP is converted to ATP (Figure 3-12). The ratio of these
rates is known as the respiratory control ratio (RCR). The higher the RCR, the better the

respiratory control and therefore, the more coupled the mitochondria are.

33.2.2 Brown Adipose Tissue Mitochondna

Mitochondria isolated from brown adipose tissue of cold-adapted animals are
uncoupled, with no stimulation of respiration by ADP or uncouplers. The lack of
respiratory control in brown adipose tissue mitochondria is due to the high proton
conductance of the inner membrane resulting from the activity of UCP. UCP enables
these mitochondria to dissipate the energy of oxidation as heat (non-shivering
thermogenesis) rather than using it to drive ATP production. Past studies have shown that
proton permeability and respiration of brown adipose tissue mitochondria is activated by

fatty acids resulting in uncoupling and inhibited by GDP resulting in recoupling (reviewed
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Figure 3-12. Respiratory Control

Mitochondria are depicted under idealized absolute respiratory control. In part (a),
mitochondria with an established proton electrochemical gradient will not oxidize
substrate in the absence of ADP, therefore, no O, consumption occurs. When ADP is
added to the mitochondria, respiration (O, consumption) is stimulated (b) in order to
pump protons back out of the matrix at a rate that balances proton re-entry through the
ATP synthase as the proton electrochemical gradient is collapsed during ATP synthesis.
When all the ADP is converted to ATP, respiration is no longer required once the proton
electrochemical gradient is re-established (¢). The respiratory control ratio (RCR} 1s
measured as rate (b)/rate (c).
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in Nicholls e al., 1986). It is now known from reconstitution studies using purified UCP
that UCP transports many different monovalent anions and that these ion transporting
activities of UCP are inhibited by purine nucleoside di- and triphosphates (Jezek ef al,
1990, Jezek and Garlid, 1990; Jezek e al., 1994). In addition, reconstitution studies have
shown that proton flux across lipid bilayers mediated by UCP is activated by free fatty
actds (Winkler and Klingenberg, 1994, Murdza-Inglis er al., 1994; Jezek ef al., 1994),
although it is not certain if UCP is involved directly in proton transport or indirectly as

a fatty acid anion transporter, thus enabling fatty acids to act as protonophores

(Skulachev, 1991).

3.3.23 Respiratory Control of Yeast Mitochondria

Respiratory control of yeast mitochondria containing and lacking UCP was
examined to determine whether UCP could give yeast mitochondria the respiratory
characteristics of brown adipose tissue mitochondria. The coupled state of yeast
mitochondria containing and lacking UCP was measured using an oxidative
rhosphorylation assay. The mitochondrial respiratory rate was monitored using an oxygen
electrode to measure the amount of oxygen consumed over time, Respiratory control was
determined by measuring the respiratory control ratio (RCR), the ratio of the ADP
stimulated rate to the rate re-established after ADP stimulation (Figure 3-12). The RCR
was used as an indication of the coupled state of the mitochondria. Yeast mitochondria
typically have RCRs in the range of 2.0 - 3.5 (Yaffee, 1991).

When mitochondria were isolated in isolation buffer containing 0.6 M mannitol,

20 mM HEPES at pH 7.4, 0.1% BSA with respiratory control measured in respiration
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buffer at pH 7.4, the RCR for mitochondria cortaining wild type UCP was only 1.6 £0.1.
By changing the isolation buffer to one containing 0.6 M sucrose, 20 mM HEPES at pH
6.5, 0.1% BSA and changing the pH of the respiration buffer to pH 6.5, the RCR for
yeast mitochondria containing UCP (Figure 3-13a) increased to 2.0 = 0.1 (averaged from
11 independent mitochondrial preparations). It is likely that isolating yeast mitochondria
at the lower pH resulted in more endogenously bound purine nucleotide, resulting in
inhibition of UCP and better coupling of the mitochondria (see results section 3.3.3
Comparisons of UCP Functions in Yeast Mitochondria for further discussion). The RCR
for mitochondna lacking UCP (Figure 3-13b) was 2.8 £ 0.2 averaged from 5 independent
preparations. Since mitochondria containing UCP are slightly less coupled than
mitochondria lacking UCP, this could indicate a low level of UCP activity. However, it
is also possible that UCP is inactive in yeast mitochondria. The integrity of the
mitochondrial inner membrane may have been compromised due to the high level of UCP,
thereby making the inner membrane leaky from non-specific effects which would result

in some loss of respiratory control.

3.3.2.4 Oleate S¥mulation and GDP Inhibition of Yeast Mitochondrial Respiration
To determine whether fatty acids could activate UCP in yeast mitochondria, the
effects of oleate (a strong activator of UCP) and GDP (a strong inhibitor of UCP) on
respiration and coupling of yeast mitochondria were examined using two assays.
The first assay was based on the oxidative phosphorylation assay. Normally,
when mitochondria become uncoupled, protons re-enter the matrix by an altemative

pathway bypassing the ATP synthase. The increase in proton re-entry rate causes an
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Figure 3-13. Respiratory Control in Yeast Mitochondria Containing and Lacking UCP

Respiration of yeast mitochondria containing (+UCP) and lacking (-UCP) uncoupling
protein was monitored before and after ADP addition (as outlined in the methods section
2.9.1 Respiration Assay). The addition of mitochondria (m), succinate (S} and ADP (A)
to the reaction chamber are denoted on the traces. The respiratory rates recorded above
the traces are in nmol 0,/min/mg mitochondrial protein. The respiratory control ratios
(RCRs) were calculated from the ADP stimulated rate divided by the cut off rate as
outlined in the legend to Figure 3-12. The RCR for mitochondria containing UCP was
2.0 from the illustrated example. The RCR for mitochondria lacking UCP was 3.8 from
the illustrated example.
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increase in the respiratory rate, such that protons are pumped back out of the matrix at
a rate that balances proton re-entry. The effect of the protonophore CCCP on yeast
mitochondrial respiration illustrates the uncoupling effect on respiratory rate and ADP
stimulation (Figure 3-14). As the concentration of CCCP was increased, the respiratory
stimulation increased. The coupled state of the mitochondria was tested by ADP addition.
ADP caused less of a stimulation in the respiratory rate as oxidation became uncoupled
from phosphorylation. Recoupling of mitochondria would cause a decrease in the
respiratory rate and a normal ADP respiratory stimulation. To test the effect of oleate on
yeast mitochondrial respiration, oleate was added to respiring mitochondria and its effect
on the respiratory rate recorded using an oxygen electrode. The coupled state of the
mitochondria was assessed by ADP addition. GDP was then subsequently added to the
mitochondria to test its effect on respiration and again the coupled state of the
mitochondria was assessed by ADP addition. A schematic of the assay is presented in
Figure 3-15. In theory, activation of UCP by oleate would cause an increase in the
respiratory rate and uncoupling of the mitochondria (Figure 3-15a). Inhibition of UCP
by GDP would cause a decrease in the respiratory rate and recoupling of the mitochondria
(Figure 3-15a). If the oleate and GDP effects were specific to UCP, yeast mitochondria
lacking UCP would show no effects from their addition (Figure 3-15b).

The effects of oleate and GDP on yeast mitochondrial respiration using this assay
are presented in Figure 3-16a and b. The results from this assay are expressed as the
respiratory stimulation versus free oleate concentration using 3 different curves:
respiratory stimulation (i) after oleate addition, (i) after the subsequent ADP addition

(ADP,) and (iii) after GDP and the subsequent ADP addition (ADP,). The respiratory
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Figure 3-14. Effect of CCCP on Mitochondrial Respiration

The effect of the protonophore CCCP on yeast mitochondrial respiration was monitored
for increasing concentrations of CCCP. Yeast mitochondria were isolated as outlined in
the methods section 2.7.2 Mitochondrial Iselation From Yeast. Mitochondnal respiration
was monitored using an oxygen electrode as outlined in the methods section 2.9.1
Respiration Assay. After the addition of succinate to the mitochondria, CCCP was added
to the concentration indicated on the graph and the respiratory rate was measured ({1)
CCCP). Subsequently, ADP (100 puM) was added to test the coupled state of the
mitochondria and the respiratory rate was measured ((ii)) ADP). The respiratory
stimulations caused by CCCP and the subsequent ADP additions are expressed as a
percentage of the respiratory rate stimulation caused by ADP addition in the absence of
CCCP.
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Figure 3-15. Schematic of Assay 1 Used to Test the Effects of Oleate and GDP on
Yeast Mitochondrial Respiration

Yeast mitochondrial respiration was monitored using an oxygen electrode as outlined in
the methods section 2.9.1 Respiration Assay. Once the mitochondria established a steady
state respiratory rate using succinate for substrate oxidation, oleate was added (at varying
concentrations) and the resulting respiratory rate recorded. Coupling was tested by ADP
addition. Subsequently, GDP (167 pM) was added and the resulting respiratory rate
recorded. Coupling was again tested by ADP addition. Figure (a) depicts the expected
result if oleate caused uncoupling and GDP caused recoupling of the mitochondna.
Figure (b) depicts the expected result if oleate and GDP had no effect on the coupled state
of the mitochondria.
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stimulation was calculated as the difference between the stimulated rate and the previous
rate, expressed as a percentage of the ADP stimulation measured in the absence of oleate
or GDP. Since 45 uM BSA was present in the reaction medium and BSA binds oleate,
the free oleate concentration in the reaction was calculated and plotted. In mitochondria
lacking UCP (Figure 3-16a(i)), oleate had no effect on respiration from 0 to 6 uM oleate.
above which oleate started to cause respiratory stimulation. The mitochondria were
coupled up to 6 uM oleate (Figure 3-16a(ii)). This was evident from the respiratory
stimulation caused by the first ADP addition which only started to drop below 80% of its
original value above 6 uM oleate. GDP had no recoupling effect on the mitochondria
since the respiratory stimulation after the second ADP addition (Figure 3-16a(iii)) was
very similar to, and in fact less than, the stimulation after the first ADP addition.

In contrast, respiration of mitochondria containing UCP increased over the 0 to
6 UM oleate range (Figure 3-16b(1)). The respiratory stimulation appeared to plateau at
6 UM oleate, reaching 53% of the original ADP stimulation before increasing again.
Above 6 nM oleate, oleate caused a further increase in respiration as observed for
mitochondria lacking UCP. As oleate increased respiration, the subsequent ADP
respiratory stimulation decreased (Figure 3-16b(ii)), which indicated that oleate was
uncoupling the mitochondria. GDP had a recoupling effect on the mitochondria up to 7.6
UM oleate (Figure 3-16b(ii1)) evident from the respiratory stimulation by the second ADP
addition after GDP, which was greater than the stimulation by the first ADP addition prior
to GDP. By 11 pM oleate addition, irreversible uncoupling of the mitochondria had
occurred. From Figure 3-16b, at 11 uM oleate , the ADP stimulation before and after

GDP addition were both low at 8.3 and 15.6 % of the original value respectively. The



Figure 3-16. Effects of Oleate and GDP on Yeast Mitochondrial Respiration Using
Assay 1

The effects of oleate and GDP on yeast mitochondrial respiration were tested using Assay
1 outlined in the methods section 2.9.1 Respiration Assay and in the legend to Figure 3-
15 Mitochondria were isolated as outlined in the methods section 2.7.3 Mitechondrial
Isolation From Yeast in isolation buffer containing 0.6 M sucrose, 20 mM HEPES, pH
6.5, 0.1% BSA. Mitochondria lacking UCP (-UCP, (a)) were isolated from yeast
transformants containing the UCP cDNA that were not induced with galactose.
Mitochondria containing wild type UCP (b) were isolated from yeast transformants
containing the UCP cDNA that were induced to express UCP by galactose addition. The
respiratory stimulation after the addition of oleate ((1) oleate, -B); the first ADP addition
((ii) ADP1, -0-); and the subsequent GDP and second ADP addition ((iii) ADP2, -%) 15
expressed as a percentage of the ADP stimulation in the absence of oleate or GDP. ADP
stimulation was measured as the difference between the respiratory rates (r) in the
presence of ADP and succinate, [ADP, -succinate ). The oleate stimulation was measured
as the difference between the resniratory rates in the presence of oleate and succinate,
[oleate -succinate ]. The ADPI stimulation was measured as the difference between the
respiratory rates in the presence of ADP1 and oleate, (ADP1 -oleate,]. The ADP2
stimulation was measured as the difference between the respiratory rates in the presence
of ADP2 and GDP, {ADP2 -succinate]. The results are averaged from 3 independent
mitochondrial preparations containing wild type UCP and 2 independent mitochondnal
preparations lacking UCP * SEM.
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uncoupling and recoupling effects of oleate and GDP respectively are most clearly
observed in this figure from 2 to 6 uM oleate. At 6 uM oleate, oleate addition caused
a respiratory stimulation equal to 53% of the original ADP stimulation; the subsequent
ADP stimulation dropped to 36% of its original value; the ADP stimulation after the
subsequent GDP addition increased to 80% of its original value. GDP also had a
recoupling effect in mitochondria containing UCP even when no oleate was added. This
was evident from the second ADP stimulation (after GDP addition) at zero oleate addition
which was greater than the first ADP stimulation, in contrast to mitochondria lacking UCP
(Figure 3-16a).

From these experiments, it appears that there is a low basal level activity of UCP
in isolated yeast mitochondna since GDP has a recoupling effect on yeast mitochondria
containing UCP in the absence of oleate. No such effect was observed in yeast
mitochondna lacking UCP. A low basal level activity of UCP in yeast mitochondria is
also in agreement with the RCR values reported for mitochondria containing and lacking
UCP. Yeast mitochondria containing UCP have a lower RCR (2.0) as compared to
mitochondria lacking UCP (2.8), indicating that mitochondria containing UCP are more
uncoupled.

Oleate was proven to be ineffective as an uncoupler of yeast mitochondria in the
absence of UCP. However, since low concentrations of oleate uncoupled yeast
mitochondria containing UCP and GDP reversed these effects; it is clear that oleate can
activate UCP and GDP can inhibit UCP in yeast mitochondria. Oleate uncoupling
appeared to saturate at about 6 pM oleate in mitochondria containing UCP. The

concentration of oleate required for half maximal respiratory stimulation (K, ) was
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determined using Michaelis-Menten kinetics. The data for oleate respiratory stimulation
was replotted for mitochondria containing and lacking UCP and is presented in Figure 3-
17. The K, 5 was calculated to be 3.0 £ 0.6 uM oleate. This value is higher than that
found for palmitate in guinea pig brown adipose tissue mitochondra where the K, 5 was
0.1 uM palmitate (Cunningham et al, 1986). However, the concentration of laurate
required for 50% maximal GDP-sensitive proton efflux for hamster brown adipose tissue
UCP reconstituted into proteoliposomes was 16-33 uM laurate (Orosz, 1993".

The second assay used to assess the effects of oleate and GDP on yeast
mitochondrial respiration was based on first inhibiting the ATP synthase in the
mitochondria. Phosphorylation can be inhibited in mitochondna using oligomycin, a
potent inhibitor of the ATP synthase, which in tumn stops protons from re-entering the
mitochondrial matrix through the ATP synthase. In the presence of oligomycin, any
mitochondrial oxidation that occurs must be in response to protons re-entering the
mitochondrial matrix by pathways other than through the ATP synthase. In the absence
of ATP synthesis, mitochondrial respiration is mainly controlled by the proton leak across
the mitochondrial inner membrane, but there is also significant control by the succinate
utilization reactions (reactions that catalyze transport of succinate into the mitochondria
and its oxidation by the electron transport chain) (Groen et al., 1982, reviewed in Nicholls
and Ferguson, 1992). To test the effects of oleate and GDP on yeast mitochondria using
this assay, oligomycin was first added to respiring mitochondria. Oleate was then added
to the mitochondria and its effect on the respiratory rate was recorded. GDP was
subsequently added and its effect on the respiratory rate was recorded. A schematic of

the assay 1s presented in Figure 3-18. In theory, activation of UCP by oleate would cause
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Figure 3-17. Yeast Mitochondrial Respiratory Stimulation After Oleate Addition

The data for the respiratory stimulation measured after oleate addition from Figure 3-16
a and b were replotted for mitochondria containing wild type UCP (wt UCP) and lacking
UCP (-UCP). The concentration of oleate required for half maximal respiratory
stimulation (K, 5) of mitochondria containing UCP was calculated from a curve fit of the
data 10 a one site bmdmg model (Michaelis-Menten kinetics, V S/(K_ +8)). The K, 5 was
3.0 £ 0.6 uM oleate.
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Figure 3-18. Schematic of Assay 2 Used to Test the Effects of Oleate and GDP on
Yeast Mitochondnal Respiration

Yeast mitochondrial respiration was monitored using an oxygen electrode as outlined in
the methods section 2.9.1 Respiration Assay. Once the mitochondria established a steady
state respiratory rate using succinate for substrate oxidation, oligomycin was added (66
pg/ml) to inhibit the ATP synthase. Oleate was then added (as mixtures of cleate/BSA
solutions) anrd the resulting respiratory rate recorded. Subsequently, GDP (167 pm) was
added and .ic resulting respiratory rate recorded. Oleate/BSA mixtures added to the
reaction ranged from a molar ratio of 1:1 oleate:BSA to 7.1 oleate:BSA, where the BSA
concentration was held constant at 5 mM. For control reactions without the addition of
oleate, 5 mM BSA was added to the reaction. The concentration of free oleate in the
reaction was determined as outlined in the methods section 2.9.1.1 Determination of Free
Oleate Concentration in Oleate/BSA Solutions. Plot (a) depicts the expected result if
oleate caused uncoupling and GDP caused recoupling of the mitochondria. Plot (b)
depicts the expected result if oleate and GDP had no effect on the mitochondria.
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an increase in the mitochondrial respiratory rate (Figure 3-182). Subsequent inhibition
of UCP by GDP would decrease the respiratory rate, reversing the oleate effect (Figure
3-18a). If the oleate and GDP effects were specific to UCP, mitochondria lacking UCP
would show no effects from oleate or GDP (Figure 3-18b).

The effect of oleate on yeast mitochondrial respiration was plotted as the
respiratory stimulation versus free oleate concentration (Figure 3-19). The respiratory
stimulation by oleate was calculated as the difference between the oleate stimulated
respiratory rate and the rate in the absence of oleate, expressed as a percentage of the
ADP stimulation in the absence of oligomycin and oleate. Since oleate was added as pre-
equilibrated oleate/BS A mixtures, the free oleate concentration was calculated and plotted.
Oleate did not cause any respiratory stimulation in mitochondna lacking UCP over the
oleate concentration range tested (Figure 3-19) again indicating oleate is ineffective as an
uncoupler in yeast mitochondria lacking UCP. However, oleate did cause a saturable
respiratory stimulation in mitochondria containing UCP over the oleate concentration
range tested (Figure 3-19). The oleate respiratory stimulation measured using the two
different assays were very similar, evident by comparing Figures 3-17 and 3-19. The
oleate concentration that caused 50% of the maximum oleate stimulation (K, 5) using the
second assay was 3.4 + 0.5 uM oleate, which was within error of the K, 5 calculated
using the first assay, 3.0 £ 0.6 uM oleate.

The observed oleate stimulation in mitochondria containing UCP using the second
assay was also reversible by GDP as shown in Figure 3-20. Here, the value of the oleate
respiratory stimulation was calculated from the difference between the oleate stimulated

rate and the subsequent GDP inhibited rate rather than from the difference between the



Figure 3-19. The Effect of Oleate on Yeast Mitochondrial Respiration Using Assay 2

The effect of oleate on yeast mitochondrial respiration was tested using the oligomycin
Assay 2 outlined in the methods section 2.9.1 Respiration Assay and in the legend to
Figure 3-18. Yeast mitochondria were isolated from cells containing the UCP ¢cDNA that
were either induced with galactose to express wild type UCP (wt UCP) or were not
induced with galactose and lack UCP (-UCP) as outlined in the methods section 2.7.3
Mitochondrial Iselation From Yeast. Mitochondria were isolated in isolation buffer
containing 0.6 M sucrose, 20 mM HEPES, pH 6.5, 0.1 % BSA. The respiratory
stimulation after oleate addition is presented as a percentage of the respiratory stimulation
measured for ADP in the absence of oleate and GDP: [oleate respiratory stimulation/ADP
respiratory stimulation]x100. The reference reaction, to which the respiratory stimulation
by ADP or oleate was compared to, included the addition of succinate, oligomycin, BSA
and GDP to mitochondria as explained in the legend to Figure 3-18. All respiratory rates
(r) were normalized to the succinate rate of that reaction. Respiratory stimulation for
oleate was calculated as the difference between the oleate stimulated respiratory rate
(recorded after the addition of oleate/BSA mixtures to a reaction) and the rate in the
absence of oleate (recorded after the addition of BSA only in the reference reaction):
[(oleate/BSA) /succinate,]-[BSA succinate]. Respiratory stimulation for ADP was
calculated as the difference between the ADP stimulated rate in the absence of oligomycin
and oleate, and the rate in the presence of BSA only in the reference reaction:
[ADP fsuccinate ]-[BSA /succinate].  The plotted results were averaged from 3
independent mitochondrial preparations containing wild type UCP and 2 independent
mitochondrial preparations lacking UCP + SEM. The concentration of oleate required for
50% maximal stimulation (K, ), measured as described in the legend to Figure 3-17, was
34 £ 0.5 pM oleate.
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Figure 3-20. Oleate Respiratory Stimulation Relafive to the GDP Inhibited Rate

Oleate respiratory stimulation from the experiment of Figure 3-19 was replotted such that
the oleate stimulation was measured as the difference between the oleate stimulated rate
and the GDP inhibited rate, rather than as the difference between the oleate stimulated
rate and the BSA only rate (see schematic of assay 2 in Figure 3-18). All rates were
normalized to the succinate respiratory rate. The respiratory stimulation was still
expressed as a percentage of the ADP stimulation which was measured in the absence of
oligomycin and oleate as outlined in the legend to Figure 3-19.
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oleate stimulated rate and the rate in the absence of oleate. Clearly, GDP reversed the
effects of oleate. In comparing Figure 3-19 and 3-20, GDP inhibited the respiratory rate
of mitochondria containing UCP at zero oleate addition by 12.3%, but did not show this
effect in mitochondira lacking UCP. The slight respiratory stimulation in mitochondria
containing UCP in the absence of oleate that could be inhibited by GDP indicated a low
basal level of UCP activity in yeast mitochondria. This low basal level of activity of
UCP in isolated yeast mitochondria was also supported from the results of the first assay
where GDP addition recoupled yeast mitochondria in the absence of oleate and from the
lower RCR determined for mitochondria containing UCP in comparison to mitochondria
lacking UCP.

In order to determine the GDP concentration required to decrease oleate-activated
respiration by 50% (K;), the decrease in the oleate-activated respiratory rate was titrated
using a range of GDP concentrations. The respiratory rate was stimulated using a 4:]
oleate/BSA molar ratio which is equal to 4.4 uM free oleate. The effect of GDP on the
oleate-stimulated respiratory rate was plotted as the respiratory inhibition versus GDP
concentration (Figure 3-21). The respiratory inhibition was calculated as the difference
between the oleate-stimulated and GDP-inhibited respiratory rates. The inhibition was
expressed as a percent decrease of the oleate stimulation. The oleate stimulation was
calculated from the difference between the oleate stimulated rate and the rate in the
absence of oleate. The inhibition constant was calculated as the concentration of GDP
that caused 50% of the maximum inhibition using Michaelis-Menten kinetics. The K, was
determined to be 26 . 1 uM GDP. Nicholls (1974a) reported the concentration of GDP

required for 50% inhibition of mitochondrial proton conductance for isolated brown
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Figure 3-21. Inhibition of Oleate Stimulation by GDP

The effect of GDP on the oleate-stimulated respiratory rate for the mitochondrial
preparations tested in Figure 3-19 was measured for a range of GDP concentrations. The
respiratory rate (r) was stimulated using a solution of oleate/BSA containing a molar ratio
of 4:1 oleate;BSA, which is equivalent to 4.4 uM free oleate. The effect of GDP on the
oleate-stimulated respiratory rate was plotted as the respiratory inhibition versus GDP
concentration. The inset shows an expanded scale for GDP concentrations ranging from
0-400 pM. The respiratory inhibition was calculated as the difference between the oleate-
stimulated and GDP-inhibited respiratory rates with all rates normalized to the succinate
respiratory rate: [(oleate/BSA) /succinate ]-[GDP fsuccinate]. The inhibition was
expressed as a percent decrease of the oleate stimulation: [(respiratory
inhibition/respiratory stimulation)x100]. The oleate stimulation was calculated from the
difference between the oleate stimulated rate and the rate in the absence of oleate as
outlined in the legend to Figure 3-19. The results are averaged from 3 independent
mitochondrial preparations containing wild type UCP and 2 independent mitochondrial
preparations lacking UCP & SEM. The concentration of GDP required to decrease oleate-
activated respiration by 50% (Ki), calculated from Michaelis-Menten kinetics

(Vo SIK,+S), was 26 + 1 pM GDP.
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adipose tissue mitochondria in the presence of albumin was 10 uM GDP at pH 7.1 which
agrees with the K, determined for GDP inhibition of oleate-activated respiration in yeast
mitochondria containing UCP. GDP inhibition of laurate-activated proton efflux for
reconstituted hamster brown adipose tissue UCP had a K| of 16 uM GDP (Jezek et al,
1994,). GDP inhibition of laurate-activated proton efflux for reconstituted yeast expressed
rat UCP had a K; of 8-10 uM GDP (Murdza-Inglis et al., 1994). Therefore, GDP
inhibition of UCP in yeast mitochondria agrees well with GDP inhibition of UCP
determined in brown adipose tissue mitochondria and in proteoliposomes.

In contrast to the GDP-sensitive, fatty acid-activation of respiration found in yeast
mitochondria containing UCP or for reconstituted UCP in proteoliposomes, exogenous
fatty acid acfivation of respiration in brown adipose tissue mitochondria is not overcome
by GDP (Rial et al,, 1983). Fatty acids can override the nucleotide induced respiratory
control in brown adipose tissue mitochondria. However, GDP can inhibit fatty acid-
induced proton permeability in non-respining brown adipose tissue mitochondria (Rial er
al, 1983) and endogenous proton conductance in respiring brown adipose tissue
mitochondria (Nicholls, 1974a).

The discrepancy in the effect of fatty acid and GDP in respiring and non-respiring
brown adipose tissue mitochondria is thought to reside in the magnitude of the membrane
potential under respiring and non-respiring conditions and the type of proton conductance
observed for the inner membrane at each potential (Rial er af, 1983). Mitochondnal
proton conductance is the measure of proton current (derived from the respiratory rate)
per mV of membrane potential. In all mitochondria, the inner membrane is not

completely impermeable to protons in the absence of ATP synthesis. Therefore,
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respiration continues to pump protons back out of the matrix at a rate that balances proton
re-entry thus maintaining the membrane potential. For mitochondria respiring at rates
below their maximum rate, the magnitude of the membrane potential increases as substrate
supply increases. Because the proton leak across the inner membrane also increases as
the membrane potential increases, the steady-state respiratory rate, which is required to
maintain the potential, also increases. Under these circumstances, the proton conductance
across the inner membrane is constant, following an ohmic relationship where proton
current increases in proportion to membrane potential (reviewed in Nicholls and Ferguson,
1992). However, a point is reached where the membrane potential plateaus but the
respiratory rate continues to increase with substrate supply. At this high membrane
potential termed the breakpoint, the proton conductance shifts to a non-ochmic relationship,
where proton current increases without an increase in membrane potential (Nicholls and
Ferguson, 1992). Nicholls and Ferguson (1992) state that non-ohmic conductance occurs
possibly to limit the magnitude of the potential across the membrane. Respiration
increases during non-ohmic conductance without an increase in membrane potential either
because the inner membrane becomes increasingly leaky to protons at high membrane
potentials or because the respiratory chain "slips” at high membrane potentials, pumping
out less protons than it normally does (Nicholls and Ferguson, 1992). A maximum
respiratory rate is reached during non-ohmic conductance in the presence of excess
substrate, which is limited by the substrate utilization reactions (Nicholls and Ferguson.
1992}.

GDP has the effect of converting a very high ohmic conductance in brown

adipose tissue mitochondria to a very low ohmic conductance which is only 4% of the
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conductance level in the absence of GDP, until the breakpoint potential is reached
(Nicholls, 1977). Above the breakpoint potential (approximately 180 mV), GDP can not
inhibit the non-ohmic proton conductance, wl ere respiration increases without increasing
membrane potential (Nicholls, 1977). In brown adipose tissue mitochondria, in the
presence of excess GDP, fatty acids have the overall effect of lowering the breakpoint
potential (Rial ef al., 1983). In addition, in the presence of GDP, fatty acids only increase
the respiratory rate of brown adipose tissue mitochondria that have membrane potentials
above the breakpoint potential prior to fatty acid addition (Rial et al., 1983).

In summary, fatty acid addition in the presence of GDP to brown adiposc tissue
mitochondria with membrane potentials above the breakpoint has the effect of lowering
the membrane potential and increasing the respiratory rate. However, fatty acid a:!dition
in the presence of GDP to brown adipose tissue mitochondria with membrane potentials
below the breakpoint has no effect on the respiratory rate (Rial ef al., 1983). Therefore,
in non-respiring mitochondria, where the membrane potential is well below the
breakpoint, GDP can inhibit the fatty acid-act.vated proton permeability (Rial ef al,
1983). Analagous to non-respiring brown adipose tissue mitochondria, it is possible that
respiring yeast mitochondria maintain a membrane potential below the breakpoint
potential necessary for fatty acid stimulation of respiration uncontrolled by GDP. The
ability of GDP to inhibit fatty acid-activated respiration in yeast mitochondria containing
UCP was also observed by other groups (Arechaga er al,,1993; Bouillaud er al., 1994).
GDP was also able to inhibit fatty-acid induced proton flux in proteoliposomes
reconstituted with UCP (Murdza-Inglis et al., 1994; Jezek er al, 1994, Winkler and

Klingenberg, 1994).
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333 Comparison of UCP Functions in Yeast Mitochondria

33.3.1 Comparison of Yeast Mitochondrial Isolation Conditions and Assay Conditions
Required to Analyze UCP Activity

Respiration studies (results sections 3.3.2.3 Respiratory Conirol of Yeast
Mitochondria, 3.3.2.4 Oleate stimulation and GDP inhibition of Yeast Mitochondrial
Respimation) indicated that UCP in yeast mitochondria had a low basal leve! of activity
when mitochondria were isolated in buffer containing 0.6 M sucrose, 20 mM HEPES, pH
6.5, 0.1% BSA and tested in respiration buffer (0.65 M sorbitol, 0.36 mM EDTA, 10 mM
KCl, 10 mM KH,PO,, 10 mM Tris-HCl, pH 6.5, 0.05% BSA). Under these conditions,
oleate activated UCP, causing uncoupling of mitochondria. In comparison, yeast
mitochondria were more uncoupled when they were isolated in 0.6 M mannitol, 20 mM
HEPES, pH 7.4, 0.1% BSA.

In companng the conditions tested to measure GDP binding to UCP in ycast
mitochondria (results section 3.3.1.2 GDP Binding to Yeast Mitochondria: Optimization
of Binding Conditions), the lowest level of binding to yeast mitochondra was observed
using mitochondria isolated in the buffer that was required to prepare coupled yeast
mitochondria (0.6 M sucrose, 20 mM HEPES, pH 6.5, 0.1 % BSA; 0.09 mol GDP/mol
UCP_)) and the highest level of binding was observed using mitochondria isolated in the
buffer in which the mitochondria were more uncoupled (0.6 M mannitol, 20 mM HEPES,
pH 7.4, 0.1% BSA; 0.21 mol GDP/mol UCP,,).

it has been established that purine nucleotide binding to UCP is pH dependent,
with the tightest binding observed at pH 5.5 - 6.5, and with the affinity decreasing above

pH 6.8 (Nicholls, 1976, Klingenberg, 1988). It is possible to infer from the above
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experimental observations that there is less endogenous purine nucleotide bound to UCP
in yeast mitochondria when the mitochondria are isolated in buffer at pH 7.4, resulting
in two observed effects: (a) the UCP has a higher basal activity level resulting in a
lower RCR and (b) there are more available purine nucleotide binding sites, leading to
a higher level of bound [SH]GDP per UCP. In contrast, it appears that there is more
endogenous purine nuclectide bound to UCP in yeast mitochondria when the mitochondria
are 1solated in sucrose isolation buffer at pH 6.5, resulting in two observed effects: (a)
the UCP has a relatively lower basal activity level resulting in a higher RCR and (b}
there are fewer purine nucleotide binding sites available leading to a lower level of bound
[3H]GDP. Experiments monitoring tryptic digest of UCP in yeast mitochondria support
ihis theory. It is known that nucleotide binding to UCP protects UCP from tryptic
cleavage, presumably due to a conformational change in UCP induced by binding purine
nucleotide (Eckerskorn and Klingenberg, 1987). Trypsin digested UCP in yeast
mitochondria more efficiently when the mitochondria were isolated in 0.6 M mannitol,
20 mM HEPES, pH 7.4, 0.1% BSA where presumably there is less endogenous purine
nucleotide bound to UCP. Trypsin had little effect on UCP in yeast mitochondria that
were isolated in 0.6 M sucrose, 20 mM HEPES, pH 6.5, 0.1% BSA, where presumably

higher leveis of endogenous purine nucleotides are bound to UCP (data not shown).

3.3.3.2  Comparison of K; for GDP binding to UCP and K, for GDP Inhibition of Fatty
Acid-Activated Respiration

The K; for GDP inhibition of fatty acid-activated respiration in yeast mitochondriz

was 26 = 1 uM GDP but the K for GDP binding to yeast mitochondria containing UCP
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was 0.8 £ 0.1 uM GDP. The binding and respiration assays were both measured in the
same respiration reaction medium at pH 6.5, althovgh the K for binding was measured
in the absence of oleate, to mitochondria that were isolated under conditions where there
was most likely less endogenously bound GDP. Rial ef al. (1983) showed that fatty acids
could modulate the affinity of UCP for purine nucleotides in brown adipose tissue
mitochondria. Although palmitate had little effect on the K for GDP binding to hamster
brown adipose tissue mitochondria, the K, for ATP increased from 10 to 30 uM in the
presence of palmitate (Rial er al,, 1983). In contrast to this study, binding studies using
purified reconstituted UCP showed no competition between inhibitory nucleotides and
fatty acids (Winkler and Klingenberg, 1994). The level of GDP bound to yeast
mitochondria at 10 and 25 uM GDP was not altered by the presence of 4.4 uM oleate
(a level sufficient to cause activation of uncoupling). Although the K, was not
determined in the presence of oleate, it appears unlikely that oleate affected the GDP
binding affinity to UCP.

If the GDP binding site on UCP is a regulatory site where binding of GDP causes
inhibition of transport, then it is expected that the K, for GDP binding would equal the
K for GDP inhibition of transport. The reason for the discrepancy between the K, and
the K is not known, but has been observed by others as discussed below. Nicholls
(1974a) reported that the K, for GDP inhibition of the endogenous mitochondrial proton
conductance in isolated brown adipose tissue mitochondria in the presence of albumin was
10 uM GDP whereas the dissociation constant of GDP binding to brown adipose tissue
mitochondria in the presence of albumin was 1.1 uM GDP (Rial er al., 1983). Kopecky

et al. (1987) found a non-linear relationship between occupancy of the nucleotide binding
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site and the inhibitory effect on proton permeation in brown adipose tissue mitochondria
where up to 50% occupancy of the binding site had no inhibitory effect on proton
permeation, with full inhibition observed by 100% saturation of binding sites. They state
that these results strongly suggest that there is not a simple direct link between binding
of purine nucleotides to UCP and inhibition of transport. Eckerskorn and Klingenberg
(1987) suggested that protection of UCP from tryptic cleavage by purine nucleotides was
due to an induced conformational change in UCP that resulted from binding the
nucleotide, and that protection was not just from the binding of nucleotide itself. Their
suggestion was based on the fact that an ATP derivative, which bound UCP but did not
inhibit proton transport, also did not protect UCP from tryptic cleavage, presumably
because the analogzue could not induce the conformational change in UCP required for
inhibition of both proton transport and tryptic digest. However, Klingenberg (1994) has
found that fatty acid-activated proton flux catalyzed by UCP reconstituted into
proteoliposomes was inhibited by GDP in proportion to the occupancy of the GDP
binding site on UCP, with the K, for GDP inhibition appearing to equal the K, for GDP
binding, although the K, was not calculated.

Discrepancies between the dissocation constant for GDP binding and the
inhibition constant for GDP inhibition of anion transport also have been observed in
brown adipose tissue mitochondria. In a recent study by Nedergaard and Cannon (1994),
discrepancies were reported between the dissoctation constant for GDP binding to hamster
brown adipose tissue mitochondria, K; = 1.3 uM, and the concentration of GDP required
for 50% inhibition of anion transport (ECs,) in the mitochondria, 32 pM GDP for CI°

transport, 324 uM GDP for benzenesulfonate transport and 4074 puM GDP for
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hexanesulfonate transport. Although the apparent affinity of GDP for its binding site was
lowered by the anions in the transport medium (apparent K s were 3 pM GDP in KCI
medium, 12 pM GDP in benzenesulfonate medium and 20 pM GDP in hexanesulfonate
medium), the lowered affinity for GDP binding was still always higher than its potency
as an inhibitor of transport (Nedergaard and Cannon, 1994). Their observation that better
transported species showed larger discrepancies between affinity and potency of GDP
lended support to Rial and Nicholls idea that there is a competition between the anion
transporting and GDP binding forms of UCP (Rial and Nicholls, 1989, Nedergaard and
Cannon, 1994). If fatty acid anion is being transported by UCP (Skulachev, 1991; Jezek
et al., 1994) in yeast mitochondria, the discrepancy between the affinity of GDP binding
to UCP and the potency of GDP as an inhibitor of fatty acid-activation of UCP in yeast
mitochondria is analogous to the discrepancies observed between the K, for GDP binding
to brown adipose tissue mitochondria and the K; for GDP inhibition of anion transport

observed by Nedergaard and Cannon (1994).

3.4 ANALYSIS OF SITE-DIRECTED MUTANTS OF UCP
3.4.1 Cysteine Residues

The seven cysteines in UCP are conserved in UCP of all known species (Figure
3-22). Past chemical studies using sulfhydryl reagents implied that cysteines were
involved in ion transport, GDP binding and GDP inhibition of ion transport, although
specific residues and their roles couid not be identified (Rial and Nicholls, 1986; Jezek,
1987; Kopecky et al., 1987; Jezek and Drahota, 1989). Steric hindrence of function due
to the introduction of chemical groups by the sulfhydryl reagents could not be ruled out

to account for the observed effects.
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Figure 3-22, Location of the Seven Cysteines and Arginine276 in UCP

The membrane disposition model of UCP from Figure 1-2 is presented with the seven
cysteines (cys24, cys188, cys213, cys224, cys253, cys287, cys304) and arginine276
highlighted.
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34.1.1 Cysteine to Serine Changes in UCP

The cysteine side chain contains a thiol group which can have many different
functions in proteins. Disulfide bonds, formed from the oxidation of two thiol groups, can
provide a protein with structural stability. Altematively, dithiol-disulfide interchange has
been shown to be involved in solute transport systems (Robillard and Konings, 1982).
Cysteines are also part of catalytic active sites such as in thiol proteases (Rawlings and
Barrett, 1994) and in transglutaminases (Yee ef al, 1994) where catalysis proceeds
through a thioester intermediate. In some metalloproteinases, a cysteine thiol present in
the active site regulates enzyme activity by binding to the active-site zinc in the inactive
zymogen, thereby blocking the active site (Springman er al, 1990). Fatty acylation
through a thioester linkage to an active site cysteine residue may also be used to reguiate
enzyme activity (Berthiaume er al., 1993). Cysteines can be involved in hydrogen
bonding, such as in stabilizing transition state complexes or for protein structure (Gregoret
et al., 1991) although this role is not very common and usually requires a negative charge
on the sulfur atom {Gregoret ef a/., 1991, Mangani and Hakansson, 1992). Further, the
cysteine side chain is relatively hydrophobic in comparison to other amino acid side
chains (Engelman er al., 1986). Therefore, its hydrephobic character may be important
for protein structure.

To determine which, if any, thiol groups in UCP are necessary for the protein’s
functions, each cysteine was changed independently to serine by site-directed mutagenesis
of the rat UCP cDNA and mitochondria containing the mutant proteins were tested for
oleate-activated, GDP-sensitive uncoupling. Serine substitution removed the cysteine thiol

group and replaced it with a hydroxyl group. In comparing the polarity of serine and
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cysteine based on the free energy required for the transfer of the amino acids from a
hydrophobic environment (an a-helix in a membrane interior) into water, the transfer free
energy for cysteine is 2.0 kcal/mol and for serine, 0.6 kcal/mol (Stryer, 1995; Engelman
et al., 1986), which indicates that both residues are hydrophobic. Also, this isosteric
substitution minimizes steric changes at each substitution. Therefore, both polarity and
steric changes were minimized at each cysteine position while the functional importance
of the thiols were assessed by the cys to ser substitutions. Due to the variability of the
response to oleate and GDP of independent yeast mitochondria preparations containing
wild type UCP, subtle differences in mitochondrial response to oleate and GDP would not
be considered significant. Only dramatic differences in response of multiple mitochondria
preparations containing mutant UCP would be considered significant changes in UCP
activity.

Immunoblot analysis of yeast mitochondrnial fractions showed that all the cys to
ser mutant proteins were expressed and localized to yeast mitochondria at levels similar
to that found for the wild type protein (Figure 3-23). Expression of these mutant proteins
did not effect yeast cell growth (Figure 3-24). The respiratory control ratios (RCR) for
ycast mitochondria containing the cys to ser mutant UCPs were similar to the RCR
measured for yeast mitochondria containing wild type UCP (Table 3-5), but all RCRs
including that measured for mitochondria containing wild type UCP were lower than that
found for mitochondria lacking UCP (Table 3-5).

Yeast mitochondna containing each cys to ser mutant UCP all showed oleate-
activated, GDP sensitive uncoupling (Figure 3-25). None of the mitochondria containing

the cys to ser mutant UCPs showed any dramatic differences in response to oleate and
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Figure 3-23. Immunoblot Analysis of Mitochondrial Fractions Isolated From Yeast
Transformants Containing UCP ¢<DNA Encoding Either Wild Type UCP
or Cysteine to Gerine Mutated UCP

Yeast transformants containing the shuttle vector pCGS110 with the ¢cDNA coding for
wild type rat UCP or UCP mutated at one of seven cysteines were induced 1o express
UCP by the addition of galactose to 0.2% for 11 h. Ten pg of mitochondrial protein
isolated from each of the transformants were separated by SDS-12.5% PAGE and
analyzed by an immunobliot using monospecific antibody against rat UCP and ['2511-
labelled protein A. The type of UCP expressed is indicated above each lane: wild type,
wt, cys24ser, C24S; cysl88ser, C188S; cys213ser, C2138S; cys224ser, C2248S, cys253ser,
C2538S; cys287ser, C287S; double mutant cys287ser/ala271val, C2875/A271V, cys304ser,
C304S. Purified rat UCP (1 pg) from brown adipose tissue mitochondria was run as a
standard.
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Figure 3-24. Growth Curves of Yeast Transformants Expressing Wild Type and Mutant
ucCp

The growth of yeast transformants expressing wild type or cys to ser mutant UCP was
monitored as explained in the legend of Figure 3-5. Galactose was added to yeast
cultures at time 0 to induce expression of UCP and growth was monitored for 32 h. The
type of UCP expressed is indicated beside each growth curve. In graph (a): wild type,
wt -0-; cys24ser, C24o -[J; cys188ser, C188S -v; cys213ser, C2138 -0-; cys224ser, -~
In graph (b): wild type, wt -0-; cys253ser, C2538 -O3; cys287ser, C287S -v-;
cys287ser/ala271val, C287S/A271V -0-; cys304ser, C304S -x-.
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Table 3-5. Respiratory Control Ratios (RCR) for Yeast Mitochondria Preparations
Containing cys to ser Mutant UCP

Mitochondria were isolated from yeast transformants expressing either wild type or
mutant UCP or lacking UCP as outlined in the methods section 2.7.3 Mitochondrial
Isolation From Yeast using mitochondrial isolation buffer containing 0.6 M sucrose,
20 mM HEPES, pH 6.5, 0.1% BSA. Respiratory control ratios (RCR) were
determined using an oxygen electrode as outlined in the methods section 2.9.1
Respiration Assay using respiration buffer containing 0.65 M sorbitol, 0.36 mM
EDTA, 10 mM KCl, 10 mM KH,PO,, 10 mM Tris-HCI, pH 6.5, 0.3% BSA. Data
are presented as the mean + SEM, The calculated RCRs are for: 5 mitochondrial
preparations lacking UCP (-UCP); 11 mitochondrial preparations containing wild
type UCP, and single mitochondrial preparations containing cys to ser mutant UCP
(C245S, C188C, C2138S, C2248S, C2538, C287S, C2875/A271V, C3048).

ucCp RCR
-ucp 28+02
wild type 20%0.1
C24S8 1.7+0.1
C188S 1.7+0.1
C2138 1902
C2248 1.8 £0.1
C2538 21%01
C287S 24+02
C287S/A271V 1.6 £0.1
C3048 20101




Figure 3-25 Effects of Oleate and GDP on Yeast Mitochondrial Respiration Using
Assay 1: Results For Mitochondria Containing Cys to Ser Mutant UCP

The effects of oleate and GDP on yeast mitochondrial respiration were tested using Assay
1 as outlined in the legend to Figure 3-16. Mitochondria containing cys to ser or cys253
to ala mutant UCP were isolated from yeast transformants 10 h after the addition of
galactose. The respiratory stimulation was measured after the addition of oleate ({i)
oleate, -&-), the first ADP addition ((ii) ADP1, -0-), and the subsequent GDP and second
ADP addition ((iii} ADP2, -x-). The respiratory stimulation is expressed as a percentage
of the ADP stimulation measured in the absence of oleate and GDP as explained in the
legend to Figure 3-16. The results are from single mitochondrial preparations containing
cys24ser, cysl88ser, cys213ser, cys224ser, cys253ser, cys287ser, cys287ser/ala271val,
cys304ser and cys253ala UCP. The type of UCP in each mitochondrial preparation is
indicated above each graph.
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GDP from mitochondria containing wild type UCP. For mitochondria containing wild
type UCP, oleate-activated uncoupling reversible by GDP was observed up to 7.6 uM
oleate, with irreversible uncoupling observed by 11 uM oleate (Figure 3-16b).
Mitochondria containing C2538S, C287S, C304S showed this same response to oleate and
GDP. Mitochondria containing C24S, C188S, C224S, C287S/A271V showed oleate-
activated :incoupling reversible by GDP up to 6 pM oleate, above which uncoupling
started to become irreversible. Mitochondria containing C213S still showed GDP-
reversible uncoupling at 11 uM oleate. In general, oleate uncoupling appeared to saturate
by 6 UM oleate in mitochondria containing the cys to ser mutant UCPs, as was observed
for mitochondria containing wild type UCP.

Although the RCRs for mitochondria containing the cys to ser mutant UCPs were
similar to that found for mitochondria containing wild type UCP, GDP did not appear to
have a recoupling effect in the absence of oleate in mitochondria containing C188S,
C2138, C2248, C287S and C287S8/A271S which possibly indicated no basal activity level
for these mutant UCPs. Since all eight mitochondria preparations containing individually
each cys to ser mutant UCP showed a similar response to oleate and GDP as
mitochondria containing wild type UCP, only one preparation of each cys to ser UCP
containing mitochondria was tested.

In summary, mitochondria containing cys to ser mutant UCPs all showed oleate-
activated, GDP-sensitive uncoupling, indicating that none of the thiol groups individually
in UCP are neccessary for oleate-activated, GDP-sensitive uncoupling specific to UCP.
This conclusion was verified for these mutant UCPs that were purified from yeast

mitochondria and reconstituted into proteoliposomes. Changing all cysteines to serines
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was without effect on GDP inhibition of UCP-mediated proton or anion transport
(Murdza-Inglis ez al., 1994). Arechaga er al. (1993) also found cysteine residues were not
essential for UCP function. Since serine can substitute for all cysteines in UCP, it can
be concluded that there are no essential disulphide bonds in UCP. The ion transport
model for UCP suggested by Jezek (1987) involving a dithiol-disulphide interconversion
(Robillard and Konings, 1982) can be discounted based on the cysteine to serine
substitution results,

The transport function of another member of the mitochondrial carrier family, the
phosphate transport protein (PTP) of yeast, was also sensitive to suifhydryl reagents
(Phelps et al., 1991). However, of the three cysteines present in the yeast PTP and the
eight present in the beef heart mitochondrial PTP, only one cysteine was conserved
between the two species (Phelps et al., 1991). Replacement of any or all of the three
cysteines in the yeast FTP with serine produced yeast that were able to grow on a non-
fermentable carbon source and the reconstituted transport activity for the mutant PTPs
were normal (Phelps and Wohlrab, 1993). In addition, for the yeast mitochondrial
ADP/ATP carrier (AAC), replacement of the three cysteines with serine also produced
yeast that were able to grow on a non-fermentable carbon source, indicating the mutant
carriers were functional. However, the C73S mutation caused the loss of bound
cardiolipin on isolation and purificauon of the protein from the mitochondria which was
required for the reconstituted activity (Hoffmann ef al., 1994). Since all the cys to ser
mutants of UCP, PTP and AAC were functional in yeast mitochondria, these observations
suggest that cysteines are not essential residues in the mitochondrial carrier family of

proteins.
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34.1.2 Cysteine 253 of UCP

The ability of serine to substitute for cysteine without affecting the functions of
UCP does not rule out functional roles for the cysteine side chains where a hydroxyl
group could substitute for the thiol group. Labelling studies using ATP analogues have
localized the purine nucleotide binding region of UCP to the third domain of the protein
(Mayinger and Klingenberg, 1992, Winkler and Klingenberg, 1992). Because Mayinger
and Klingengerg (1992) deduced that cys253 was the most likely residue covalently
labeled by the ATP analog 3'-O-(5-fluoro-2,4-dinitrophenyl)adenosine 5'-triphosphate, an °
because chemical modification of cysteines were shown to affect both GDP binding to
UCP and GDP inhibition of anion transport {(Rial and Nicholls, 1986; Kopecky et al.,
1987; Jezek and Drahota, 1989), cys253 was further modified using site-directed
mutagenesis to determine if this residue was important for the functioning of UCP.
Cys253 was altered to alanine to remove the potentially reactive thiol group (or the
hydroxyl group of serine) replacing it with a hydrogen. This substitution still maintained
the hydrophobic nature of position 253 since the transfer free energy for alanine from a
hydrophobic to an aqueous environment was 1.6 kcal/mol as compared to that for cysteine
of 2.0 kcal/mol (Engelman et al., 1986). In addition, cys253 was altered to phenylalanine
to determine whether oleate-activated uncoupling or GDP-inhibition of uncoupling could
be sterically blocked by this bulkier substitution at position 253. In making the
phenylalanine substitution at position 253, an extra point mutation also arose in the UCP
¢DNA, changing arginine 152 to serine. Positive charge is known to be important for
mitochondrial protein import into the mitochondria (Freeman et al., 1995}, Chemical

studies using arginine-modifying reagents previously implied that arginine is a critical
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functional residue for purine nucleotide binding and regulation of UCP (Katiyar and
Shrago, 1989). Therefore, the double mutant C253F/R152S UCP was also tested for
expression, import and function.

The three mutant forms of UCP (C253A, C253F, C253F/R1528) were expressed
in yeast and were immunodetected in yeast mitochondrial fractions at levels similar to that
found for wild type UCP (Figure 3-26). The respiratory control ratios listed in Table 3-6
indicated that the mitochondria were coupled to the same extent as mitochondria
containing wild type UCP, with mitochondna containing the double mutant,
C253F/R1528, having an RCR closer to that found for yeast mitochondria lacking UCP.

Mitochondria containing UCP mutated from cys253 to alanine were tested for
UCP activity using both respiratory assays (Figures 3-15 and 3-18). Mitochondria
containing UCP mutated from cys253 to phenylalanine were tested using the oligomycin
respiratory assay only (Figure 3-18). The mitochondrial respiratory response to oleate and
GDP observed for mitochondria containing these mutant UCPs was the same as that
observed for mitochondria containing wild type UCP. Using the first respiratory assay,
mitochondria containing cys253ala UCP showed oleate-activated, GDP-sensitive
uncoupling (Figure 3-25) very similar to that observed for mitochondria containing wild
type UCP (Figure 3-16b). Mitochondria containing individually the three mutant forms
of UCP (C253A, C253F, C253F/R152S) showed a similar oleate-induced respiratory
stimulation in the presence of oligomycin (Figure 3-27a,b,c) and GDP-inhibited respiration
(Figure 3-28a,b,c) as that observed for mitochondria containing wild type UCP. GDP
inhibition of the oleate stimulated respiratory rate had inhibition constants (K;) of 20 *

4 pM GDP for mitochondria containing C253A UCP, 28 £ | uM GDP for mitochondria
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Figure 3-26. Immunoblot Analysis of Mitochondrial Fractions Isolated From Yeast
Transformants Containing UCP ¢DNA Encoding Either Wild Type UCP
or UCP Mutated at Cys253

Yeast transformants containing the shuttle vector pCGS110 with the cDNA coding for
wild type rat UCP or UCP mutated at cys253 were induced to express UCP by the
addition of galactose to 0.2% for 11 h. Ten pg of mitochondrial protein isolated from
each of the transformants were separated by SDS-12.5% PAGE and analyzed by an
immunoblot using monospecific antibody against rat UCP and HRP-conjugated anti-rabbit
antibody. Chemiluminescence was used to detect protein. The type of UCP expressed
is indicated above each lane. Purified rat UCP (1 pg) from brown adipose tissue
mitochondria was run as a marker.
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Table 3-6. Respiratory Control Rates (RCR) fer Yeast Mitochondria Preparations
Containing UCP Mutated at cys253

Mitochondria were isolated from yeast transformants as described in the legend to
Table 3-5. For mitochondria containing UCP mutated at cys253, the RCRs were
determined in respiration buffer containing 0.05% BSA. The -UCP and wild type
data are taken from Table 3-5 for comparison. Data is presented as the mean +
SEM. The calculated RCRs for mitochondria containing UCP mutated at cys253 are
for single mitochondrial preparations.

[ =

| -ucp 2802
wild type 2001
C253A 2.1 +£01
C253F 22102
C253F/R1528 3.1
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Figure 3-27. The Effect of Oleate on Yeast Mitochondrial Respiration Using Assay 2:
Results For Mitochondria Containing UCP Mutated at Cys253

The effect of oleate on yeast mitochondrial respiration was tested using the oligomycin
Assay 2 as outlined in the legend to Figure 3-19. Mitochondria contained: (a) cys253ala
(C253A) UCP; (b) cys253phe (C253F) UCP; or (c) cys253phe/argl 52ser (C253F/R1528S)
UCP. Results include the data for mitochondria containing wild type UCP taken from
Figure 3-19 for comparison. The respiratory stimulation was calculated 2s the difference
between the oleate stimulated rate and the rate in the absence of oleate as explained in
the legend of Figure 3-19, and is plotted as a percentage of the ADP respiratory
stimulation. The results for mitochondria containing the mutant UCPs are from single
mitochondrial preparations.
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Figure 3-28 Inhibition of Oleate Stimulation by GDP: Results For Mitochondria
Containing UCP Mutated at Cys253

The inhibitory effect of GDP on oleate-stimulated respiration was measured for the
mitochondrial preparations of Figure 3-27 following the procedure outlined in the legend
to Figure 3-21. The respiratory rate was stimulated using a solution of oleate/BSA
containing a molar ratio of 4:1 oleate:BSA, which is equivalent to 4.4 pM free oleate.
The effect of a range of GDP concentrations on the oleate-stimulated respiratory rate was
plotted as the respiratory inhibition versus GDP concentration. The respiratory inhibition
was calculated as the difference between the oleate-stimulated and GDP-inhibited
respiratory rates, expressed as a percent decrease of the oleate stimulation as explained
in the legend to Figure 3-21. Mitochondrial preparations contained: (a) cys253ala
(C253A) UCP, K, of 20 + 4 pM GDP; (b) cys253phe (C253F) UCP, K, of 28 £ 1 uyM
GDP; and (c) cys253phe/argl52ser (C253F/R1528) UCP, K, of 16 + 3 uM GDP. Single
mitochondrial preparations containing the mutant proteins were tested.
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containing C253F UCP and 16 £ 3 pM GDP for mitochondria containing C253F/R1528
UCP. These inhibition constants were similar to that found for mitochondria containing
wild type UCP, where the K; was 26 + 1 nM GDP.

In summary, all the cys253 mutant forms of UCP showed a normal wild type
response to oleate and GDP. These results clearly indicat‘e that a reactive thiol at position
253 in UCP is not required for uncoupling or GDP inhibition of uncoupling of yeast
mitochondria. Furthermore, position 253 in UCP can accommodate the sterically bulky
phenylalanine substitution without any effect on function, indicating that this position is
in a flexible part of the protein. Since mitochondria contained the same levels of wild
type, C253F and C253F/R152S UCP, the positive charge at position 152 is not a major
contributor to mitochondrial targeting information in UCP. Furthermore, substitution of
argl52 with serine did not effect oleate-activated, GDP-sensitive uncoupling indicating

that argl52 is not critical for UCP function.

34.2 Arginine Residues

Based on the pH dependence of nucleotide binding to UCP, Klingenberg
proposed that both acidic and basic residues are present in the purine nucleotide binding
site (Klingenberg, 1987; Huang and Klingenberg, 1995). As previously mentioned, past
chemical studies using arginine-modifying reagents implied that arginine is a critical
functional residue in UCP required for purine nucleotide binding to UCP and purine
nucleotide regulation of UCP (Katiyar and Shrago, 1989). Labeling studies using ATP
analogs localized the purine nucleotide binding region of UCP to the third domain of the

protein. There are three arginines present in this region of UCP that are conserved in
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UCP of all species known, arg238, arg276 and arg299 of rat UCP (Nelson ef al., 1993).
The transmembrane arrangement of the third domain proposed by Mayinger and
Klingenberg (1992) depicts a nucleotide binding pocket in UCP between transmembrane
helices 5 and 6, with a portion of the matrix region connecting these helices looping up
into the region between the helices forming the base of the pocket (see Figure 1-2). In
this proposed arrangement, the nucleotide binding site would only be accessible to
cytosolic purine nucleotides which are known to regulate UCP from the outer face of the
inner membrane (Nicholls, 1976). Arg276 is present in the proposed nucleotide binding
pocket of UCP, spacially close to residues covalently labeled by ATP analogues and
accessible to cytosolic purine nucleotides. Arg238 is excluded from this binding pocket
and is inaccessible to nucleotides in this arrangement. Based on the size of ATP in its
extended anti conformation (Zheng et a/, 1993) and the location of residues covalently
labeled by the ATP analogues (at the bottom of the proposed binding pocket), it is
unlikely that arg299 could interact with ATP. Further, arg276 is conserved in all
mitochondrial carrier family members except the phosphate carrier (Nelson ef /., 1993).
Based on this information, arg276 was modified using site-directed mutagenesis to
determine if this residue was involved in GDP inhibition of uncoupling and GDP binding

to UCP.

34.2.1 Arginine 276

Arginines are important residues in proteins for non-covalent inter- or intra-
molecular interactions. The positively charged side chain of arginine can interact with
negatively charged groups to form electrostatic interactions and the side chain can supply

hydrogen donor groups for hydrogen bonding between groups.
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The role of arg276 in UCP was investigated by replacing the arginine with
glutamine and leucine using site-directed mutagenesis of the rat UCP ¢cDNA. The
glutamine substitution maintained some hydrogen-bonding ability but removed positive
charge. Leucine removed both these characteristics and introduced a non-polar side chain
into this position. The transfer free energy for arginine from a hydrophobic to an aqueous
environment is -12.3 kcal/mol, which makes it the most hydrophilic of all the amino
acids. The glutamine substitution maintains the hydrophilic nature of this position
(transfer free energy of -4.1 kcal/mol), but the leucine substitution is hydrophobic (transfer
free energy of 2.8 kcal/mol) (Engelman er al,, 1986). In each case, the substituted side
chain was shorter which should minimize steric interference of function.

Immunoblot analysis of yeast mitochondrial fractions prepared from cells induced
to express the mutant forms of the protein indicated that both mutant UCPs were
expressed and localized to yeast mitochondria, but mitochondrial levels were lower than
‘hat obtained for wild type UCP (Figure 3-29). Quantification of western blots using
standards of purified rat UCP indicated that yeast mitochondnal fractions contained on
average 16 ug arg276leu UCP/mg mitochondrial protein and 4 pg arg276gln UCP/mg
mitochondrial protein. Based on these protein levels, arg276leu UCP and arg276gln UCP
were present at approximately 18% and 4% of the level of wild type UCP (88 pg
UCP/mg mitochondnal protein) respectively in yeast mitochondria. The resniratory
control ratios listed in Table 3-7 indicated that the mitochondria were as coupled as
mitochondria containing wild tyne UCP. The respiratory response of mitochondria
containing arg276leu or arg276gln UCP to oleate and GDP was tested using the

oligomycin respiratory assay (Figure 3-18). Oleate addition to mitochondna containing



145

-
&
S Q§ N Q
~° "‘P N f\“L
¢ < & & &
p— p— [P— — ——
- cur GEDGED S e —— ”

Figure 3-29. Immunoblot Analysis of Mitochondrial Fractions Iselated From Yeast
Transformants Containing UCP ¢cDNA Encoding Either Wild Type UCP
or UCP Mutated at arg276

Yeast transformants containing the shuttle vector pCGS110 with the ¢cDNA coding for
wild type rat UCP or UCP mutated at arg276 were induced to express UCP by the
addition of galactose to 0.2% for 11 h. Ten pg of mitochondrial protein isolated from
each of the transformants were separated by SDS-12.5% PAGE and analyzed by an
immunoblot using monospecific antibody against rat UCP and HRP-conjugated anti-rabbit
antibody. Chemiluminescence was used to detect protein. The type of UCP expressed
is indicated above each lane.
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Table 3-7. Respiratory Control Ratios (RCR) for Yeast Mitochondria Preparations

Containing UCP Mutated at arg276

Mitochondria containing UCP mutated at R276 were isolated and assayed as
described in the legend to Table 3-6. The -UCP and wild type data are taken from
Table 3-5 for comparison. Data is presented as the mean + SEM. The calculated
RCRs for mitochondria containing UCP mutated at arg276 are for duplicate

mitochondrial preparations.

UCP RCR
-UCP 2.8 +02
wild type 2.0+0.1
R276L 1.9 0.2
R276Q 1.6 £0.1
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the mutant UCPs caused respiratory stimulation to the same extent as that observed for
mitochondna containing wild type UCP (Figure 3-30a,b). However, the subsequent GDP
addition (166 uM) had little effect on decreasing the stimulated respiratory rate. This was
shown by measuring the oleate respiratory stimulation relative to the GDP inhibited rate
(Figure 3-31a,b) rather than relative to the respiratory rate prior to oleate addition (Figure
3-30a,b). Because GDP did not decrease the respiratory rate, the stimulation relative to
the GDP rate was less than 15% of the ADP stimulated rate and did not follow a
saturation curve. GDP inhibition of the respiratory stimulation induced by 4.4 uM free
oleate was titrated using a range of GDP concentrations for mitochondria containing either
arg276leu or arg276gln UCP (Figure 3-32). The K, was increased from 26 £ 1 uyM GDP
for mitochondria containing wild type UCP to 1250 + 415 uM GDP for mitochondria
containing arg276leu UCP. GDP inhibition was abolished in mitochondria containing
arg276gin UCP.

To determine whether the lack of GDP inhibition was due to a lack of GDP
binding to the mutant forms of the protein, GDP binding to mitochondria containing either
arg276leu or arg276gin UCP was measured. GDP binding to mitochondria containing
arg276leu UCP was measured for four independent mitochondrial preparations (Figure 3-
33a-d). The level of GDP bound to mitochondria containing arg276leu UCP was just
above the background level of GDP bound to control mitochondria lacking UCP.
However, the amount of arg276leu UCP present in the mitochondria preparations (8 + 2
ug R276L UCP/500 pg mitochondrial protein) was much lower than the wild type level
of UCP (44 + 4 pg wild type UCP/500 pg mitochondrial protein). The theoretical

amount of GDP bound to mitochondria containing only 8 pg of wild type UCP was
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Figure 3-30 The Effect of Oleate on Yeast Mitochondrial Respiration Using Assay 2:
Results For Mitochondria Containing UCP Mutated a1 Arg276

The effect of oleate on ' :ast mitochondrial respiration was tested using the oligomycin
Assay 2 as outlined in ¢ legend to Figure 3-19. Mitochondria contained (a) arg276leu
(R276L) UCP or (b) a. '76gIn (R276Q) UCP. Results include the data for mitochondria
containing wild type . 'P taken from Figure 3-19 for comparison. The respiratory
stimulation was calculatcd as the difference between the oleate stimulated rate and the rate
in the absence of oleate as explained in the legend of Figure 3-19, and is plotted as a
percentage of the ADP respiratory stimulation. The results for mitochondria containing
the mutant UCPs are from duplicate mitochondrial preparations & SEM.
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Figure 3-31. Oleate Respiratory Stimulation Relative to the GDP Inhibited Rate:
Results For Mitochondria Containing UCP Mutated at Arg276

Oleate respiratory stimulation from the experiment of Figure 3-30 was replotted such that
the oleate stimulation was measured as the difference between the oleate stimulated rate
and the GDP inhibited rate, rather than as the difference between the oleate stimulated
rate and the BSA rate, as outlined in the legend of Figure 3-20 (see also Figure 3-18 for
schematic of assay). The respiratory stimulation was still expressed as a percentage of
the ADP stimulation. Mitochondria contained (a) arg276leu (R276L) UCP or (b)
arg276gln (R276Q) UCP. Results include data for mitochondria containing wild type (wt)
UCP or lacking UCP (-UCP) taken from Figure 3-20. The results for mitochondria
containing the mutant UCPs are from duplicate mitochondrial preparations £ SEM.
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Figure 3-32. Inhibition of Oleate Stimulation by GDP: Results For Mitochondria
Containing UCP Mutated at Arg276

The inhibitory effect of GDP on oleate-stimulated respiration was measured for the
mitochondrial preparations of Figure 3-27 following the procedure outlined in the legend
to Figure 3-21. The respiratory rate was stimulated using a solution of oleate/BSA
containing a molar ratio of 4:1 oleate:BSA, which is equivalent to 4.4 uM free oleate.
The effect of a range of GDP concentrations on the oleate-stimulated respiratory rate was
plotted as the respiratory inhibition versus GDP concentration. The respiratory inhibition
was calculated as the difference between the oleate-stimulated and GDP-inhibited
respiratory rates, expressed as a percent decrease of the oleate stimulation as explained
in the legend to Figure 3-21. Mitochondrial preparations contained: (a) arg276leu
(R276L) UCP, K; of 1250 + 415 uM GDP or (b) arg276gin (R276Q) UCP. Three
mitochondrial preparations containing R276L UCP and duplicate mitochondrial
preparations containing R276Q UCP were tested. The results in each graph represent the
averages from two preparations = SEM. The data for mitochondria containing wild type
UCP was taken from Figure 3-21.
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Figure 3-33. GDP Bound to Isolated Yeast Mitochondria: Results for Mitochondria
Containing Arg276Leu UCP

Binding of [3H]GDP to 0.5 mg of mitochondria containing arg276leu (R276L) UCP was
measured as described in the legend to Figure 3-8. Four mitochondrial preparations (a),
(b), (c) and (d) each contained 6, 5, 14, and 7 ug of arg276leu (R276L) UCP/500 pg
mitochondrial protein respectively. Data for GDP bound to mitochondria lacking UCP
(-UCP) was taken from Figure 3-8.



153

o
51 vt r°r 1 7 1 3] T 1 r I v 1 ©r—/—1 ™
> o 2 o
~ O ~ O
N D o 2D
[> A | w0 e |
= 1 & - ~
p— Io = -
o~
=
=
— W —_
ICHE 12 o =2 7 §
(m]
o
- ——t 4 © - -
—
- 4 wn - -
\J
| VT N T I W B T i o PRI RENTRNS N VRN N SR R S |
N @ 1 ¥ o o = O N @ | % 2§ T O
o © ©o o ©o o o o o © ©o ©o o o

{uieroud |eripuoyd0liw b1 QOG/lowu)
punoq 449

punoq das

15 20 25 30
GDP {uM)

10

(uieyoad [elapuoyooliw 6 0QG/|owu)



154
calculated from previous binding data (Figure 3-8) and plotted with the average arg276leu
binding data calculated from the four independent mitochondria preparations. From
Figure 3-34, the theoretical binding curve for GDP bound to mitochondria containing
8 ug wild type UCP was the same as GDP bound to mitochondria containing arg276leu
UCP. Because the arg276leu UCP binding curves were very close to and sometimes
within error of the background level of GDP bound to control mitochondria (Figure 3-33a-
d), the molar ratio of GDP bound per arg276leu UCP dimer could not be calculated.

The ADP competed binding was also very low for each mitochondria preparation
containing arg276leu UCP (Figure 3-35a-d). The average ADP competed binding curve
for mitochondria containing arg276leu UCP was also very similar to the theoretical
binding curve calculated for mitochondria containing 8 pg wild type UCP (Figure 3-36).
Again, because the ADP competed GDP binding curves for initochondria containing
arg276leu UCP were very close to and sometimes within error of the background level
of ADP competed GDP binding to control mitochondria (Figure 3-35a-d), the molar ratio
of GDP bound per arg276leu UCP dimer could not be calculated. GDP binding (Figure
3-37) and the ADP competed GDP binding (Figure 3-38) to mitochondria containing
arg276gin UCP was found to be below or within error of the average background level
of GDP bound to control mitochondria. Binding studies were not continued with
mitochondria containing arg276gln UCP due to the low level of mutant UCP (2 pg
arg276gin UCP/500 pg mitochondrial protein).

In summary, mitochondria containing either arg276leu or arg276gln UCP showed
the same oleate-activated respiratory stimulation as mitochondria containing wild type

UCP (Figure 3-30a,b) but lacked GDP inhbition of oleate respiratory stimulation (Figure
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Figure 3-34. GDP Bound to Isolated Yeast Mitochondria: Comparison of Mitochondria
Containing R276L UCP and 8 pg of Wild Type UCP

The binding data from the four mitochondrial preparations containing arg276leu UCP of
Figure 3-33 was averaged and plotted + SEM and romparcd to the theoretical level of
GDP bound to mitochondria containing only 8 pg of wild type (wt) UCP, determined
from Figure 3-8. The data for mitochondria lacking UCP (-UCP) was taken from Figure
3-8. Arg276leu UCP: R276L, -e-; wild type UCP: wt, -x-; no UCP: -UCP, -o-.
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Figure 3-35. ADP Competed GDP Binding to Yeast Mitochondria: Results for
Mitochiondria Containing Arg276Leu UCP

The amount of bound GDP competed by ADP for the mitochondrial preparations of
Figure 3-34 was calculated from the difference between GDP binding in the absence and
presence of ADP, as outlined in the legend to Figure 3-10b. Binding curves (a), (b), (c)
and (d) are for mitochondrial preparations containing 6, 5, 14 and 7 pg arg276leu
(R276L) UCP/500 pg mitochondrial protein respectively. The binding curve for
mitochondria lacking UCP (-UCP) was taken from Figure 3-10b(iv).
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Figure 3-36. ADP Competed GDP Binding to Yeast Mitochondria: Comparison of
Mitochondria Containing R276L UCP and 8 ug of Wild Type UCP

The binding data from the four mitochondrial preparations containing arg276leu UCP of
Figure 3-35 was averaged and plotted + SEM and compared to the theoretical level of
bound GDP competed by ADP for 0.5 mg of mitochondria containing only 8 pg of wild
type (wt) UCP, determined from Figure 3-10b. The data for mitochondria lacking UCP
(-UCP) was taken from Figure 3-8. Arg276leu UCP: R276L, -e-; wild type UCP: wt,-%-;
no UCP: -UCP, -o-.
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Figure 3-37. GDP Bound to Isolated Yeast Mitochendna: Results for Mitochondria
Containing Arg276GIn UCP

Binding of[3H]GDP to 0.5 mg of mitochondria containing arg276gln (R276Q) UCP was
measured as described in the legend to Figure 3-8. A single mitochondrial preparation
containing 2 pg of arg276gln (R276Q) UCP/500 pg mitochondnal protein was tested
(-e-). Data for GDP bound to mitochondria lacking UCP (-UCP, -0-) was taken from
Figure 3-8,
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Figure 3-38. ADP Competed GDP Binding to Yeast Mitochondria: Results for
Mitochondna Containing Arg276GIn UCP

The amount of bound GDP competed by ADP for the mitochondrial preparation in Figure
3-37 was calculated from the difference between GDP binding in the absence and
presence of ADP, as outlined in the legend to Figure 3-10b. ADP competed GDP binding
was determined for a single mitochondrial preparation containing 2 pg arg276gin
(R2760Q) UCP/500 ug mitochondrial protein (-e-). The binding curve for mitochondria
lacking UCP (-UCP, -0-) was taken from Figure 3-10b(iv).
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3-32ab). Quantification of the arg276 mutant UCPs in yeast mitochondria revealed that
arg276leu UCP was present at 18% the level and arg276gin UCP was present at 4% the
level of wild type UCP in yeast mitochondria, yet the oleate stimulation was the same for
each mitochondrial preparation.

Several reasons could account for these results. It is not possible that the mutant
proteins have an elevated transport rate since reconstitution of the purified arg276leun UCP
had the same fatty-acid catalyzed proton efflux rate per mg of UCP as purified wild type
UCP from yeast and the proton efflux rate for purified arg276gln UCP was 50% of the
wild type UCP rate (Murdza-Inglis ef al., 1994).

It is possible that only a certain amount of UCP in‘ yeast mitochondria s
activatable by oleate giving rise to the observed oleate respiratory stimulation. The rest
of the UCP above a certain level may be inactive and thus not affected by oleate. The
inactivation could be due to overcrowding of UCP in the membrane which could lead to
improper folding of UCP in yeast mitochondria or possibly due to covalent modification
of excess UCP in yeast mitochondria. In support of this theory, reconstituted UCP-
catalyzed fatty acid-activated proton efflux for equal amounts of purifed hamster brown
adipose tissue UCP and rat UCP purified from yeast mitochondria showed that the
hamster UCP had a 2 fold higher maximum transport rate over that measured for the yeast
purified UCP (M. Modriansky, personal communication). This indicates that up to 50%
of the rat UCP in yeast mitochondria is inactive with respect to fatty acid-activated
transport, unless the transport rate of hamster UCP is greater than that of 7at UCP.

It is also possible that the majority of wild type UCP is inactive due to

endogenous purine nucleotides bound to the protein, retaining it in an inactive state (see
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results section 3.3.3 Comparison of UCP Functions in Yeast Mitochondria). It should be
noted that in yeast mitochondria, oleate can not overcome GDP inhibition of uncoupling
(data not shown). Therefore, if yeast mitochondria were isolated with GDP bound to
UCP, oleate may only be able to activate UCP that is not inhibited by GDP. Since
mitochondria containing UCP mutated at arg276 is impaired in GDP inhibition of oleate
respiratory stimulation, lower levels of mutant protein may be able to cause the same
respiratory stimulation as the higher level of wild type protein. Although reconstitution
of purified arg276leu UCP showed that the mutant protein catalyzed fatty acid-activated
proton efflux at the same rate per mg of protein as wild type UCP punified from yeast,
bouand GDP that inhibits UCP in yeast mitochondria may have been lost during
nurification of the protein from yeast mitochondria.

A third possibility to explain the same oleated-activated respiratory rate for
different levels of wild type and mutant UCP in yeast mitochondria may lie in the steps
that control respiration in mitochondria. Control of the mitochondrial respiratory rate is
shared among the many steps involved in respiration (succinate utilization reactions
including cytochrome ¢ oxidase, proten leak, ATP turmover reactions) such that there is
not one reaction step that alone controls the respiratory rate (Groen et al., 1982, reviewed
in Nicholls and Ferguson, 1992). The respiratory rate in the absence of ATP synthesis
(state 4 respiration) is mainly controlled by the proton leak across the mitochondrial inner
membrane, but there is also significant control by the succinate utilization reactions
(reactions that catalyze transport of succinate into the mitochondria and its oxidation by
the electron transport chain). As respiratory rate increases, there is less control from the

proton leak, and more control by the succinate utilization reactions, Therefore, as oleate
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addition causes an increase in the respiratory rate, there may be less control of the
respiratory rate due to the activity of UCP at higher respiratory rates and the respiratory
rate may become limited by other steps. Therefore, even though mitochondria contain
different amounts of wild type and mutant UCPs, the oleate stimulated rate may not be
controlled by UCP activity at high respiratory rates and hence, oleate stimulated
respiratory rates may not correlate with the level of UCP in the mitochondria,. However,
in the reconstituted system, fatty acid-activated proton efflux is only dependent on the
activity of UCP. Therefore, direct measurements of transport rates per mg of UCP can
be compared. Transport rates per mg of protein were identical between wild type and
arg276leu UCP (Murdza-Inglis et al., 1994), giving support to the control theory of oleate-
activated respiration (if it is assumed there was no change of endogenous purine
nucleotide bound to UCP during purification).

Lastly, if UCP does transport faity acid anion out of the mitochondna as opposed
to protons back into the matrix (Skulachev, 1991), the transport rate may be limited by
the siow rate of oleic acid diffusion back across the mitochondnial tnner membrane, rather
than by UCP catalyzed transport of anion out of the matrix. If this is the case, the rate
would not be dependent on the level of UCP if the anion efflux rate was greater than the
fatty acid influx rate,

In order to resolve the reason for the same oleate-activated respiration for
different levels of UCP in yeast mitochondria, oleate respiratory stimulation would have
to be measured for varying levels of wild type UCP in ycast mitochondria. It could then
be determined if the oleate respiratory stimulation was or was not proportional to the level

of UCP in yeast mitochondria. Fatty acid-catalyzed proton efflux would then have to be
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measured for the different expression levels of UCP that were purified and reconstituted.
Comparison of the transport rates per mg of UCP would determine whether the specific
activity of UCP was constant or varied for different expression levels of UCP in yeast.
Results from the mitochondrial and reconstitution experiments together could possibly
then distinguish if the same oleate-activated respiratory rate for different amounts of wild
type UCP in yeast mitochondria was observed, whether it was due to different levels of
inactive protein at different expression levels or due to respiratory rate control by steps
other than UCP catalyzed uncoupling.

It is possible that a combination of the factors listed above are involved in UCP
activity in yeast mitochondria. A fraction of UCP in yeast mitochondria may be inactive
and control of the respiratory rate may be shared among different steps in mitochondrial
oxidation of succinate and fatty acid transport across the membrane.

Both mutations of arg276 to leucine and glutamine impaired GDP inhibition of
oleate respiratory stimulation (Figure 3-32a,b). It is not known why changing arg276 to
glutamine completely abolished GDP inhibition whereas changing arg276 to leucine
decreased inhibition approximately 50 fold. It may be possible that the glutamine
substitution, even though it is closer in polarity to arginine than leucine, disrupted the
local contormation in UCP more so than the leucine substitution. In comparing the
structures of these three residues, the third carbon in the side chain from the o-carbon in
glutamine is planar due to the carbonyl group (Wingrove and-Caret, 1981) whereas the
third carbon in arginine and leucine are both tetrahedral. In addition, glutamine is both
a hydrogen bond donor and acceptor. Thus, with its different spacial orientation and its

ability to hydrogen bond, glutamine may have distorted the local conformation around
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position 276 in UCP, resulting in a greater loss of GDP inhibition than the leucine
substitution. These mutant proteins were both purified from yeast mitochondria and
reconstituted into protecliposomes. Both mutant forms of UCP catalyzed proton efflux,
but GDP inhibition of transport was abolished for both mutants (Murdza-Inglis er af.,
1994). The difference in response of the mutant proteins in yeast mitochondria and in
proteoliosomes may be due to slightly different conformations of the proteins in the two
systems resulting from purification and refolding in proteoliposomes.

To further investigate the loss of GDP inhibition, GDP binding studies to
mitochondria containing these mutant proteins were carried out. Unfortunately, the
background level of GDP binding to yeast mitochondria lacking UCP was quite high.
Because of the lower levels of mutant proteins present in yeast mitochondria, it was
difficult to measure GDP bound specifically to the mutant proteins above the background
level. However, mitochondria containing arg276leu UCP bound the same level of GDP
as that proposed for mitochondria containing the same amount of wild type UCP, which
assumed a2 proportional relationship between the level of wild type UCP in yeast
mitochondria and the amount of GDP bound to UCP at different wild type UCP levels
in yeast mitochondria. If this is true, then the comparison indicated that GDP binding
was not impaired in the arg276leu mutant UCP, even though GDP inhibition was 50 fold
lower. The level of GDP bound to mitochondria containing arg276gln UCP was too low
to make any inference.

It appears from the data that arginine 276 1s a residue in UCP involved in GDP
inhibition of transport, but does not affect transport itself and possibly does not affect

GDP binding to the protein. It is thought that GDP binding to UCP induces a
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change in the protein, causing the protein to reside in an inactive state for ion transport
(Eckerskorn and Klingenberg, 1987, Kopecky ef al, 1987; Jezek er al., 1988). The role
of arg276 may be one involved in responding to GDP binding, acting as an effector
residue as proposed by Jezek ef al. (1988) to participate in the transfer of the binding
signal to cause the conformational change, rather than being involved directly in binding.
It is hard to conceive that all binding energy for GDP to UCP is lost by the substitution
of arg276 with gln and leu, especially since the mutant proteins were found to have
normal transport function, ruling out gross conformational changes in protein structure.
Binding studies on the purified mutant proteins will have to be done to determine whether
GDP binding was impaired in these arg276 mutant UCPs.

This is the first identification of a single residue in UCP that is directly involved
in purine nucleotide regulation of UCP transport function. = It is hoped that any
information gained on the functional organization of UCP may also be applied to the
other members of the mitochondrial transport protein family. The homologous residue
of arg276 of UCP in AAC was shown to be required for growth of yeast on a non-
fermentable carbon source, indicating that this residue was important in the functioning
of AAC (Nelson et al., 1993), although the transport function of the mutant AAC was not
tested directly. It has been reported that deletion of three residues in the third domain of
UCP close to arg276 (phe267, lys268 and gly269) abolished GDP inhibition of fatty acid-
activated respiration of yeast mitochondria (Bouillaud er o, 1994). However, fatty acid-
stimulation of the respiratory rate of mitochondria containing the mutant UCP was also
reduced by 50% in comparison to that found for mitochondria containing the wild type

protein, indicating that the mutation was not only specific to purine nucleotide inhibition
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and may involve a change in the overall protein conformation. Purine nucleotide binding
studies to mitochondria containing the mutant UCP were not carried out in this study

which would be required for further speculation as to the significance of this result.



CONCLUSIONS
4.1 SUMMARY OF RESULTS

A functional, high level heterologous expression system for UCP was established
in yeast, whereby UCP gave yeast mitochondria the respiratory characteristics of brown
adipose tissue mitochondria. The results clearly show that UCP is responsible for fatty
acid-activated uncoupling of yeast mitochondria. The fatty acid-induced uncoupling was
reversed by GDP. UCP in yeast mitochondria was found to bind GDP with a comparable
affinity to that found for UCP in brown adipose tissue mitochondria, although the level
of binding was lower than that measured for activated UCP in brown adipose tissue
mitochondria. The seven cysteines in UCP do not serve a critical role in fatty acid-
activated, GDP-inhibited uncoupling. Arginine 276 is involved in purine nucleotide
regulation of UCP, but it is not known if this residue is involved directly in the binding
of purine nucleotides or in propagating the response in the protein to the bound
nucleotide.

The yeast expression system has proven itself to be a useful system for
investi ting structure/function rvelationships in UCP. It provides a convenient system for
expressing mutant forms of UCP such that the function of the mutant proteins can be
analyzed in both yeast mitochondria and in proteoliposomes following purification and

reconstitution.
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4.2 FUTURE RESEARCH
Due to the tripartite nature of UCP, residues homologous to arg276 in putative
transmembrane a-helices 2 and 4 corresponding to arg83 and argl82 have also been
substituted with glutamine to determine any effects on function. Preliminary results from
these mutant proteins purified from yeast mitochondria and reconstituted into
proteoliposomes indicate that they both show the same function as UCP mutated at
arg276; wild type fatty acid-activated proton flux, but nucleotide inhibition of proton flux
is abolished (M. Modriansky, personal communication). Purine nucleotide binding studies
to the mutant proteins have not been done. Other positively charged residues in putative
membrane spanning regions have also been mutated to gln (His214, Lys267) to determine

their effects, if any, on the functions of UCP. These results are not yet available,
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Small mammals, including human infants, rely on
nonshivering thermogenesis for g substantial portion
of their body hent during exposure to cold. This
thermogenesis is medinted in lnrge part by the uncou-
pling protein, which is found exclusively within the
inner membrane of brown adipose tissue mitochondria.
‘The sole function of uncoupling protein is to provide n
regulated transport pathway for electrophoretic back-
flux of H* ions into the mitochondrial matrix, thereby
dissipating the protonmotive force and producing heat.
Thus, uncoupling protein is unique with respect to both
its physiological role and its tissue expression. We have
now achieved high level expression of rat uncoupling
protein in yeast, with import into yeast mitochondria
nt levels, 70-100 pp/myg of mitochondrial protein, sim-
ilar to those observed in brown adipose tissue mito-
chondria from co™l-adapted rats, When the expressed
protein was purihwed and reconstituted into liposomes,
the proteoliposomes exhibited GDP-sensitive proton
and chloride uniports that were inhibited by GDP with
K, vnlues similar to those obtained with native protein.
Morcover, the molecular activities of the expressed
protein with respect to Cl7 and H* transport were
indistinguishable from those of native protein. The
availability of unlimited amounts of functional, ex-
pressed uncoupling protein will now permit applica-
tion of site-directed mutngencesis to the many intrigu-
ing nspects of uncoupling protein strueture and fune-
tion.

The uncoupling protein (UCE) provides a regulated trans-
port pathway for eleetrophoretic back-flux of protons into the
initachondrial matrix, thereby dissipating protonmotive foree
and producing heat. H™ transport is inhibited by purine
nucleotides and activated by fatty acids, but the detailed
mechanism of H transport anmd its regulation remain un-
wnown 41 3) UCP abso transports moenovalent anions elec-
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traphoretically, and transported anions range in size from
halides to large, unipolar, amphiphilic anions such as alkyl-
sulfonates (4, 5}. The hydroph: hic alkylsulfonates are potent
competitive inhibitars of Cl™ transport and are also trans-
ported at faster rates than smaller hydrophilic anions (4, 5).
Anion transport is inhibited by purine nucleotides whose K,
values increase with anion hydrophobicity (5). Hydrophilic
sulfhydryl reagents selectively inhibit proten transport with-
out inhibiting anion transport (6). These results support a
hypothesis that anions and protons are transported through
different pathways (7) and that anions must surmount a
hydrophobic surface barrier before entering their channel (5).
Structural similarities between some of the new UCP sub-
strates and fatty acids led Garlid (8) to propose that UCP
contains & fatty acid-docking site that lowers the energy
barrier to anions, thereby permitting unintentional electro-
phoretic anion transport. According to this hypothesis, anion
transport through UCP is a probe of the fatty acid regulatory
site.

Although UCP is found excelusively in brown adipose tissue
mitochondria, it exhibits pronounced structural homologies,
including dimeric character, with the P,-H* svmporter and
the adenine nucleotide antiporter, which are found in all
mitochondria. It was considered difficult to understand how
these homologies manifest themselves, given that the three
porters exhibit different transport properties (8, 9. However,
the adenine nucleotide antiporter and UCP share a nucleo-
tide-binding site and a hydrophobic region that interacts with
fatty acid hydrecarbon tails (10-12). Jezek and Garlid (5)
pointed out that all three porters may possess an internal
translocation pathway for protons (which may be blocked in
the adenine nucleotide antiporter) and that specific changes
in their sequences may account for the different charge spec-
ificities and transport modes (51, To understand these differ-
ences and similarities will require an extensive study of mu-
tants of all three porters.

An expression system will be necessary in order to address
questions about the structure-function relationships of UCP
using site-directed mutagenesis. Casteilla et al. (13 have
reported functional expression of UCPE in Chinese hamster
ovary cells; however, function was measured in intact mito-
chondria, whose complexity complicates evaluation of the
results. Thus, the scientific ohstacle at present is that we do
not know whether the expressed protein functions normally
with respect to anion and proton transport and regulation. It
will be necessary to show definitively that expressed UCPE has
the properties claimed for it, and this witl require studies on
the purified protein. The technical obstacle is that high tevel
expression, which heretofore has not heen achieved, is nec-
essary for discriminating structure-function studies, because
the molecular activity of UCE is exceedingly low (14).
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We now report expression of 70-100 ug of UCP/mg of veast
mitochondrial protein. This high level of expression, which is
similar to that achieved in brown adipose tissue initochondria
of cold-adapted rats {15), is shown to provide amounts of
UCP that have the activities of the native protein and are
more than adequate for quantitative assavs of function in
vitro,

EXPERIMENTAL PROCEDURES

Materials—The Escherichia coli/Saccharomyces cerevisiar shuttle
vector pCGH110 was a kind gift of Dr. D, T. Moir, Collaborative
Research Inc. pGEM 5Z1(+) was from Promega, and pSIPTI1S was
from Pharmacin LKH Biotechnology Ine, The 8 cercvistae strain JB
316 (MATa.uraldadel feu2nist,gal*) wos the kind gift of Dr. A, B
Futcher (McMaster University). Yeast Ivtic enzyme (1 X 10" units/
) was obtained from ICN Biochemicals, Fatty acid-free bovine serum
albumin was obtained from Sigma. Oligonucteotides were purchased
from the Central Facility of the Institute for Molecular Biology and
Bivtechnology ot McMaster University, The flucrescent probes 6.
methoxy-N-(3-sulfopropyDguinolivm and PBF1 were obtained from
Molecular Probes, Inc.

Yeast Expression System—"The 8. cerevisiae strain JB 516 wos
transformed with the £ coli/8. cerecisiae multicopy shuttle vector
pCGE10 containing the Kprl/Pstl fragment of tat UCP ¢DNA (16)
inserted ot the unique BamHI site beside the inducible Gall promoter.
‘The vector contained the urad gene as the yeast selectable marker.
‘To incrense the level of expression of UCP in veast, the 5" region
nround the ‘n.oating ATG of UCP ¢DDNA was altered to resemble the
sequence of a highly expressed yeast piveernldehyde-3-phosphate
dehydrogenase gene (GI3PDa) {17) and highly used codons in yeast
(18).

ot UCP DNA:
GaPha DNA:
Altered DNA:

TCTGCCCTCCGAGCCAAGATGGTGAGTT

CACACATAAATAAACAAAATGGTTAGAG

GACACATAAATAAACAAAATGGTCTCTT
ACGTCTGTGTATTTATTTGT ITTACCAGAGAAGC

The altered UCP clINA was constructed in pGEMAZL by cloning
the Sphl/Tayl fragment from pSPTIRUCE inte Sphl/fstl cut
pGEMSZS using two complementary oligonuclentides designed to
have [st] and Tagl sites at their ends and the altered 57 region. The
modified UCP ¢cDNA was removed from pGEMSZIUCE with I'stl,
ligated into BamHI cut pCGS110 with an 8-nucleotide-long bridpe
and then transformed into yenst. Yeast transformants were grown
307 Cin selective medium containing 0.17% yeast nitrogen base, (L5%%
(NHL) S0, and 0.005% each of adenine, leucine, and histadine. The
carbon source was 277 lactate, 0.05% glucose {19).

Mitochondrial Isolation—Mitochondria were isolated from yenst
transformants as described by Gasser (20) from cells induced with
0.2% palactose for 8-10 h (21, 22}, The nuclear fraction was recovered
at 3500 rpm for 5 min, and the mitochondrial fraction, at Y400 rpm
for 10 min. Mitochondrin were resuspended in a solution containing
0.6 M mannitod, 20 ms Hepes-KOH, pH 7.4, and 0.1% fatty acid-{ree
buvine serum albumin,

Ianer Membrane Preparation - Yeast mitochondria were friction:
atedin o 1.0-ml volume using a 0.4: 1.0 ratio of digitonin to mitochon-
drinl protein (23) The resulting mitoplasts were resuspended in 500
ul of hypotonic medium containing 100 s ‘I'ris, 1 myM EDTA, pH
7.2, and sonicated 3 x 200 s in o bath sonicator to relense the mattix
contents, Membranes were collected at 150,000 % g for 20 min and
resuspended in 500 gl of the matochondrial resuspension bulfer de-
scribed nbhove., The Lowey method was used to determine protein
concentration in the fractions. Marker enzyme assays were performed
on each fraction according wo published procedures and included the
outer membrane marker, kvpurenine hvdroxylase (243, the inner
membrane marker, evtochrome oxidase (25, and the matrix marker,
malate dehyvdropgenase 126).

Mitoehondoal Kespirution Hespiration of veast mitochondna was
determined usang the Y81 5300 monitor, the 5357 micro oxyvpen probwe
and the 5456 mucro oxygen chamber, which had o capacity of 06 il
‘I'he reaction huffers contained 0.65 M sarbitol, W mat KCL O3 e
EIDYTA, 10 ma KH PO, 10 ma Tris-HCL and 047 Taty acid-free
Lovine slbumin adjusted 10 a final pH of 6.5 (27).

Purificetton of Unenupling Protein from Yeast Mitochondrg . 1P
wis purilied from yeast mitochondria using the same protocols that
have been deseribed for hamster hrown adipose tissue mitochondria

Functional Expression of Uncovpling Protein

(4). Briefly, a paste containing sctvipentaoxyethylene-extracted venst
mitochondria, lipid, nnd hydroxylnpatite was packed in o colimn and
centrifuged at low speed. The ionic compusition of the elunte was
adjusted 1o 1he desired “internnl medivm™ and then stirred with
Bio-Beads SAL-1 (Bio-Rad) for 150 min at 4 °C to rermove detergent
and form proteoliposomes. Remaining traces of detergent nnd exter-
nal prehe were removed by centrifugation through o second .
Hemds SM-2 column and 0 Sephoadex column (4),

Eiectrophoretic C1 Transport —UCI was purilied ns desenbed
above with "internasl mmedinm™ contnining 054 m KCL S0 THEA
stlfnte, 100 mM TEA-TES, pH 7.2, and 1 wms of the U sensitne
Tuerescent probe G-methoxy-N-(3-sulfopropyDaguinolium. For assay,
150-ul aliquots of stock proteoliposomes were ndded to 1LES ml of 150
mM KCLand 25 wy TEA-TES, pH 7.2, resulting in o linal KCL
concentration of 138 mM. Rates of C1 uptake were obtained jfrom
mensured rates of eereseence decrense using Steen-Volmer enlibra
tion curves, ns previously described (4. Fluoreseence intenssty was
converted to internal [C1 ] usaing 0 numenieal itertion provedure
Internal volume and protein content of prateoliposomes were mens
ured (43 for conversion to uptake rates per millipgeam of VI

Flectrophoretie H* Transport - UCE was punficd ns desenibed
above with “internal medium” contmning 014 myM K-TES, 75 ma
TEA sulfate, 75 my FPEACTES, pH 7.2, nnd 50 usn of the K7 sensiive
fluarescent probe, PRFL 1 trnsport was assaved indirectly ns the
K* counterflux in the presence of valinemyein (28). 150-u] aliguots
of stock proteoliposomes were added 1o LA5 md of 75 mnm K 50, 75
my TEA-TES, pH 7.2, resulting in a finnl K* concentration ol 138
mM. The fluorescent probe response wae calibrated, nnd flusrescence
intensity was converted to internal [K* ) as pr o dousdy desenbed (29

HESULTS

Expression of Uncoupling Protein in Yeust We developed
an expression system in yeast to enable us to investipate
structure-function relationships using site-direeted mutagen-
esis. The rat UCE ¢DNA that we had previously cioned (16)
was inserted into the shuttle vector pCGSHIO under control
of the inducible Gall promoter. A high level of expression of
UCL was achieved in veast transformants by aMering the 18
nuclectide upstream region and the H-nucleotide downstrenm
region around the initiating ATG of the UCE ¢DNA to
resemble the sequence of & highly expressed yeast pglyeeral-
dehyde-3-phosphate dehydrogenase pene nnd highly used co-
dons in yeast. These changes resulted in a 24 -fold increase in
the fevel of UCE over that obtained with unmodified ¢INA
Cell fractionntion of palactose-induced yeast transformmants
containing the altered UCE ¢DDNA showed that UCT localized
to the mitochondrial fraction (Fig. 1y ot a level of 70 100 5y
of UCP/mg of mitochondrial protein,

The inner membrine-to-outer membrane rato of the Jevel
of UCP, eytochrome oxiduse activity (an inper membrane
protein marker) and kynurenine hydroxylase netivity (an
outer membrane protein marker) were 3.6, 403, and 004 re
spectively, showing that UCE was loeated in the mitochion
drial inner membrane. Further studies have shown that venst
mitochondria containing UCT* exhibit GDP hinding to the
extent of 0.4 nmod of GDP/mg of mitochondrial protein, which
may be compared to o value of 09 uitained by Lin and
Klingenberg (30} in brown adipose tissue mitochondrio o
lated from cold-adapted rats and hamsters.

Effect of Expressed Uneoupling Protetn on Yeast Mitochon
drial Funcetinn -In brown adipose tissae mitochonedr, latty
acids activate the UCT causing stimualation of respiration
ind uncoupling of oxiditive phosphorvlation (1), Thewe of
feers of fatty acids are reversed b purine nueleosude deand
triphosphites, To devermine whether UCT jmpirted the o
charisetenistivs of brown adipose Gissue mitochonedrn to yeas
mitochondria, we examined the effects of oleate and G an
the respiratory rates of yeast mitochondna that continned o7
facked UCP, As dllustrated in Fig, 2, isolated matochondr

P Jerek, unpubished data
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containing (a) and lacking (¢} UCP were both coupled with
similar ADP.0 and respiratory control ratios. The higher rate
of respiration in transformed mitochondria was consistently
observed and may be due in part to activity of UCP. This
explanation is supparted by the finding that respiratory rate
in mitochondria containing UCP was depressed by one-third
in the presence of GDP.

The addition of oleate to mitochondria containing UCP
cnuved o further 1.3-fold increase in the rate of respiration
nnd prevented the normal stimulation of respiration by ADP

1 2 3 4 5 6 7 8B 9

uce: -

cDNA + + +

Fi. 1. Immunoblot nnalysis of uncoupling protein (UCP)
distribution in yenst cell fractions. Yeast transformants were
induced to express UCE by the addition of galactose to 0.2% for B b
{21, 22); then cells were disrupted and fractionated (20), A portion of
each cell fraction was immunoprecipitated using monospecific anti-
serum spmnst rat UCE and protein A-Sepharose CL-4R. The immu-
noprecintates were separated by SDS-125% PAGE, transferred to
mitrocellulose, and detected with monospecific antiserum against rat
UCT and ' 1 abeled protein A, Laaes 1,4, and 6 contain rag 32-kDa
U'CT mnrkers of G35, (0028, and 0.21 g, respectively. Lanes 2,3, and
A represent 0 14% of the postamtochondrial, 0.23 of the postnuclear,
and 0427 of the nutochandrial fractions, respectively, isolated from
palactose mduent veast cells transformed with pCGRTI0 containimy
the altered UCT cINA. Lanes 729 represent the same pereentages
stated above for the mitochondral, pestnuclear und postmitochon.
dnal fractions, respeetively, from galactose-induced cells transformed
with pCGS LI lacking muchified UCP cDNAL

@ ®)
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addition (Fig. 2b). In contrast, mitochondria lacking UCP
were not affected by oleate addition and hed a 2.1-fold stim-
ulation in the rate of respiration after ADP addition (Fig.
2d). Furthermore, the subsequent GDP addition to mitochon-
dr:n containing UCP caused a 37 decrease in the rate of
respiration, after which ADP addition caused a 1.8-fold stim-
ulation in the rate. Mitochondria lacking UCP were relatively
unaffected by the GDP addition showing an 8% decrease in
the respiratory rate, after which ADP addition caused a 1.4-
fold stimulation in the rate.

These results, showing that oleate causes stimuiation and
uncoupling of respiration in mitochondria from transformed
veast cells, are consistent with activation of UCP. Further-
more, the demonstration that GDP reverses respiratory stim-
ulation and restores coupling are consistent with normal
function of the expressed UCP in yeast mitochondria. It is of
interest to note that mitochondria containing UCP isolated
from transformed CHO cells were uncoupled without requir-
ing the addition of oleate and vere recoupled by GDP addition
{13). The differing activity of UCP in these two expression
systems may derive in part from differences in the fatty acid
content of the host mitochondrin, These differences illustrate
the complexity of the integrated system containing respiratory
chain, ATPase, UCP, and other endogenous transporters.
Thus, although our experiments indicate that UCP confers
onte yeast mitochondria the respiratory characteristics of
brown adipose tissue mitochondria, quantitative comparisons
of activities for the purpose of structure/function studies
would be difficult in this complex system. This emphasizes
the need for a reconstitution svstem in which to examine the
properties of the purified protein.

© «@
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Fie. 0 The effects of oleate and GDP on oxidative phosphorslution and respiration of veast mito-
chondrea, Mt hombri centam; UCT swere solated Trom seast trianstormants that were growian the presener
st 2 palactose for 8 b, Control nntochondng were solated from pontransformed veast. Mitechandria eontanang
VCP Q87 b or lackange UCE (244500 were added to 0.6 mlof reaction bufter tolosed by the addition of saccinate
to s mst Conpling was determined by the sddition of 60 nmol of ADE €A L Activation and mbabition of UCE were
tested I thye addition of 170 w8 oleate o0y and 170 gM GPP (60 where indieated. The respiration rates quoted on
the graphs are i smol of O nim me of mitechendnal protein. The ADILO ratoan experunents o anmd ¢ were L
tor mutochundna contauming and Lickmg UCE, The respirators control ratios were LA and 205 respectively,
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Purification Immunodetection

Fic. 4. SDS-PAGE analysis of uncoupling protein isoluted
from veast mitochondrin. Purification tieft paneld, UCT was pu-
rified from a seast mitochondrial fraction as outlined under “Exper.
imental Procedures,” The resultant prote:n from the hydroxylapatite
vluate wos separated by SDS-125% PAGE and detected by silver
staining. Lane [, molecular mass markers (kDa: dane 2, 036 40 of
rat UCP marker; fanes 3 and 4, protein purified from mitochondria
isolated from venst transformants containing (lane 3 and lacking
tlane <1 the altered UCPE ¢DXNA. Immunodetection tright pareld,
isulated veast mitochondrin and hyvdroxyvlapatite-putified protein
were separated by SD5-12.5% PAGE, transterred to nitrocellulose,
and detected with monospecific antiserum against rat UCP and 1
labeled protein A. Lanes § and 2, mitochondria isolated from trans.
formnnts containing ane 71 or lacking dane 20 altered UCP ¢DNAL
Lanes 3 and 4. hvdroxslapatite-punified protein obtined from trans
formants contmning tane 31 or bicking tlane 7y UCP elINAL

Chioride and Proton Transport Mediated by the Heterolo-
gously Expressed Uncoupling Protein—Heterologously ex-
pressed UCP was purified from yveast mitochondria and re-
constituted into proteuliposuomes using protecols identical
with those described for brown adipose tissue mitochondria
{4). Tvpicallv, a single batch of transformed yeast t4 g, wet
weight) vielded 10 mg of mitochondrial protein and 500 -704)
ug of purified UCP, an amount sufficient to carry out 15-20
reconstitution assavs, Electrophoretic analvsis of the purified
protein revealed a single band at 32 kDa, which was confirmed
to be UCP by immunodetection (Fig. 3).

The reconstituted UCP catalyzed rapid, GDP-sensitive CI
uptake (Fig. 4) and H" ejection (measured as K* uptake, Fig.
&) follawing addition of valinomycin to proteoliposomes sus-
pended in medium containing 138 my K°. When excess GDP
was present on both sides of the membrane, the rates of {7
uptake and H* ejection were comparable with the respective
rates in lipesomes and in proteoliposomes containing extract
from mitochondria of veast transformants lacking the U'CP
insert {data not shown). This confirms that the observed
GDP-sensitive Cl' transport is mediated entirely by the re-
constituted 32-kDa protein. In further experiments not
shown, we ohserved that Ol uniport is inhibited almost
completely (987 ) by the newly discovered UCE substrate,
hexanesulfonate (3. Additienally, we observed that H uni-
port is greatly stimulated when fatty acids are reconstituted
with both the native and the expressed UCT

The average rates of Cloand H uniport catalyzed by UCT
were 3600 nmal C1 fmun my and 2100 pmaol H/min my of
reconstituted protein. Assuming that these rates reflect op-
eration of a 66-kDa dimere protein (16}, the corresponeing
turnover numbers are 4 « ' for C1 and 2.3« for H°. These
are similar to values obtained with the hamster UCP, which
are .35 for CI (4rand 2 < ¥ for H™ lons (31),

“PoJezek and K. D Garhd, manusepippt in preparation
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Fii. 4. Electrophoretic chloride uptake into proteolipo-
somes reconstituted with uncoupling protein purificd from
yveast mitochondria, The purified. reconstituted UCE entalveed
rapud, GDPosensitive UL uprake following mddiion of vohsomsem
Val to proteoliposommes suspended i LS v RO medsim toure
al C1ouptake wos snbubited 5270 when 2000 00 GDE wis addded e
external medinm teurie ¢ U uptnke was indnted 455 10 proten
Liposomes reconstituted with 200 a3 internal GDE (curee 8) s B
when 200 oM GDE wass present an both sides of the membrone (ourey
d1. Cl ux was also mensured i protealiposomes reconstituted with
extract from mitochondrin of yenst transformants Tacking the UCE
c[INA sequence but contamming the promoter vector These mtes, 12
nmol mun mg of bged, were very sumlar to the rate, 2 nmol/nun iy
of hpid, ehserved when 200 M GDE was present on bath sides of the
membrane

Fie. 5 Flectrophoretic proton cjection fram  proteolipo-
somes reconstituted with uncoupling protein purified from
veast mitochondrin, The puntied, reconstitnted UCT catalvsed
rapnd, GDP-sensitive 87 uptake following addition of salimomsan
(Val) to proteohiposomes suspended i 138 mye K5 mediare caree )
Recause the proteoliposomes were suspended i mednim contimimg
impermeant anions, the rate of valinomyon induced K oaptake 1«
hmited by HY oflus, We identdy the pathwasy wath the UCE beciner
K uptake is imhatnted by GOPHE epection swas anhibuted 30
QHE pm GDEP was added 1o external medwm toarie o Y epectian
was inhibited 3270 a0 protealipesomes reconstitated with 200 as
imternal GDEP (eurce brand T35 when 200 58 GDIY was present on
both sules of the membrane toaree ) HY foxoan hipresomes, 24
ol mun g of Lpnd, was somewhat less than the fates i proteoh)
posames, 11 nmol /g mg of bipnd, obtinned when 200 05 GDE wis
present on both sides o the membeane The intl pong o [R5
which may retlect membrane chargsng following: widition of siahinn
myen, wos also obsersed i iposomes and was net aeed to calealate
rates.

« when

GDEP Infubition of Chlorde and Proton Transport Medvated
by the Hetorolopousty Expressed Oncoupling Proteas o the
mitochandrion, the GDEP-hinding sites aconr un the evtasohe
side of UCE G320 The elfects ol internal corsas external GHEP
un both the CLouniport aned the H umport (R 4 and o
suggest a mixed orientation of recanstituted VO wath about
01 of the sites tacing the extenor of the protealipasomes,
This is in accord with Sndings on UCE polated from hnpnster
hrown adipose tissue (43 Fig. 6 continns daseeresponse curvis
for GDP inhibition of C1 umpors and H° amport. The
ohserved &, values at pH 7.2 were 7 anid 10 g8, fespectively.
These compare well with /&, values of 19 M (or GDE inhibntion
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Fii. 6. GDP titeations of H® and C1” transport through het-
erologously expressed, purified uncoupling protein. The figure
contnins the dose-responses for inhibition of the C1™ uptake (@) and
the H* eiflux (L) by external GDP i protesliposomes containing
paptressed, purified VCE and 200 gM internal GDP. Measurements
were performed s deseribed in the legends to Figs, 4 and 5. Bnsal
rutes, ubtained with 200 gn GDE on both sides of the membrane,
were subtracted from mensured rivtes to obtain percent inhibition.
The t roreticnl dose- respanse curve (solidd line) was plotted using a
Hill coelficient of 1.0 and K, value of 6.6 aM. Linear regressions of
Hill plots yielded 1011 coefficients and K, values of 0.96 and 6.6 uM
for GDP ilibition of C1 uptake and 075 pnd 10 gM for GDP
inhibition of H* ¢fllux.

of CI" transport (4) and 20 pM for GDP inhibition of H”
transport” obtained with hamster UCP,

ISCUSSION

Qur demonstration of functional reconstitution of purified,
heterologously expressed uncoupling protein having proper-
ties indistinguishable from those of the notive protein is the
first such example for 8 mammalian mitochondrial inner
membrane teansport protein. This result establishes that UCP
retnins its functionnl properties following  heterologous
expression in yeast.

We have also demonstrated that mitochondria isolated from
transformed yeast contain 70-100 pg of UCP/ing of mito-
chondrial protein, that the expressed protein is localized to
the inner tnembrane, and that the yeast mitochondria respond
to fatty neids und nucleotides in the same way as native brown
adipose tissue mitochondrin. ‘The physiological competence of
the expressed UCE in situ is important and will be presented
in greater detail in n separate paper.' Nevertheless, intact
mitochondrin are biochemically and physiologically complex,
and discerning analyses of functional properties require the
purified, reconstituted preparation.

A major objective of these studivs was to develop an expres-
sion system that is suitable for structure-function studies,
including site-directed mutagenesis. Such a system must be
cost-effective and amenable to quantitative nssays of function.
It must be shown to vield n protein Uit exhibits properties
characteristic of nutive UCE. Moreover, it must be capable of
high levels of stable expression, beeause the molecular activity
of UCP is extremely low. (The molecular setivity of UCP is
about 2 orders of magnitude less than toe ac ivities of the
KU antiporter (33 and the P-H' symporter (34}, lor
example.} Although other expression svstems have been re-
ported for VCE G35, 1), a0 is only the transtormed yeast

ST L Murdea Toples, N Ponel, amd W1 Freeman, manusenipt
i preparation,
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system that satisfies these criterin.

Since the availability of expressed UCP is effectively unlim-
ited, these studies can now readily be extended to define the
molecular mechanisms of anion and H* translocation and of
regulation of transport by fatty acids and purine nucleotides.
Site-directed mutagenesis studies to elucidate the structural
basis of the many intriguing aspects of UCP function are now
underway in our [aboratories.
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The uncoupling protein is one of a family of mitochon-
drial transport proteins involved in energy metabolism.
It dissipates oxidative energy to generate heat, either by
catalyzing proton transport directly or by catalyzing
fatty acid anion transport, thus enabling fatty acids to
act as cycling protonophores. This transport process is
tightly regulated by purine nucleotides. We have ex-
pressed uncoupling protein in yeast and examined its
proton transport activity after its reconstitution into
proteoliposomes. A directed change of Arg?’® to Leu or
Gln completely abolished nucleotide inhibition of pro-
tonophoretic action of the reconstituted mutant uncou-
pling proteins without affecting the transpert process.
Arg®" is the first residue of functional importance to be
identified in uncoupling protein. Mutation of the ho-
mologous residue in the yeast ADP/ATP translocator
prevented the growth of yeast on a nonfermentable car-
bon source, presumably by interfering with nucleotide
exchange (Nelson, D. R., Lawson, J. E,, Klingenberg, M.,
and Douglas, M. G. (1993} J. Mol. Biol. 230, 1169-1170).
Demonstration of the cssential role of a single homolo-
gous residue in protein-nucleotide interaction within
these two transporters is the first direct evidence that
uncoupling protein and the ADP/ATP translocator be-
long to the same gene family.

Uncoupling protein (UCP)! belungs to a family of mitochon-
drial anion porters involved in energy metabolism, including
the ADP/ATP translocator, the phosphate-H* symporter, and
the oxoglutarate carrier. These porters do not exhibit promi-
nent homologies of primary structure; however, they have simi-
lar molecular masses, and all contain three homologous do-
mains of about 100 amino acid residues, each of which contains
two transmembrane helical sequences (1-4). UCP has the spe-
cific role of generating heat in mammalian brown adipose Lis-
sue, either by permitting proton flux directly or by catalyzing
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fatty acid anion transport across the mitochondrinl inner mem-
brane, thus ennbling the fatty acids to act ns protonophores (4,
51

Chemical modification studies on UCP using sulfhydry! re-
agents or arginine-modifying reagents have suggested that
these residues might have functional sigmificance, but in this
approach the specific residues could not be identified (6, 7).
Moreover, these effects could be due to introduction of bulky
side groups resulting in steric interference with function. In n
different approach, photoaffinity labeling with purine nucleo-
tide analogs shows that the third domnin of UCP is involved in
nucleotide binding but does not identify functionally impurtant
residues (8, 9).

We have approached the question of locating such residues in
UCP by developing a system of high level expression of func.
tional rat UCP in yeast (10) and sensitive fluoreseent assays of
proton (11} and anion (12) transport in prutecliposomes recon-
stituted with expressed UCP purified from yeast. These proto-
cols were used to evaluate the effects on GDP-sensitive proton
transport of changing the individual cysteine residues to serine
and Arg®™ to glutamine and leucine. Mutation of Arg?™ re-
sulted in complete loss of GDP inhibition of proton transport
mediated by reconstituted UCP.

EXPERIMENTAL PROCEDURES

Materials—The Escherichia coli/Succharomyees cerevinar shuttle
vector pCGSEI0 was the kind pfl of Dr. DI Mo, Collaborative Re.
search Inc. M13mpi9 was from Life Technologues, Inc. Zymolynse 1007T
way obtnined from ICN Biochemiculs. th+ b-galactase G 070560 and fatty
acid-free bovine serum albumin A 6003 were obtiined from Sigma.
Oligonucleotides were purchased from the Central Facility of the Inati-
tute for Molecular Biology and Diotechnology at McMaster Umversity
SPQ was purchased from Colbiochem. Bovine serum albumin (Factor
1V), fatty acids, nnd ionophores were purchased from Sigma. Alkylsul-
fonates were purchased from Resenrch Pluw, Inc. iNew Jerneyt Mate
rials for protein punfication and hposome formatien were obluned from
sources deseribed in Jezek of al, (121

Mutagenesis—Rat UCP cDNA altered around the 5 -translation start
site for efficient translation in yeast wan onginally constructed in
pGEMSZM10). The SalUSphl frogment comtaimang the altered rat U
cDINA fram this construct was cloned into Sall/Sphl-cut M13mp9 fue
site-directed mutngenesis, Oligonucleotides were demgned to nlier UCP
codons for Arg®™ (CGA) to Glin tCAA und Leu (CTA) and Cyn/™' CTGT)
te Ala (GCT) Site-directed mulngenesin was carped out umng the
method of Kunkel (1131 A unique Sacl site was enganeered inta the £
eoli /8. cereviniae shuttle vector pCGS110 between the BamHand Sphl
sites of the veetor. This permitted subcloning of Sael/Sphl fragments
fram MEImp19 contaiming wild-type or nutated forma of 1P cDHA
into SaclSphl-cut pCGSLIO such that the c[INAs were under tean
seniptionnl control of the induable Gall promoter The 8§ cerecesiar
striun JBO L6 (OMAT, urald, aded, leld, kisd, gal®) was translormed by
vlectroporation with the shutlhs vector constroets ot 15 kY, 20 oo
farads, 200 ohm. The yeast transformants were grawn at 300 0w
lective medium as previvusly descnbed (10

Mitochondrial fsedution—Expression of UCP was induced in yennt
transformants with 0.2 galactose for 12 h, alter whach mtechoadng
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Fii. 1. Electrophoretic H* efflux from protecliposomes recon-
stituted with expressed, purified wild-type UCP. Fluorescence
traces from proteoliposomes containing SPQ and 1 my GDP were con-
verted to changes in intraliposomal acidity {(6{H"]) and plotted versus
time. Proton ofllux was initisted by addition of valinomycin (Val)in the
prescnce of 30 pu lnurate (FA ). Truce a, no further additions; trace b, 1
st GDI wzs present in nssay medium; trace ¢, 300 pu undecanesuifo-
note was present in assay medium.

were inolated and resuspended in o selution containing 0.6 w sucrose, 20
mu HEPLS-KOH (pH 6.5) contnining 0.1% fatty ncid-free bovine serum
albumin as previously described (10).

Preparation of Proteotiposumes Containing e Expressed, Purified
Mutant and Wild-type JCPi—Purilicntion and reconstitution followed
protocols previously described (12). Briefly, yeast mitochundrin were
solubilized in 13% octylpentnoxyethylene in the presence of 1.a-phos-
phatidylcheline, cardiolipin, and L-a-nhzzohatidic acid, and this mix-
ture was applicd to s hydroxyapatite columes The internal medium was
adjusted to the desired concentrations, and the fluorescent probe sPQ
was ndded. Vesicle formation and external probe removal were accom-
plinhed by treatment with Bio-beads SM-2 and Sephadex G-25, respec-
tively. Final lipid concentration was approximately 40 mg/ml.

Proton Flux Measurements Using SPQ—Proteoliposomes were added
to 2 ml of assny medium to a final concentration of 0.5 mg of lipid/ml.
The intravesicular medium contained 1 my GNP and tetracthylammo-
nium satts of TES (28 8 mum), EGTA (0.6 my), and 50, (84.4 my), pH 7.2,
The external medium, also at pH 7.2, contained tetraethylammonium
salts of TES (28.8 mu), EGTA (0.6 my), nnd SO, (24.4 mm), and 120 mym
K* a8 the SO, salt, Proton ¢fflux from the liposomes was initinted by
adding 30 pw lnurate followed hy (.1 pv valinemycin. As we have re-
perted (113, TES anion quenches SPQ fluorescence wherens TES zwit-
terion does not; therefore, changes in fluorescence in this medium result
..m changes in totnl acid, ie. from proton flux acruss the liposomal
membrane. In ench experiment, the quench coefficient wos determined
by calibeation curves carmied out on the proteoliposomes. [ntermal lipo-
somul volume, determined from the volume of distribution of SPQ, was
1.1-1.6 plmg of hpd. Protein content, estimated by the Amido Black
methed, was 1-34 pg of protein/myp of hipd

HESULTS

Proton Transport Phenotype of Wild-type UCP—Fig. 1 con-
tains typical tences of H* efMux from vesicles reconstituted with
wild-type UCE. The large internal acidification following lau-
rate nddition is due to partitioning of laurnte/auric acid in the
membrane, followed by rapid flip-Aop equilibration and deliv-
ery of protons to the internal medium (141, Addition of valino-
mycin caused internal alkalinization (Fig. 1, trace a), which
implies an underlying movement of protons and charge. This
electrophorctic proton efftux may be the result of proton trans.
port direetly by UCP (43 or of Inurate anion transport by UCP,
with the proton carried by nonionic diffusion of lnuric acid (5).
That proton efflux required mediation of UCP is demonstrated
by its indubition by external GDP(Fig. 1, traee b). The K, values
for GDP inhibition of proton transport by wild-type UCP
ranged between 8 and 10 pu in three experiments where it was
measured. Proton eMux was also inhibited by the laurate ana-
lugue, undecanesulfonate tFig. 1, trace o). Undeennesulfonate is
transpurted by UCP, and its inhibition of UCP-catalyzed H*
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Fic. 2. Electrophoretic H* efflux from protecliposomes recon-
stituted with expressed, purified Arg®* — Leu mutant UCP.
Fluorescence traces from proteoliposomes containing SPQ and 1 mu
GDP were converted to changes in intralipesomal acidity (8H*]) and
plotted versus time. Proton efflux was initiated by addition of valino-
mycin {Val) in the presence of 30 ps laurate (FA ), Trace e, no further
odditions; trace &, 1 mm GDP was present in assay medium; traee ¢, 300
pM undecancsulfonate was present in assay medium.

transport is cumpetitive with laurate.?

Proton Transport Phenotypes of Cysteine Mutants of
UCP—We mutated gll cysteines to serines independently, and
we nlso mutated Cys®? to alanine. For each mutant, we as-
sayed proton transport and its inhibition by GDP and unde-
canesulfonate. As we have reported in & preliminary commu-
nication (15), cach of these mutations was without effect on
transport and inhibition (data not shown}.

Proton Transport Phenotypes of Arg®™® Mutants of UCP—We
mutated Arg?’® to leucine and glutamine. Fig. 2 contains rep-
resentative traces from an Arg?™ — Leu mutant reconstituted
into liposomes. UCP-catalyzed H* transport (Fig. 1, trace a)
was unnfTected in the leucine mutant, and it was reduced by
about 50% in the glutamine mutant (see Table 1). The striking
feature of these mutants is that GDP had no cffect on H*
transport (Fig. 1, trace b), and this defect was apparent at doses
up to 1 mu, as shown in the GDP dose-response curves of Fig.
3. Cunfirming that laurate-induced H* transport was qualita-
tively unaffected by these mutations, the competitive inhibitor
undecanesulfonate was effective in inhibiting transport (Fig. 2,
trace c; Table .

DISCUSSION

Mechanism of UCP-catalyzed Proton Transport—It is ngreed
that fatty acids cnuse UCP to catalyze electrophoretic proton
transport and that UCP also catalyzes electrophoretic trans-
port of menovalent anions, including undecanesulfonate (4, 12,
16-21). Undecanesulfonate is on nnalogue of lauric acid, but it
is incupable of inducing H* transport through UCP. These ana-
logues differ in that lauric acid rapidly equilibrates across lipid
membranes, whereas undecanesulfonic acid is incapable of
nonionic diffusion (Fig. 1). Finally, undecanesulfonate is com-
petitive with laurate in inhibiting UCP-mediated H* trans-
port. These results favor a mechanism proposed by Skulachev
(5, in which UCP is an anion channel whose physiological
substrate is fatty acid anions, In this model, fatty acids act as
protonophares, and regulation of H* back flux is provided by
nucleotide inhibition of the anion uniport half-cycle.

The mechanism of UCP-catalyzed proton transport is still
under nctive investigation, but the present results are most
simply understood using the Skulachey model. Thus, the data
in Fig. 1 show that H* efflux ean be inhibited cither by GDP, an
allosteric non-competitive inhibitor of fatty acid anion trans-
part, or by undecanesulfonate, a channel substrate and com-

1), E. Orosz, M. Modrinnsky, P. Jezek, nnd K. D. Garlid, unpublished
data.
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Tame 1
Transport activity of reconstituted. yeast-expressed rat
uncoupling protein

Proton fluxes were mensured as described under "Experimental Pro-
cedures.” Fluxes are given as menns = S.E. of n independent expeni-
ments for each uncoupling protein genotype. Proton fluxes were mena-
ured in the presence or absence of ecither extermal GDP or
undecanesulfonate. Rotes for Arg®™™ » Gln nre averages of two separate
experiments.

Uncouphing

protewn n Undecanesul{onate GDP Proton Mux
] mus nmol min ' mg-!
Wild type 4 \] 0 3860 = 310
\] 1 1240 = 180
300 0 720 = 280
Arg®™® - Leu 3 4] 0 4250 = 490
0 1 4230 = 440
300 0 280 = 2B0
Arg?™® « Gln 2 0 0 1940
0 1 2040
300 0 600
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Fic. 3. Effects of GDP on H* efflux from proteoliposomes re-
constituted with wild-type nnd mutant UCPs. Proton fluxes, as
percent of control rate in the absence of external GDP, are plotted versus
external [GDP). The fijure contains data from three separnte prepara-
tions: @, wild-type UCP; &, Arg”™® + Leu mutant UCP; &, Arg?™ +GIn
mutant UCP. The K, for GDP inhibition of proton transport in the wild
type wag 10 pw. Control rates and rates in the presence of 1 my GDP are
contained in Table 1.

petitive inhibitor of laurate anion transport.¥ The data in Fig.
2 show a dissociation of these effects. Protonophoretic cyeling of
laurate and lauric acid is unaffected by the mutation, as is
inhibition by the competitive substrate, undecanesulfonate. On
the other hand, GDP is no longer able to inhibit laurnte trans-
port through the mutant protein. Thus, the Arg*™ + Leu mu-
tant is unimpaired in transport function but has completely
lost its nucleotide regulatory capacity.

Role of Cysteines in UCP Transport and Regulation—The
seven cysteines in UCP are conserved in UCP of all known
species. Past chemicnl studies have implied that cysteines may
be involved in both ion transport and GDP inhibition of this
transport (6). However, changing all eysteines to serines inde-
pendently was without effect on GDP inhibitien of UCP-medi-
ated proton or anion transport (15), indienting that a hydroexyl
group can functionally substitute for each thiol group in UCP.
Curiously, 5 of the 7 cysteines are found in the third domain of
UCP, the regtion containing the GDP hinding site. Beenuse May-
inger and Klingenberg (8) deduced that Cys®™ was the most
likely residue covalently labeled by the ATP analog FDNP-ATP,
we replaced this residue with alanine to remove hydrogen-
bonding ability while maintaining the hydrophobic nature of
the side chain. This mutation was also without effect on trans-
port function or regulation. These results shuw that the thiol
group per se is not decisive for these functions. We are carrying
out further studies, using bulkier substitutions, to determine
whether the cffects of thiol reagents on function may be steric
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rather than chemical.

Role of Arginine 276 in UCP Transport and Regulation—
Based on the pH dependence of nucleotide binding to UCP,
Klingenberg and co-workers (1) proposed that both acidic and
basic residucs are present in the purine nucleotide binding site
of UCP. Chemical studies using arginine-modifying rengenta
had previously indicated that arginine is a critical functional
residue for purine nucleotide binding (7). The most likely loca-
tion of the arginine is in the third domain of UCP because
Inbeling studies using ATP analogs have localized the purine
nucleotide binding region of UCP to this area. Peptides labeled
by the ATP analogs contnined amino neids 258-283 and 238-
255 (8, 9). From membrane disposition models of UCP, these
peptides reside in helix 6 and in the matrix region connecting
transmembrane helices 5 and 6, respectively (8, 200, 1t has been
proposed that this region comprises a nucleotide binding pocket
accessible to the cytosol side because it s known that purine
nucleotides regulate UCP from this side of the inner membrane
(8).

Of the 3 arginine residucs in the third demain of UCPE, we
chose to modify Arg?™. Based un the size of ATP in its extended
anti conformation and the location of residues covalently la-
beled by the ATP analogs, it is unlikely that Arg=" could in-
teract with ATP. Although Arg®™ is about the same linear dis-
tance from the covnlently lubeled residues as Arg®™, the
transmembrane arrangement of the third domain proposed by
Mayinger and Klingenburg (8) depicts Arg?™ as being present
in the proposed nacleotide binding pocket, spatinlly close to resi
ducs covalently labeled by ATE annlogs and accessible to cyto-
solic purine nucleotides. Arg™™* is excluded from this binding
pocket and is inaccessible to nucleotides in this arrangemet,
Further, Arg*7¢ is conserved in oll mitochondrinl carrier family
members except the phosphate carrier, and the homologous resi-
due in the yeast ADP/ATP translocator has recently been found
to be required for growth, although its rale in the transport funce-
tion of the ADP/ATE translocotor was not tested (22).

The functional role of Arg*™ was investigated by replocing
the arginine with glutamine and leucine. The glutamine sub-
stitution maintains some hydrogen-bonding sbility but re-
moves positive charge. Leucine removes both these character-
istics. In cach case, the substituted side chain was shorter to
minimize steric interference of function, Our results with pu-
rificd, reconstituted UCE show that both mutations caused
total abolition of GDP inhibition of proton transport. On the
other hand, both mutant forms of UCP catulyzed proton efflux,
and this transport was completely inhibited by the competitive
inhibitor, undecancesulfonate. Because transport was normal
with the Arg?™ + Leu mutant, the results are difficult to
reconcile with a gross conformation changu in the protein struc-
ture. They indicate that the effect of the mutation was un pu-
rine nucleotide sensitivity and not on transport function.

This is the first identification of a single residue that s
dircetly involved in purine nucleotide regulation of UCE truns-
port funetion and the first evidence that directly relates fune-
tionally important residues between the ADF/ATPE translocntor
and UCE
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