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Abstract

Uncoupling protein 2 (UCP2) is a mitochondrial carrier protein implicated in various
pathophysiological conditions, such as diabetes and cancers. Its involvement in
numerous dysregulated metabolic pathways make it an attractive target for
therapeutic intervention. However, the exact function of the protein remains unclear.
UCP2 has been proposed to function as an uncoupling protein to ‘mildly uncouple’
mitochondria mitigating the production of reactive oxygen species by mitochondria,
or to transport 4-carbon metabolites across the mitochondrial inner membrane,
which provides metabolic flexibility to the cell under conditions of nutrient stress.
Mitochondrial carriers are inherently unstable, which makes them a particularly
challenging class of membrane proteins to study. UCP2 is expressed in a variety of
tissues, though at low abundance, where extraction from native sources is
impractical. The heterologous expression of UCP2 in recombinant systems, such as
bacteria, can produce misfolded protein, leading to incorrect conclusions on the
protein’s properties. To date, the biochemical function of UCP2 remains widely

contested.

This work describes optimisation of human UCP2 protein expression in a protease-
deficient S. cerevisiae strain, to yield folded protein suitable for extraction, purification
and functional characterisation. It was observed that substitution of leucine at
position 2 produced ~4-fold more UCP2 protein compared to WT protein.
Quantification of UCP2 expression in yeast mitochondria indicates that this system
produces ~20-fold more protein than native sources, with ~75% of protein produced
extractable with non-ionic detergents, indicative of folded material. Purification
attempts using a combination of ion exchange and covalent chromatography were

able to enrich UCP2 in an intact form, but not purify the protein to homogeneity.

To probe the ligand binding properties of UCP2 without the need to purify, a novel
thermostability assay, termed the “gel blot protein thermostability” assay, was
developed using a polyethylene glycol-conjugated, maleimide-based thiol-reactive
probe. The assay was able to successfully detect the pH-dependent binding of
inhibitory nucleotides to human UCP1 in solubilised yeast mitochondrial

membranes, through significant stabilising shift in relative protein thermostability.



Equivalent tests with UCP2 revealed that the protein is less stable than UCP1, where
purine nucleotides do not induce any changes in stability, consistent with lack of any
binding. These findings suggest that UCP2 is not regulated by these ligands and has

different functional properties to UCP1, implying a distinct biochemical role.
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conventional type 1 dendritic cells
7-Diethylamino-2-(4'-maleimidylphenyl)-4-methylcoumarin
colorectal cancer

C-X-C motif chemokine 10

C-X-C motif chemokine 9

dendritic cell

n-dodecyl-f3-D-maltoside
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DNP: 2,4-dinitrophenol

DOPC: 1,2-dioleoyl-sn-glycero-3-phosphocholine
Dox: doxycycline

DPC: dodecylphosphorylcholine

DSF: differential scanning fluorimetry

DSS: dextran sodium sulphate

ATm: change in apparent protein melting temperature
DTT: dithiothreitol

FCCP: carbonyl cyanide-p-trifluoromethoxyphenylhydrazone
FRET: fluorescence resonance energy transfer
GDP: guanosine diphosphate

GLUT2: glucose transporter 2

GPCR: G-protein coupled receptor

GSIS: glucose-stimulated insulin secretion
GTP: guanosine triphosphate

HEK-293: human embryonic kidney

HIF-1a: hypoxia-inducible factor 1 alpha
IFNy: interferon gamma

IL-12: interleukin 12

IL-1B: interleukin 1 beta

IL-6: interleukin 6

IM: inner membrane

IMS: intermembrane space

INS-1E: insulinoma 1E cells

IPTG: isopropyl-2-D-galactopyranoside
IRF5: interferon regulatory factor 5

JNK: Jun N-terminal kinase

Kate: ATP-sensitive potassium channel

KO: knockout

KRAS: Kirsten rat sarcoma virus

LB: lysogeny broth

LPS: lipopolysaccharides

m-state: matrix-open state
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MAPK:
NADH:
NADPH:
NK:
Nluc:
NMR:
NST:
PDAC:
PEG:

PEG-Mal-2K:

PEG-Mal-5K:

PET-CT:
PPAR:
PVDF:
Q-FT:
RCR:
ROS:
S-FT:
SC-ura:
SCM:
SDM:
SDS:
SEC:
SL+G:
SMA:
SPQ:
T-ALL:
TCA:
TILs:
T
TME:

mitogen-activated protein kinase

reduced nicotinamidine adenine dinucleotide

reduced nicotinamidine adenine dinucleotide phosphate
natural killer cell

Nanoluciferase

nuclear magnetic resonance

non-shivering thermogenesis

pancreatic ductal adenocarcinoma

polyethylene glycol

Poly(ethylene glycol) methyl ether maleimide conjugated to
a 2 kDa adduct

Poly(ethylene glycol) methyl ether maleimide conjugated to
a 5 kDa adduct

positron emission tomography-computed tomography
peroxisome proliferator-activated receptor
polyvinylidene fluoride

Q-flow through

respiratory control ratio

reactive oxygen species

S-flow through

synthetic complete media devoid of uracil
sulfo-cyanine3 maleimide

site-directed mutagenesis

sodium dodecyl sulphate

size exclusion chromatography

selective lactate and glucose media

styrene malic acid
6-methoxy-N-(3-sulfopropyl)quinolinium

T acute lymphoblastic leukaemia

tricarboxylic acid

tumour infiltrating lymphocytes

protein melting temperature

tumour microenvironment
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TNF-a :

TOCL:
TPA:
TPS:

TX-100:

UCPI:
UCP2:
UPS:
WT:
YP:
YPD:
YPL
YPR

tumour necrosis factor alpha

tetraoleoyl cardiolipin

thiopropyl agarose

thiopropyl sepharose 6B

Triton X-100

uncoupling protein 1

uncoupling protein 2

ubiquitin-proteasome system

wild-type

yeast peptone media

yeast peptone media supplemented with 2% (w/v) glucose
yeast peptone media supplemented with 2% (v/v) lactate

yeast peptone media supplemented with 2% (w/v) raffinose
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1. Introduction

1.1. Mitochondrial carriers and uncoupling proteins

Mitochondrial carriers are part of a large family of integral membrane proteins
predominantly found in the inner membrane of mitochondria. Their collective role is
to transport various substances, such as metabolites, ions or amino acids across the
inner mitochondrial membrane. Translocation of these diverse molecules utilises a
strict exchange mechanism (1). Amongst this family is the sub-family of proteins
known as uncoupling proteins. The archetypal uncoupling protein 1 (UCP1), is
responsible for catalysing proton leak across the inner mitochondrial membrane (2).
UCP1 uncouples mitochondrial substrate oxidation from ATP synthesis as the
protein provides an alternative pathway for protons to return to the mitochondrial
matrix, enabling it to bypass ATP synthase. It is expressed in brown adipose tissue
(3), where it facilitates the physiological process of non-shivering thermogenesis

(NST) for thermoregulation in mammals (2).

The discovery of novel uncoupling proteins (UCP2-5) (4-8) has led many research
groups to investigate if these related proteins are also capable of catalysing proton
leak resulting in a thermogenic function (2, 9, 10) or if they are responsible for other
biochemical roles (11, 12). UCP proteins are reported to play important roles in
pathophysiological disorders, such as diabetes, cancer, obesity and

neurodegenerative diseases (for reviews see: (13-16)).

1.2. Uncoupling Protein 1

UCP1 is a ~32 kDa monomeric protein (17-19) that is specifically expressed in the
mitochondria of brown adipose tissue (BAT) (3, 20). The protein functions to
transport protons from the mitochondrial intermembrane space (IMS) into the
matrix, bypassing ATP synthase (2, 21). As a consequence, nutrient oxidation is
uncoupled from ATP synthesis to release energy as heat instead of producing ATP.
Heat produced in this manner facilitates the process of NST by BAT helping small
eutherian (placental) mammals maintain body temperature (22-24). In humans, BAT
depots were originally observed to decline after infancy (25) and were not thought to

play a significant role in adults. Though, in the last 15 years, BAT depots have been
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identified in human adults via the use of positron-emission tomographic and
computed tomographic (PET-CT) scans (26), and found to correlate inversely with
body mass index (BMI) and age, thereby highlighting a potential role of BAT in
combatting obesity (26). The physiological role of UCP1 in BAT is very well
characterised. A defining feature of UCP1-mediated uncoupling is activation by free
fatty acids (27-30), which is inhibited by purine nucleotides (31-35). Following acute
exposure to the cold, the brain triggers neuronal signals that activate 3 (33)-
adrenergic receptors (3AR), a type of G-protein coupled receptors (GPCRs), in
brown adipocytes. Upon ;AR activation, the Ga subunit dissociates from the
GPCR and activates adenylate cyclase, consequently increasing intracellular cAMP
levels. Increased levels of cCAMP activates protein kinase A, which in turn
phosphorylates various enzymes including lipases and perilipin. Phosphorylation of
hormone-sensitive lipase enables fatty acids to be released from triglyceride stores,
whilst phosphorylation inhibits perilipin activity thereby enabling stored lipids to
undergo lipolysis. Free fatty acids released into the cytosol directly activate UCP1,
overcoming inhibition of the protein by purine nucleotides that bind at the cytosolic
side, to switch on NST. Movement of protons through activated UCP1, rather than
ATP synthase, dissipates the electrochemical proton gradient generated by the
respiratory chain, releasing heat as a result, rather than generating ATP (2, 36, 37)
(see Figure 1.1).
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Figure 1.1: Schematic showing UCPI activation in brown adipose tissue. Following cold
exposure, the brain sends signals via the sympathetic nervous system to trigger the release of
noradrenaline from sympathetic neurones in innervated BAT. Noradrenaline binds to ;AR
located on the plasma membrane of brown adipocytes, leading to an intracellular signalling
cascade. Following activation of $3AR, the Ga subunit dissociates from activated receptors and
acts on adenylate cyclase. Adenylate cyclase catalyses the conversion of ATP to cAMP,
subsequently elevating intracellular cAMP levels. Increased cAMP acts on protein kinase A,
which in turn phosphorylate perilipin, consequently preventing the action of lipid sequestration.
Protein kinase A also phosphorylates hormone-sensitive lipase (HSL), which enables the
liberation of free fatty acids from triglyceride stores. The release of free fatty acids into the
cytosol enables their transport into the mitochondria, where they activate UCPI to uncouple the
mitochondrial membrane potential from oxidative phosphorylation (zoomed in panel). Heat is

generated as a result of this proton leak, and it is responsible for NST in newborn humans (2,

36, 37).

1.3. Uncoupling Protein 2

In 1997, Fleury and colleagues identified a novel gene positioned in a chromosomal
region linked to obesity and hyperinsulinemia (4). The gene encoded for a
mitochondrial carrier that had a 59% sequence homology to UCP1, hence, the
resulting gene product was named uncoupling protein 2 (UCP2). UCP2 is a 33 kDa

protein made up of 309 amino acid residues. The protein is localised to the
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mitochondrial inner membrane and has conserved mitochondrial carrier family
motifs (see section 1.5. Conserved structural features of mitochondrial carriers for
more details). Unlike UCP1, which is exclusively expressed in BAT (3), UCP2 is
expressed in many different tissue and cell types, including lung, stomach, thymus,
pancreatic [3-cells, and bone marrow, with the highest expression levels observed in
spleen mitochondria (38-40). UCP2 expression is also observed in various immune
cells, including B cells, T cells, neutrophils and macrophages (41). Although UCP2 is
expressed in many different cell types, its expression levels are at least two orders of
magnitude lower than UCP1 expression in BAT mitochondria (38, 42). Unlike
UCP1, which has a half-life of approximately 30 hours (43), UCP2 has a very short
half-life of approximately one hour (40, 44, 45). This unusually short lifespan may be
attributed to the protein degradation pathway that turns over UCP2 undergoes,
which differs from UCP1 (46).

1.3.1. Proton Conductance
Since the discovery of UCP2, subsequent studies using isolated yeast (47, 48) and

mammalian mitochondria (49-53), led to the initial conclusion that UCP2 can
uncouple oxidative phosphorylation in the same way as UCP1. However, these
results have been widely contested. For example, overexpression of UCPs in
recombinant systems can lead to loss of mitochondrial membrane integrity as well as
protein misfolding, which in turn can lead to improper insertion into the membrane.
Hence protein overexpression can produce artefacts that appear to uncouple
mitochondria (54-56).

Liposome proton flux assays have been used to assess proton transport
activity of UCP2 (57-61), though the results have been conflicting. Some findings
reported that UCP2, like UCP1, is capable of fatty-acid dependent H" transport,
though protonophoric activity is only completely inhibited with millimolar
concentrations of purine nucleotides (57, 61). Other studies also report that UCP2
proton leak activity can be mediated by polyunsaturated fatty acids, though activity
could be inhibited by micromolar concentrations of purine nucleotide (60). However,
others argue that a histidine pair (H145 and H147) present in hamster UCP1, but not
in UCP2 and UCP3, is responsible for proton leak activity, with mutagenesis studies

demonstrating a significant decrease in proton flux in vitro (62). However, respiratory
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assays using isolated mitochondria (63) and HEK?293 cells (64), demonstrate that this
histidine pair motif is not important for proton conductance activity in UCP1.
Consequently, studies using proteoliposomes were not able to clarify if UCP2 could
transport protons like UCP1.

UCP proton conductance was claimed to require additional co-factors to
restore proton transport activity in proteoliposome (65, 66) and isolated
mitochondria systems (49, 50, 52, 53, 66-69). The first reported obligatory co-factor
required for recombinant UCP1 activity was ubiquinone (coenzyme Q) (66). Echtay
and colleagues claim that recombinant UCP1, UCP2 and UCP3 are able to mediate
H" transport, but only in the presence of ubiquinone (65, 66), where free fatty acids
are still required to activate UCP1 proton conductance (28). However, others have
shown that ubiquinone does not affect UCP2 proton transport activity (58, 59, 70).
Importantly, recombinant expression of UCP1 using mutant yeast strains that lack
the ability to produce ubiquinone, demonstrate that the molecule is not an obligatory
co-factor of UCP1 (71).

1.3.2. Regulator of ROS signalling
The mitochondrial respiratory chain is a significant producer of reactive oxygen

species (ROS). UCP2 has been postulated to play a role in regulating mitochondrial
ROS through the mechanism of mild uncoupling. The ‘mild uncoupling hypothesis’,
proposed by Skulachev in 1996, proposes that uncoupling of mitochondria serves to
maintain low levels of ROS, in order to mitigate detrimental effects of oxygen-
derived radical molecules produced during high levels of oxidative phosphorylation
(72).

The observation that UCP2 expression can be induced by oxidative stress
(38), led to the proposition that superoxide-mediated proton leak by UCP2 directly
controls reactive oxygen species generated by the respiratory chain. The antioxidant
effect of mildly uncoupling mitochondria would relieve oxidative stress, but at the
expense of ATP synthesis (73). To investigate this possibility, proton leak was
measured in mitochondria isolated from pancreatic (3-cells, kidney, and spleen tissue
and was found to increase in the presence of an exogenous superoxide-producing
system (xanthine and xanthine oxidase, which together generate superoxide
radicals), and was attributed to UCP activity (52, 53). It was also later hypothesised

that products of lipid peroxidation, brought on by oxidative damage, could also
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activate UCPs. Such products include reactive alkenals and aldehydes (50, 74). As
UCP1 was reported to be activated by retinoids (48, 75), it could be inferred that
structurally related compounds resulting from lipid peroxidation could potentially
induce UCP proton leak activity. In 2003, Echtay and colleagues proposed that
superoxide and carbon-centered radical species, such as 2,2’-azobis(2-
methylpropionamidine) dihydrochloride (AAPH) (69), induce phospholipid
peroxidation, culminating in the production of reactive alkenals such as 4-hydroxy-2-
nonenal (4HNE) (50), which activate UCPs. 4HNE is a highly cytotoxic aldehyde
(76), that has been reported to cause cellular dysfunction through dysregulation of
various process (77). Under conditions of oxidative stress, it has been reported that
HNE concentrations can range from 10 uM to 5 mM; the upper limit of which is in
excess of what would cause broad spectrum cytotoxic effects (77, 78). To study the
effects of 4HNE in a physiologically relevant manner, proton leak experiments
conducted on isolated mitochondria utilised 35 uM 4HNE (50), which is within the
lower end of reported 4HNE range. 4HNE was reported to induce GDP-sensitive
proton conductance in BAT, kidney and skeletal muscle mitochondria, indicating
that 4HNE mediates mitochondrial uncoupling through UCPs (50). It must be
highlighted that superoxide- (52, 68) and 4HNE-mediated (50, 79) uncoupling was
only observed in the presence of fatty acids. For UCP1, 4HNE was later found not to
be required for activation at all (80), which supports the idea that 4HNE is not
required for uncoupling activity. While the data presented by Echtay and colleagues
demonstrate that in the presence of exogenous superoxide and 4HNE, UCP2 can
confer proton leak activity, many other groups have not been able to replicate these
findings. Using the same experimental set-up in spleen mitochondria, Couplan and
colleagues found that superoxide does not induce UCP2 uncoupling (81). Different
groups have observed conflicting results with regards to UCP activation by reactive
alkenals and particularly 4HNE (71, 81, 82), with Parker and colleagues suggesting
that discrepancies in results could be attributed to differing experimental set-ups (83).
Other investigations into HNE-induced uncoupling in skeletal muscle mitochondria
suggested that a high membrane potential is required for UCP3-mediated uncoupling

activity, which may not necessarily be physiologically relevant (83).

The conflicting data regarding UCP superoxide activation led to many questions

regarding the physiological relevance of superoxide-induced uncoupling. Given that
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UCP2 is expressed in cells involved in immune defence and that protein expression
can be induced under conditions of oxidative stress (38, 41), the protein has been
reasoned to play a role in regulating ROS. In innate immunity, neutrophils and
macrophages employ the use of nitric oxide, superoxide and other reactive oxygen
species in order to combat bacterial pathogens through the process of phagocytosis.
These potent antimicrobials are contained within the phagolysosome. Release of
these highly reactive molecules can be detrimental to the cell (84). UCP2 expression
in both neutrophils and macrophages may be a mechanism to mitigate intracellular
damage caused by uncontained phagolysosomes (85). There have been numerous
experiments that support the idea that UCP2 may negatively modulate ROS levels,
especially in the context of immunity. For example, when challenged with the brain
parasite, T. gondii, macrophages isolated from UCP2 knockout (KO) mice eliminated
more of the parasite compared to their wild-type (WT) counterparts (86). UCP2-
deficient macrophages challenged with S. typhimurium also demonstrated high
bactericidal activity compared to WT macrophages (86). In other studies, L. donovani
was shown to upregulate UCP2 expression, thereby blunting macrophage-mediated
immunity through attenuation of ROS production (87). The silencing of UCP2 in L.
donovani infected macrophages correlated with an increase in ROS production and
parasite clearance, through enhanced release of pro-inflammatory cytokines such as
TNF-a and IL-12 (87). These findings highlight how UCP2 expression can diminish
the innate immune response by attenuating ROS levels. Fine control of ROS
production has been proposed to relate to the unusually short half-life of UCP2 in
vivo, as the protein would need to be rapidly synthesised and degraded (44). Studies
using spleen tissue from UCP2 KO mice exhibited higher levels of ROS and pro-
inflammatory cytokines, such as IFNy, IL-6 and IL-1f, following four days post
infection with L. monocytogenes (41). The findings suggest that UCP2 may serve as a
control mechanism to prevent overwhelming the immune response, not only through
the modulation of ROS, but through subsequent signalling cascades which likely
utilise ROS as signalling molecules for modulation of cytokine production (41, 88).
One way the immune system may ‘fine tune’ UCP2 activity, is through modulation
of the p38 and JNK signalling pathways. Following exposure to LPS, macrophages
induced downregulation of UCP2 expression, which culminated in elevated ROS

production, subsequently resulting in resistance to nitric oxide-induced apoptosis
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(89). As well as potentially playing a role in ROS regulation in macrophages, UCP2
expression appears to regulate ROS levels in other cell types, including pancreatic 3-
cells (90-92) which will be discussed in the context of health and disease (see section
1.4.1. Potential role of UCP2 in diabetes).

1.3.3. Alternative function of UCP2: metabolite transporter

In 2014, Vozza and colleagues proposed that UCP2 functions as a metabolite
transporter, transporting 4-carbon TCA cycle metabolites out of the mitochondria
(93). Using human hepatocarcinoma cells, which express high levels of UCP2 (94), it
was demonstrated that UCP2 plays a regulatory role in glucose and glutamine
oxidation, with UCP2-silenced cells showing a significant increase in mitochondrial
membrane potential when grown in glucose, though a decrease in mitochondrial
membrane potential is observed when cells were grown in glutamine (93), which is
noteworthy given that glutamine acts as a translational up-regulator for UCP2
protein expression (95). Furthermore, UCP2-silenced mitochondria displayed
significantly higher levels of Krebs cycle intermediates, when compared to WT
mitochondria. Liposome uptake assays revealed that UCP2 specifically transported
negatively charged molecules, such as malate, oxaloacetate, aspartate, malonate and
sulphate in exchange for inorganic phosphate (93). Malate, malonate and phosphate
are also known transport substrates of the dicarboxylate carrier (96-99). These results
suggest that UCP2 is a mitochondrial carrier that is capable of transporting
metabolites out of the mitochondria, thereby mediating glucose and glutamine
oxidation by regulating the pool of Krebs cycle intermediates in the mitochondrial

matrix (93).

1.4. UCP2 in health and disease

Since UCP2 is expressed in many diverse cell types, it is unsurprising that the protein
has been implicated in many cellular pathways, especially those pertaining to ROS,
ATP production and metabolic reprogramming (100-103). This section focuses on
various areas in which there has been strong evidence to support UCP2 function in
various (patho)physiologies and whether this protein could be a therapeutic target for

the alleviation of various diseases.
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1.4.1. Potential role of UCP2 in diabetes
The process of glucose-stimulated insulin secretion (GSIS) relies on the ATP/ADP

ratio in pancreatic (3-cells (104) (Figure 1.2). Maintenance of this ratio is dependent
on the coupling efficiency of mitochondria (92). Given its expression in pancreatic [3-
cells (92, 105), coupled with the observation that the UCP2 gene being located within
a chromosomal region associated with hyperinsulinemia and obesity (4), it is
unsurprising that UCP2 has been implicated in playing a regulatory role in glucose
and lipid metabolism (103). On this basis, various studies have investigated the role
of UCP2 in diabetes.

Experiments comparing pancreatic islets from WT and UCP2-deficient mice
revealed that UCP2-deficient islets exhibited higher intracellular ATP levels,
consistent with improved mitochondrial coupling. In high glucose concentrations,
UCP2-deficient islets secreted two- to three-fold more insulin, suggesting that UCP2
may suppress GSIS by mediating proton leak, thus reducing the ATP/ADP ratio
(105), which is important for the GSIS signalling cascade (Figure 1.2). Moreover, it
was observed that UCP2 expression in INS-1E insulinoma cells, a pancreatic (3-cell
model, dampens GSIS by mediating proton leak activity (92). In line with claims that
UCP uncoupling activity was mediated by various co-factors, it was proposed that

UCP2 uncoupling activity in pancreatic cells was superoxide-activated (106).

Under chronic hyperglycaemic conditions, WT pancreatic islets became desensitised
to GSIS, whereas UCP2 KO islets maintained the same level of insulin secretion as
normal glycaemic conditions. GSIS impairment could be rescued and enhanced in
WT and UCP2 KO, respectively, following addition of manganese superoxide
dismutase (106). Comparison of pancreatic islets obtained from WT and 0b/0b mice,
a model strain for diabetes and obesity (107), demonstrated higher levels of
superoxide in 0b/ob islets compared to islets from WT mice. Furthermore, islets
harvested from UCP2-deficient 0b/0b mice exhibited far higher levels of superoxide,
almost three-fold more than that observed in WT 0b/0b mice. From these findings,
Krauss and colleagues suggest that UCP2 upregulation in 0b/0b mice is vital for
superoxide regulation (90, 91, 105), supporting the idea that UCP2-mediated

uncoupling is regulated by superoxide activation in the context of pancreatic 3-cells.
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However, lack of reproducibility of superoxide-mediated effects (81) and the absence
of fatty-acid activated UCP2 uncoupling activity in pancreatic [3-cells (108), still calls
into question the exact mechanism by which UCP2 dampens the GSIS response.
Since pancreatic (3-cell mitochondria can undergo high stress following postprandial
stimulation (103), it is plausible that UCP2 acts to alleviate potential oxidative
damage at the expense of ATP synthesis. The data presented suggests that UCP2
dampens first-phase insulin secretion in pancreatic 3-cells (90, 105). Attenuation of
GSIS highlights how UCP2 activity can potentially play a role in type II diabetes and
obesity (109), though in low glucose concentrations, UCP2 may potentially function
as a 4-carbon metabolite transporter that maintains cellular ATP/ADP ratio by

providing metabolic flexibility to the cell through glutamine oxidation (93).
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Figure 1.2: Schematic of glucose-stimulated insulin secretion (GSIS) in pancreatic [-cells.
(A) Following a meal, glucose is absorbed into pancreatic [-cells by GLUT transporters
(GLUT1 in humans and GLUTZ2 in mouse (110)), where it enters glycolysis and is broken
down to pyruvate. Pyruvate is transported into the mitochondria, where it is converted into
acetyl-CoA, which then enters the TCA cycle, fuelling oxidative phosphorylation and
generating ATP. Increased intracellular ATP binds to ATP-sensitive potassium channels,
Krp, and inhibits the channel. Blocking of this ion channel results in membrane

depolarisation. Consequently, depolarisation activates voltage-dependent calcium channels
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resulting in calcium influx into the cell. The subsequent increase in intracellular calcium
enables insulin-containing secretory vesicles to fuse to the plasma membrane surface and release
insulin into the bloodstream (104). B) Schematic of UCP2-mediated uncoupling and its
proposed role in GSIS. Following a meal, elevated blood glucose levels cause an increase in the
rate of respiration and ROS production in pancreatic [-cells. UCP2 is believed to mediate
proton leak activity in pancreatic islets, consequently providing an alternative pathway for
protons to travel back to the mitochondrial matrix at the expense of ATP synthesis (92). The
increased proton leak across the mitochondrial inner membrane, should result in a decrease in
proton motive force, leading to a reduction in ROS produced by the respiratory chain (90). This
‘mild uncoupling’ activity reduces the efficiency of the GSIS response as oxidative
phosphorylation is not fully coupled and GSIS is reliant on alterations in ATP/ADP ratios for
insulin release. In conditions where UCP?2 is genetically knocked out or in pharmacologically
inhibited conditions, GSIS is enhanced as protons can only cycle back into the mitochondrial

matrix through ATP synthase (40, 105, 106).

1.4.2. The multi-faceted role of UCP2 in cancers
The role of UCP2 in cancer is enigmatic and appears to be context-dependent; whilst

UCP2 expression in some cancers has been demonstrated to be detrimental for host
cell survival (111-114), in others, it has also been shown to be beneficial for anti-
tumour activity (115-119). This section provides notable examples where UCP2 is
proposed to play a pivotal role in supporting cancer progression and how this relates
to its proposed physiological roles as a C4 metabolite transporter or as a regulator of

ROS.

In the context of melanomas, Cheng and colleagues demonstrated that induction of
UCP2 expression promotes an anti-tumour microenvironment (115). Using
transcriptomic analysis of melanoma patients, they found a positive correlation with
high T cell immunity and Ucp2 mRNA expression, which was strongly associated
with pro-inflammatory chemokines responsible for the recruitment of dendritic cells
(DCs) and T cells. Such chemokines include: CCL4, CCL5 and CXCL10, with the
first two being chemical messengers for the recruitment of natural killer (NK) cells
and leukocytes (120, 121). No correlation was found between these genes and other

members of the UCP family, suggesting that T cell-mediated immunity was UCP2-
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specific (115). Using doxycycline (Dox)-inducible melanoma cells with flag-tagged
UCP2, it was demonstrated that UCP2 expression in vivo was demonstrated to
enhance tumour infiltration by cytotoxic (CD8") T cells and NK cells. Using RAG
and BATF3 KO mice, strains devoid of mature B and T cells (122) and CD8"
dendritic cells (123), respectively, Cheng and colleagues proposed that UCP2-
mediated immunity in melanoma was respectively, CD8" T cell and DC1-dependent.
Their findings indicate that UCP2 overexpression shifts the cytokine milieu to an
anti-tumour profile, by prompting the production of chemoattractant molecules such
as CCL4, CCLS5, as well as inflammatory cytokines such as CXCL9, CXCL10 and
IFN-y. The group postulate a mechanism by which UCP2 induction in melanoma
supports an anti-tumour immune cycle through expression of interferon regulatory
factor 5 (IRF5), summarised in Figure 1.3. Furthermore, pharmacological induction
of UCP2 expression through the PPAR agonist, rosiglitazone, sensitises tumours that
are resistant to immune checkpoint blockade, thus providing a potential avenue for

therapeutic intervention (115).
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Figure 1.3: Schematic of the proposed mechanism by which UCP2 expression drives CD8*
T cell-cDC1-dependent immunity in melanomas. Induced overexpression of UCP2 in
melanoma cells upregulates IRF5 gene expression, which in turn stimulates the CXCL10
chemokine production. Secretion of CXCL10 into the tumour microenvironment (TME),
promotes tumour infiltration by CD8" T cells (specifically tumour infiltrating lymphocytes,
TILs). Recruitment of TILs could lead to increased release of the chemokine, CCL5, which in
turn recruits classical DCs (cDC1) to the TME. Tumour infiltration by cDCI cells increases
CXCLI10 levels in the melanoma microenvironment. To support this proposed pathway, it was
shown that CD8" T cell depletion diminished CCL5 and CXCLI0 levels, consequently
downregulating cDCI infiltration.

In the context of colorectal cancer (CRC), Aguilar and colleagues deduced that loss
of UCP2 expression increases a tumorigenic phenotype by altering metabolic
pathways and redox homeostasis (116). Using azoxymethane (AOM)/dextran
sodium sulphate (DSS)-treated mice to model colitis associated cancer (CAC) (124),
UCP2 deletion was observed to increase the number tumours formed in the colon.
Bioinformatic analyses of UCP2 KO tumours show altered expression levels of genes
involved in cellular pathways pertaining to lipid, amino acid and carbohydrate
metabolism as well as redox balance. Here, Aguilar et al. proposed that UCP2 loss
causes a metabolic reprogramming of CRC tumours by diverting glycolysis-derived

pyruvate from oxidative phosphorylation to fatty acid synthesis, enabling cell

28



proliferation through increased phospholipid production. Moreover, UCP2-deficient
tumours exhibited a pro-oxidant state, through elevated levels of oxidised glutathione
and depletion of NADPH levels, the latter being an important cofactor in ensuring
glutathione reduction and fatty acid synthesis (116). Given the role of UCP2 as a
potential C4 metabolite transporter that mediates glucose and glutamine oxidation
through flux of TCA metabolites, alteration of endogenous UCP2 levels may alter
normal metabolic pathways (118). Esteves and colleagues have demonstrated that
UCP2 expression in cancer cells can lead to a metabolic shift, from a highly
glycolytic phenotype, to one that is dependent on oxidative phosphorylation, with
the shift due to increases in AMPK signalling and downregulated by hypoxia-
inducible factor (HIF)-1a (117), which were also observed by Cheng and colleagues
(115).

In pancreatic ductal adenocarcinoma (PDAC) cells, glutamine undergoes anabolism
through a non-canonical pathway that feeds into the TCA cycle. This non-canonical
pathway favours the use of cytoplasmic aspartate aminotransferase, GOT1, to
convert glutamine-derived aspartate into oxaloacetate, which in turn is oxidised to
malate by virtue of malate dehydrogenase and is reductively decarboxylated to
generate pyruvate (126). Raho and colleagues proposed that in KRAS-positive
mutants, UCP2 expression is essential in mediating aspartate efflux when cells were
grown in glutamine (114). The group postulate that glutamine can be imported into
mitochondria, through an alternatively spliced sodium-dependent, glutamine
transporter (SLC1AS5_var) (127), where the metabolite is catabolised in the
mitochondrial matrix, with subsequent glutamine oxidation leading to aspartate
removal from the mitochondria through UCP2 (114). UCP2-silencing decreased cell
proliferation in KRAS-positive, but not KRAS WT PDAC cells, thereby highlighting
the need for UCP2 to support dysregulated metabolism in KRAS-mutated cells.
Metabolomic analyses of PDAC cells grown in glutamine suggest that loss of UCP2
in PDAC cells leads to the accumulation of glutamine-derived metabolites in the
mitochondria, indicating that loss of UCP2 prevents the removal of TCA
intermediates from the mitochondria, which in turn inhibits glutaminolysis (93, 114).
Moreover, functional complementation assays using mutant yeast highlight that

UCP2 may function synergistically with the glutamate-proton (Glu/H") symporter to
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specifically efflux aspartate from the mitochondria (114), rather than the other

negatively charged 4-carbon metabolites mentioned by Vozza and colleagues (93).

In the context of T acute lymphoblastic leukaemia (T-ALL), varying UCP2
expression levels were observed between two cell lines, HPB-ALL and Jurkat, with
the former showing higher UCP2 expression (119). The study aimed to explore how
UCP2 levels impact T-ALL cell proliferation and oxidative capacity. Respirometry
analyses revealed that Jurkat cells primarily rely on glycolysis, whilst HPB-ALL cells
with high UCP2 expression, favour oxidative phosphorylation. Glutamine
deprivation or pharmacological inhibition of glutamine metabolism indicated that
UCP2 expression in T-ALL cells is linked to intracellular glutamine levels and cell
proliferation. UCP2 knockdown in HPB-ALL cells shifted their metabolism from
oxidative phosphorylation to glycolysis, impacting respiration. The results indicate
that UCP2 expression is tightly regulated by glutamine availability, and under
glutamine-starved conditions, cells shift to a more glycolytic metabolism. The group
proposed that in T-ALL cells that prefer oxidative phosphorylation, i.e. HPB-ALL,

UCP?2 operates as a malate transporter during glutamine oxidation (119).

Collectively, the findings covered in this section support multi-faceted roles of UCP2
within the cell, coupling redox balance with metabolic pathways. It must be noted
that these findings highlight that the context in which UCP2 is expressed is an
important factor that must be considered. There are many different ways cancer cells
adapt to sustain growth, with the examples mentioned employing the use of
deregulating cellular energetics and evading the immune response (128). Hence the
type of cancer in which UCP2 is expressed is paramount in determining if this

protein plays a tumorigenic or tumour suppressive role.

Since its discovery, UCP2 has been reported to catalyse proton leak in order to
attenuate ROS levels in the process of ‘mild uncoupling’. However, more recent
findings have indicated that the protein may be a metabolite transporter that removes
4-carbon metabolites from the mitochondria to provide metabolic flexibility to the
cell. Given that UCP2 is expressed in a diverse range of cells (38-41), the

physiological role of the protein remains unclear.
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1.5. Conserved structural features of mitochondrial carriers

1.5.1. Structural characteristics based on structures of the ADP/ATP
carrier
Sequence comparison of some of the first mitochondrial carrier proteins isolated

from native tissues provided a base understanding of this family of membrane
proteins (129-132). From these analyses, mitochondrial carriers were postulated to
have a tripartite structure, owing to three tandemly repeated homologous domains
(133).

The elucidation of a high-resolution structure of the ADP/ATP carrier (AAC)
from bovine heart mitochondria (134) provided significant insight into the structure
of mitochondrial carriers and has confirmed findings from preceding biochemical
experiments. The first crystal structure of Bos taurus (Bt)AAC was resolved in the
presence of a potent inhibitor, carboxyatractyloside (CATR), which locks the carrier
in a “cytoplasmic-open” state, known as the ‘c-state’, as shown in Figure 1.4A. The
monomeric structure of BtAAC comprises of six transmembrane o-helices that form
a barrel structure. Two transmembrane helices form one domain, and in each
domain odd- and even-numbered helices are connected by a matrix loop that contain
short amphipathic a-helices that are parallel to the membrane surface. Odd-
numbered helices contain a mitochondrial carrier signature motif PXx[DE]xx[KR],
where the proline residue facilitate a kink in the a-helix. Within the protein structure
is an internal cavity that is lined with hydrophilic residues as well as a positively
charged cluster which interacts with the phosphate moiety of ADP (134-136).

To understand the various requirements for substrate binding, Robinson and
Kunji modelled protein sequences of characterised yeast mitochondrial carriers
against the high-resolution structure of the BtAAC (136). Through comparative
protein modelling, it was predicted that substrate binding occurs in the middle of the
mitochondrial carrier and that three contact points within this pocket could
coordinate substrate binding. The three contact points, located on the even-numbered
helices, were postulated to distinguish different parts of a substrate. For example, the
contact point on helix 2 was predicted to differentiate substrate based on its
functional group, whilst the contact point on helix 6 is predicted to confer specificity
through recognition of the variable group within the substrate (136). These
observations are consistent with the three-fold pseudo-symmetrical structure of

mitochondrial carriers and demonstrates how this family of transporters have
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evolved to translocate a variety of substrates (139). Through their findings, Kunji and
Robinson proposed that substrate binding induces a change in the protein
conformation which enables substrate translocation across the inner mitochondrial
membrane (136). This was later supported by high-resolution crystal structures of
yeast AACs, in complex with CATR (140) in the c-state conformation and, later, in
complex with bongkrekic acid (BKA), another potent inhibitor of AAC, revealing the
‘matrix-open’ (m-state) conformation of carriers (141).

The structures of yeast AAC in complex with CATR corroborate findings
from the structure of BtAAC. As well as corroborating the formation of a matrix salt-
bridge network that closes access to the central cavity at the matrix side, due to
charged residues in the Px[DE]xx[KR] motif forming interdomain electrostatic
interactions, the ‘c-state’ structure of yeast AAC also highlights highly conserved
glutamine residues in proximity to this salt-bridge network. These glutamine residues
hydrogen bond with charged residues of the signature motif, forming the ‘Q brace’.
This brace is believed to provide additional stability to the matrix salt-bridge
network, when the carrier is in the ‘c-state’ (Figure 1.4B) (140). The AAC structure
in complex with BKA revealed the m-state with the central cavity exposed to the
mitochondrial matrix side of the membrane. Even-numbered helices contain the
conserved mitochondrial carrier motif: [YF][DE]xx[KR], whereby charged residues
within this motif interact electrostatically to form the cytoplasmic salt-bridge
network, which closes the cytoplasmic side of the carrier. Highly conserved tyrosine
residues in this motif act as the ‘Y brace’ by providing extra structural support to this
salt-bridge network. Bulky and aromatic hydrophobic residues also add to this
‘cytoplasmic gate’ to block the carrier at the cytoplasmic side (Figure 1.4B) (141).

Mitochondrial carriers bind cardiolipin, a unique phospholipid of the
mitochondrial inner membrane that is composed of two phosphatidic acid moieties
connected by a glycerol backbone, at three positions, where it plays an important role
in mitochondrial carrier function (Figure 1.4A) (142-144). In the carrier structures,
the cardiolipin headgroups are observed to bind between matrix and even-numbered
helices, providing structural support between the three domains (137, 145-147). In
matrix helices, the cardiolipin headgroup interacts with a mitochondrial carrier
conserved motif [YWF][KR]G, whilst the N-terminal end of even-numbered helices
interact via a [YF]xG motif (145).
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Figure 1.4: Structures of the ADP/ATP carrier in different conformations. A) Protein
structure of bovine AAC in complex with CATR elucidated by Pebay-Peyroula, et al. (2003)
(PDB code: 10KC) (137). Homologous repeats are depicted in as red, blue and cyan;
cardiolipin molecules in shown in grey, whilst CATR is depicted as spheres located within the
molecule. Structure was annotated using USCF Chimera. B) Schematic of yeast AAC in the c-
state (CATR-inhibited) (PDB code: 4C9H) and m-state (BKA-inhibited) (PDB code: 6GCI).
This schematic highlights the formation and dissociation of the two salt-bridge networks that
are responsible for closing the carrier in its two different states. It also illustrates how these
networks are stabilised by virtue of the Q brace and P kink (when in the c-state) and the Y brace
and cytoplasmic gate (when in the m-state). This image is taken from Ruprecht & Kunji, 2020
(138).
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Through the resolved structures of AAC in the c-state and m-state conformation, it
has been proposed that mitochondrial carriers translocate their respective substrates
across the mitochondrial inner membrane via an alternate access mechanism (136,
139, 145, 148) (see Figure 1.5). In this process, mitochondrial carriers, poised in
either in the c-state or m-state, bind a substrate within the central cavity, which
induces a conformational change and transition of the carrier to the opposite state, to
allow the release of the substrate on the other side of the membrane. In the case of
AAC, ADP from the cytosol and mitochondrial IMS binds in the central cavity when
the protein is in the c-state. The binding energy of ADP provides sufficient energy to
break the matrix bonding network and transitions the carrier into the m-state, where
the cytoplasmic bonding network forms instead and ADP is released into the
mitochondrial matrix. With the substrate binding site accessible to the matrix
conformation, matrix ATP binds to the central cavity, providing the energy to break,
in this case, the cytoplasmic network of the protein and cycle it back into the c-state
(98, 149-152). In the c-state, ATP is released into the mitochondrial IMS, thus the
transport cycle can repeat (152). This mechanism of substrate transport constitutes a
ping-pong mechanism, where substrates are translocated across the mitochondrial
inner membrane in a sequential manner. In this model, one substrate binds to the
carrier and is released prior to binding of the second substrate to the carrier (98, 151,
152).
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Figure 1.5: Schematic of proposed ping-pong mechanism of substrate transport by
mitochondrial carriers (ADP/ATP carrier example). The transport substrate (ADP) enters
the mitochondrial carrier (AAC) from the IMS, binding to the substrate binding site located in
the central cavity (steps 1-2). Substrate binding induces a conformation change in protein
structure, to give rise to an occluded state (o-state), where the carrier is inaccessible to both the
cytoplasm and the mitochondrial matrix (step 3), before fully transitioning to an m-state where
the substrate binding site is open to only the matrix (step 4). With the protein accessible to the
mitochondrial matrix, the cytosolic substrate is released (step 4), and a counter substrate from
the matrix (ATP) can bind to the central cavity (step 5-6). The protein then undergoes the same
process as described but in the opposite direction to translocate the second substrate to the IMS

(steps 7-8). Image adapted from Cimadamore-Wertherin et al. (2024) (98).
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1.5.2. Resolved structures of UCP1
Recently, the first experimental structures of human UCP1 were elucidated in GTP-

(153), ATP- and 2,4-dinitrophenol (DNP)-bound states as well as the carrier without
a ligand bound (154). In all structures, UCP1 showed a pseudo symmetric 3-fold
symmetry with three homologous domains comprising of two transmembrane
helices, linked by a loop and small-matrix helix, consistent with most mitochondrial
carriers (Figure 1.6A). The structures showed bound cardiolipin as expected, a lipid
essential for mitochondrial protein structure and function (19, 155). The nucleotide-
bound structures revealed an intermediate c-state-like structure, whereby the
nucleotide is positioned with the phosphate groups facing towards the matrix salt-
bridge network and the guanine moiety is poised towards the open intermembrane
space of the protein (Figure 1.6A). The structures show that the phosphate moieties
of the triphosphate nucleotides form extensive interactions between the matrix salt-
bridge network and an arginine triplet (residues of the proposed substrate binding site
(136, 139)), in the central cavity of the protein, thereby locking the protein a stable
confirmation. In the GTP-bound state, the guanine group is observed to interact with
residues towards the cytoplasmic side of the cavity, forming hydrogen bonds with
asparagine residues as well as ionic interactions with charged residues (E191 and
R92), stabilising the protein in an intermediate c-state (Figure 1.6B). Experimental
structures of UCP1 in a DNP-bound and ligand-free state also show the protein in a

cytoplasmic-open conformation (154).
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Figure 1.6: GTP-bound structure of human UCPI. A) Lateral view of human UCPI in a
GTP-bound form. B) Close-up view of GTP and interacting residues. The arginine triplet is
depicted in black; positively and negatively charged residues of the matrix salt-bridge network

are shown in blue and red, respectively. Images were taken from Jones et al. 2023 (153).

1.5.3. Resolved structure of UCP2
In 2011, a structure of mouse (Mm)UCP2 was reported using solution nuclear

magnetic resonance (NMR) coupled with the technique of molecular fragment
searching (156). In this study, recombinant UCP2 was expressed in a bacterial
system and solubilised with the zwitterionic detergent, dodecylphosphocholine
(DPCQ), prior to purification via a GDP-analogue column. Purification using this
GDP-analogue column supposedly binds folded MmUCP2 (156). Fluorescence
resonance energy transfer (FRET) experiments using DPC-solubilised UCP2 protein
have reported binding of GDP with an apparent dissociation constant of ~5 uM
(156). NMR analyses proposes that fatty acids bind to a peripheral site (between
helices 1 and 6) within UCP2 to mediate proton conductance, with activation by
fatty acids under allosteric control of GDP binding (157). However, the approach
and methodologies used have led to the physiological relevance of the structure being
questioned (155, 158-163). The main criticisms of the structure is the use of bacterial

expression systems, which do not generate carrier in a folded state and the use of
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DPC, a harsh ionic detergent, that does not maintain carrier proteins in an
appropriately folded form (155, 158-162). Molecular dynamics simulations
comparing the NMR structure of UCP2 with crystal structures of bovine AAC,
demonstrate that the NMR-resolved structure is permeable to water (158, 159) and
likely to be functionally irrelevant. Furthermore, the use of thermostability assays
also highlight that whilst mitochondrial carriers may appear to be soluble in the

presence of DPC, the protein is likely in an unfolded form (155).
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1.6. General aims and objectives of the project
Due to its high sequence similarity with UCP1, it was proposed that UCP2 functions

in a similar manner (4). Early biochemical characterisation of UCP2 was reported to
facilitate proton leak in the presence of fatty acids, like that of UCP1, though instead
of playing a thermogenic role, UCP2 was proposed to alleviate the production of
ROS through ‘mild uncoupling’ (73). Investigations into proton transport activity in
liposomes produced conflicting results, potentially owing to reconstitution of
bacterially-expressed protein which are produced as inclusion bodies, but require
refolding prior to liposome reconstitution (155, 158-163). Various studies probing
into UCP2 proton transport have typically used purine nucleotides as a diagnostic for
UCP2 proton transport activity (49, 50, 52, 53, 57-61, 65, 69, 70, 164), as well as a
tool to select for folded UCP2 protein from bacterially-expressed systems (157).
Emerging evidence suggests that UCP2 is a metabolite transporter that transports 4-
carbon metabolites out of the mitochondria in order to provide metabolic flexibility
to the cell (93, 114). The biochemical role of UCP2 is still unclear. Low abundance
of UCP2 in native tissues (38, 40) makes isolation from native sources an impractical
route for biochemical characterisation. The inherent instability of mitochondrial
carrier proteins (155), has hampered efforts in elucidating the biochemical function of
UCP2.

The overall aim of this project was to biochemically characterise UCP2 to clarify its

functional properties. The objectives are:

1. To express intact human UCP2 in a yeast system for subsequent purification
and study

2. To develop a purification strategy for UCP2 based on methods established for
UCP1

3. To determine the molecular and functional properties of UCP2 and if they
differ to UCP1. In particular, the ligand binding properties (e.g. purine

nucleotide binding) and proton/metabolite transport properties of the protein
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2. Materials and Methods

2.1. Bacteria and yeast strains

Chemically competent E. coli TOP10 cells were used for the generation of plasmid
DNA. They were a kind gift from Professor Changjiang Dong (University of East
Anglia). The chemically competent E. coli strain, C41 (DE3), which were generated
for optimised membrane protein expression (165) were used for the overexpression of
histidine-tagged UCP inclusion bodies. For protein expression of human UCP2, the
protease-deficient S. cerevisiae strain, FGY217, was used. The FGY217 strain lacks
the Pep4 gene, which encodes for proteinase A (166), a protease required for the post-
translational maturation of other vacuolar proteinases in S. cerevisiae (167). For
protein expression trials of human UCP2, the WB12 §. cerevisiae strain was also used,
which has disrupted Aac2 and Aac3 genes, making it deficient for these isoforms of
AAC (168). The S. cerevisiae wild-type strain W303-1B was used for protein
expression of human UCP1 protein as well as preliminary protein expression trials
with human UCP2. With the exception of the TOP10 cells, all cell strains were
obtained from the Mitochondrial Biology Unit, Cambridge.

Table 2.1. Composition of bacterial and yeast culture media

Media Composition Use

Escherichia coli

LB broth 1% (w/V) tryptone Propagation of E. coli cells
(pH 7.0) 0.5% (w/v) yeast extract devoid of an expression
1% (w/v) NaCl vector for the generation of

(pH corrected for with NaOH) competent E. coli cells

LB agar (pH | Same composition as LB broth
7.0) with additional 2% (w/v) agar

LB Same composition as LB LB agar + ampicillin were
broth/agar + | broth/agar with the addition of | used for colony selection
ampicillin ampicillin following media following E. coli

(pH 7.0) transformation.
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sterilisation to a final

concentration of 100 pg/mL

LB broth + ampicillin were
used to grow positive

colonies in liquid culture.

SOC broth 2% (w/V) tryptone Facilitate E. coli cell growth
0.5% (w/v) yeast extract following heat-shock
10 mM NaCl treatment during bacterial
2.5 mM KCl transformation of plasmid
10 mM MgCl, DNA
10 mM MgSO,
20 mM glucose
Saccharomyces cerevisiae
Selective 0.67% (w/V) yeast nitrogen base | Propagation of S. cerevisiae
(SC-ura) 0.077% (w/v) CSM drop out: cells transformed with a
media + ura pYES2 vector
glucose 2% (w/v) glucose
SC-ura + Same composition as SC-ura + | Selective agar plates used for

glucose agar

Selective
(SC-ura)
lactate
media +
glucose
(SL+QG)

YPD media

glucose media with the addition

of 2% (w/v) agar

0.67% (w/v) yeast nitrogen base
0.077% (w/v) CSM drop out:
ura

2% (v/v) DL-lactic acid

0.1% (v/v) glucose

(pH corrected for with KOH)

1% (w/V) yeast extract
2% (w/V) peptone
2% (w/v) glucose

the selection of pYES2
positive transformants and for

growth from glycerol stocks

Propagation of S. cerevisiae
cells transformed with pYES2
vector, primarily used for

UCP1 growth and expression

Growth medium for yeast

transformation experiments
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YPD agar

YPD (0.75%
(w/v)
glucose)

media

YPL media

YPR media

Same composition as YPD
media with the addition of 2%

(w/v) agar

1% (w/V) yeast extract
2% (w/V) peptone
0.75% (v/w) glucose

1% (w/v) yeast extract

2% (w/v) peptone

3% (v/v) DL-lactic acid

(pH corrected for with KOH)

1% (w/V) yeast extract
2% (w/V) peptone

2% (w/v) raffinose

Propagation of S. cerevisiae
cells devoid of an expression
plasmid for yeast

transformation

Growth medium for FGY217
cells transformed with

HsUCP2 construct

Growth medium for W303-
1B cells transformed with
HsUCP1 construct

Growth medium for WB12
cells transformed with
HsUCP2 construct

2.2. Preparation of competent E. coli cells
Stocks of competent E. coli were prepared as described by Tang et al. (169). Briefly,

competent E. coli (TOP10 or C41 (DE3)) cells devoid of antibiotic-resistant plasmid
DNA were streaked onto an LB agar plate. A starter culture was produced by
inoculation of a single colony into 5 mL LB media which was grown in a shaking
incubator overnight at 37°C, 180 rpm. 1 mL of starter culture was inoculated into
100 mL pre-warmed LB media and grown for approximately 2 hours. When optical
density (ODsoo) reached between 0.4-0.5, cells were chilled on ice for 30 minutes and
spun down at ~2000 x g, 10 minutes, 4°C. Pelleted cells were resuspended in 12.5
mL 100 mM CaCl; and 12.5 mL 40 mM MgSO, and incubated on ice for a further
30 minutes and then spun down as previously described. Pelleted cells were
resuspended in 2.5 mL 100 mM CaCl, and 2.5 mL 40 mM MgSO, prior to the
addition of glycerol (final concentration 10%). The final sample was divided into

100 pL aliquots, snap frozen in liquid nitrogen and stored in -80°C.
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2.3. Constructs

2.3.1. Vectors for S. cerevisiae protein expression
Five human UCP2 expression constructs were generated for use in S. cerevisiae. A

codon-optimised Ucp2 gene (synthesised by Genscript) was ligated into a pYES2
plasmid using Sacl and Xbal restriction sites. Gene expression is controlled by the
presence of an inducible GAL1 promoter (170). Utilisation of the pYES2 vector to
clone UCP2 proteins for recombinant protein expression were based on the general
approach used for UCP1 (153, 171). Construct 1 containing an adenine-rich Kozak
sequence (“CTCAAAAAATGT”) with a codon encoding for a leucine at the second
amino acid position was generated by Dr. Martin King (MRC Mitochondrial
Biology Unit). Construct 2 containing the “CTCATAATGG” Kozak sequence with
the native valine at position 2 was produced by Dr. Paul Crichton and Danielle
Copeman (University of East Anglia). Constructs 3 and 4 were produced through
overlapping PCR extension (see section 2.4.1. for details), see Figure 2.1A for
schematic. A fifth construct consisting of a UCP1-like C-terminus was produced for
the purposes of downstream purification efforts (see Appendix 1.2 for construct
sequence alignments). The pYES2 vector contains an ampicillin resistance gene and
a Ura3 gene, enabling colony selection following bacterial and yeast transformations,

respectively.

2.3.2. Vectors for E. coli protein expression
To generate histidine-tagged inclusion bodies for the purposes of producing protein

standards in Western blots, the yeast codon-optimised human Ucp2 gene was cloned
into the p MW 172 expression vector (55, 56, 172). At the 5’-end of the gene, primers
were designed to introduce an Ndel restriction site upstream of codons encoding for
an N-terminal hexa-histidine tag and a short peptide linker sequence (encoding for
the amino acids glutamate-leucine-isoleucine) which accounts for the Sacl restriction
site and Kozak sequence between the N-terminal histidine-tag and the start of the
UCP gene. An EcoRI site was introduced at the 3’-end following 3 stop codons and
the Xbal site produced for the pYES2 vector. The histidine-tagged gene construct
was produced through overlapping PCR extension and subsequent restriction
digestion and ligation reactions. The gene is downstream of a T7 promoter (Figure

2.1B), thus when the vector is transformed into the C41 (DE3) expression strain,
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protein expression can be induced through T7 RNA polymerase which itself is
regulated by the lacUV5 promoter. Hence, protein expression can be induced by
activation of the lac promoter in the presence of the non-hydrolysable lactose

analogue, isopropyl-2-D-galactopyranoside (IPTG) (173).

A B

Construct 1: | CTCAAAAA MLGEF...

Construct 2: CTCATA MVGF...

Construct 3: [ CTCATA MLGF... [ Ndel H x6 His-tag M Sacl = Gene of interest
~ — . _ ///'///

Construct 4: | CTCAAAAA MVGF...

\

-~ Gene of intereg; /]
> S ~

pMW172 vector

Figure 2.1: Schematic representation of the pYES2 and pMW 172 expression vectors. A)
pYES2 vector containing the human Ucp2 gene. The schematic highlights differences between
the 5’-region of the genes for constructs 1-4; the Kozak sequence preceding the start codon is
defined in the white box, whilst the protein coding regions are shown in the yellow box, with
alterations highlighted in bold. The gene is flanked by Sacl and Xbal restriction sites at the 5’
and 3’-end respectively. The codon-optimised Ucp2 gene is downstream of the inducible GALI
promoter. B) pMW 172 vector containing a histidine-tagged gene cassette. The gene of interest is
flanked by Sacl and Xbal sites as with the pYES2 vector. An Ndel restriction site and codons
encoding for a hexa-histidine tag was cloned into the 5’-end of the Ucp gene. Promoter regions
are shown as blue arrows, the ampicillin resistance gene is shown as green arrows, the

auxotrophic Ura3 selection marker is shown as an orange arrow in the pYES2 vector.
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2.4. Molecular biology

2.4.1. PCR amplification - generation of UCP2 constructs for S. cerevisiae
PCR amplification reactions were carried out using the KOD Hot Start DNA

polymerase kit (Merck Chemicals Ltd.) following the manufacturer’s instructions
using thin-walled PCR tubes. Using construct 2 as the template DNA,
oligonucleotide primers were designed either to alter the second amino acid from the
native valine to leucine (construct 3) or to introduce an adenine-rich Kozak sequence
(construct 4) (Figure 2.1A). All reactions were conducted using a thermocycler
(Veriti 96-well thermal cycler, Applied Biosystems). Reaction mixtures and PCR

amplification parameters are summarised in Tables 2.2 and 2.3, respectively.

2.4.2. Site-directed mutagenesis PCR — generation of histidine-tagged UCP
constructs for E. coli inclusion body expression
Site-directed mutagenesis (SDM) primers were designed to remove an internal Xbal

site within the coding region of the mouse Ucp! gene from the inherited pMW 172
plasmid. SDM was conducted through QuikChange PCR (Agilent). SDM PCR
reactions were conducted using a thermocycler (see Table 2.4), with the resulting
products subject to incubation with Dpnl at 37°C for an hour in order to digest the
hemi-methylated parental DNA strand (174). Following removal of the internal Xbal
site through SDM, overlapping PCR extension was conducted to incorporate an
Ndel site and hexa-histidine tag to the 5’-end of codon-optimised human Ucp2 gene
and introduce an EcoRI site at the 3’-end of the gene (Figure 2.1B). PCR
amplification reactions were carried using the KOD Hot Start DNA polymerase kits
as described in Tables 2.2 and 2.3. Following PCR amplification PCR products were
analysed by agarose gel electrophoresis. Primers used for molecular cloning are listed

in Appendix 1.3.
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Table 2.2: Composition of 50 pnLL PCR amplification reaction using the KOD Hot

Start Polymerase kit
Reagent Volume added (nL) Final concentration
Ultra pure water (DNase free) 32 -
10x KOD buffer 5 1x
25 mM MgSO, 3 1.5 mM
2 mM dNTPs 5 0.2 mM
10 uM forward primer 1.5 0.3 uM
10 uM reverse primer 1.5 0.3 uM
Template DNA (<10 ng/uL) 1 <0.2 ng/uL
KOD polymerase (1.0 U/uL) 1 1U

Table 2.3: Thermocycler settings for PCR amplification of Ucp genes into

expression vectors

Number of
Step Temperature (°C) Time
cycles

1 Denaturation 95 2 minutes
Denaturation 95 20 seconds
30 Annealing 55 20 seconds
Elongation 70 20 seconds

1 Elongation 70 1 minute

Table 2.4: Thermocycler settings for SDM PCR to remove an internal Xbal site

from pMW172 vector
Number of
Step Temperature (°C) Time
cycles

1 Denaturation 95 30 seconds
Denaturation 95 30 seconds

16 Annealing 55 1 minute
Elongation 72 4 minutes
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2.4.3. Agarose gel electrophoresis
DNA fragments were visualised using agarose gel electrophoresis. 1% (w/v) agarose

gels were cast using TAE buffer (40 mM Tris base; 20 mM acetic acid, 1 mM Na-
EDTA) supplemented with 5 x 10” % (v/v) ethidium bromide. Samples were run at
75 V for an hour and visualised on either Bio-Rad Gel Doc EZ imager or ChemiDoc-
IT"2 810 imager.

2.4.4. Restriction digestion
The vector and PCR products yielding bands of the correct size (>4000 bps and

~1200 bps, respectively) were digested either with Sacl and Xbal for Ucp2 gene
insertion into the pYES2 vector, or with Ndel and EcoRI for the cloning of a
histidine-tagged gene into the pMW172 vector. For each reaction, 5 uL of 10X
FastDigest buffer (Thermo Fisher Scientific) was added to 40-50 uL. DNA sample,
prior to addition of FastDigest enzymes, with specified restriction enzymes used as
stated above. Digestion reactions were incubated overnight at 37°C. Cut vectors were
separated on a 1% (w/v) agarose gel, with the larger fragment excised from the gel
and DNA purified using the QIAquick gel extraction kit as per manufacturer’s
instructions. PCR products were purified using the QIAquick PCR clean up kit as
per manufacturer’s instructions. DNA concentration was determined using the
NanoDrop2000 spectrophotometer (Thermo Fisher Scientific). Production of a hexa-
histidine tagged human UCP1 construct was generated by restriction digestion of the

pMW172-histidine tagged plasmid using Sacl and Xbal.

2.4.5. Ligation reactions of human UCP2 gene into pYES2
Following restriction digestion, gene inserts were cloned into digested vectors using

T4 DNA ligase (400 U/uL), according to manufacturer’s instructions. The human
Ucp2 gene was ligated into the pYES2 vector, whilst the insert encoding for hexa-
histidine tagged UCP2 protein was ligated into the pMW 172 vector. The human
Ucpl gene was ligated into the p MW 172 vector following the addition of the hexa-
histidine tag. The 20 uL ligation reaction contained approximately 50 ng of vector to
25 ng insert with 1 U T4 ligase. Reactions were incubated at room temperature for 30
minutes prior to heat inactivation of the T4 ligase, which occurred at 65°C for 10

minutes.
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2.4.6. E. coli transformation
For transformation into E. coli, 5 pL ligation product was added to 100 uL. TOP10

cells, gently mixed and then incubated on ice for 30 minutes. Cells underwent heat
shock treatment through a 60-second incubation at 42°C followed by a 2-minute
incubation on ice. 900 uL. SOC media was added to the cell mixture and then
incubated in shaking incubator at 37°C, ~180 rpm for at least one hour. Following
incubation, cells were pelleted and resuspended in 100 pL SOC media before being
plated onto LB plates containing ampicillin for selection for transformants containing

the desired plasmid.

2.4.7. Colony PCR
Colonies were picked from E. coli transformation plates and grown overnight at

37°C, ~180 rpm in LB media supplemented with ampicillin. For colony PCR,
standard PCR amplification was conducted as previously mentioned (see section
2.4.1 for details), with the main difference being that the template DNA was sourced
from 1 pL of overnight cultures from picked colonies. Insert primers specific for the
backbone vector were used to determine if ligation reactions were successful (see
Appendix 1.3 for primers). PCR reactions were carried out as previously described in
Tables 2.2 and 2.3. Resulting PCR products were separated on 1% (w/v) agarose
gels and potentially positive colonies were determined if bands of the correct size
(~1200 bps) were visualised. Prior to sequencing, 0.5 mL of overnight cultures were
taken, supplemented with glycerol (final concentration 30%) and flash frozen to
generate glycerol stocks. Glycerol stocks were stored at -80°C until needed.
Sequence-confirmed glycerol stocks were kept, whilst those harbouring additional

mutations were discarded.

2.4.8. DNA sequencing
Plasmid DNA corresponding to colonies that gave a ~1200 bp band in analytical

agarose gels were extracted from corresponding overnight cultures, using the QIA
Quick Miniprep Spin Kit according to manufacturer’s instructions. The generation of
constructs were verified through Sanger sequencing courtesy of Source Bioscience

UK Ltd. Sequences were analysed using mutli-alin. (http://multalin.toulouse.inra.fr)
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against the predicted sequence based off primer design and from the codon-optimised

gene sequence.

2.4.9. Transformation into expression vector — pYES2 plasmid into S.

cerevisiae
Following sequence confirmation, pYES2 vectors containing the human Ucp2 gene

were transformed into S. cerevisiae through the lithium acetate method (175).
FGY217 or WB12 cells were streaked onto YPD agar plates and grown for 4-5 days
at 30°C. A single colony was inoculated into 10 mL YPD media and grown
overnight at 30°C, 225 rpm. The following day, 2.4 mL of starter culture was
inoculated into 50 mL pre-warmed YPD media and incubated for 4 hours at 30°C,
225 rpm. Following incubation, cells were pelleted (4200 x g, for 10 minutes at 4°C),
then washed in ice-cold sterile water. Cells were pelleted as before and then
resuspended in 0.5 mL ice-cold TE/Li-acetate solution (10 mM Tris HCI (pH 8.0), 1
mM EDTA, 100 mM lithium acetate). For each transformation reaction, 20 uL.
salmon sperm carrier DNA, 1 pg plasmid DNA and 100 pL yeast cells were
combined and incubated at room temperature for 10 minutes. Samples were then
resuspended in 0.5 mL ice-cold TE/Li-acetate solution supplemented with 40% (v/v)
PEG 4000 before incubation at 30°C for 30 minutes. Cells then underwent heat-
shock treatment by incubation at 42°C for 20 minutes. Cells were pelleted and
resuspended in minimal volume (150 pL) sterile distilled water before being spread
onto agar plates containing complete selective media lacking uracil (SC-ura),

supplemented with 2% (w/v) glucose. Plates were left to grow at 30°C for 4-5 days.

2.4.10. Transformation into expression vector —- pMW172 plasmid into C41
(DE3) E. coli
Sequence verified pMW 172 plasmids encoding for histidine-tagged UCP protein

were transformed into C41 (DE3) E. coli strain. Transformation into this bacterial
expression strain follows the same protocol as previously described (see section 2.4.6
for details), with the main difference being ~100 ng plasmid DNA is incubated with
100 pL competent C41 (DE3) cells.
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2.5. Small-scale UCP2 protein expression and membrane
isolation from S. cerevisiae

2.5.1. Protein expression trials
Glycerol stocks of S. cerevisiae cells containing the pYES2 plasmid with the Ucp2 gene

insert (construct 1-5) were streaked onto SC-ura agar plates containing 2% (w/v)
glucose. Plates were incubated at 30°C for 3-4 days to allow for colony formation.
Starter cultures were generated by inoculation of a single colony into 10 mL SC-ura
+ 2% (w/v) glucose media, prior to overnight incubation at 30°C, 225 rpm. The
following day, the ODsy of overnight starters culture were measured, before being
used to inoculate 50 mL pre-warmed media to a starting ODgg of 0.04. Cells were
then grown at 30°C for approximately 6 to 17 hours. The large difference in time for
growth prior to induction with galactose was due to testing different growth and
expression protocols during optimisation screens (see Chapter 3 for details).
Following initial growth, a 10 mL sample was taken to provide a pre-induction read
(t=0). Cultures were subsequently induced with galactose to a final concentration of
1%. For growth and protein expression using the WB12 strain, some conditions
tested required cultures to be pelleted and resuspended in fresh yeast-peptone (YP)
media supplemented with raffinose prior to induction with 1% (v/v) galactose. At
various timepoints, cells were harvested (5000 x g, 4°C, 2 minutes), washed with ice
cold sterile water and subjected to another low-speed spin (~900 x g, 1 minute). Cell
pellets were snap frozen in liquid nitrogen prior to storage at -80°C. ODeoo

measurements were taken at each timepoint to monitor cell growth.

2.5.2. Isolation of mitochondrial membranes
Cells obtained from small-scale expression trials were washed with 1 mL breaking

buffer (50 mM Tris HCI (pH 8.0), 0.65 M D-sorbitol, 5 mM Na-EDTA (pH 8.0),

5 mM aminocaproic acid, 5 mM benzamidine hydrochloride, 1 mM PMSF), spun
down and then resuspended in 400 uL breaking buffer. Cells were homogenised by
mechanical disruption using 0.6 g 500-micron glass beads with 1.5 mL Eppendorf
tubes attached onto a horizontal multi-tube holder (SI-H524 attachment), mounted
on a Vortex Genie 2 (Scientific Industries). Yeast cells were beaten at full power for
30 minutes at 4°C. Following homogenisation, the lid and bottom of the sample

tubes were pierced, before being placed on top of 15 mL falcon tubes. Samples were
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subjected to a brief low-speed spin (50 x g, 10 seconds) to pull down the resulting
lysate. Samples were washed with 400 uL breaking buffer and spun down as before
to rinse the glass beads of residual lysate. Following the second spin, the resulting
lysate was centrifuged for 10 minutes at 5,000 x g at 4°C to pellet any unbroken cells
and debris. The resulting supernatant was then transferred to clean tubes where they
were subjected to a high-speed spin (21,000 x g) for 30 minutes at 4°C to pellet the
mitochondrial membrane-containing fraction. The resulting supernatant was
carefully aspirated and the pellet resuspended in 150 pL final buffer (50 mM Tris HCI
(pH 8.0), 0.65 M D-sorbitol). Protein concentration was determined using the
bicinchoninic acid method (176). Isolated mitochondrial membranes were snap

frozen in liquid nitrogen and stored at -80°C.

2.6. Large-scale UCP protein expression in S. cerevisiae

2.6.1. UCP1 protein expression
Glycerol stocks of W303-1B cells transformed with human Ucp! (yeast codon-

optimised) gene in the pYES2 vector were streaked onto SC-ura agar plates
supplemented with 2% (w/v) glucose. Plates were incubated at 30°C for 3-4 days to
allow for colony formation. UCP1 growth and protein expression was adapted as
described in (177, 178). Pre-cultures were propagated through inoculation of a single
colony into 10 mL SC-ura media supplemented with 2% (v/v) lactate and 0.1%
(w/v) glucose (SL+G media) and grown overnight at 30°C, 225 rpm. The resulting
pre-culture was then inoculated into 80 mL fresh SL+G media to produce a
homogenous sub-culture and grown overnight as previously described. Sub-cultures
were then inoculated into 1 L pre-warmed YPL media and grown overnight (30°C,
225 rpm) for 16 to 17 hours prior to induction of protein expression with galactose to
a final concentration of 1%. Cells were further incubated for 6 hours to allow for
human UCP1 protein expression, before being harvested by centrifugation (JLA
8.1000 rotor, 5000 x g, 10 minutes, 4°C). Cells were either processed immediately for
mitochondrial isolation through enzymatic digestion (see section 2.15.2) or snap-
frozen and stored in -80°C until needed for large-scale protein purification (see

section 2.10).
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2.6.2. UCP2 protein expression trials
Glycerol stocks of S. cerevisiae, either FGY217 or WB12 cells, were streaked onto SC-

ura agar plates supplemented with 2% (w/v) glucose and incubated at 30°C for 3-4
days to allow for colony growth. Pre-cultures were propagated by inoculation of a
single colony into 10 mL selective media, with samples grown overnight at 30°C,
225 rpm. Pre-cultures were then inoculated into 80-100 mL selective media for
overnight growth at 30°C, 225 rpm. Starter cultures were inoculated into 1 L rich
(YP) media and grown for 6-24 hours prior to induction with galactose (final
concentration 1%). Cells were incubated for 6-22 hours at 30°C, 225 rpm and
harvested by centrifugation (JLA 8.1000 rotor, 4500 rpm, 10 minutes, 4°C). The
wide time scales provided for growth prior to and following induction by galactose
was due to the growth/expression protocols tested (see Chapter 3 for details). 10 mL
cell culture samples were taken prior to induction and following harvesting to
provide a readout for cell growth (through ODsego) as well as UCP2 protein expression
through immunoblot analysis following small-scale membrane isolation. Cells grown
for mitochondrial isolation through enzymatic digestion were used immediately and
processed as described in section 2.15.2. Cells grown for detergent screening and

protein purification were snap-frozen prior to storage at -80°C.

2.7. Large-scale isolation of crude mitochondrial membranes
from S. cerevisiae

2.7.1. Cell lysis through mechanical disruption using a BeadBeater
Approximately 100 g of yeast cells were thawed and resuspended in ice-cold breaking

buffer (100 mM Tris HCI (pH 8.0), 0.65 M D-sorbitol, 5 mM Na-EDTA (pH 8.0),

5 mM aminocaproic acid, 5 mM benzamidine HCI and 1 mM PMSF) in a total
volume of 400 mL. Half the cell resuspension was decanted into a metal chamber
containing 250 mL ice-cold 500-micron glass beads. The sample was mixed, and the
contents topped up with breaking buffer to ensure minimal air in the system
following addition of the rotor. The container was insulated with an ice water bath to
ensure the temperature was kept at 0-4°C. Samples underwent mechanical disruption
for 1 minute, followed by a minute break, for a total of 5 bead beats using the
BeadBeater. The resulting homogenate was decanted into a pre-cooled beaker with

beads subsequently washed 2-3 times with ice-cold breaking buffer. Lysing of yeast
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cells using the BeadBeater was repeated as described for the second half of the cell

resuspension buffer reusing the same beads.

2.7.2. Differential centrifugation
Pooled homogenates were transferred to JLA 16.250 Beckman tubes and centrifuged

at 4,500 x g, for 20 minutes at 4°C. The resulting supernatant was subject to the same
centrifugation step to fully remove residual whole cell contamination and cell debris.
The resulting lysate was carefully aspirated, transferred to clean JLA 16.250 tubes,
before being centrifuged at 28,000 x g, for 50 minutes at 4°C to pellet mitochondria.
The resulting supernatant was discarded. The crude mitochondrial pellet was gently
resuspended using a paintbrush, in minimal volume wash buffer (50 mM Tris-HCl
(pH 8.0), 0.65 M D-sorbitol, 5 mM aminocaproic acid and 5 mM benzamidine HCI),
before being transferred to JA 25.50 tubes. Samples were topped up with wash buffer
and spun down at 28,000 x g for 50 minutes at 4°C to pellet the mitochondria-
containing fraction. The supernatant was discarded, and the pellet resuspended as
before. The sample was then transferred into clean JA 25.50 tubes, before undergoing
the same centrifugation step. The resulting mitochondrial pellet was resuspended in
minimal volume TBG buffer (10 mM Tris HCI (pH 8.0), 10% (v/v) glycerol, 500 uM
PMSF), homogenised and assayed for protein concentration using the BCA method.
Isolated mitochondrial membranes were snap frozen in liquid nitrogen and stored in

-80°C.

2.8. Detergent screening for protein solubilisation

Crude mitochondrial membranes were thawed on ice from -80°C storage. To
determine the folded state of the protein following yeast mitochondrial isolation,
membranes were solubilised under different conditions using mild detergents, such as
Triton X-100 (TX-100), dodecylmaltoside (DDM) and lauryl maltose neopentyl
glycol (12MNG).

Initial solubilisation tests using mitochondrial membranes isolated from
small-scale protein expression trials (as described in section 2.5), were conducted in
different concentrations of detergent, with membranes being solubilised to give a
final protein concentration of 2 mg/mL. The reaction mixtures were made up to a
final volume of 150 uL, using either standard buffer (50 mM Tris HCI (pH 8.0), 0.65

53



M D-sorbitol) or salt/glycerol containing buffer (100 mM Tris HCI (pH 8.0), 10%
(v/v) glycerol, 150 mM NaCl, supplemented with 1 protease inhibitor tablet
(Roche)).

Preparative solubilisation tests were conducted using mitochondrial
membranes from large-scale protein expression and isolated using the BeadBeater (as
described in section 2.7). Membranes were solubilised at final concentration ranging
from 2 mg/mL to 10 mg/mL with different detergent concentrations, to a total
volume of 1 mL. In experiments where protein stability was tested at different pH,
samples underwent buffer exchange via ultracentrifugation prior to solubilisation
tests. Pelleted mitochondria were resuspended in new buffer (see Table 2.5 for buffer
compositions), before being solubilised with 0.5% (v/v) 12MNG or 0.5% (v/v)
DDM at a protein concentration of 10 mg/mL, with reaction mixtures were made up
to a total volume of 1 mL.

For both initial and preparative solubilisation trials, the detergent-membrane
mixture was left to solubilise at 4°C for either 20 minutes or one hour. Following
protein solubilisation, samples were transferred to ultracentrifuge tubes (TLA 100
and TLA 120.2 for initial (150 uL) and preparative (1 mL) solubilisation tests,
respectively), and spun at high speed (~150,000 x g, for 20 minutes at 4°C) to pellet
unfolded, insoluble material. Throughout the solubilisation procedure, SDS-PAGE
samples were taken to determine protein solubility through immunoblot analysis. For
details regarding the experimental parameters for protein solubilisation tests, see
Chapter 3 for exploratory solubilisation trials and Chapter 4 for preparative

solubilisation trials.
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Table 2.5: Buffers used in preparative (1 mL) detergent screens

Buffer Composition

bis-Tris buffer 20 mM bis-Tris (pH 6.0)

5 mM aminocaproic acid*
5 mM benzamidine HCI*
1 mM PMSF*

10% (v/v) glycerol

MES buffer 50 mM MES (pH 6.5)

5 mM aminocaproic acid*
5 mM benzamidine HCI*
1 mM PMSF*

10% (v/v) glycerol

Tris HCI buffer 20 mM Tris HCI (pH 8.0)
5 mM aminocaproic acid*
5 mM benzamidine HCI*
1 mM PMSF*

10% (v/v) glycerol

Piperazine buffer 20 mM Piperazine buffer (pH 9.6)

5 mM aminocaproic acid*

5 mM benzamidine HCI*

1 mM PMSF*

10% (v/v) glycerol

*Reagent was added fresh on the day
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2.9. Purification of UCP1 from native lamb BAT

Ovine UCP1 was purified from native sources using hydroxyapatite and thiol-

reactive resins based on methods previously described (19, 179).

2.9.1. Preparation of the hydroxyapatite column
Approximately 7 g of hydroxyapatite (Bio-Rad 130-0420) was mixed and hydrated

with 25 mL hydroxyapatite (HA) buffer (20 mM MOPS (pH 6.7), 20 mM Na,SOs,
0.16 mM EDTA) for an hour at room temperature. The hydrated slurry was packed
into an empty 20 mL Bio-Rad PolyPrep column using a peristaltic pump (Minipuls
pump attached with ‘blue-blue’ 1.65 mm PVC tubing) at a constant flow rate of
~0.7 mL/minute, to give a final volume of 15 mL. Following column packing, the
top of the resin was closed by addition of a cotton frit. The column was kept at room

temperature until required.

2.9.2. Isolation of mitochondrial carriers by hydroxyapatite
Lamb BAT was obtained from lambs that had died of natural causes during lambing

season at local farms and was harvested by Dr. Paul Crichton. Tissue was stored in a
liquid nitrogen dry store until mitochondrial isolation. BAT mitochondria were
isolated by Dr. Paul Crichton and Danielle Copeman (University of East Anglia) as
described in (19). Mitochondria were aliquoted into 100 mg stocks, snap frozen and
stored liquid nitrogen dry store until needed. For isolation of Ovis aries (Oa)UCP1
protein, 100 mg of BAT mitochondria were thawed and supplemented with water to
give a final volume of approximately 5 mL. Samples underwent ultracentrifugation
using TLA 120.2 tubes at ~150,000 x g for 20 minutes at 4°C to pellet the
mitochondrial membranes. The pellet was resuspended in HA buffer supplemented
with TX-100 to give a final concentration of 3% and solubilised for 20 minutes at
4°C. Following solubilisation, samples underwent ultracentrifugation as previously
described. The insoluble pellet was resuspended in 5 mL distilled water, with a
sample being taken for SDS-PAGE. The supernatant containing solubilised protein
was carefully aspirated and applied onto a pre-equilibrated hydroxyapatite column.
The solubilised fraction was subject to a constant flow rate (0.7 mL/minute) and was
chased with 0.5 mL HA buffer equilibrated to room temperature. The sample was

left to incubate in the HA column at room temperature for 15 minutes to denature
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contaminating mitochondrial carriers, such as AAC. The flow was then restarted
with two sequential additions of 1 mL HA buffer, followed by ~10 mL. The first

10 mL eluate was discarded. The following 10 mL elution (‘Post HA’) fraction,
enriched with OaUCP1, was collected on ice and snap frozen in liquid nitrogen. The

‘Post HA’ sample was stored at in a liquid nitrogen dry store until further use.

2.9.3. Preparation of thiol-reactive resin
300 mg of lysophilised thiolpropyl Sepharose 6B (T8387-Sigma) (TPS) was hydrated

in an empty PD10 column with 10 mL de-gassed, distilled water and left rotating for
1 hour at 4°C. After rehydration, the resin was briefly centrifuged (500 x g, for 1

minute) to remove water.

2.9.4. Purification of ovine UCP1 using a thiol-reactive resin
The following purification procedure was conducted at 4°C. The ‘Post HA’ fraction

containing TX-100-solubilised OaUCP1 protein was thawed on ice and
supplemented with Tris HCI (pH 8.0) and EDTA (pH 8.0) to give final
concentrations of 50 mM and 1 mM, respectively. The ‘Post HA’ fraction was then
applied to the thiol-reactive resin and incubated, whilst rotating, for 1 hour at 4°C to
allow binding of cysteine residues to the thiol-reactive resin through covalent
chromatography. Following incubation with the thiol-reactive resin, the sample was
allowed to flow through the resin by gravity flow. The PD10 column containing the
thiol-reactive resin with bound proteins were attached onto a peristaltic pump
(Minipuls pump attached with ‘blue-blue’ 1.65 mm PVC tubing), before being
washed with 3 mL wash buffer 1 (20 mM Tris HCI (pH 8.0), 0.5% (v/v) 12MNG
and 0.5 pg/mL (tetraoleoyl cardiolipin (18:1)) TOCL, 50 mM NaCl, 1 mM EDTA).
A second frit was carefully added on top of the resin, then the sample was allowed to
flow through the column, before two sequential 1 mL additions were applied. The
resin was washed with a further 20 mL wash buffer 1 at a constant flow rate of

~2.5 mL/minute. The sample was subjected to a second wash with wash buffer 2
(20 mM Tris HCI (pH 8.0), 0.005% (v/v) 12MNG and 0.005 pg/mL TOCL, 50 mM
NaCl, 1 mM EDTA) whereby an initial 3 mL of wash buffer 2 was added to rinse the
column, followed by two sequential 1 mL chases. The sample was washed with

20 mL wash buffer 2 to reduce the detergent and lipid contents in the sample;
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following this step the top frit was removed, the column was detached, and the resin
subjected to a brief spin (500 x g, 30 seconds at 4°C) to remove residual buffer. The
resin was subsequently resuspended in 1 mL elution buffer (wash buffer 2
supplemented with 150 mM dithiothreitol (DTT)) and left rotating at 4°C for

20 minutes. After incubation, the column was subjected to a brief spin as previously
described. The first eluate (‘E1’) fraction was recovered and kept on ice. The resin
was resuspended in an additional 0.8 mL elution buffer and subjected to another
incubation at 4°C under gentle rotation. The second eluate (‘E2’) fraction was
recovered following a brief centrifugation step (2000 x g, 1 minute, at 4°C) and kept
on ice. Eluates were sequentially applied to a cold PD10 column pre-equilibrated
with PD10 buffer (20 mM Tris HCI (pH 8.0), 0.005% (v/v) 12MNG and

0.005 pg/mL TOCL) and chased to give a final chase volume of 2.5 mL buffer. The
resulting flow through was discarded. OaUCP1 was eluted from the column by three
sequential additions of 0.833 mL of PD10 buffer. The resulting eluate was collected
on ice. Protein concentration was determined through BCA assay. The sample was

then snap-frozen and stored at -80°C until required for CPM thermostability assays.

2.10. Purification of recombinant human UCP1 protein

2.10.1. Alkali treatment of crude membranes
Alkali treatment of crude mitochondrial membranes were conducted as described by

Lee et al. (2015) (19). Approximately 600 mg total mitochondrial membranes,
containing human (Hs)UCP1 protein, were thawed from -80°C storage and
homogenised using a Dounce homogeniser following resuspension in alkali buffer
(100 mM Na,COs; (pH 11.5), 1 mM EDTA). The homogenate was transferred into a
pre-cooled beaker, before being topped up with alkali buffer to give a final ratio of
0.6 mL alkali buffer per milligram of membrane. The homogenate was left gently
stirring at 4°C for 30 minutes for alkali treatment to remove peripheral membrane
proteins (180). Samples were transferred to pre-cooled Type 45 Ti tubes for
ultracentrifugation (200,000 x g for 40 minutes at 4°C) to pellet the mitochondrial
membranes. The pellet was resuspended in alkali treatment wash buffer (20 mM Tris
HCI (pH 8.0), 1l mM EDTA and 10% (v/v) glycerol) and homogenised as before.
The sample underwent ultracentrifugation as previously described. The resulting

pellet was resuspended in minimal volume 20 mM Tris HCI (pH 8.0) and
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homogenised prior to determination of protein concentration by the BCA method.
The final sample was snap frozen using liquid nitrogen and stored at -80°C until

protein enrichment through ion exchange and covalent chromatography.

2.10.2. Removal of contaminating proteins using ion exchange
chromatography
Alkali-treated HsSUCP1-containing membranes were passed through ion exchange

columns, S and Q as described by Lee et al. (2015) (19) with slight modifications.
Briefly, 7-10 mg/mL HsUCP1 membranes were solubilised with 12MNG to a final
concentration of 2%. Soluble and insoluble material was separated through
centrifugation at 75,000 x g at 9°C for 50 minutes. The solubilised supernatant
fraction was then passed through a pre-equilibrated S spin column (500 x g at 4°C)
and chased with 2 mL 20 mM Tris HCI (pH 8.0). The resulting S-flow through (‘S-
FT’) fraction was supplemented with 90 mM NaCl before being subsequently passed
through a pre-equilibrated Q column. The resulting Q-flow through (‘Q-FT’) fraction
either underwent covalent chromatography with TPS or was snap-frozen and stored
in -80°C if purification could not be conducted in a single day. Following passage of
the supernatant through both ion exchange spin columns, the resins were washed
with 1 M NaCl. Eluted fractions resulting from the wash steps were taken for SDS-

PAGE analysis and were named ‘S-capture’ and ‘Q-capture’, respectively.

2.10.3. Covalent chromatography using a thiol-reactive resin
Due to discontinued production of the TPS-6B resin, an alternative thiol-reactive

resin was sourced, thiolpropyl agarose (TPA) (Stratech THIO-001A-CRE). For
recombinant UCP purification using this resin, approximately 1 mL TPA hydrated
slurry (equivalent to 300 mg of lyophilised TPS-6B) was spun down (500 x g, for 1
minute) to remove ethanol, prior to resuspension in 10 mL de-gassed, distilled water
for an hour at 4°C under gentle rotation. The resin was briefly centrifuged to remove

water prior to sample incubation.
Following removal of contaminants by ion exchange chromatography, the Q-FT

fraction was supplemented with Tris HCI (pH 8.0), NaCl and EDTA to give final
concentrations of 50 mM, 50 mM and 1 mM, respectively. Subsequently, the
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supplemented Q-FT was mixed with the hydrated TPS or TPA resin in a 50 mL
falcon tube and was left rotating for 1 hour in the cold room to enable covalent
chromatography of cysteine residues to the thiol reactive resin. After incubation in
the cold room, the sample was passed through an ice-cold empty PD10 column by
gravity flow. The column was then washed with 100 mL ice-cold TP wash buffer

(50 mM Tris HCI (pH 8.0), 50 mM NaCl, 1 mM EDTA, 0.05% (v/v) 12MNG and
0.05 ug/mL TOCL). Residual buffer was removed by a brief centrifugation at 500 x g
for 1 minute at 4°C. To elute covalently bound proteins, 0.9-1 mL TP elution buffer
(TP wash buffer dissolved with 150 mM DTT) was applied onto the closed PD10
column, containing the thiol resin, before being incubated in the cold room for 20
minutes, whilst rotating. Protein was eluted through centrifugation (500 x g, for 1
minute at 4°C) and the eluted fraction measured. Another 0.9-1 mL TP elution buffer
was applied onto the resin, before being incubated for another 15 minutes to elute
proteins that remained bound to the resin. Elution was conducted via centrifugation
as previously described and both fractions were pooled to produce the TP elution

fraction.

Excess DTT was removed from samples either using a PD10 column or through a
Superdex 200 10/300 size exclusion column, pre-equilibrated with TP wash buffer or
with SEC elution buffer (10 mM Tris HCI (pH 8.0), 50 mM NaCl, 0.01% (v/v)
12MNG and 0.01 pg/mL TOCL), respectively. Where a PD10 column was used for
DTT removal, eluates were applied to column as described in the purification
strategy of native OaUCP1 (see section 2.9.4). Eluates were sequentially applied to
the column and chased to give a final volume of 2.5 mL. The initial flow through
was discarded. The UCP1 enriched fraction was subsequently eluted from the
column by three sequential additions of 0.833 mL of TP wash buffer. The resulting
eluate was collected on ice. When size exclusion chromatography using a Superdex
column was conducted for the purification of recombinant UCP protein, the

1.8-2 mL eluate was concentrated to approximately 0.5 mL. The concentrated
sample was clarified through a high-speed spin (16,000 x g for 10 minutes at 4°C) to
pellet aggregates before sample application onto the AKTA Pure. Samples subjected
to size exclusion chromatography (SEC), were passed through Superdex 200 10/300

column, at a flow rate of 0.5 mL/minute at 4°C, with fractions dispensed as 0.5 mL
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fractions. Fractions corresponding to a second peak (approximate elution volume of
11-12 mL) in the chromatogram were collected and pooled to give the final purified
sample. Protein concentration was determined through BCA assay. The sample was

then snap-frozen and stored at -80°C.

2.11. Purification of recombinant human UCP2 protein

To optimise human (Hs)UCP2 purification, several conditions were tested. The
purification strategy utilised was as described by Lee and colleagues (19), whereby
crude mitochondrial membranes were subjected to an alkali treatment prior to
contaminant removal by ion exchange spin columns. Subsequently UCP2 protein

was separated via covalent chromatography using a thiol-reactive tag.

2.11.1. Ultracentrifugation of crude membranes
Crude total mitochondrial membranes, obtained from large-scale membrane

isolation, were thawed from -80°C storage and mixed using a Dounce homogeniser.
Membranes that were to undergo buffer exchange into buffers of different pH were
topped up with the appropriate buffer, prior to ultracentrifugation at 200,000 x g for
45 minutes at 4°C (see Table 2.5 for composition of different buffers). Pelleted
membranes were resuspended with the same buffer and spun as described to ensure
that samples were resuspended in different pH. The resulting pellet was resuspended
in minimal volume buffer, homogenised and protein concentration was determined
using the BCA assay. Ultracentrifuged membranes were immediately used for

protein purification following protein quantification by BCA.

2.11.2. Removal of contaminating proteins using ion exchange
chromatography
Processed HsUCP2-containing membranes were transferred to 50 mL tubes, with the

addition of detergent to give a final concentration of 0.5%. Membranes derived from
FGY217 yeast were solubilised in 12MNG, whilst WB12-derived membranes were
solubilised in DDM. Alkali-treated membranes were also supplemented with
protease inhibitors, 5 mM aminocaproic acid, 5 mM benzamidine HCl, 1 mM PMSF
to inhibit proteolysis throughout the preparation. Membranes were left rotating at

4°C for 20 minutes for membrane protein extraction using mild detergents.
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Following protein solubilisation, the unfolded material was separated by subjecting
the sample to a high-speed spin. FGY217-derived samples were transferred into pre-
cooled JA 25.50 tubes and spun for 50 minutes at 75,000 x g at 9°C, whilst WB12-
derived samples were transferred into pre-cooled Type 70 Ti polycarbonate tubes and
spun for 25 minutes at 75,000 x g at 4°C. The insoluble pellet fraction containing
unfolded protein, was resuspended in distilled water with a sample taken for SDS-
PAGE analysis; FGY21-derived and WB12-derived pellets were resuspended in

30 mL and 10 mL water, respectively. The supernatant containing solubilised protein
was recovered, then passed through a pre-equilibrated Vivaspin S Maxi column
through a slow spin (500 x g at 4°C). After complete passage of the solubilised
sample, the sample was chased with 5 mL buffer supplemented with 0.5% detergent
to wash the S resin, subsequently yielding the S-FT sample. This fraction was then
applied onto a pre-equilibrated Vivaspin Q Maxi column and centrifuged as before.
Following complete passage of the S-FT, 5 mL buffer with 0.5% detergent was
chased to give the Q-FT fraction. Where samples were resuspended in highly alkaline
pH, namely over pH 8.0, the Q-FT samples was titrated down to pH 8.0 using Tris-
HCI (pH 6.8) in a drop-wise manner. For details regarding the different conditions

tested for the purification of recombinant human UCP2, see Chapter 4.

2.11.3. Enrichment of human UCP2 using a thiol reactive resin
Enrichment of human UCP2 was conducted as described in section 2.10.3.

2.12. Purification of denatured histidine-tagged UCP
proteins

2.12.1. Expression and isolation of histidine-tagged UCP inclusion bodies
To generate histidine-tagged UCP proteins, UCP inclusion bodies were expressed in

and isolated from C41 (DE3) cells as previously described by Stuart et al. (56) and
Echtay et al. (1999) (181). A glycerol stock scraping of C41 (DE3) cells containing
pPMW172 constructs encoding for an N-terminal histidine-tagged UCP protein were
inoculated into 100 mL LB media supplemented with ampicillin (final concentration
100 pg/mL). Cultures were grown overnight at 37°C, 250 rpm. 1 L pre-warmed LB
media in 2 L flasks, supplemented with ampicillin (final concentration 100 ug/mL)

were inoculated with overnight culture to a starting ODeg of 0.2. Cells were
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incubated at 37°C for approximately 50 minutes until ODgy reached 0.5-0.6, at
which protein expression was induced by 1 mM IPTG (final concentration). Cells
were grown for 2 hours at 37°C to allow for sufficient protein production, before
being harvested (12,000 x g, for 15 minutes at 4°C). Cells were rinsed with ice-cold
solution A (50 mM Tris HCI (pH 8.0), 25% (w/v) sucrose), then homogenised using
a glass Dounce homogeniser to give a total volume of 20 mL. Resuspended samples
were supplemented with 5 mg lysozyme, then incubated for 30 minutes at 37°C,

180 rpm. Following lysozyme digestion, the sample was supplemented with 2 mL
10% (v/v) TX-100, 200 uL. 500 mM PMSF and 2 mL 0.18 M EDTA, before
sonication. Whilst the samples were on ice, sonication was conducted (using a
Soniprep 150 Plus ultrasonic disintegrator, MSE), with 30 seconds on half power,
followed by a 30 second rest, for a total of 6 minutes. Samples were transferred to JA
25.50 tubes for centrifugation at 43,000 x g, for 15 minutes at 4°C to pellet inclusion
bodies. For all centrifugation steps (43,000 x g, for 15 minutes at 4°C), deceleration
rate of the sample was reduced to enable maximal yield of inclusion body pellets.
The resulting pellet was resuspended in 10 mL solution B (1 M urea, 1 % (v/v) TX-
100, 0.1% (v/v) B-mercaptoethanol, 1 mM PMSF), homogenised, sonicated and
centrifuged as previously described. Resuspension in solution B was repeated and the
pellet processed. The resulting pellet was then resuspended in 20 mL solution C

(20 mM Tris HCI (pH 8.0), 1 mM EDTA, 10 mM B-mercaptoethanol and 0.5% (v/v)
TX-100) prior to homogenisation, sonication and centrifugation. Pelleted inclusion
bodies were then washed in solution D (50 mM Tris HCI (pH 8.0), 0.1 mM -
mercaptoethanol), homogenised and centrifuged as before. The final pellet was then
resuspended in 10 mL solution D, homogenised and transferred to 50 mL tubes
before being centrifuged at 15,500 x g for 15 minutes at 4°C. Inclusion body pellets

were snap-frozen and stored at -20°C.

2.12.2. Purification of histidine-tagged UCP proteins
Purification of histidine-tagged UCP proteins following inclusion body isolation

from C41 (DE3) cells was achieved through Ni-NTA affinity chromatography.
Purification of inclusion bodies was based on the Ni-NTA Superflow protocol by
Qiagen, under denaturing conditions. Isolated inclusion bodies were thawed before
resuspension in 10 mL lysis buffer (100 mM Tris HCI (pH 8.0), 8 M urea, 100 mM
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NaH,PO,). The resuspension was homogenised using a Dounce homogeniser before
centrifugation (15,500 x g, 10 minutes at 4°C) to pellet insoluble material and
particulates. The clarified supernatant was then filtered, using syringe filters with 0.2-
0.45 um pore sizes to further remove any particulates, with sample taken for SDS-
PAGE analysis. The clarified, filtered lysate was then applied onto a 1 mL Ni-NTA
Superflow cartridge, pre-equilibrated with lysis buffer. Sample was passed through
the column at a flow rate of 1 mL/minute using a peristaltic pump (Minipuls pump
attached with ‘blue-blue’ 1.65 mm PVC tubing). The resulting flow-through was
collected and a sample taken to give a readout for the unbound flow through (‘FT’)
fraction. The column was subsequently washed with 10 mL wash buffer (100 mM
Tris HCI (pH 6.3), 8 M urea, 100 mM NaH,PO,) to remove non-specifically bound
contaminants; the resulting eluate produced the “Wash’ fraction. Histidine-tagged
proteins were eluted from the column with 10 mL elution buffer (100 mM Tris HCI1

(pH 4.5), 8 M urea, 100 mM NaH,PO,), thereby giving the ‘Elution’ fraction.

Subsequent buffer exchange to remove contaminating urea was achieved through a
combination of centrifugal filtration using Vivaspin concentrators with molecular
weight cut offs (IMWCO) at either 10,000 Da (for histidine-tagged UCP2 protein) or
30,000 Da (for histidine-tagged UCP1 protein), followed by a final desalting step
using a PD10 column. To remove the bulk urea, the Ni-NTA column elution fraction
was applied onto a 20 mL Vivaspin concentrator, pre-equilibrated with resuspension
buffer 1 (20 mM Tris HCI (pH 8.0), 2% (w/v) sarkosyl). The elution fraction was
spun at 8000 x g, at 4°C until the final volume in the reservoir reached 1 mL. The
concentrated eluate was then resuspended and mixed with resuspension buffer 1
giving total volume of 10 mL. The diluted eluate was then subjected to the same spin
step, until the volume reached 1 mL, whereby a sample, labelled ‘Spin 1°, was taken
for SDS-PAGE analysis. The sample was then topped up with resuspension buffer 2
(20 mM Tris HCI (pH 8.0), 0.5% (w/v) sarkosyl) to a total volume of 10 mL and
spun as previously stated, until the sample was concentrated 1 mL, with a ‘Spin 2’
sample was taken for SDS-PAGE analysis. Using a PD10 column pre-equilibrated
with resuspension buffer 2, residual urea was removed by passing the 1 mL sample
through the desalting column, followed by three sequential chases with 0.5 mL

resuspension buffer 2. The resulting flow through was discarded. Purified inclusion
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bodies were eluted from the column with three sequential additions of 0.833 mL
resuspension buffer 2 to give a final volume of 2.5 mL. The final purified sample was
assayed for protein concentration using the BCA assay, with the final protein
concentration determined using bovine serum albumin (BSA) standards diluted in
both sterile distilled water and resuspension buffer 2 to account for absorbance
interferences from sarkosyl. Samples taken throughout the Ni-NTA purification
protocol were loaded on SDS-PAGE gels for Coomassie staining and immunoblot

analysis to determine protein purity.

2.13. Detection of proteins through SDS-PAGE

SDS-PAGE gel samples taken from various experiments were diluted in 3x gel
loading buffer (150 mM Tris HCI (pH 6.8), 30% (v/v) glycerol, 6% (v/v) SDS, 3 mM
EDTA, 0.03% (v/v) bromophenol blue, 3% (v/v) B-mercaptoethanol) prior to
loading onto pre-cast 4-15% Mini PROTEAN TGX polyacrylamide gels (182).
Samples were separated with SDS running buffer (25 mM Tris, 192 mM glycine,
0.1% (w/v) SDS) for approximately 30-50 minutes with the current fixed to

20-30 mA per gel. Protein bands were visualised using either InstantBlue Coomassie

stain or ReadyBlue Coomassie stain.

2.14. Detection of specific proteins through immunoblot
analysis

SDS-PAGE gels containing separated protein samples were transferred onto
activated polyvinylidene difluoride (PVDF) membranes by the wet transfer method
(183). PVDF membranes were activated with 100% methanol for approximately 30
seconds. Transfers were run at 4°C for 1 hour at a fixed voltage (100 V) using transfer
buffer (25 mM Tris, 192 mM glycine, 20% (v/v) methanol). Transfers were
conducted with gentle stirring, in the presence of an ice block in the transfer tank to
prevent hotspots during the transfer. Following the transfer, blots were briefly rinsed
with TBS-T buffer (20 mM Tris (pH 7.4), 150 mM NaCl, 0.1% (v/v) Tween-20),
before being incubated for an hour with blocking buffer (5% (w/v) semi-skimmed
milk diluted in TBS-T buffer) at room temperature under gentle agitation. Following
blocking of non-specific proteins, primary antibody was incubated overnight at 4°C

to detect the protein of interest. Horseradish peroxidase (HRP)-conjugated secondary

65



antibodies were incubated for an hour at room temperature. After each incubation
with antibodies, membranes were briefly rinsed three times and then washed three
times for three minutes using TBS-T buffer. Antibody solutions were diluted in
blocking buffer. Primary antibodies were utilised with the following dilution factors:
rabbit ‘anti-UCP2’ (Millipore 144-157) 1:2000-1:8000; rabbit ‘anti-UCP1’ (Sigma
U6382) 1:5000-1:20,000; rabbit ‘anti-UCP1’ (Abcam 155117) 1:5000-1:10,000;
chicken ‘anti-AAC’ (AgriSera, custom manufactured) 1:10,000. The UCP1 antibody
from Sigma (U6382) was used to track UCP1 expression in native and recombinant
yeast systems, whilst the UCP1 antibody from Abcam (155117) was used to for
UCP1 protein quantification using inclusion body standards. Secondary horseradish
peroxidase (HRP) antibodies were applied using the following dilution factors: goat
‘anti-rabbit HRP’ (Millipore AP123P) 1:20,000 and 1:5000-1:20,000 against UCP2
and UCP1, respectively; rabbit ‘anti-chicken HRP’ (Sigma A9046) 1:10,000 against
AAC. The signal on blots were developed through enhanced chemiluminescence
using the Amersham ECL kit and visualised either on a ChemiDoc XRS+ Gel
Imaging system (182), G:Box Chemi-XRQ system (GeneSys) or ChemiDoc MP
Imaging system (182).

2.15. Isolation of mitochondria

2.15.1. Isolation of spleen mitochondria from wild-type mice
Mitochondria was isolated from spleen tissue from WT mice (C57BL/6 genotype)

(184) to serve as a positive control for Western blot analysis, due to the high relative
abundance of UCP2 expression in this tissue (38, 185). Spleen mitochondria was
isolated as outlined by Pecqueur et al. (38). Briefly, spleen tissue was isolated and
washed with STE buffer (250 mM sucrose, 10 mM Tris-HCI (pH 7.5), 1 mM Na-
EDTA), before homogenisation through a Dounce homogeniser with isolation buffer
(STE buffer supplemented with 5 mg/mL BSA, 1 mM benzamidine HCI and

0.1 mM PMSF), at a ratio of 5 mL buffer per gram of spleen tissue. The resulting
homogenate was then subjected to a low-speed spin (750 x g for 10 minutes at 4°C) to
remove tissue debris and nuclei. Following centrifugation, the supernatant was
filtered through a cell strainer (with a 70 um cut-off) before being subjected to a high-
speed spin (10,000 x ¢ for 10 minutes at 4°C) to pellet the mitochondria-enriched

fraction. The resulting supernatant was discarded whilst the pelleted mitochondrial
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fraction resuspended in isolation buffer using a paintbrush, prior to centrifugation as
previously described. After the second high-speed spin, the pelleted mitochondrial
fraction was resuspended in minimal volume STE buffer before protein
determination through the BCA method. SDS-PAGE gel samples were taken for
Western blot analysis. Remaining samples were flash frozen in liquid nitrogen and

stored at -80°C until further use.

2.15.2. Isolation of intact mitochondria from S§. cerevisiae
After harvesting freshly grown cells expressing either HSUCP1 or HsUCP2 protein

and the equivalent uninduced controls, respiring yeast cells were subjected to
enzymatic digestion by the snail gut enzyme, Zymolyase (AMSBIO 120491), for the
isolation of intact, coupled mitochondria for oxygen consumption assays. The

following procedure was adapted from (186).

Approximately 20-40 g yeast cells were washed with ambient sterile distilled water,
spun down (2,500 x g for 5 minutes) and then resuspended in pre-warmed alkaline
solution (100 mM Tris SO4 (pH 9.4), 10 mM DTT) at an approximate ratio of 2 mL
alkaline solution per gram of wet cell pellet. Alkaline resuspensions were transferred
to sterile flasks and incubated at 30°C under gentle shaking (~80 rpm) to soften the
cell wall and ensure it was more susceptible to digestion by Zymolyase (187). W303-
1B UCP1 preparations were incubated for 20 minutes, whilst FGY217 UCP2
preparations were incubated for one hour. Due to the long growth time required for
UCP2 protein expression, FGY217 cells were incubated in alkaline solution for
longer (up to an hour) to ensure disruption of the alkali-sensitive glycopeptide
linkages between [1,6-glucan polymers and yeast cell wall proteins (188, 189).
Following incubation, cells were pelleted as before and washed twice in pre-
warmed spheroplast buffer (20 mM Tris HCI (pH 7.4), 1 mM EDTA, 1.2 M
sorbitol). Subsequently cells were resuspended in 100 mL spheroplast buffer and then
transferred to sterile flasks. Samples were taken from both induced and uninduced
conditions to check the degree of cell wall digestion by Zymolyase; samples taken in
the absence of Zymolyase provided an undigested control. Yeast cell wall digestion
was monitored by combining 10 pL yeast cell suspension with 990 uL sterile distilled

water and measuring ODeo. With increasing cell wall degradation over time, ODsgo
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should decrease as the sample becomes less turbid due to osmotic disruption of
spheroplasts in water. Cells were incubated at 30°C under gentle agitation (~80 rpm),
in the presence of Zymolyase at a ratio of 5 mg enzyme per gram of wet cell pellet for
a maximum of one hour to avoid non-specific digestion by Zymolyase. Samples were
taken from each flask every 5 minutes, read three times in a spectrophotometer to
determine an average ODs value to determine the degree of cell wall digestion. A
decrease in ODe¢g ranging from 60-90% from the undigested control was deemed
sufficient for downstream homogenisation (190).

Following sufficient cell wall digestion by Zymolyase, spheroplasts were
pelleted at 2000 x g for 5 minutes at 4°C, prior resuspension in ice-cold
homogenisation buffer (20 mM MOPS-KOH (pH 7.2), 1 mM EDTA, 0.6 M sorbitol,
0.2% (w/v) defatted BSA, 5 mM aminocaproic acid, 5 mM benzamidine HCI and
1 mM PMSF) at a ratio of 5 mL buffer per gram of wet cell pellet. Spheroplasts were
washed twice with homogenisation buffer prior to gentle homogenisation. Samples
were decanted into pre-chilled Dounce homogenisers and carefully homogenised by
15-30 slow, gentle strokes using a tight-fitting pestle, to ensure the integrity of the
mitochondrial membrane. Subsequent homogenates were decanted to pre-chilled
50 mL falcon tubes and centrifuged at 2500 x g for 5 minutes at 4°C to pellet cell
debris. The resulting supernatant was carefully aspirated, transferred to clean 50 mL
falcon tubes, and then subjected to the same spin to remove any whole cell
contamination from the mitochondria-containing fraction. The aspiration and
centrifugation step were repeated to ensure maximal removal of contaminating
whole cells from the sample. The mitochondria-containing supernatant fractions
were transferred to clean falcon tubes and subjected to high-speed centrifugation
(12,000 x g, for 10 minutes at 4°C) to pellet mitochondria. The resulting supernatant
was discarded. Using a paintbrush, the pellet containing the mitochondrial fraction
was initially resuspended in minimal volume ice-cold SEM buffer (20 mM MOPS-
KOH (pH 7.2), 1 mM EDTA, 0.6 M sorbitol), before being washed in a total volume
of 45 mL buffer to remove contaminating BSA. The sample underwent another high-
speed spin as previously stated, to pellet mitochondria. The supernatant was
discarded, and the pellet fraction was resuspended in minimal volume (~500 pL) of
SEM buffer. Mitochondrial protein concentration was determined using the BCA

method prior to respiratory assays.

68



2.16. Respiratory assays using isolated mitochondria

Intact mitochondria isolated by enzymatic digestion were subsequently used for
respiratory assays to determine oxygen consumption rates in the presence of known
UCP1 ligands.

2.16.1. Preparation of the oxygen electrode
Respiratory assays were conducted using a Clarke-type oxygen electrode,

Oxytherm+ (Hansatech, Norfolk). The electrode was set up as per manufacturer’s
instructions. The electrode was set up one day before the respiratory assays were to
be conducted, with the electrode left polarised and stirring overnight at room
temperature. Electrode calibration was conducted on the same day as respiratory
assays, using the ‘air saturated water’ method. Briefly, sterile distilled water, pre-
equilibrated to experimental temperature (30°C), was inserted into the electrode
chamber to establish an ‘airline’ value for oxygen content within the chamber. Once
an ‘airline’ value was determined, sodium dithionite was added to the chamber to
establish anaerobiosis within the chamber. Due to inconsistencies with electrode
response times following overnight polarisation, the electrode was subjected to
anaerobic conditions using sodium dithionite prior to respiratory assays to ensure
efficient electrode response times. Electrode responsiveness was considered sufficient
when the time taken for the chamber to reach anaerobiosis, following dithionite

addition, was less than one minute from the resting ‘airline’ value.

2.16.2. Experimental set up
Oxygen consumption assays were conducted at 30°C with the stirrer speed set at 50.

For each run, 1.5 mL electrode buffer (20 mM MOPS-KOH (pH 7.2), 0.5 mM
EDTA, 0.6 M sorbitol, 2 mM MgCl,, 10 mM K,HPQOy, 0.1% (w/v) BSA) was
applied into the oxygen electrode chamber and sealed. Upon reaching a stable value
for oxygen content, isolated mitochondrial suspension was pipetted into the chamber
giving a final concentration of 0.5 mg/mL mitochondrial protein. The chamber was
immediately sealed, and a new baseline oxygen value was determined following
addition of mitochondria. Respiratory effectors were added into the to the chamber

using Hamilton syringes (see Table 2.6 for list of effectors added).
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Table 2.6: Effectors used in respiratory assays using isolated mitochondria

Working
Effector Reason for addition
concentrations
Respiratory substrate for yeast mitochondria;
NADH 3 mM
acts through external NADH dehydrogenases
) Respiratory substrate that is oxidised by complex
Succinate 10 mM
II
Enables state 3 respiration in the presence of
ADP 200 uM _
respiratory substrate
Chemical uncoupler — allows for maximal
FCCP 1 mM o . _
respiration of mitochondria
Inhibitor of AAC — used to detect proton leak
CATR 1.5 uM .
mediated through AAC
Inhibitor of UCP1 — used to detect UCP1-
GDP 100 uM _
mediated proton leak
o Activator of UCP1 — used to activate UCP1-
Oleic acid 6 UM )
mediated proton leak
- _ Inhibitor of ATP synthase — used to detect
Oligomycin 1 ug/mL
proton leak through through ATP synthase
2.16.2. Analysis

Oxygen consumption traces were obtained using the OxyTrace+ software (version

1.0.48). Respiratory rates in the presence of ligands were taken in a 10 second

window, when oxygen consumption rates in the chamber reached near steady-states.
Respiratory rates were normalised to mitochondrial protein load. Respiratory control
ratios were calculated by dividing the uncoupled rate (i.e. in the presence of NADH

and FCCP) with the rate of substrate alone (i.e. in the presence of NADH) (55).

2.17. SPQ charge flux assays

2.17.1. Sample preparation

Lipid mixtures containing 1,2-dioleoyl-sn-glycero-3-phosphocholine (18:1 DOPC)
and tetraoleyl (18:1) cardiolipin (TOCL) were dried to 10 mg aliquots (9.5 mg DOPC
with 0.5 mg TOCL) by nitrogen gas. Dried lipids were redissolved in 100% methanol
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to remove any residual chloroform and dried by nitrogen gas. Lipid mixtures were

stored at -20°C until needed.

For proteoliposome formation, liposome mixtures were resuspended in ‘Internal
buffer’ (30 mM TEA-TES (pH 7.5), 100 mM K" (POy) (pH 7.5), 0.5 mM
(TEA)EDTA (pH 7.5)) and mixed to ensure lipid resuspension. SPQ dye and
purified protein samples (either recombinant HsSUCP1 or HsUCP2) were sequentially
added to the mixture at a final concentration of 2 mM and 20 pg load, respectively.
For liposome formation, samples were left rotating at 4°C, with 8 successive
additions of Biobeads (4 x 30 mg followed by 4 x 60 mg) applied to the mixture to
remove excess detergent. Mixtures were left rotating overnight prior to charge flux
assays.

Following overnight rotation at 4°C, liposomes were applied onto a Bio-Rad
spin column (Bio-Rad 732-6204) for Biobead removal by centrifugation (~100 x g, 30
seconds). To ensure removal of endogenous fatty acids in the proteoliposome
mixture, methyl-f-cyclodextrin was added to the resulting eluate to a final
concentration of 40 mM and left to incubate on ice for 30 minutes. Samples were
then applied onto a cold PD10 column, pre-equilibrated with external buffer (30 mM
TEA-TES (pH 7.5), 100 mM TEA* (PO.) (pH 7.5), 0.5 mM (TEA)EDTA (pH 7.5)),
and subsequently chased with external buffer to a final volume of 2.8 mL. Liposomes
were eluted by 2 consecutive additions of 700 uL. external buffer, with liposomes

collected as two separate fractions.

2.17.2. Liposome experiments
In a quartz cuvette, 425 uLL external buffer and 75 pL liposome samples were

resuspended, before being applied into a Cary Eclipse fluorimeter (Agilent). SPQ
fluorescence was measured at 334/443nm. In each test, 2.5 uM valinomycin was
added following 40 seconds to generate a membrane potential, followed by 2 uM
CCCP at 100 seconds to reveal the capacity of the liposomes.

To obtain the internal volume of the liposomes to determine the quantity of proton
transfer in rate calculations, liposomes were diluted with external buffer and
solubilised with 0.24% (v/v) TX-100. Sequential additions (4-5) of 1 uM SPQ were
applied, providing fluorescence readout that could be plotted onto a calibration

curve.
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To obtain the proton calibration to determine changes in TES quenching relative to
fluorescence signal, 75 puL liposome samples were resuspended with 425 pL internal
buffer and 20 uM nigericin. Sequential additions of 1 M H,SO4 was added to the

cuvette until the fluorescence signal plateaued.

2.17.3. Data analysis
For proton calibration, Stern-Volmer plots (1/F over 8[H']) (191) were produced to

normalise for changes in fluorescence with TES™ quenching against H,SO,
concentration. Data obtained from the fluorimeter was normalised to fluorescence
using these plots. Fluorescence signals obtained from internal capacity runs were
plotted as a function of SPQ concentration.

Proton transport rates were estimated by fitting the fluorescence signal obtained
following valinomycin signal, using the exponential function ‘Plateau followed by
one phase association’ in GraphPad Prism (version 8), between 40 seconds (the point

in valinomycin addition) and 100 seconds (the point of CCCP addition).

2.18. CPM thermostability assays

To determine ligand binding properties of purified proteins, CPM thermostability
assays were conducted as described by Crichton et al. (2015) (155), which were
developed from those described by Alexandrov and colleagues (192). The thiol-
sensitive dye, 7-Diethylamino-3-(4'-Maleimidophenyl)-4-Methylcoumarin (CPM)
was used as probe. CPM is intrinsically weakly fluorescent, however its fluorescence

intensity increases when reacted with cysteine residues (193).

2.18.1 Preparation of CPM dye
CPM dye was dissolved in DMSO at 5 mg/mL and stored at -80°C until use. For use

in thermostability tests, the CPM stock was diluted in assay buffer (20 mM HEPES
(pH 7.5), 0.1% (v/v) 12MNG) in a 1:50 dilution, giving the CPM buffer. For each

round of thermostability runs, CPM buffer was made fresh prior to use.

2.18.2. Experimental set-up
For each reaction, 2 pg purified protein was resuspended in assay buffer to give a

total reaction volume of 50 puL following the addition of 5 uL. CPM buffer. Under
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standard conditions, experiments were conducted at pH 7.5, with the assay buffer
consisting of 20 mM HEPES (pH 7.5), 0.1% (v/v) 12MNG. With HsUCP1 purine
nucleotide titration experiments, where experiments were conducted at pH 6.0, the
assay buffer was made up using 20 mM bis-Tris (pH 6.0), 0.1% (v/v) 12MNG. In the
presence of ligands, the additional volume required for ligand addition would be
subtracted from the volume of assay buffer required. The addition of ligands was also
used to indirectly determine the quality of the purified protein sample, especially
with regards to HsUCP?2 purifications. Ligands tested include: CATR, GDP, ADP
and aspartate (see Table 2.7 for rationale). Components were mixed in thin-walled
PCR tubes placed on an ice-cold metal plinth, mixed and left to incubate on ice for
10 minutes. Following incubation, tubes were placed in the Rotor-Gene 2plex HRM
cycler (Qiagen), where samples are subjected to a gradual temperature ramp from 25-
90°C whilst changes in CPM fluorescence were monitored. Increases in temperature
results in the denaturation of protein in the sample, exposing internal cysteine
residues and enabling the CPM dye to react to form a fluorescent adduct, thereby
leading to an increase in fluorescence signal. Using built-in analysis software, an
apparent ‘melting’ temperature was obtained from the derivative profile of the
fluorescence signal profile. The apparent melting temperature obtained provides an

indicator of relative protein stability.

Table 2.7: Ligands tested in the CPM thermostability assays

Working Target protein
Ligand
concentrations (Effect on protein thermostability)
CATR 1 mM ADP/ATP carrier (Stabilising)
0.1uM -1 mM (lo
GDP H . (log
titre) -
UCP1 (Stabilising)
0.1 uM — 1 mM (log
ADP .
titre)
Aspartate 1 mM HsUCP?2 (*Stabilising)

*In the presence of cardiolipin, a stabilising shift should be observed with proposed

UCP2 transport substrates (194, 195).
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2.19. Gel blot protein thermostability assay

To determine ligand binding properties of proteins from impure samples, the gel blot
protein thermostability assay was developed. This novel technique relies on the use
of Western blotting and utilises the thiol-reactive reagent, poly(ethylene glycol)
methyl ether maleimide conjugated to 2 kilodalton species (PEG-Maleimide-2K), as
a probe. Provided that the protein of interest presents solvent-exposed cysteine
residues, the detection of folded protein material can be visualised and quantified

when coupled with a temperature ramp.

2.19.1. Sample preparation
Mitochondrial membranes obtained from large-scale membrane isolation

preparations were thawed on ice, resuspended in either 20 mM bis-Tris (pH 6.0) or
20 mM HEPES (pH 7.5) buffer at a final concentration of 0.5 mg/mL, before being
solubilised with 0.1% DDM or 0.1% 12MNG. Membranes were then either left
untreated or were treated with 1 mM ligand. With untreated (‘no ligand’) samples,
buffer was added to match the volume added in treated samples. Membranes were
briefly vortexed to mix, before being dispensed into 25 pl aliquots in 200 pl thin-
walled PCR tubes. Prior to the temperature gradient, all PCR tubes were subjected to
a brief spin to ensure that the reaction mixture was at the bottom of the tube.
Following the brief spin, samples were stored on a metal plinth on ice to ensure that

samples were kept cold until the temperature ramp.

2.19.2. Experimental set-up
For the gel blot protein thermostability assay, a Veriti 96-well thermal cycler

(Applied Biosystems), was programmed to cycle in a way that allowed samples to be
incubated for 5 minutes at 4°C prior to a transient increase in temperature for 5
seconds, before cooling back to 4°C for another 5 minutes (see Figure 2.2 for
visualisation of sample additions). The graphical interface of this PCR machine
displays the live timings of thermal cycles, thereby enabling for application of
reagents at the desired times as well as the addition and the removal of samples from
the machine following temperature treatment and incubation with PEG-Maleimide-
2K.
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At the start of the assay, the first set of PCR tubes were placed in the PCR machine,
set at 4°C. Using a multi-channel pipette, PEG-Maleimide-2K was simultaneously
added to the tubes 5 minutes prior to a 5 second temperature spike (see “+PEG-Mal-
2K” downward arrow in Figure 2.2). Tubes were left to incubate with a working
concentration of 0.5 mM PEG-Maleimide-2K, 5 minutes before and 5 minutes after
the transient increase in temperature. Following the 5 minutes incubation with PEG-
Maleimide-2K post temperature spike, samples were quenched with DTT (1 mM
final concentration) to stop maleimide reacting further with protein thiols and
immediately removed from the machine (upward arrow in Figure 2.2). Shortly after
the temperature spike from the previous sample, tubes for the next temperature spike
were inserted into the PCR machine and incubated at 4°C for 5 minutes (see Figure
2.2 for details). This process is repeated until all the desired temperatures have been
tested. The temperature range tested were 30-80°C and 5-65°C for HsUCP1- and
HsUCP2-containing membranes, respectively, with temperature spikes sequentially
increasing by 5°C intervals. In each set, one sample was quenched with DTT,
thereby serving as the ‘unlabelled’ PEG-Maleimide-2K-free control. Following the
assay, samples were supplemented with 3x gel loading buffer, before being run on an
SDS-PAGE gel for the purposes of Western blotting. All blots obtained for the gel
blot protein thermostability assay were visualised on the G:Box Chemi-XRQ
GeneSys system, using the GeneSys software (version 1.5.7.0). Blots were imaged at
I-minute intervals for a total of 5 or 8§ minutes for HsSUCP1-containing membranes

and HsUCP2-containing membranes, respectively.
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Figure 2.2: Schematic of gel blot protein thermostability assay method using a Veriti 96-
well thermal cycler. Visualisation of thermal cycling method programmed in a Veriti 96-well
PCR machine. The programme is set at 4°C for 5 minutes 30 seconds, followed by a 5 second
temperature spike which is succeeded by another 5 minutes 30 seconds at 4°C. At each given
temperature, PCR tubes are inserted into the thermal cycler when the temperature is set at 4°C.
PEG-Maleimide-2K is added to the samples at the 5-minute mark (downward arrow |).
Samples are then subjected to a pre-determined temperature spike for 5 seconds, before returning
to 4°C for another 5-minute incubation with PEG-Maleimide-2K following the transient
increase in temperature. After approximately 10 minutes overall incubation with PEG-
Maleimide-2K, samples are quenched with DTT and removed from the PCR machine at the 30
second mark (upward arrow 1). During the 5-minute incubation period following the
temperature spike of the preceding sample, samples that will be subjected to the next
temperature spike are applied to the PCR machine at the 5-minute mark as previously

described. This procedure is repeated for all the samples until all the desired temperatures have

been tested.

2.19.3. Data Analysis

To generate an apparent protein melting temperature, Western blots were subjected
to densitometric analysis, with the normalised data modelled to a version of the

Boltzmann sigmoidal equation to show protein unfolding.

Densitometric analysis of chemiluminescent images generated following 5 minutes

exposure were conducted using ImagelJ. For each lane, peaks representative of
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protein signals for the ‘unlabelled’ (33 kDa) and ‘PEGylated’ (>33 kDa) protein
samples were delineated to quantify signal intensity. The total fraction of folded
protein for each lane was calculated as the sum of the signal intensity for the
unlabelled and PEGylated readouts (see Figure 2.3). To produce a protein ‘melting’
profile, the fraction of folded protein for each lane was normalised to the average
signal intensity of the first two PEGylated lanes (Equation 1). These first two lanes
with sample held at the lowest temperatures, were taken to represent folded protein.
Two lanes were used rather than one to reduce the impact of error deviation from
just one lane (e.g. a loading error) when carried across the data through to
normalisation. This method of normalisation also controls for potential errors
between datasets that are difficult to control, such as discrepancies in transfer
efficiency between Western blots. Furthermore, the use of the first two PEGylated
lanes ensures that the data is normalised to folded protein in the sample rather than
the total signal obtained from the “unlabelled” lane, as this may contain unfolded

material (see Figure 2.3 for clarification on data analysis pipeline).

Equation 1:

Signal intensity per lane
(Signal intensities of first 2 PEGylated lanes) /2

Fraction folded protein =
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Figure 2.3: Data analysis pipeline of gel blot protein thermostability assay following
Western blot visualisation. Chemiluminescent images of the gel blot protein thermostability
assay samples generated following 5 minutes exposure were analysed on ImageJ. Lanes were
highlighted using the rectangular selection tool, with histograms displaying the relative protein
signal intensity being presented as peaks. Peaks corresponding to the signal intensity of
unlabelled and PEGylated protein species at each given temperature (represented by one lane)
were outlined, ensuring that the bottom of the peaks were aligned to the baseline signal. Using
the magic wand tool to quantify the area under the curve, raw values can be extracted from the
histograms and collated in Excel, where the fraction of folded protein can be calculated. The
fraction of folded at each given temperature is then normalised to the average signal intensity of
the first two PEGylated lanes (in this schematic, lanes 2 and 3). Normalised data is then
inputted into GraphPad Prism and fitted onto an adapted Boltzmann sigmoidal curve

(Equation 2), from which an apparent protein melting temperature can be obtained.

Normalised readouts were plotted as a function of temperature in GraphPad prism.
The observed trends were modelled onto an “inverted” Boltzmann sigmoidal curve
(Equation 2). The Boltzmann equation has been applied in differential scanning
fluorimetry (DSF) to determine protein thermostability. In DSF, the fluorescence
signal transitions from a low to a high signal intensity (196), as is observed in CPM

thermostability assays, as the fluorescence signal is indicative of the cysteine residues
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reacting with the fluorophore, hence the increase in fluorescence. In the case of the
gel blot protein thermostability assay, a disappearance in signal is observed, hence
the normalised data is fitted onto an “inverted” Boltzmann sigmoidal curve,

modelled from dose-response curves with 4 parameters (197):

Equation 2:

Top + (Bottom — Top)
X
(1 + Gp)*tr®)

Apparent Tm (°C) =

where the ‘Top’ value is defined as the maximum y value, ‘Bottom’ is the minimum
y value and ‘slope’ is the gradient of the curve. Through this equation an apparent
protein melting temperature generated as the Tv, value, which is defined as the x

value given at the midpoint value of y.
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3. Expression of human Uncoupling
Protein 2 1n S. cerevisiae
mitochondria

3.1. Introduction
Since the discovery of the UCP1 homologues (UCP2-5) (4-8), many researchers have

questioned the function of these proteins. Whilst the physiological role of UCP1 in
brown adipose tissue is very well characterised (36), the role of UCP2 remains widely
contested (110, 198). A significant issue that has hampered past efforts to study
UCP?2 function, is its limited abundance (38, 185) and stability (41, 46) in native
tissues. Whilst some mitochondrial carriers more abundantly expressed in native
sources have been successfully isolated for the purposes of structural (137) and
functional analyses (17, 179, 199, 200), this is an impractical avenue for the isolation
and purification of UCP2 protein. Hence, the use of heterologous expression systems
is required to produce enough protein for purification efforts (201).

Bacterial expression systems have routinely been used for heterologous
overexpression of membrane proteins, owing to their practicality and the high
protein yields, with E. coli being the most used bacterium for recombinant protein
expression (202). Production of mitochondrial carriers in E. coli systems, tends to
generate unfolded inclusion bodies (203-206), with high levels of the expressed
protein proving lethal to the host cell (165). The use of specifically engineered
bacterial strains (C41 (DE3) and C43 (DE3)), tolerant of membrane protein
overexpression (165), have been utilised in the study of mitochondrial carrier
proteins. In such experiments, where mitochondrial carriers are generated as
inclusion bodies, protein is purified and refolded prior to reconstitution into
liposomes for metabolite transport studies (93, 203, 207-210). Other types of bacteria
have also been utilised in membrane protein production, including the Gram-positive
bacterium, L. lactis (211). Expression of functional eukaryotic membrane proteins has
been demonstrated using L. lactis (212), including various mitochondrial carriers,
such as the ADP/ATP carrier (AAC), the dicarboxylate carrier (54), the GDP/GTP
carrier (213) and the human mitochondrial citrate carrier (214); though in some cases

expression levels of mitochondrial carriers in L. Jactis did not correlate with activity
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(211). Previous unpublished work has demonstrated that expression of UCPs,
including human UCP2, in L. lactis did not necessarily yield folded protein (215).
Whilst bacterial systems have proven suitable for the expression of many soluble
proteins and some membrane proteins (165, 216), it has been demonstrated by
numerous researchers that mitochondrial carrier material generated in E. coli is
extractable in widely used zwitterionic detergents, such as DPC, but in an incorrectly
folded form (155, 158-162). Consequently, expression of UCP2 in bacterial systems
has led to misinterpretations regarding the protein’s structural and functional
properties (163).

An avenue used to overcome the generation of misfolded membrane proteins
is by using recombinant protein expression in eukaryotic systems, such as yeast.
Utilisation of yeast expression systems have been successful in the expression of
mammalian membrane proteins (217, 218). Various mitochondrial carriers have
successfully been expressed in yeast in a functional form, including AAC (141, 145,
147, 152), the ATP-Mg/phosphate carrier (219), the mitochondrial pyruvate carrier
(220, 221) and the oxodicarboxylate carrier (222). UCPs have also been expressed in
yeast (55, 56, 93, 114, 153, 177, 178, 223, 224), with various studies utilising pYES2
inducible expression systems to control for recombinant protein expression (55, 56,
93, 114, 153, 177, 178, 223, 224), whilst others have demonstrated the generation of
functional protein through functional complementation experiments (114). Whilst
UCPs have been expressed in yeast, protein overproduction has been reported to
produce expression artefacts which have led to conflicting conclusions about the

function of these proteins (54-56, 225).
This chapter describes the development and optimisation of a yeast expression

system to produce intact UCP2 protein for subsequent purification efforts and

functional studies.
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3.2. Aims

1. To develop and optimise a recombinant yeast expression system capable of
producing practical amounts of UCP2 protein for downstream protein
purification studies.

2. To verify that the protein produced in this recombinant system is

appropriately folded by solubilisation tests in the presence of mild detergents.

3.3. Results

3.3.1. Small-scale UCP2 expression trials based on a UCP1 expression
protocol
To produce UCP2 protein in yeast, a pYES2 expression vector system (170) was

used where UCP2 gene expression is controlled by a galactose-inducible promoter.
The vectors used included a codon-optimised UCP2 gene with a Kozak translation

initiation consensus sequence at the 5’-end for protein expression in yeast.

For initial protein expression trials, two variants of the UCP2 construct were tested,
where notable differences occur in the 5’-region of the UCP2 gene. Construct 1,
created by Dr. Martin King (MRC Mitochondrial Biology Unit), consists of an
adenine-rich Kozak sequence (“CTCAAAAAATGT”) and substitutes the second
amino acid from the native valine to leucine. Adenine-rich Kozak sequences are
common in the mRNA of highly expressed genes in yeast (226), which may enhance
gene expression through the formation of unstructured regions encouraging
ribosomal binding and translation (227). Alteration of the second amino acid to
leucine from the native valine was a constraint to retain relevant restriction sites for
potential cloning into L. lactis expression vectors (145). Construct 2, produced by Dr.
Paul Crichton and Danielle Copeman (University of East Anglia), includes a shorter
Kozak sequence (“CTCATAATGG”), which has proven successful for UCP1
expression (171), and retains the full wild type UCP2 amino acid sequence (see
Figure 3.2 for schematic). UCP2-containing expression vectors were transformed
into two yeast strains: the wild-type, W303-1B, and the protease-deficient, FGY217.

Whilst the W303-1B strain has been routinely used for mitochondrial carrier protein
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expression (55, 56, 93, 114, 153, 177, 178, 223, 224), the FGY217 strain was
screened due to its efficacy in expressing membrane proteins (228).

Small-scale growth and protein expression trials were based on UCP1
expression protocols outlined by Arechaga et al. (177) and Echtay et al. (178),
whereby overnight cultures were propagated in selective lactate media supplemented
with low glucose (SL+G) prior to inoculation into 50 mL YPL growth media.
Cultures were grown overnight for approximately 16-17 hours (ODegg 4-5) at 30°C,
prior to induction of protein expression with 1% galactose. Cells were grown for a
maximum of 8 hours, with samples taken at two-hour intervals to provide a readout
for cell growth and protein expression (see Figure 3.1A for schematic). Exploratory
growth trials demonstrated that WT yeast did not grow well in overnight cultures or
in growth media supplemented with lactate (see Appendix Table 2.1), hence the
protease-deficient strain was used for all the UCP2 expression trials mentioned
throughout this work, unless otherwise stated.

The ODeoo of 50 mL FGY217 cultures, increased following protein induction,
indicating continued cell growth and that UCP2 expression does not affect host cell
viability (Figure 3.1B). UCP2 protein expression was determined through Western
blot analysis of isolated mitochondrial membrane fractions. Initial attempts to detect
UCP2 at varying times after induction using the anti-UCP2 Abcam probe (ab97931)
without high background were unsuccessful (Figure 3.1D and Appendix Figure
2.1), though clear visualisation of UCP2 in Western blots was achieved with the
Millipore antibody (Millipore 144-157) (Figure 3.1C). A reason for differences in
protein visualisation could be due to the epitope in which the antibodies have been
raised against; the Abcam anti-UCP2 probe targets a highly hydrophobic region of
the protein (residues 250-309) (229), which may be inaccessible following
denaturation by SDS-PAGE, whereas the Millipore antibody recognises matrix loop
residues (230), which could arguably be more accessible as the residues would be
more polar in nature and may disfavour interactions with the hydrophobic
transmembrane domain of the protein. Use of the Millipore UCP2 antibody revealed
signals consistent with the successful production of UCP2 in yeast mitochondria, but
with a clear difference in protein expression between the constructs tested. Based on
densitometric analysis, construct 1 shows an almost 4-fold increase in protein

expression compared to construct 2 following four hours expression. Importantly, for
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both constructs, samples taken from the uninduced (0 hour) cells show no UCP2
protein signal in blots, prior to galactose addition, as would be expected in this
galactose-inducible UCP2 expression system. Whilst 30 pug of mitochondria isolated
from mouse spleen, which have the highest detectable amounts of UCP2 (185), was
used as a positive control, it did not show a UCP2 signal following 5 minutes
exposure time (final lane in Figures 3.1C-D). The absence of UCP2 signal from
isolated spleen mitochondria may relate to differences protein expression and the
limited detection range of the blots, where the recombinant system contains greater
amounts of UCP2 protein compared to native tissue. Importantly, the Millipore
antibody and expression pattern validates UCP2 protein production in our inducible
system, hence it is used for the detection of UCP2 protein in subsequent

immunoblots.
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Figure 3.1: Initial HsUCP2 protein expression trials using a UCPI-based expression
protocol. A) Schematic of small-scale (50 mL) protein expression trials based on UCPI
expression protocols (177, 178). Illustrations obtained from BioRender. B) Growth of FGY217
HsUCP2 cells transformed with constructs I and 2 following induction of protein expression by
1% (v/v) galactose (time = Oh). Growth was monitored by ODg of cultures harvested at 2-
hour intervals. C-D) Western blots of UCP2 expression trials probed with the Millipore (144-
157) (C) or Abcam (ab97931) (D) antibody. For immunoblot analysis, 10 ug yeast
mitochondrial membranes were loaded and 30 ug spleen mitochondria was used to serve as a
positive control given its high relative abundance of UCP2 protein from native sources (185).
Times indicated above lanes indicate to the time cells were harvested following protein

induction by galactose (0h).

To determine which difference in construct 1 was likely responsible for increased
protein expression observed, one of the two main differences from construct 1 was
systematically introduced into construct 2, to generate two new constructs. The

production of construct 3 substitutes the second amino acid from valine to leucine,
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whilst pairing it with an adenine-depleted (“CTCATAATGT”) Kozak sequence.
Conversely, construct 4, introduces an adenine-rich (“CTCAAAAAATGG”) Kozak
sequence upstream of the fully WT UCP2 coding region (see Figure 3.2 for
schematic and Appendix 1.2 for sequencing alignment data).

Further small-scale (50 mL) protein expression trials using S. cerevisiae cells
transformed with either constructs 1, 2, 3 and 4 were conducted simultaneously as
previously described. Comparative immunoblot analysis revealed increased UCP2
protein production from membranes derived from cells transformed with constructs 1
and 3 specifically (Figure 3.2). Both these constructs share the substitution of the
second amino acid to leucine, thereby highlighting how a subtle alteration in the N-
terminal end of the protein leads to increased protein expression (231). Subsequently,
FGY217 cells transformed with either construct 1 or construct 3, referred to as “high-

expressing” constructs, were carried forward for further experiments.

Construct 1: | CTCAAAAA MLGF...

Construct 2: CTCATA MVGEF...
Construct 3: CTCATA MLGEF...

Construct 4: | CTCAAAAA MVGEF...

pYES2/ct vector

Construct 1 | Construct 2 | Construct 3 | Construct 4

kDa Oh 4h 8h|[Oh 4h 8h|Oh 4h 8h|Oh 4h 8h
37_ " o~

— - - -
25—

Figure 3.2: Differential levels of UCP2 protein expression from four different constructs.
Schematic of the p YES2 construct highlighting differences between constructs 1-4, around the
translation site of the HsUCP2 gene. Western blot comparing UCP2 protein expression _from
mitochondrial membranes derived from FGY217 cells transformed with one of four constructs,
as indicated (bottom). 10 ug yeast mitochondrial membranes were loaded into each lane; time
above lanes indicate the time cells were harvested, with 0 hours (0h) representing cells harvested

prior to galactose induction.
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3.3.2. Solubilisation trials
To determine if protein produced using the FGY217 recombinant system was folded,

solubilisation trials were conducted with non-ionic, mild detergents such as TX-100,
DDM and 12MNG. These detergents were tested as they can solubilise and retain
UCP1 and other mitochondrial carriers in a folded state but are unlikely to be harsh
enough to solubilise unfolded protein (19, 155, 179, 232). As such, solubilisation
tests using these detergents can report on the folded state of the protein whereby
folded and unfolded material can be separated following high-speed centrifugation,
and the UCP2 content in the respective supernatant and pellet fractions, quantified.
In tests, UCP2 produced using both “high-expressing” constructs did not
solubilise well in 1% TX-100, where little or no UCP2 protein could be extracted in
the supernatant (see supernatant (S) lane, Figure 3.3). At lower TX-100
concentration (0.3%), higher amounts of UCP2 (~20%) appeared to be soluble but
only for construct 1 (not 3) (Figure 3.3). In comparison, consistently higher levels of
UCP2 could be extracted using 1% 12MNG, where ~25% of the total UCP2 protein
could be extracted from the membrane, regardless of which construct was used for
expression (Figure 3.3). This is consistent with the observation that maltose
neopentyl glycol type detergents have been successful in solubilising intact eukaryotic
membrane proteins in a stable form (233-236), including UCP1 from native (19) and

recombinant sources (153, 237).
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Figure 3.3: Initial solubilisation screens conducted with UCP2. Western blots of

solubilisation tests conducted with TX-100 and 12MNG using mitochondria extracted from

“high-expressing constructs”, construct 1 (A) and construct 3 (B). Samples are loaded as a

fraction of the total volume and labelled as: T - total protein; S — solubilised supernatant; P —

insoluble pellet.

Various other parameters, such as buffer composition, detergent type, and detergent

concentration were tested to determine if extraction of intact UCP2 from

mitochondrial membranes could be improved. Two buffers were tested to determine

if components such as salt and glycerol could aid UCP2 solubilisation. As 12MNG

was successful in extracting UCP2 protein from membranes, the related detergent,

DDM, a mild, non-ionic detergent that has been used in the solubilisation of various

eukaryotic membrane proteins (238, 239), including the AAC (141, 147), was also

tested. The detergent concentration was also increased to establish if this was a

limiting factor.

Minimal differences were observed when membranes from “high-expressing

constructs” were solubilised with 12MNG or DDM (see Figure 3.4 (construct 1

results) and Appendix Figure 2.2 (construct 3 results)), suggesting that either

detergent is equally effective for further solubilisation screens. It was found that

similar levels of UCP2 could be extracted from membranes using 2% and 4%

12MNG (Figure 3.4B and Appendix Figure 2.2B), suggesting maximal extraction

had been achieved at 2%. Introduction of salt and glycerol in the buffer, only

appeared to reduce the fraction of UCP2 solubilised by detergent (see pellet (P)
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fractions, under ‘Solubilisation buffer’ conditions in Figure 3.4A and Appendix
Figure 2.2A). Salt and glycerol are used in preparative solubilisations where higher
protein concentrations are ~10 mg/mL; addition of these components in small-scale
(150 uL) solubilisation tests where protein concentration is 5-fold less (2 mg/mL)
could have negatively affected extraction of intact UCP2 from membranes, hence the
lower signals seen in the solubilised supernatant fractions. Overall, these results
indicate that at least one third of UCP2 protein produced in this recombinant system
can be extracted from mitochondrial membranes using mild detergents in a form that
would be suitable for downstream functional characterisation.

Subsequently, larger-scale UCP2 expression tests were conducted to support
protein production. Construct 1 was chosen as the default for larger-scale expression
as initial immunoblots demonstrated that UCP2 protein generated using this

construct produced marginally higher levels of UCP2 protein (Figure 3.2).

A 2% 12MNG 4% 12MNG
Standard buffer Salt/glycerol buffer
Standard SIG Standard S/IG
1% 12MNG | 2% DDM | 1% 12MNG | 2% DDM buffer | buffer bufer | buffer
kDa "p s TIPS T| PSS T[PS T kDa T s PITS P| T s PIT s P
75—
75—
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Figure 3.4: Investigating UCP2 solubility under different solubilisation conditions. A-B)
Western blots of (construct 1-expressed) UCP2 solubilisation fractions, following extraction with
mild, non-ionic detergents, I2MNG and DDM. Samples were resuspended either in ‘standard
buffer’ (50 mM Tris HCI (pH 8.0), 0.65 M D-sorbitol) or ‘salt/glycerol buffer’ (100 mM Tris
HCI (pH 8.0), 10% glycerol, 150 mM NaCl supplemented with a protease inhibitor tablet) as
denoted above lanes (‘salt/glycerol buffer’ is abbreviated to ‘S/G buffer’ in B). Samples are
loaded as a fraction of the total volume and labelled as: T - total protein; S — solubilised

supernatant; P — insoluble pellet.

3.3.3. Expression trials based on an FGY217 strain-tailored expression
protocol
Small-scale expression tests were progressed to larger scale to assess if UCP2

production was sufficient for downstream purification. Initial larger-scale (1 litre)
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UCP2 expression attempts, using the previously outlined UCP1 expression protocol,
demonstrated that FGY217 growth on lactate was economically impractical for the
purposes of protein purification. In 12 litres of culture, approximately 30 g of cell
pellet was obtained, thereby averaging 2.5 g cell pellet/L culture. In contrast, human
UCP1 (HsUCP1) expression in W303-1B cells produced economically feasible
amounts of cell pellet per litre flask (averaging 25 g cell pellet/L culture) (171), which

suggests that growth on lactate may be limiting for the protease-deficient strain.

Further protein expression optimisation screens were inspired by a protocol outlined
by Drew and colleagues, which details a method for screening membrane protein
expression in Pep4 deleted yeast strains, such as FGY217 (228). In this protocol,
FGY217 cells are seeded from plates into a selective (SC-ura) starter media
supplemented with 2% glucose before being inoculated into SC-ura growth media
containing 0.1% glucose, to a starting ODeoo of 0.12. Cells are cultured to an ODsgo
~0.6, at which point protein expression is induced with 2% galactose for 22 hours at
30°C (see Figure 3.5A for schematic). To see if intact UCP2 expression and overall
biomass could be improved, the Drew et al. (2008) protocol (228) was attempted
with several variables included to aid optimisation. The following conditions were
investigated: starter and growth media composition, galactose concentration and
growth temperature following induction in small-scale (10 mL) trials (see Figure
3.5A for variables altered). Starter media refers to the selective media in which single
colonies are propagated and grown in before protein expression; different glucose
concentrations were tested to determine if glucose concentration in starter media
affected protein expression. Growth media describes the media in which overnight
starter cultures are inoculated into and where protein expression occurs. SC-ura
media was used to replicate conditions outlined by Drew et al. (228), while the use of
YPD or YPL as growth media were also tested to determine if rich media, albeit
lacking plasmid selection pressure, could increase overall cell biomass and UCP2
production. Two galactose concentrations were tested to determine if 2% was
required as outlined by Drew and colleagues (228). Reducing the temperature
following induction was also assessed for its potential to increase the quality of

UCP2 protein produced.
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Propagation of cells in starter media supplemented with low or high
concentrations of glucose showed no obvious trend with regards to cell growth
(Figure 3.5B). Cells cultured in SC-ura growth media generally grew to lower
densities than cells cultured in rich (YP) growth media (Figure 3.5B). Whilst cells
cultured in SC-ura growth media demonstrated a minor temperature- and galactose-
dependent increase in growth, equivalent trends relating to the specific changes
observed with cells cultured in YPD (0.1%) glucose or YPL media were less clear
(Figure 3.5B). Minimal differences were observed in UCP2 protein expression in
cells grown in rich (YP) media (Figure 3.5D and 3.5E), regardless of the glucose
concentration in the starter culture. However, protein expression of cells grown in
SC-ura media demonstrated a drastic decrease in UCP2 production when propagated
in 2% glucose starter culture (Figure 3.5C). Moreover, cells incubated in SC-ura
growth media, in general, demonstrated higher UCP2 expression when grown at
30°C (Figure 3.5C), which was independent of the galactose concentration used for
protein induction. Trends observed in selective media could be attributed to the
notion that selective media has predefined amounts of components, whereas the
exact nutrients in yeast extract-peptone (YP) based media are variable which could
be one reason why no obvious trend in UCP2 protein expression when grown in rich
media (240). In this small-scale expression screen, it was found that cells incubated at
30°C following galactose induction demonstrated higher levels of UCP2 protein
compared to those incubated at 25°C following protein induction. This is consistent
with the fact that at higher temperatures, there would be higher rates of translation
hence increased levels of protein production (241). UCP2 protein expression was
largely unaffected by the increase in galactose concentration, demonstrating that 1%
galactose is sufficient for the purposes of protein induction and is not limiting.
Therefore, subsequent expression trials will utilise 1% galactose for protein

induction, with cells cultured at 30°C.
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Figure 3.5: Small-scale (10 mL) expression trials based on an expression protocol tailored

Jor protease-deficient yeast strains. A) Schematic of small-scale (10 mL) protein expression

trials based off a membrane protein expression protocol outlined by Drew et al. (226).

Differences in selective and growth media are summarised in tables, whilst differences in

galactose concentration and induction temperatures are highlighted in yellow. Illustrations were

supplied courtesy of BioRender. B) FGY217 cell growth determined through ODq

measurements following 22 hours induction in varying conditions. Samples were propagated in

selective (SC-ura) media containing either low (0.1%) or high (2%) glucose, before being
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inoculated into either growth media: SC-ura (0.1% (w/v) glucose), YPD (0.1% (w/v) glucose)
or YPL. Samples were incubated at 30°C until induction of protein expression with either 1%
or 2% galactose. Subsequently samples were incubated at either 25°C (grey bars) or 30°C (black
bars) following induction and harvested after 22 hours. UCP2 protein expression at 22 hours
was determined by Western blots, with cultures cultivated either in SC-ura (0.1% (w/v)
glucose) (C), YPD (0.1% (w/v) glucose) (D) or YPL media (E). UCP2 protein expressed using
the previously outlined UCPI protocol were loaded to compare relative protein levels between
expression methods (‘UCPI protocol 6h’ lane). In each lane, 10 ug yeast mitochondrial
membranes were loaded. Small-scale (10 mL) expression trials were conducted once to screen

UCP?2 protein expression.

The results from the small-scale (10 mL) expression screen suggest that UCP2
production using a strain-tailored expression protocol (228), generally produced less
protein than the original UCP1-based protocols (177, 178) (Figure 3.5C-E). Whilst
cells grown at UCP2 protein expression grown at 30°C in SC-ura media
demonstrated similar levels as the UCP1 based protocol (Figure 3.5C), it is unlikely
sufficient biomass would be attained in larger-scale growth trials as cells grown in
selective media grew to much lower densities than cells cultures in YPD or YPL
media (Figure 3.5B).

3.3.4. Large-scale UCP2 expression optimisation trials
Following small-scale protein expression screens utilising the Drew method (228),

large-scale trials were conducted to determine if sufficient biomass for the purposes
of protein purification. Here, “sufficient biomass” is defined as obtaining a cell pellet
of equal to or greater than 10 g/L of growth culture. To compare UCP2 protein
between each expression method, mitochondrial membranes derived from cells

grown using the UCP1 expression protocol were included in Western blot analyses.
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Figure 3.6: Schematics of large-scale expression protocols tested for the optimisation of
large-scale UCP2 protein expression. A) Diagram describing protein expression by Drew et al.
(2008) (228). B) Diagram outlining “Prolonged expression protocol 1”, a blend of UCPI-based
protocols and the Drew protocol. Conditions that were modified in each large-scale expression
protocol are summarised in the relevant tables. Illustrations were supplied courtesy of

BioRender.

3.3.4.1. Drew expression protocol
To determine if the Drew protocol was a viable route for larger-scale (1 L) protein

expression, screens were conducted. As illustrated in Figure 3.6A, a single yeast
colony is propagated in 10 mL selective starter media overnight, prior to inoculation
into 100 mL subcultures of the same media. Following overnight growth, the
subcultures are inoculated into 1 L growth media to a starting OD ~0.12, grown
until OD reaches 0.6 (~6/7 hours), at which point galactose is added. Cells are
harvested following 22 hours of protein induction at 30°C.

In preliminary screens, cells were propagated in 2% glucose selective

starter/subcultures to ensure sufficient growth prior to inoculation in various 1 L
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growth media. Cultures grown in selective (SC-ura) 1 L growth media supplemented
with 0.1% glucose demonstrated limited growth, producing less than 10 g cell
pellet/L culture (Appendix Figure 2.3A). Lack of cell growth is likely due to the
restricted nutrients available in selective media (240). In contrast, sufficient biomass
(>10 g cell pellet/L culture) could be achieved when cells were grown in rich media
respiring on either low (0.1%) glucose or lactate (Appendix Figure 2.3A). However,
UCP2 expression using the Drew protocol showed decreased expression levels
compared to the UCP1 expression protocol (Appendix Figure 2.3B), which align
with results obtained from the 10 mL expression screens (see ‘30°C’ lanes under ‘SC-
ura (2% glucose) in Figure 3.5C-E). Reduced levels of UCP2 expression may be
attributed to remaining glucose in the culture, which inhibits the GAL1 promoter of
the pYES2 system (242, 243). Based on these preliminary larger-scale tests, the use of
selective media as growth media was not economically viable for further protein
expression efforts as cell growth and protein expression was limited with the Drew
protocol.

Whilst increasing protein expression time in rich media supplemented with
glucose or lactate addressed biomass concerns, UCP2 expression was reduced
compared to the original UCP1 protocol. Therefore, subsequent large-scale
expression screens were conducted to assess whether reducing glucose concentration
in the starter/subculture media could enhance UCP2 protein expression. In these
experiments, cells were propagated in SC-ura starter media supplemented with either
0.1% or 1% glucose, prior to inoculation into 1 L rich growth media containing
lactate (YPL) or glucose (YPD (0.1% glucose)), as outlined in Figure 3.6A.
Sufficient biomass could be obtained when grown in either YPD (0.1% glucose) or
YPL, irrespective of the glucose concentration in the starter media (Figure 3.7A).
However, a clear difference in UCP2 protein expression was observed, which was
dependent on the available carbon source in the growth media. Cultures grown in
glucose demonstrated minimal UCP2 protein production when compared to their
lactate-respiring counterparts (Figure 3.7B). Moreover, cultures grown in YPL, as
described by Drew and colleagues, showed comparable levels of UCP2 expression to
those grown as outlined in the UCP1 protocol. This result was not observed in the

small-scale expression trials, therefore suggesting discrepancies between small and
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large-scale protein expression screens, which could arguably be attributed to lag
times in cell growth (244).

Collectively, the results show that by culturing cells in YP media at 30°C,
inducing protein induction with 1% galactose and extending protein expression time
in YP media from 6 hours to 22 hours addresses the issue of insufficient biomass
yields observed in the UCP1-based protocol. However, in most conditions tested,
UCP2 protein expression is severely hampered. Use of YPL as growth media in the
Drew protocol was a possible route for large-scale protein expression as improved
biomass could be obtained and the levels of UCP2 produced were comparable with

levels observed using the UCP1 expression protocol.
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Figure 3.7: Large-scale expression trial using the Drew protocol (228). A) Cell pellet weights
obtained per litre of culture following 22 hours protein expression. Cells were cultivated either in
1L YPD (0.1% (w/v) glucose) (black bars) or YPL (grey bars) growth media. B) Western blot
quantifying UCP2 expression following 22 hours induction, in each lane, 10 ug yeast
mitochondrial membranes were loaded, with membranes isolated from cells grown using the
UCPI protocol loaded for comparison (‘UCPI protocol 6h’ lane). Large-scale (1 L) expression
trials were conducted once to determine which conditions would be sufficient to increase starting

biomass.

3.3.4.2. Prolonged expression protocol 1
Optimisation of the Drew expression protocol, in particular cultivation of cells at

30°C in yeast-peptone extract media and extended protein expression with 1%

96



galactose, improved cell pellet yields, though initial solubilisation tests indicated that
the level of protein extracted from membranes was suboptimal (see Drew protocol
blot in Appendix Figure 2.4). To investigate whether UCP2 expression could be
enhanced by prolonging overall culture growth time, a hybrid protocol (“Prolonged
expression protocol 1) was developed, which incorporated aspects from both the
UCP1 protocol (177, 178) and the Drew protocol (228). As outlined in Figure 3.6B,
a single colony is propagated in 10 mL selective starter media overnight (16-22
hours) before subculture into 100 mL of the same media. Subcultures are added into
1 L growth media at a lower density (OD ~0.04) to allow for an extended growth
period (~16/17 hours following inoculation), where galactose induction occurs once
cells have reached much higher densities (OD values of 4-5) as with the UCP1
expression protocols (177, 178). Cells are then harvested following a further 22 hours
of protein induction at 30°C, similar to the Drew expression protocol (228) in Figure

3.6A.

Combinations of selective starter culture (containing 0.1% or 1% glucose) and
1 L growth media (YPD (0.1% glucose) or YPL) were tested to assess UCP2 protein
expression. In all conditions, >10 g of cell pellet/L could be obtained for the
purposes of downstream purification efforts (Figure 3.8A) and, surprisingly, cultures
propagated in 0.1% glucose starter media and YPD 0.1% glucose growth media
demonstrating the highest cell pellet yield (~35 g of cell pellet/L, Figure 3.8A).
Furthermore, the YPD/low glucose conditions with higher biomass yield, gave
UCP2 expression levels that were comparable to levels observed in the UCP1
protocol (Figure 3.8B). Interestingly, prolonged respiration on lactate proved
detrimental to UCP2 expression as illustrated by the notable level of degradation
products following 22 hours of growth (Figure 3.8B), which supports the observation
that growth on lactate may be unfavourable for FGY217 growth (245).

A variation of the prolonged expression protocol was tested to determine if
biomass and UCP2 protein yields could be further enhanced. In the “Prolonged
expression protocol 2”, cultures underwent 34 hours growth in 100 mL selective sub
media to ensure depletion of residual glucose in the media, thereby minimising
variable galactose repression in the 1 L growth media. High levels of cell pellet (>25
g /L culture) could be obtained in all conditions except low glucose/YPD (see

Appendix Figure 2.5A and B), contrary to previous observations in “Prolonged
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expression protocol 1”, which demonstrated the highest biomass yield (~35 g of cell
pellet/L). Prolonged growth in subculture was detrimental to protein quality as
indicated by increased protein degradation product and a lack of signal observed at
33 kDa, the size of intact monomeric UCP2 (see Appendix Figure 2.5C). The results
suggest that extending growth time in selective subculture did not enhance UCP2
production, indicating that mature yeast cells may be prone to a high degree of
protein degradation through necrosis pathways (246).

Blending aspects of the UCP1 and the Drew expression protocols to produce
“Prolonged expression protocol 17, revealed potential options to express UCP2
protein for large-scale (1 L) protein purification efforts. The use of YPD (0.1%
glucose) as growth media was a viable avenue for large-scale protein expression as
practical amounts of cell pellet could be obtained (all >10 g/L of growth culture),
whilst maintaining UCP2 expression levels observed with the UCP1 expression

protocol.
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Figure 3.8: Large-scale expression trial of cells grown using “Prolonged expression protocol
17. A) Cell pellet weights obtained per litre of culture following 22 hours protein expression.
Cells are propagated in selective media (SC-ura) containing either 0.1% (w/v) glucose (black
bars) or 1% (w/v) glucose (grey bars), before further cultivation either in I L YPD (0.1% (w/v)
glucose) or YPL growth media. B) Western blot quantifying UCP2 expression at the point of
protein induction (0h) and following 22 hours protein expression; each lane is loaded with

10 ug yeast mitochondrial membranes, membranes derived from cells grown using the UCPI
protocol were loaded for comparison (‘UCPI protocol 6h’ lane). This large-scale (1 L)
expression trial was conducted once to determine if the described conditions would be sufficient

to increase yeast cell pellet yields.

3.3.4.3. Titration of glucose into YP media
Given that the optimal biomass yield and UCP2 expression combinations found

using the “prolonged expression protocol 1” were most likely related to glucose
utilisation and the threshold of its subsequent removal, further large-scale expression

screens were carried out, with glucose systematically varied in YPD growth media to
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enhance UCP2 expression further. Cultures were propagated in selective starter
media containing low (0.1% glucose), before being inoculated into YP media with
various higher concentrations of glucose (0.1% to 1.0% as summarised in the table in
Figure 3.9A). Cell incubation time was also extended from 16/17 hours to 24 hours
to allow for increased glucose utilisation prior to galactose addition. Cells were
harvested following 22 hours protein expression (see Figure 3.9A for schematic).

Cultures grown in rich media supplemented with a glucose concentration
above 0.25% demonstrated sufficient levels of cell growth (>10 g/L culture), as
evidenced by high average cell pellet yields per litre of culture (Figure 3.9B).
Increasing glucose concentration is beneficial for maximising cell pellet yields,
though it may potentially affect UCP2 protein expression as it is under the control of
a GAL1 promoter, which is repressed in the presence of glucose (242). Intriguingly,
with increasing levels of glucose there was an increase in UCP2 protein expression,
with expression levels peaking at 0.75% glucose (Figure 3.9C). Moreover, UCP2
protein expression at 0.75% glucose matched levels observed using the UCP1
expression protocol (Figure 3.9C), though the appearance of some UCP2
degradation products (<33 kDa) were also noted, following prolonged growth
(Figure 3.9C). At 1% glucose, there is variation in UCP2 expression, as illustrated by
the difference in signal intensities in the last two lanes in Figure 3.9C, representative
of mitochondrial membranes isolated from two separate 1 L growth cultures.
Variation in protein expression is likely attributed to excess glucose repressing the
GALI1 promoter (242, 243).

This large-scale expression screen was conducted with duplicates, showing
consistent results in both protein expression and biomass yield. The findings show
that sufficient biomass and UCP2 protein expression could be obtained when cells
were cultured in rich media containing 0.75% glucose. Hence, growth in 0.75%
glucose was taken forward for standard large-scale (1 L) UCP2 protein expression

and shall be referred throughout as “Prolonged expression protocol 3”.
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S.E.M of 2 replicates. C) Western blot of UCP2 expression in the glucose titration expression
trials. In each lane, 10 ug yeast mitochondrial membranes were loaded, with the UCP2 protein
expressed using the UCPI based protocol loaded as a reference to compare relative protein levels
in each condition (‘UCPI protocol 6h’ lane). D) Quantification Western blot of UCP2
expression (grown in 0.75% glucose) using purified histidine-tagged UCP2 inclusion bodies as
protein standards (left). The signal obtained from 10 ug yeast mitochondrial membranes
expressing UCP2 was interpolated against a UCP2 standard curve (right).

3.3.5. Quantification of UCP2 protein in recombinant expression system
To quantify the amount of UCP2 protein expressed in yeast mitochondria in absolute

terms, histidine-tagged unfolded UCP2 inclusion bodies were produced in E. coli and
purified to homogeneity to use as protein standards for Western blot quantification
(see section 2.12 and Appendix 1.4 section for inclusion body purification).
Densitometric analysis indicated that UCP2 generated using “Prolonged expression
protocol 3” constitutes approximately ~0.4% of mitochondrial membrane protein
(Figure 3.9D), which is 20-fold more than the amount quantified in spleen
mitochondria, the highest UCP2-expressing tissue (38, 185).

3.3.6. Solubilisation tests of membranes from “Prolonged expression
protocol 3”
Small-scale (150 pl) solubilisation screens were inconsistent in reporting the amount

of folded UCP2 protein extracted from mitochondrial membranes, evidenced by
irreproducible signals in the supernatant fractions (Appendix Figure 2.6).
Irreproducibility in results led to concerns regarding the experimental set-up as the
method relies on ultracentrifugation using tiny (TLA 100.2) tubes to separate folded
and unfolded material, which poses technical challenges that may lead to
inconsistencies observed in Western blots. Therefore, to obtain a more reliable and
representative readout for intact UCP2 protein, preparative solubilisation screens
were conducted, which mimic conditions of a large-scale solubilisation. Here,
“preparative” is defined by the nature of the membrane sample and the scale at
which the solubilisation trial is conducted.

In preparative solubilisation tests, mitochondrial membranes were obtained
using large-scale membrane isolation methods which involves five 1-minute pulses of

mechanical disruption of cells at temperatures below 4°C using a Beadbeater (see
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section 2.7 for details), which differs from small-scale membrane isolations as cells
are mechanically disrupted on a vortex for 30 minutes at 4°C (see section 2.5.2 for
details). The difference in membrane isolation methods suits the scale of the
preparation; small-scale membrane isolations, which typically yield low protein
concentrations due to limited starting material, are routinely used to inform on
protein expression and small-scale (150 ul) solubilisation tests. Large-scale membrane
isolations are preparative in nature, yielding highly concentrated (>15 mg/mL)
membrane samples (171), that are used for downstream purification efforts, where in
most cases, the subsequent step is solubilisation. To mimic conditions of a large-scale
solubilisation, “preparative” solubilisation tests were conducted where the reaction
volume was scaled to 1 mL with the total protein concentration used for
solubilisation fixed to 10 mg/mL. Detergent concentration and solubilisation time
were investigated to determine if there was a difference in UCP2 solubility and if
various parameters could be optimised prior to protein purification.

In general, it was observed that at least 75% of UCP2 protein produced in the
recombinant system could be extracted from mitochondrial membranes at 0.5%, 1%
and 2% 12MNG and DDM (Figure 3.10). Extending the solubilisation time did not
appear to improve the level of UCP2 protein extracted from membranes (Figure
3.10), suggesting that time is not a limiting factor in protein solubilisation. Overall,
the results demonstrate that preparative (1 mL) solubilisation tests showed consistent
estimates for the UCP2 signal in the supernatant and pellet fractions, providing a
more reliable indicator of intact UCP2 that may be extracted. Taken together, it was
decided that large-scale solubilisation would be conducted using 0.5% detergent for
20 minutes to minimise protein unfolding during downstream processing, such as

protein purification.
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Figure 3.10: Preparative solubilisation screens. Western blots of preparative (I mL)
solubilisation screens. Membranes were isolated from cells grown in large-scale 1 L cultures and
were solubilised in 0.5%, 1% or 2% (v/v) detergent for either 20 minutes or 1 hour (as
indicated). 100 ng purified UCP2 inclusion bodies are used as a control between blots. Samples
are loaded as a fraction of the total volume and are denoted as T — total proteins; S — solubilised

supernatant, P — insoluble pellet.

3.4. Discussion

The results presented in chapter 3 describe the optimisation of an expression protocol
capable of producing intact UCP2 protein in S. cerevisiae mitochondria. Using a
glucose-dependent prolonged expression protocol, it was shown that UCP2 protein
could be expressed in the FGY217 yeast strain, to levels higher than in native sources
(185), yielding practical amounts of biomass for protein purification efforts.
Furthermore, ~75% of recombinantly expressed protein could be extracted from
yeast mitochondrial membranes in the presence of mild detergents, such as 12MNG
and DDM, consistent with the characteristics of folded mitochondrial carrier protein
(155, 158-163).
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3.4.1. Increased protein expression by changes in the N-terminus
The studies presented here reveal that a significant increase in human UCP2

expression in yeast occurs when leucine was at position 2, rather than specific use of
an adenine-rich Kozak sequence. Recent proteomic analysis in S. cerevisiae,
demonstrates that mitochondrially-targeted proteins show a bias for bulky
hydrophobic residues at position 2, with leucine being the most prevalent at this
position (231). It is hypothesised that leucine at position 2 prevents cleavage of the
initiator methionine, thereby enabling N-acetylation. The role of N-terminal
acetylation in protein degradation and stability seems context-dependent, though it is
proposed that acetylation may aid in organelle-targeted protein import through
favourable hydrophobic interactions between the protein and organelle membranes
(247). Interestingly, when valine is substituted for the native leucine at position 2 in
yeast-expressed rat aldehyde dehydrogenase, decreased protein expression was
observed (248), consistent with the trends presented here with UCP2. Whilst the
exact mechanism relating to increased protein expression is not fully understood, this
finding demonstrates how a simple change in the second amino acid can enhance
recombinant mitochondrial protein expression in yeast, which may be utilised for

other recombinant proteins.

3.4.2. FGY217 on different carbon sources
Initial small-scale (50 mL) expression trials, utilising a UCP1-based expression

protocol, were important in determining UCP2 protein production in the protease-
deficient yeast strain, however proved to be an impractical route for large-scale (1 L)
cultures for the purposes of protein purification. Utilisation of lactate by FGY217
may have led to insufficient biomass, as previous studies have indicated that growth
on a non-fermentable carbon source, such as lactate, can induce mitophagy in the
W303-1B yeast strain when subjected to conditions of nutrient stress (245). In yeast,
autophagy is achieved by trafficking organelles to the vacuole (249), where protein
degradation occurs through proteolytic activity of vacuolar proteases, such as
proteinase A, an enzyme required for maturation of several vacuolar proteases (167).
Proteinase A is encoded for by the Pep4 gene, of which the FGY217 strain lacks.
Deficiencies in cellular protein degradation has been reported to limit cell growth
under nutrient stress conditions (250), which could be a reason for the limited

biomass obtained following overnight growth on lactate and after 6 hours protein
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induction with galactose. Growth on lactate using the method outlined by Drew and
colleagues (approximately 6-7 hours growth on lactate prior to induction with
galactose for 22 hours) demonstrated appreciable levels of cell growth, so it could be
rationalised that FGY217 cells sustained prolonged growth on galactose rather than
lactate. Bouillaud and colleagues have demonstrated that W303 yeast seeded on
selective agar plates supplemented with galactose form colonies following 48 hours
growth (251). These finding supports the notion that yeast cells are capable of
prolonged growth on galactose.

Following numerous large-scale optimisation screens, it was interesting to
find that prolonged growth on 0.75% glucose was capable of matching UCP2
expression levels as observed in the UCP1-based expression protocol. Given that
UCP2 expression is under the control of a GAL1 promoter, which is repressed in the
presence of glucose (242, 243), the observation that UCP2 increased with increasing
glucose seemed counterintuitive. It has been shown that activation of the GAL
pathway is sensitive to the ratio of external glucose and galactose concentrations,
mainly through competitive import of glucose and galactose by hexose transporters
(252). Subsequently, it has been postulated that growing yeast in mixtures of glucose
and galactose can “prime” cells to utilise galactose following glucose depletion,
thereby mitigating diauxic lag growth (253). It could be argued that cultures grown in
low (0.1-0.25%) glucose concentrations may exhaust glucose prior to galactose
addition, thereby resulting in a slower growth rate, due to a longer lag phase where
the cells are undergoing a metabolic switch to galactose utilisation. This delayed lag
phase could be a reason for lower UCP2 protein expression. Cultures grown in
higher glucose concentrations are likely to contain residual levels of glucose at the
point of protein induction. In these conditions, cells are likely to respire primarily on
glucose, but may also be utilising added galactose to a lesser degree. Hence, at high
glucose conditions, cells exhibit greater growth as cells proliferate faster in glucose-
rich media, but are also able to switch from glucose to metabolise galactose at a
much later time in the protein induction period, where protein expression is less
likely to be repressed.

The purpose of expressing recombinant UCP2 is to clarify its function as it
remains widely contested, though one hypothesis is that the protein acts as a 4-
carbon metabolite transporter (93) that provides metabolic flexibility to the cell under

conditions of stress (114, 119). Recombinant expression of functional UCP2 protein
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has been demonstrated in oleate-dependent media in yeast mutants, where UCP2
compensates for aspartate/glutamate activity in AGC1 knockout yeast (114). This
method of recombinant UCP2 expression was not pursued due to time constraints
and potential challenges associated with generating knockout mutants in the wild-
type (W303-1B) strain, which exhibited unsuccessful yeast growth in preliminary
growth and protein expression trials. Raho and colleagues quantify recombinant
UCP2 protein expression relative to loading controls (114), though the specific
proportion of UCP2 within mitochondrial membrane proteins remains unknown.
Hence, for expression screens using the method by Raho and colleagues (114),
quantifying UCP2 protein expression in absolute terms would be essential to assess
its practicality for protein purification. Furthermore, the issue of ensuring that
sufficient levels of biomass (>10 g cell pellet/L culture) would also need to be

addressed, especially when producing protein for downstream protein purification.

3.4.3. Avenues for protein purification based on UCP2 protein solubility
The use of hydroxyapatite chromatography, which has been used to isolate

mitochondrial carriers from native sources, such as AAC (254) and UCP1 (179), is
reliant on the use of TX-100 to extract carrier proteins in a functional form (232). In
the context of UCP1 purification, hydroxyapatite chromatography can also be
utilised in conjunction with thiol-reactive chemistry to purify UCP1 protein from an
enriched sample, since UCP1 has a cysteine residue at the C-terminal end of the
protein which acts as an intrinsic tag, (see (19)). The important inclusion of an
immobilisation step allows for buffer-exchange and removal of contaminants, in
which TX-100 detergent can be swapped out for more mild stabilising detergents,
such as DDM and 12MNG (19, 155). Since UCP2 was seen to be predominantly
insoluble when extracted with TX-100 in preliminary small-scale (150 pul)
solubilisation screens, the use of TX-100 was excluded in subsequent tests as
12MNG and DDM were observed to extract more folded material. For this reason,
the use of hydroxyapatite chromatography will not be explored in downstream
purification efforts.

Recombinant expression of untagged UCP1 protein in yeast has generated
intact protein (62, 65, 153, 178, 255-257), which can be purified through the use of a
bespoke purification strategy (153, 171). The ‘S,Q and TP’ method, originally

developed for the purification of UCP1 from native sources (19), is compatible with
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stabilising detergents, such as 12MNG or DDM, which is beneficial as it removes the
need for a detergent-exchange step and also allows efficient extraction of intact
UCP2 protein from mitochondrial membranes. Hence this purification strategy will

be used as a base for UCP2 purification efforts.
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4. Enrichment of human
Uncoupling protein 2 from S.
cerevisiae

4.1. Introduction

Purification of proteins relies on separating proteins based on their molecular
properties, such as net charge, hydrophobicity or size (258). Conditions for
purification often require optimisation to obtain high yields of functional protein.
Compared to soluble proteins, the purification of membrane proteins is particularly
challenging (259, 260). Integral membrane proteins are amphipathic in nature,
consisting of a hydrophobic transmembrane core embedded within the lipid bilayer
and hydrophilic surfaces where the protein interacts with the aqueous environment.
The structure and function of integral membrane proteins are influenced by the
physiochemical properties of the lipid bilayer (261). Extraction of membrane proteins
are often achieved by detergents (262), though alternative methods, such as the use of
styrene malic acid polymers (SMAs) (263-267) and lipid nanodiscs (268-270) have
also been used for the study of membrane proteins and membrane protein
complexes. Careful consideration is required, especially with detergent selection,
when isolating functional membrane proteins as purification strategies need to
accommodate the addition of solubilisation agents (271).

With the rise of recombinant expression systems, proteins can be engineered
to incorporate purification tags for selective binding in affinity chromatography, to
allow for a high degree of protein purification (271). However, prior to routine use of
heterologous expression systems and genetically modified constructs, membrane
protein purification from native sources was achieved through other
chromatographic methods, such ion exchange (272, 273), ligand-affinity (274) and
antibody-affinity (275). Hydroxyapatite, a resin composed of calcium and phosphate
ions (276), has been used in the purification of DNA (277) and proteins (278),
including native mitochondrial carrier proteins for structural (137, 199) and
biochemical analysis (17, 179, 200). In later years, the production of mitochondrial
carrier proteins has been carried out using various expression systems (see Chapter 3

for an overview). In E. coli systems, histidine-tagged mitochondrial carriers, produced
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as inclusion bodies, were purified through nickel affinity chromatography with
unfolded material ‘refolded’ through an Amberlite column (93, 203, 209, 210, 279,
280). Recombinant UCP protein expression in L. lactis and S. cerevisiae suggested that
the addition of purification tags yielded poor expression levels in these systems and
generated misfolded material (215). Several studies have indicated that UCP proteins
can produce misfolded protein artefacts in yeast (55, 56) or E. coli systems (163).
Subsequently, a bespoke strategy used for the purification of native lamb UCP1
(OaUCP1) was developed, which utilises ion exchange chromatography or
hydroxyapatite to remove contaminants, with a subsequent purification step
dependent on a thiol-reactive resin to immobilise OaUCP1 via a cysteine residue
towards the C-terminus, thereby acting as an intrinsic tag (19). This step allows for
further removal of contaminants, especially non-proteinaceous ones, including excess
detergent and lipid, which can impact on downstream analysis (19). Use of the thiol-
reactive chemistry has been successful in the purification of yeast-expressed
recombinant UCP1 (153, 171).

The efforts outlined in this chapter focuses on the optimisation of protein purification
using the strategy outlined by Lee and colleagues for native OaUCP1 (19), avoiding
the need for added protein tags and risk of producing misfolded UCP2 protein. In
the method outlined, OaUCP1 is purified to apparent homogeneity, by thiol-reactive
chemistry, by virtue of a cysteine residue near the C-terminus. Here, it was
postulated that HsSUCP2 protein produced using the recombinant yeast system (see

Chapter 3 for UCP2 expression) could be isolated in the same way as it also

possesses a cysteine residue towards the C-terminus.

4.2. Aim

To purify UCP2 protein to from yeast mitochondrial membranes in a folded form for

biochemical characterisation.

4.3. Results

A significant proportion (>75%) of recombinantly expressed UCP2 protein was

observed to be folded when treated with 0.5% 12MNG following 20 minutes
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solubilisation (see section 3.3.6), hence this condition was used for subsequent large-
scale solubilisations, which is the first step in membrane protein purification

strategies following cell lysis (271).

4.3.1. Ion exchange chromatography
In the purification strategy outlined by Lee et al. (2015) (19), the first step following

solubilisation involves ion exchange chromatography, which acts to remove
contaminating proteins, allowing UCP1 to pass through via negative
chromatography (see Figure 4.3 for an adapted schematic). The use of ion exchange
resins can be used to purify proteins based on the overall charge of protein, which
can be altered based on the pH of the buffer (281). Preliminary investigations were
conducted to determine if ion exchange chromatography could be used to purify or

enrich UCP2 protein.

To investigate if ion exchange chromatography could be used to facilitate
purification of UCP2 protein, it was important to determine if protein stability was
affected by pH. Accordingly, preparative (1 mL) solubilisation tests were conducted
to check UCP2 solubility and protein stability. In these solubilisation trials, UCP2-
containing membranes were subject to high-speed centrifugation to pellet the
mitochondrial fraction, before being resuspended in buffers of varying pH, with
solubilisation trials conducted immediately after buffer exchange (see section 2.8 for
details). A majority (>90%) of the total (T) UCP2 protein was observed to be soluble
at pH 8.0 and pH 9.6, as shown by the high signal intensity in the solubilised
supernatant (S) fraction compared to what remained in the pellet (P) in Western blots
(Figure 4.1A). At low pH (pH 6.0 and pH 6.5), only 25-50% of protein could be
solubilised, suggesting that UCP2 protein is less stable at acidic pH (Figure 4.1A).
Since purification experiments can be long and arduous, the ability to split the
method would be more practical. Hence, solubilisation screens were also performed
on buffer-exchanged membranes that had undergone cryo-storage to assess the
impact of buffer pH after snap-freezing and storage in -80°C. Interestingly, the
apparent instability of UCP2 in acidic pH was further exacerbated following -80°C
storage, as little or no UCP2 signal was observed in the solubilised supernatant (S)

fractions, specifically at lower pH only (6.0 and 6.5) (Figure 4.1B). The effect of
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UCP2 instability at low pH is more pronounced when compared with samples that
were immediately solubilised following buffer exchange into different pH
(comparison of immediately (I) and frozen (F) solubilised fractions in Figure 4.1C).
Whilst a majority of UCP2 protein could be solubilised under mild alkaline
conditions, less intact UCP2 protein was present when samples were subjected to a
snap-freeze and thaw cycle, compared to those that were immediately solubilised
(comparison of immediately (I) and frozen (F) solubilised fractions in Figure 4.1C).
Results from these preparative solubilisation trials indicate that UCP2 is more
stable in alkaline pH and suggest that resuspension in acidic pH is detrimental to
protein stability. The results also show that subjecting membranes to a freeze-thaw
cycle drastically reduces the amount of folded UCP2 protein in membranes,
suggesting that future purification strategies that require buffer exchange and
solubilisation steps should be conducted on the same day as the downstream

purification to maximise folded protein yields.
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Figure 4.1: UCP2 solubility in different pH. A-B) Western blots of fractions taken from
preparative solubilisation trials conducted immediately after buffer exchange (A) or following
cryo-storage of buffer-exchanged membranes (B). UCP2-containing membranes were buffer-
exchanged into either 20 mM bis-Tris (pH 6.0), 50 mM MES (pH 6.5), 20 mM Tris HCI (pH
8.0) or 20 mM piperazine (pH 9.6). Samples are described as the ‘total proteins’— T;
Solubilised supernatant’ — S and the ‘insoluble pellet’ — P. C) Western blot comparing the
solubilised supernatant fractions from both solubilisation trials. Solubilised supernatant
fractions were obtained from trials that underwent immediate solubilisation following buffer
exchange — I or membranes that underwent buffer exchange following a snap-freeze and thaw

cycle — F. For all blots, samples were loaded as a proportion of the sample volume.

4.3.1.1. UCP2 binding trials to S-, Q- or TPS-resins
Following assessment of UCP2 protein stability at different pH, investigations were

carried out to assess the binding of UCP2 onto ion exchange columns and possible
purification strategies. Anionic (methyl sulfonate (S)) and cationic (quaternary
ammonium (Q)) spin columns were utilised for rapid assessment of UCP2 binding
capabilities onto these ion exchange columns.

In binding trials, detergent-solubilised mitochondrial membrane fractions, prepared
at different pH (6.0, 8.0 and 9.6) as described above, were applied to S- and Q-spin

columns. To establish if UCP2 could be eluted from ion exchange columns in a
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folded form, the columns were subjected to washes containing increasing amounts of
NaCl, as well as a harsh “strip” (1% SDS and 1 M NaOH for S- and Q-columns,
respectively) to ensure any unfolded material is eluted from the column. In these
experiments, UCP2-containing membranes were resuspended in pH 8.0 and pH 9.6
as the protein was observed to be stable under these conditions. Although UCP2 was
observed to be unstable at pH 6.0, binding trials were conducted at this pH to
determine if it was at all possible to enrich for UCP2 protein using either ion
exchange column.

At pH 8.0 and pH 9.6, it was discerned that UCP2 does not bind to either S or
Q columns as UCP2 is only observed in the ‘flow through’ fractions in Western blots
(Figure 4.2B and 4.2C). At both these pH values it was observed that the Q-column
had a purifying effect as it removed contaminating proteins, evidenced by the total
protein signals in the Coomassie-stained gel in the presence of 100 mM, 250 mM and
1 M NaCl (see “Q-Wash” fractions in Coomassie-stained gels in Figure 4.2B and
4.2C). Conversely, this purifying effect was not observed with the S-column as there
is a lack of protein signal in any of the fractions following the “S-Flow through” (see
“S-Wash” fractions in Coomassie-stained gels Figure 4.2B and 4.2C), which implies
that a vast majority of mitochondrial membrane proteins, including AAC (see AAC
in ‘flow through’ fractions detected by Western blots in Figure 4.2B and 4.2C), do
not bind to the S column at pH 8.0 and pH 9.6, and are negatively charged at
alkaline pH. At pH 6.0 it was observed that few proteins bind to the S-spin column
(see “S-Wash” fractions in Coomassie-stained gels Figure 4.2A). It was observed
that at pH 6.0, UCP2 binds to the S column and can only be eluted under denaturing
conditions, which may imply that the protein precipitated onto the column (see “S-
Wash 3” and “S-Strip” lanes Western blot in Figure 4.2A). These preliminary
findings suggest that UCP2 is unstable at pH 6.0 and that purification strategies
would be inefficient at acidic pH. Given that UCP2 is stable in mild alkaline pH,
purification strategies will focus on these pH values.

The solubilised supernatant fraction was also applied to the thiol-reactive
resin, thiopropyl Sepharose 6b (TPS), to determine if UCP2 could bind to the resin in
a redox-dependent manner, like that of UCP1, and thus be utilised in the S+Q
purification strategy as outlined by Lee and colleagues (19). HsUCP1 has a cysteine

residue near its C-terminus at position 305, which likely binds to the resin enabling
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purification by covalent chromatography. HsUCP2 also has a cysteine towards the
C-terminus at position 302, however this residue is followed by seven amino acid
residues, unlike HSUCP1 (4). Preliminary tests with TPS shows that UCP2 can bind
to the resin in a redox-sensitive manner, though the signal observed in the elution
fraction in the Western blot was not equivalent to the total folded protein incubated

with the resin (see Western blot in Appendix Figure 3.1).

The findings obtained in the binding trials show that ion exchange chromatography
alone is not a feasible avenue to purify UCP2. Notably, UCP2 was observed to bind
to the cationic exchanger (S column) at pH 6.0, though it was not possible to elute
the protein under naturing conditions. At alkaline pH, where UCP2 was observed to
be stable, the protein could not be immobilised by either cationic or anionic
exchange columns. However, the results indicate a potential use of ion exchange
chromatography to remove contaminants, hence its use in combination with other
methods, such as covalent chromatography as described by Lee et al. (19) was

explored in purification trials.

115



«ucp2 | 37— o < UucP2 37— ”
- e ..
B 2= 25 : - <ucp2
37% - < AAC 37— ' o
AR Ve it Y, | : .

Figure 4.2: UCP2 binding onto S- or Q- columns. A-C) Coomassie-stained gels (top panels) and Western blots (bottom panels) of samples taken from S- or Q-
binding trials. Samples were resuspended in either 20 mM bis-Tris (pH 6.0) (A), 20 mM Tris-HCI (pH 8.0) (B) or 20 mM piperazine (pH 9.6) (C). The ‘Flow
through’ fractions represent the portion of supernatant that passes through the spin column following a low-speed spin. After application of the supernatant, the
columns are washed with 100 mM NaCl (“Wash-1"), followed by a subsequent 250 mM NaCl wash (“Wash 2”) and a final 1 M NaCl wash (“Wash 3”). The
S- and Q-columns were then ‘stripped’ (with 1% (v/v) SDS and 1 M NaOH, respectively) to ensure the removal of aggregated material on the column. Fractions

prefixed with ‘S’ and ‘Q’ represent samples passed through the S- and Q-spin columns, respectively. Samples are loaded as a fraction of the total volume. Western
blots track UCP2 or AAC protein as indicated.
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4.3.2. S+Q Purifications
The findings obtained in the binding trials suggest that UCP2 shows similar

characteristics to UCP1 as it passes through both S- and Q-spin columns at slightly
alkaline pH and can, in principle, bind to a thiol-reactive resin in a redox-dependent
manner. Consequently, purification attempts were conducted to establish if intact
UCP2 purification could be achieved through the combined use of these resins as
described by Lee and colleagues (2015) (19) (see Figure 4.3 for purification

schematic).

UCP2-containing lon exchange Covalent Buffer
membranes chromatography = chromatography exchange

0.5%
detergent

Variations in membrane treatment:

Alkaline treatment (pH 11.3)

Buffer-exchange by ultracentrifugation (pH 8.0)
Buffer-exchange by ultracentrifugation (pH 9.6)

Pre-treatment with 1 mM ADP* (pH 8.0)
*during preceding membrane isolation step

WB12-derived membranes

Figure 4.3: Schematic of HsUCP2 purification using the S+Q TP method as outlined by Lee
et al. (19). UCP2-containing membranes are subjected to different treatments (summarised in
table) before solubilisation with 0.5% detergent. The folded supernatant fraction is sequentially
passed through S- and Q-spin columns prior to incubation with thiol-reactive resin (T).
Covalently bound proteins are eluted with 150 mM DTT, with final samples subjected to buffer

exchange using a PD10 column or a size exclusion column. Image was adapted from Lee et al.
(2015) (19).

4.3.2.1. Purification of UCP2 using harsh alkali-treated membranes
Given that HsUCP?2 is stable in mild alkaline pH, it was reasoned that it may remain

intact during a high alkaline wash treatment of mitochondria as described in the
purification strategy by Lee et al. (2015) (19). In these experiments, ‘crude’ total
mitochondrial membranes were subjected to incubation with sodium carbonate (pH

11.5) for 30 minutes prior to solubilisation. The supernatant fraction containing folded
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protein is then passed through an S-spin column, of which the resulting flow through
fraction is applied onto a Q-spin column, with the subsequent flow through incubated
with thiol-reactive resin (see Figure 4.3 for purification schematic).

It was observed that a large portion of protein could be solubilised in the
presence of 0.5% 12MNG following treatment at pH 11.5, including UCP2 (see
supernatant fraction Figure 4.4A and 4.4B (top panel)). Whilst the S- and Q-columns
exert a purifying effect by immobilising contaminants (see “S-Capture” and “Q-
Capture” fractions in Coomassie-stained gels in Figure 4.4A), the Coomassie-stained
gel reveals that most of the proteins are lost in the TPA flow through (“TPA-Flow
through” fraction (Figure 4.4A)). Elution of thiol-reactive proteins from the TPA resin
results in a single band on the Coomassie-stained gel (“TPA-Elution” fraction (Figure
4.4A)) corresponding to the typical size of most mitochondrial carriers (203, 282),
which is retained following buffer exchange on a PD10 column. When specifically
probed by Western blot analysis, a large amount of UCP2 is solubilised and passes
through both ion exchange columns as previously observed at milder alkaline pH (see
‘S-Flow through’ and ‘Q-Flow through’ fractions in Figure 4.2B and 4.2C). However,
most of the UCP2 protein is lost in the TPA flow through fraction (UCP2 (top panel)
Western blot Figure 4.4B), suggesting that cysteines, including C302, may be
inaccessible to the thiol-reactive resin. When probed against AAC, this carrier was
seen to track with UCP2, with a large portion lost in the TPA flow through, though
some AAC protein binds to the resin and is present after elution and DTT removal
(see ‘Post PD10’ fraction, in AAC Western blot Figure 4.4B (bottom panel)).
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Figure 4.4: S+Q TPA purification using alkali-treated membranes. Coomassie-stained gel
(A) and Western blots (B) tracking HsUCP2 and AAC, as indicated, in S+Q TPA purification
of enriched (alkali-treated) membranes. Total proteins are representative of the total alkali-treated
membranes, with the folded supernatant and unfolded pellet fractions separated by a high-speed
spin. The supernatant is sequentially passed through S- and Q-columns, prior to incubation with
thiol-reactive resin (thiopropyl agarose — TPA) for covalent chromatography. Bound proteins are
eluted with DTT (‘TPA-Elution’) and samples are buffer-exchanged using a PD10 column
(resulting eluate is denoted as ‘Post PD10’). ‘Flow through’ fractions are representative of
samples passed through the S, Q and TPA columns, whilst the ‘Capture’ fractions represent
samples immobilised by the ion exchange columns and eluted with 1 M NaCl. Gel samples are

fractionally loaded as a proportion to the sample volume.

Since most UCP2 protein purifications were conducted in a single day, thermostability
assays using the thiol-reactive, coumarin-based dye, CPM, were utilised after
obtaining the final purified sample. The CPM thermostability assay is a protein
unfolding assay (192) that provides an indication of protein stability of cysteine-
containing proteins in the absence or presence of various ligands (155, 194, 195, 283,
284). In this assay, the weakly fluorescent thiol-sensitive dye, CPM (285), is applied to
a purified protein sample and reacts with accessible cysteine residues to generate a

fluorescent adduct. As an increase in temperature is applied to the sample, an increase
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in fluorescent signal is observed, as CPM reacts with cysteine residues buried in the
protein as they become solvent-exposed due to heat-induced unfolding (192). Purified,
monodispersed folded protein is expected to show a sigmoidal increase in signal as the
protein population transitions from a folded to unfolded state (see top panel of Figure
4.5A). The peak generated in profiles showing the first derivative (dF/dT) of the
fluorescence signal can be used to describe an apparent protein melting temperature
(‘Tw’) as a practical marker of relative protein stability (155, 283) (see bottom panel of
Figure 4.5A). As well as reporting on the general integrity of a protein sample, the
assay can also be used to detect protein-ligand binding via the associated shifts in
thermal stability due to net bonding changes in the protein (155, 194, 195, 283, 284)
(Figure 4.5A). For UCP1, purine nucleotide inhibitors have been found to induce an
increase in T, whereas fatty acid activators and related compounds that have been

observed to induce UCP1 proton leak activity, are reported to induce a decrease in Tn,
(153, 155, 284).

Here, the CPM protein thermal shift assay was used to assess the composition and
integrity of the final samples from UCP2 purification attempts. Carboxyatractyloside
(CATR), a well-known inhibitor of AAC (286), was tested to detect contamination of
functional AAC protein in the preparations. Guanosine diphosphate (GDP), an
inhibitor of UCP1 (31-35) was used to detect UCP1-like stabilising shifts (in OaUCP1
controls (see Appendix Figure 3.2) and HsUCP1 tests — see section 5.4.1 for further
examples (153, 155, 284)), in HsUCP2 purified samples, should it bind purine
dinucleotides as some have claimed (52, 53, 57, 60, 61, 67, 156, 205, 287). Aspartate
was also tested as it is a proposed transport substrate of UCP2 (93, 114).
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Figure 4.5: Principles of the CPM thermostability assay. A) Diagrammatic representation of
expected fluorescence (top) and first derivative (bottom) profiles of folded protein denaturation in
the CPM assay. In fluorescence profiles, the starting fluorescence is low as CPM cannot access
and react with protein-buried cysteine residues in the folded state. Upon protein unfolding the
Sfluorescence increases as cysteine residues become solvent exposed and react with CPM, giving a
characteristic sigmoidal profile (top panel). An apparent protein melting temperature (‘T,,’) can
be gained from the peaks in the first derivative profile (bottom panel). Protein is represented by a
grey square (folded state) and a grey cloud (unfolded state); unreacted CPM dye is represented as
a yellow oval, whilst thiol-reacted CPM is represented as a yellow oval encircled with orange
spikes. B) Fluorescence signal (top) and derivative (bottom) traces from CPM thermostability
assays using 2 ug of the final purified sample (derived from alkali-treated membranes), prepared
as outlined in Figure 4.3, in the absence or presence of 1 mM CATR, 1 mM GDP or 1 mM
aspartate. Native OaUCPI was used as a control in CPM assay runs (see Appendix Figure
3.24).

CPM assay tests conducted with alkali-treated samples purified using methods
outlined in Figure 4.3, do not show a typical sigmoidal transition in fluorescence

signal, suggesting that most proteins in the final sample are unfolded (Figure 4.5B);
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similar fluorescence profiles have been observed with thermally denatured proteins
(155, 192). Furthermore, there are no thermal shifts detected in the presence of CATR,
GDP or aspartate, which indicates a lack of folded AAC and no indication of folded
UCP2 protein in the final purified sample. In contrast, the fluorescence signal obtained
with native OaUCP1 controls started at a much higher fluorescence value compared to
HsUCP?2 purified samples (see Appendix Figure 3.2A), which could be attributed to
solvent-exposed cysteine residues in the OaUCP1 folded state, not present in HsUCP2
(284). The signal also showed a typical sigmoidal increase indicative of folded protein,
where the associated peak in the derivative profile shifted to higher values with added
GDP, consistent with nucleotide binding and functional characteristics of UCP1 (155)
(see Appendix Figure 3.2).

The final yield of purified protein obtained from the purification was minimal, with
190 pg purified protein produced from approximately 320 mg alkali-treated
membranes, which in turn was enriched from approximately 760 mg of mitochondrial
membranes (see Appendix Table 3.1). As such, methods of Lee and colleagues (19),
as described, was not feasible for purifying recombinant UCP2 protein as it generates
only micromolar amounts of protein (representing only 0.03% of starting

mitochondrial membranes), most of which is likely to be unfolded.

4.3.2.2. Purification of UCP2 in mild alkaline buffer
As initial purification attempts were not successful, the next logical step was to

investigate if removing the harsh alkaline (pH 11.5) treatment prior to S+Q could give
better yields. Therefore, the purification protocol (19) was adapted, with total
membranes resuspended in 20 mM Tris HCI (pH 8.0) or 20 mM Piperazine (pH 9.6)
buffer instead of the harsh alkali treatment (Figure 4.3; ultracentrifugation was used
for the purposes of buffer exchange). This amended purification was otherwise
conducted as outlined in Figure 4.3, but with the “Q-flow through” samples at pH 9.6
also being titrated down to pH 8.0 prior to incubation with the thiol reactive resin, as
reactivity is pH sensitive and less efficient above pH 8.0 (288).

Comparison of purification profiles of membranes subjected to a harsh alkali
treatment (Figure 4.4A) with membranes resuspended in mild alkali buffers
(Coomassie-stained gels in Figure 4.6), shows that more protein, including UCP2,

was soluble when membranes were not pre-treated with sodium carbonate/pH 11.5
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conditions (see supernatant fractions in Figure 4.4, for harsh alkali-treatment, and
Figure 4.6, for mild conditions). The purifying effect of the thiol-reactive resin is
observed for both alkali-treated and mildly treated membranes (see “TPA-Flow
through”/“TPS-Flow through” fractions in Figure 4.4 and Figure 4.6, respectively),
as most contaminating proteins are removed in the flow through of these samples. In
both conditions, a prominent Coomassie signal following elution from the TPS resin is
observed (see “TPS-Elution” fractions in Coomassie-stained gels in Figure 4.6); the
size of this single band is consistent with the size of most mitochondrial carriers (203,
282). When blotted for UCP2, protein was observed to pass through both S- and Q-
columns at pH 8.0 and pH 9.6 (UCP2 blots in Figure 4.6), consistent with results
obtained in the binding trials (see UCP2 blots in Figure 4.2B and 4.2C). Moreover,
relatively strong signals can be observed in the “TPS-Elution” fraction and subsequent
steps, therefore implying that UCP2 can be purified under mild conditions (UCP2
blots, Figure 4.6). However, when probed against AAC, it is also observed in the
same fractions as UCP2, thereby indicating AAC protein contamination (AAC blots,
Figure 4.6), as well as potential contamination of other mitochondrial carriers, in the

final sample.
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Figure 4.6: S+Q TPS purification using ultracentrifuged membranes resuspended in mild
alkali buffers. A-B) Coomassie-stained gel (top panels) and Western blots (bottom panels)
tracking HsUCP2 or ScAAC, as indicated, during purification using adapted S+Q TPS methods
(19). To aid purification of folded HsUCP?2 protein, mitochondrial membranes are resuspended
in either 20 mM Tris HCI (pH 8.0) (4) or 20 mM piperazine (pH 9.6) during ion exchange
chromatography, rather than subjecting mitochondrial membranes to a harsh alkali pre-

treatment. Gel samples are loaded by fractional load, proportional to the sample volume.

Final PD10 eluates were subjected to the CPM thermostability assay to assess the
purity of the final protein samples as described previously (see Figure 4.5A). Whilst
the initial starting fluorescence of samples solubilised at pH 8.0 were relatively similar
(Figure 4.7A, top panel), it was interesting to observe that samples originally
resuspended in piperazine (pH 9.6) demonstrated variable levels of starting
fluorescence (Figure 4.7B, top panel). It has been previously shown that the
maleimide-based reaction with CPM and protein thiols is pH-sensitive, with the
reaction being faster at alkaline pH (192). However, the pH of the piperazine-
resuspended sample is titrated down to pH 8.0 prior to incubation with TPS,
indicating that the piperazine-based buffer, rather than pH, could contribute to the

differences in starting fluorescence observed in the CPM assays. It has been reported
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that fluorescent probes produced from a piperazine-coumarin scaffold shows increased
fluorescence signal following reaction with thiol groups (289). Given that CPM is a
coumarin-based thiol-reactive dye, it may be possible that CPM reacts with piperazine
inadvertently increasing the fluorescence intensity of the samples prior to the CPM
assay.

Unlike purified samples from the alkali-enriched purification, protein samples
purified under mild conditions show a sigmoidal transition in CPM fluorescence
traces (top panels in Figure 4.7), suggesting that intact protein was obtained following
purification under these mild conditions. However, the derivative profile obtained
from each fluorescence trace revealed a broad peak spanning a wide temperature range
(bottom panels in Figure 4.7), suggesting that the signal obtained is likely a mix of
different protein contributions to the apparent protein melting temperature. In the
presence of CATR, GDP and aspartate, no discernible thermal shift is observed
(bottom panels in Figure 4.7), which could indicate either the absence of folded AAC
and UCP?2 protein, respectively, or that the collective melting temperature of proteins
in the final purified sample masks any thermal shifts attributable to a single protein.
These findings suggest that the purified sample is a heterogenous mixture, and the
melting temperatures obtained are the average of all of cysteine-containing proteins in

the final sample.

125



pH 8.0 pH 9.6

_— 70 T T T T T T —_— 70 T L] T T T L]

L 60- - w so-\_/\_
o Q

e 50 - e 50 -
o Q

\’//_ﬁ -
T T
20 L L L L L L 20 L L L L 1 L
1.0 — Control ' ' ' 1.0 — Control ' ' '
— +GDP — +GDP
0.59— +Asp b 0.549— +Asp T
= - +CATR - - +CATR
3 )
™ 0.01 ] E 0.0+
© ©
-0.5- ] -0.54
-1.0 L 1 1 1 1 L 1.0 1 1 1 1 1 1
30 40 50 60 70 80 90 30 40 50 60 70 80 90
Temperature (°C) Temperature (°C)

Figure 4.7: Assessment of final samples from UCP2 purification attempts with milder pH
conditions using the CPM thermostability assay. Fluorescence signals (top) and corresponding
derivative (bottom) traces from CPM thermostability assays using the final purified samples,
derived from membranes that were initially resuspended in 20 mM Tris HCI (pH 8.0) (A) or

20 mM piperazine (pH 9.6) (B) for the purposes of ion exchange chromatography.
Thermostability assays were conducted at pH 7.5 (as standard protocol), using 2 ug of purified
protein in the absence or presence of 1 mM CATR, 1 mM GDP and 1 mM aspartate to detect
AAC- and UCP2-dependent thermal shifts. Native OaUCPI was used as a control (see
Appendix Figure 3.2B-C).

Size exclusion chromatography (SEC) of purified intact mitochondrial carriers shows
that they are monomeric with masses of ~70 to 130 kDa or more, made up largely by
associated detergent and lipid (98, 290), with functional OaUCP1 eluting similarly
with a mass of ~127 kDa (19). To assess whether UCP2 protein remained intact
following the purification process, final samples from purification attempts were
applied onto a Superdex 200 Increase 10/300 gel filtration column, with a prior ~2-
fold concentration of samples using spin filter columns in some cases. The SEC

chromatograms of samples obtained using pH 8.0 and pH 9.6 (both lacking the harsh
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alkali treatment) and concentrated before loading onto the column show similar
profiles, with a prominent peak at an elution of ~8 mL, corresponding to the void
volume that likely contains misfolded protein aggregates, followed by a second peak at
~11 mL, which likely represents folded mitochondrial carrier in detergent-lipid
micelles (Figure 4.8; (19, 98, 290)). The concentrated samples demonstrated twice as
much absorbance compared to non-concentrated samples (see Appendix Figure 3.3),
indicative of twice as much protein present, relating to the higher concentration and
amount loaded. Western blot analysis of SEC fractions revealed the presence of UCP2
associated with the ~11 mL carrier peak (see Western blots in Figure 4.8 and
Appendix Figure 3.3), but only for samples prepared using pH 8.0 and not pH 9.6
during ion exchange chromatography. UCP2 signal could be detected in void fractions
when little or no carrier peak signal was detected, but also at later elution volumes as a
degraded peptide (~10-15 kDa) in all cases (Figure 4.8 and Appendix Figure 3.3).
Therefore, the use of only pH 8.0 in place of the alkali-treatment is likely to facilitate
purification of intact UCP2, when purifying using the S, Q, TP method.
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Figure 4.8: Determining HsUCP2 quality through size exclusion chromatography. A-B)
Chromatograms (bottom panels) of size exclusion tests using 2-fold concentrated eluates from post
PD10 samples from purifications using membranes that were initially resuspended in 20 mM
Tris HCI (pH 8.0) (4) or 20 mM piperazine (pH 9.6) (B) for the purposes of ion exchange
chromatography. SEC runs were conducted at pH 8.0. Western blots (top panel) taken from
corresponding SEC runs; lanes are labelled to match the elution volume from which the fractions
were taken, the void peak was taken at 9 mL elution volume. Samples are loaded in proportion to

the fraction volume collected by the AKTA.

Whilst solubilisation screens showed UCP2 to be soluble at pH 9.6 (Figure 4.1), no
intact protein was observed following sample application onto a SEC column,
suggesting that UCP2 does not tolerate purification at >pH 8.0. Arguably, the need to
titrate the Q-flow through sample from pH 9.6 to pH 8.0, for the purposes of covalent
chromatography with the thiol-reactive resin, could also be a reason for the lack of
intact folded protein signal, as addition of acidic buffer (Tris HCI (pH 6.8)) may have
been detrimental to UCP2 protein stability following partial purification by ion
exchange columns. Prior to SEC analysis, post PD10 eluates from purifications

involving sample resuspension in pH 8.0 and pH 9.6 for ion exchange
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chromatography, were quantified and found to contain similar, relatively high
amounts of protein, ~3-3.25 mg (~15-fold more than alkali-treated membranes, see
Appendix Table 3.1). The high protein yield obtained prior to SEC, supports the
notion that the final purified sample is likely to be intact, but comprised of mixed
protein populations, with a heterogenous mix of protein populations, as implied from
the CPM assay data (Figure 4.7).

The data indicates that when purified under mild conditions, the final purified
sample is likely contaminated with other mitochondrial carrier proteins. The most
abundant carrier in yeast, and detected contaminant is AAC, of which there are three
isoforms in yeast (145). One strategy that was explored to reduce AAC contamination
in the final purified sample was to include ADP throughout the isolation methods.
ADP is reported to destabilise solubilised AAC in the absence of lipids (155),
interacting as a transport substrate, which may help remove the carrier during
purification through induction of different conformational states, whilst at the same
time the purine nucleotide may stabilise HSUCP2, assuming it can bind in the same
way as it does to HsUCP1 (52, 53, 57, 60, 61, 67, 156, 205, 287). When tested, the
purification profile observed resembled the profile obtained in the absence of ADP in
mild conditions (at pH 8.0, without the alkali treatment step), with a strong protein
band observed in Coomassie-stained gels at ~33 kDa at the TPA elution step
(Appendix Figure 3.4A). However, purification using ADP pre-treated membranes
showed more binding of UCP2 to the TPA resin (see UCP2 Western blot in Appendix
Figure 3.4B, compared with Figure 4.6A). Whilst AAC also tracks with UCP2 in the
ADP pre-treated condition, more protein is lost in the TPA flow through (AAC
Western blot in Appendix Figure 3.4B, compared with Figure 4.6A). Even so, results
obtained from CPM thermostability assays suggests that the dominating protein
species present in the final purified sample is likely unfolded as the fluorescence
profiles fails to display the expected increases and sigmoidal transition with increasing

temperature (Appendix Figure 3.4C).

From the data gathered, it is clear that UCP2 protein can be enriched from
mitochondrial fractions under mild conditions, though a large portion (>60%) of
protein is lost due to lack of binding to the thiol-reactive resin. To maximise UCP2
protein binding capacity onto the TPS resin, a construct mimicking the C-terminal

residues of UCP1 was produced (“construct 5”), which specifically replaces the
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terminal three residues of HSUCP2 with cysteine-alanine-threonine (see Appendix
Figure 1.1 for sequence alignment of construct 5). Given that UCP1 protein can be
purified through the cysteine 305 residue towards the C-terminus, it was hypothesised
that adding this ‘tag’ would increase covalent binding of UCP2 to the thiol-reactive
resin. Small-scale (50 mL) expression trials of construct 5 demonstrated that
comparable levels of UCP2 protein were generated compared to construct 1 following
22 hours protein induction (Appendix Figure 3.5A), whilst 1 mL-scale solubilisation
tests show that similarly high levels of intact UCP2 can be extracted from
mitochondrial membranes (Appendix Figure 3.5B, compared to Figure 3.10
(Chapter 3)). Subsequent UCP2 expression and purification attempts using construct 5
with ‘tagged’ UCP2 were conducted as before using mild pH 8.0 conditions in place of
the alkali treatment. The resulting purification profile was found to be comparable to
the equivalent profile obtained using non-tagged UCP2, though more protein is
captured by the ion exchange columns (Coomassie-stained gel in Figure 4.9A
compared to Figure 4.6A). Consequently, the TPS resin had a less purifying effect on
protein purification (Coomassie-stained gel in Figure 4.9A). Surprisingly, less UCP2
protein was observed to bind to the thiol-reactive resin (Western blot in Figure 4.9A),
despite the additional cysteine residue engineered in towards the C-terminus. When
applied to a SEC column, a dominant peak and shoulder was observed at 10-12 mL
elution volume, potentially representing mitochondrial carrier proteins. However, the
significant loss of UCP2 in the earlier stages of the purification suggested these are

likely other carriers and that alternative approaches would be needed.
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Figure 4.9: S+Q TPS purification using construct 5 (HsUCP2 variant with a UCPI-like C-
terminus). A) Coomassie-stained gel (top panel) and Western blots (bottom panel) tracking
HsUCP2 protein. Gel samples are loaded by fractional load, proportional to the sample volume.

B) Chromatogram of size exclusion runs using a 5-fold concentrated PD10 eluate.

4.3.3. Expression of UCP2 in the AAC-deficient yeast strain to mitigate
AAC contamination
Western blot analyses indicated that AAC is present in the final preparation when

attempting to purify UCP2. As the most abundant carrier, and a type that is
particularly unstable when solubilised and isolated (155), AAC may be present as a
dominant contaminant in the final sample. To circumvent the problem of AAC
contamination, the use of an AAC-deficient (WB12) strain of yeast was explored to

express and purify recombinant human UCP2.

4.3.3.1. HSUCP2 expression in the WB12 strain
To establish if recombinant UCP2 expression was viable in the WB12 strain, small-

scale (50 mL) expression screens were conducted to determine if modifications of
established growth and expression protocols could produce intact UCP2 protein. In
particular, the use of glucose and raffinose (291) were tested as alternative carbon
sources, where in the case of glucose cells are not dependent on mitochondrial
respiration in the AAC-deficient yeast strain. It was observed that UCP2 expression in
the WB12 strain using prolonged expression protocol 3 (outlined in Chapter 3,

section 3.3.4.3) did not produce similar levels of expression to the FGY217 strain (see
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Appendix Figure 3.6). UCP2 protein production in the WB12 strain was only
comparable to expression levels in the protease-deficient, FGY217 strain, when WB12
cells were grown in low glucose media (YPD 0.75% glucose) for 16/17 hours before
resuspension into raffinose-containing (YPR) media (Figure 4.10B). Upon
resuspension into YPR, galactose was added to induce protein expression for 22 hours
(see Figure 4.10A for small-scale (50 mL) schematic). Growth and expression in low
glucose media alone did not yield any protein expression in WB12 strain (see
Appendix Figure 3.7), highlighting the need to change the carbon source from glucose
to raffinose prior to protein induction. UCP2 protein production in glucose/raffinose
media was consistent between small-scale (50 mL) and large-scale (1 L) cultures
(Figure 4.10C). Whilst high levels of UCP2 protein could be expressed in the AAC
deficient strain, solubilisation screens revealed that the generated protein was almost
all present in a non-extractable, likely unfolded form, as shown by intense signals in
the insoluble pellet fraction (Figure 4.10D). This outcome may be a consequence of

prolonged expression in the AAC-deficient strain.
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Figure 4.10: HsUCP2 expression in the WBI12 yeast strain. A) Schematic of small-scale
WBI2 expression screen following an adapted UCPI expression protocol (177, 178), whereby
cells were cultured in 50 mL YPD (0.75% glucose) media for overnight (16/17 hours) growth,
pelleted and resuspended in raffinose (YPR) growth media prior to 22 hour protein induction
with 1% galactose. B-C) HsUCP2 protein production in the WB12 strain was compared to
protein production in the FGY217 strain in 50 mL small-scale (B) and 1 L large-scale (C)
expression trials following 22 hours growth through Western blot analysis. In each lane, 10 ug
mitochondrial membranes were loaded. Times above the lanes represent the hour at which
samples were taken following induction with 1% galactose, with ‘Oh’ representing the time prior
to galactose addition. D) The quality of the recombinant UCP2 protein produced in the WB12
strain was determined through solubilisation tests, with fractions obtained from a parallel
solubilisation screen conducted using FGY217 membranes loaded as a control. Fractions are
loaded proportional to the total volume; solubilisation fractions are described as the ‘total

proteins’ — T; ‘solubilised supernatant’ — S and the ‘insoluble pellet’ — P.
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To determine if reducing the expression time could improve the amount of intact
protein generated, protein expression was systematically varied between 6 and 22
hours (see Figure 4.11A for small-scale (50 mL) schematic). Decreasing protein
expression time to 10 hours in the WB12 strain retained similar levels of HsSUCP2
protein expression using the FGY217 expression system (Figure 4.11B), though it was
observed that only a very small amount (<10%) of protein could be solubilised in the
presence of mild detergent (see Figure 4.11C). Though minimal levels of folded UCP2
protein could be extracted from WB12 mitochondrial membranes, it was observed that
DDM was able to solubilise slightly higher amounts of protein than 12MNG.
Therefore, to maximise the amount of folded protein extracted from WB12
membranes, the use of DDM was taken forward for subsequent large-scale

solubilisations.

134



. | 1eM7h,30°C, | | ' 10n, 30°C,
/ 220rpm 220rpm
£ ‘ t=0 t=6, 8

Selective  YPD (0.75% glucose) Cultures pelleted and YPR growth
glucose media growth media resuspended in YPR media

growth media +1% Galactose

B WB12-derived membranes FGY217
kDa Oh 6h 8h 10h 22h
37 —
PO
25 —
C WB12-derived membranes S WB12-derived membranes
0.5% 12MNG | 1% 12MNG Ff{;aﬁgj’g 0.5% DDM 1% DDM
kba T s P|[T S P 22h|T S P|(T S P
37—
o | - - -
25 — .. - - :

Figure 4.11: Reducing protein induction time in the WBI12 strain to improve protein
solubility. A) Schematic of small-scale WBI2 expression screen following an adapted UCP1
expression protocol (177, 178); cells were cultured in 50 mL YPD (0.75% glucose) media for
overnight (16/ 17 hours) growth, pelleted and resuspended in raffinose (YPR) growth media prior
to 10 hour induction with 1% galactose. B) Western blot of WB12 membranes from small-scale
expression, times above the lanes represent the timepoint cells were harvested. 10 ug
mitochondrial membranes were loaded into each lane. Mitochondrial membranes isolated from
FGY217 cells were loaded for comparison of protein expression (‘FGY217 22h’ lane). C)
Fractions obtained from 1 mL-scale solubilisation trials, using WBI12 membranes induced for 10
hours following the outlined expression protocol. The ‘S fraction FGY217 22h’ is representative
of a solubilised fraction using FGY217 membranes grown using prolonged expression protocol 3.
Fractions are loaded as proportional to the total volume; solubilisation fractions are described as

the ‘total proteins’ — T ‘solubilised supernatant’ — S and the ‘insoluble pellet’ — P.

4.3.3.2. S+Q TPA purification of HsSUCP2 derived from WB12 membranes
To ascertain if UCP2 protein expression using the WB12 strain was a viable option for

generating recombinant protein fit for downstream biochemical characterisation,

purification was conducted using WB12 membranes that were subjected to 10 hours
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protein induction. In this iteration of the S+Q TPA purification protocol, WB12-
derived mitochondrial membranes were solubilised in 0.5% DDM, prior to sequential
passage through S and Q columns and subsequent incubation with thiol-reactive resin
(see Figure 4.3 for schematic).

High levels of total protein were solubilised and passed through ion exchange
columns, though no band could be observed after elution of covalently bound proteins
(Coomassie-stained gel in Figure 4.12A (top panel)). When probed for UCP2, a
significant proportion of protein is unfolded, with less than 10% of UCP2 protein
produced in WB12 cells extracted in a folded form (see UCP2 Western blot in Figure
4.12A (middle panel)), consistent with previous solubilisation screens (Figure 4.11C).
Whilst UCP2 protein is seen to pass both ion exchange columns, no UCP2 protein
could be detected after the TPA steps though a signal could be observed in the 2 ug
load lane (see UCP2 Western blot Figure 4.12A), suggesting that the amount of
protein bound onto the TPA resin is undetectable or potentially masked by the signal
intensity obtained from the total protein lane. When blotted against AAC, no signal is
observed throughout the purification profile, thus confirming the use of the WB12
strain as a way of circumventing AAC contamination (see AAC Western blot in
Figure 4.12B (bottom panel)). The lack of a protein signal in the Coomassie-stained
gel between 25-37 kDa, which would correspond to the size of most mitochondrial
carriers (203, 282), suggests that the final purified sample is likely a heterogenous
mixture of other proteins, enriched in the absence of carriers. Despite the lack of a
dominant 33 kDa band, thermostability assays were conducted to determine the

quality of protein produced and if a protein melting temperature could be obtained.

The fluorescence signal obtained in CPM assays (Figure 4.12B) do not show a clear
transition from low to high fluorescence, suggesting cysteine accessibility is already
maximal in the protein population before heating. Interestingly, the fluorescence
signal did not decrease with increasing temperature as shown with previous CPM
assays conducted using purified samples from other purifications outlined in this
chapter. Similar fluorescence profiles featuring a ‘flatline’ in fluorescence units have
been observed with native OaUCP1 and E. coli-generated UCP1 protein solubilised in
harsh detergents, such as DPC, where carriers are not in an appropriately folded state
(155, 192).
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Figure 4.12: S+Q TPA purification of HsUCP2 protein from WBI12 membranes. A)
Coomassie-stained gel (top panel) and Western blots tracking UCP2 and AAC protein (middle
and bottom panels, respectively) throughout an S+Q TPA purification of WB12 mitochondrial
membranes. Gel samples are loaded in proportion to the total sample volume, except for the final
lane, where 2 ug of the final purified sample was loaded. B) Fluorescence (top) and derivative
(bottom) traces from CPM assay runs using 2 ug purified protein obtained from WBI12
purification. Native OaUCPI was used as a control for thermostability assays (see Appendix
Figure 3.2E).

Under mild conditions, ~1.5 mg of protein could be obtained from WB12
mitochondrial membranes, accounting for ~0.79% of the total membranes used
(Appendix Table 3.1). Although this percentage was relatively high compared to other
purifications used (see ‘Protein purified per mg membrane’ column in Appendix Table
3.1), the results presented clearly show that protein expression of UCP2 using the
WBI12 strain was impractical for UCP2 protein expression and purification as protein
generated using this strain yielded predominantly unfolded material, with the final

sample unlikely to be enriched for recombinant UCP2.
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4.4. Discussion

The purpose of these studies was to determine if recombinantly expressed HsUCP2
protein generated in our heterologous yeast expression system could be purified using
core methods established for UCP1. The findings demonstrate that under mild
conditions, UCP2 protein can be enriched from mitochondrial membranes, using
adapted and optimised protocols. Whilst it was not possible to purify recombinant
human UCP2 to homogeneity using the S+Q and TP approach, other purification
strategies that were not explored in the context of this work could be investigated to

determine if it is possible to purify intact human UCP2.

4.4.1. Enrichment of UCP2 protein by S+Q TP purification method
The use of a bespoke purification strategy, originally developed for the purification of

OaUCP1 from native lamb tissue (19), was unable to purify the closely related
HsUCP2 protein to homogeneity, in a folded and functional form. It could be argued
that protein purification from native tissue may behave differently compared to protein
purification from recombinant systems. However, the S+Q TP method has been
utilised to successfully purify yeast-expressed UCP1 protein (153, 171), therefore
suggesting that the inability to purify UCP2 could be due to fundamental differences in
the molecular properties of the proteins. Human UCP1 is composed of 307 amino
acids, with a C-terminal cysteine residue at position 305, whereas human UCP2
consists of 309 amino acids, with a C-terminal cysteine residue at position 302 (4). The
slight variation in the position of the cysteine residue between the two proteins could
be the reason why purification by covalent chromatography was unsuccessful. Whilst
the cysteine residue in human UCP1 is followed by two small amino acids (alanine
and threonine), the cysteine residue in human UCP2 is succeeded by seven amino
acids, two of which are charged (arginine at position 305 and glutamate at position
306) and two of which are bulky hydrophobic residues (proline and phenylalanine at
positions 308 and 309, respectively). Potential steric hindrance caused by amino acids
following the cysteine 302, could be why UCP2 could not be purified using thiol-
reactive chemistry. A UCP2 mutant harbouring a UCP1-like cysteine towards the C-
terminus was produced, though it was unclear if this protein remained folded
following the purification methods used.

Purification profiles using membranes derived from the protease-deficient strain

show an enrichment at ~33 kDa, the size of most mitochondrial carriers (203, 282),
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though most of these samples are likely to be contaminated with other carrier proteins.
Results from most CPM assays involving UCP2 purified samples do not show a
characteristic sigmoidal transition from low to high fluorescence, indicative of
unfolded protein species dominating the final sample. These findings suggest that
UCP2 could be more unstable than UCP1 as the protein cannot be purified using the

same methods.

4.4.2. Human UCP2 expression in the AAC-deficient yeast strain
To circumvent the issue of AAC contamination in the final purified sample, the use of

an AAC-deficient strain was utilised. Unfortunately, recombinant expression of UCP2
in the WB12 strain yielded predominantly unfolded protein. In contrast, HSUCP1
expressed in WB12 yeast was not only purified using the S+Q and TPS protocol but
was found to be folded and functionally active (Dr. Camila Cotrim and Danielle
Copeman, unpublished data). Interestingly, when a marsupial variant of UCP1
(Monodelphis domestica UCP1) was expressed in the WB12 strain, the purified sample
was observed to be unfolded (Dr. Camila Cotrim, unpublished data), suggesting that
the marsupial UCP1 may be more like mammalian UCP2 than to human (eutherian)
UCP1. Differences in the quality of the UCP protein produced in the WB12 strain
could be attributed to the functional properties of the protein, suggesting that human
UCP1 expression in the WB12 strain does not affect the host cell viability, whereas
expression of human UCP2 and marsupial UCP1 was unfavourable as most of the
protein expressed was unfolded. These observations may further indicate that UCP?2 is
very unstable compared to UCP1, and if misfolded in the WB12 strain, is likely to be
degraded in the AAC-deficient, yet protease-containing strain. These findings suggest
that subtle differences between the physiochemical properties of UCP1 and UCP2
indicate these proteins are functionally distinct, despite the 59% protein sequence

homology.

4.4.3. Suggestions for future UCP2 purification efforts
The efforts in this chapter show attempts to purify UCP2 protein from recombinant

systems in the absence of purification tags, relying on solvent-exposed cysteine
residues to act as an intrinsic tag. These efforts were based on unpublished
observations that recombinant expression of tagged UCP1 protein was poor and failed

to generate folded material (215). However, recent literature has demonstrated that
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yeast- (153) and mammalian- (237) expressed UCP1 protein could be purified using N-
terminal histidine- and streptavidin-tags, respectively. Furthermore, tagged UCP1
protein could be purified to a high level of purity sufficient for structural purposes.
Subtle differences in the respective expression systems used may therefore be critical.
One avenue that could be investigated for future UCP2 purification efforts, is to
determine if affinity chromatography can be used to purify UCP2 to homogeneity,
now with the use of the protease-deficient yeast strain, which has shown some success
for generating intact UCP2. Based on data from UCP2 protein expression
optimisation screens (see Chapter 3 for details), engineering a purification tag at the
C-terminus of the protein may be beneficial, as addition of an N-terminal tag may
potentially affect the improved protein expression that was observed following change

of the second amino acid to leucine.
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5. Functional characterisation of
human Uncoupling protein 2
produced in S. cerevisiae

5.1. Introduction
Since the discovery of the Ucp2 gene, the product of which has a 59% protein sequence

similarity to UCP1 (4), the function of the UCP2 protein has been the subject of much
debate (198, 292, 293). It is well established that UCP1, which is highly expressed in
BAT mitochondria, catalyses proton leak to uncouple oxidative phosphorylation and
generate heat in the physiological process of non-shivering thermogenesis (2, 9, 10).
UCP1 activity is regulated by interacting ligands: fatty acids, which activate the
protein (2, 21, 27) and purine nucleotides, which bind and inhibit the carrier from the
cytosolic side (31, 33, 34, 294). Unlike UCP1, which is almost predominantly
expressed in BAT and beige tissue (3, 295), UCP2 is expressed at far lower magnitudes
and in a variety of different tissues and cell types (38, 41, 42, 185), such as pancreatic
B-cells (90, 105, 185) and immune cells (41, 42). Along with other UCP1 homologs,
UCP2 was proposed to catalyse proton leak to ‘mildly uncouple’ the mitochondria to
reduce the production of ROS by mitochondria and associated oxidative stress, rather
than playing a thermogenic role like UCP1 (296). Studies using pancreatic 3-cells,
demonstrated that UCP2 expression dampens glucose-stimulated insulin secretion
(GSIS) (90, 92, 105), a process that is sensitive to ATP/ADP ratios (104). Hence,
removal of UCP2 from pancreatic 3-cells was proposed to enhance GSIS by
improving mitochondrial coupling (90, 92, 105). In neutrophils and macrophages,
cells that utilise ROS to clear pathogens and express UCP2 (84), it was found that
UCP2-deficient cells were more effective in clearing bacteria and parasites (86-88),
potentially through elevated levels of ROS production. As such, these findings
supported the possibility that UCP2 may function to uncouple mitochondria to
prevent the formation of ROS.

Various studies with isolated mitochondria have reported that UCP2 mediates
uncoupling of mitochondria in a GDP-sensitive manner (51), with proton leak
induced by fatty acids, and augmented by various co-factors, such as ubiquinone (49,

65, 66), superoxide (52, 53, 69) and the reactive alkenal, 4-hydroxy-2-nonenal (4HNE)
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(50, 69, 79). Though findings reporting UCP2 uncoupling activity in isolated
mitochondria have been widely contested. In yeast mitochondria, general protein
expression can cause artefactual uncoupling due to loss of mitochondrial membrane
integrity (55), whilst independent experiments from various lab groups could not
replicate UCP2 uncoupling activity, and associated claims relating to ubiquinone (71),
superoxide (81) or 4HNE (81, 82, 297). Hence, it remains unclear whether or not
UCP1 homologs conduct protons in a similar manner to UCP1. More recent studies
have suggested that UCP2 is a 4-carbon metabolite transporter that functions through
an antiporter exchange mechanism (93, 114, 119), like other carriers, which provides
metabolic flexibility in cells, particularly during the utilization of glutamine (93, 114,
116, 119, 298). Even so, it remains unclear if proton transport is coupled to 4-carbon
metabolite transport activity or if an independent proton leak activity is facilitated by
UCP2.

The question of whether UCP2 uncouples mitochondria remains widely controversial
(293, 299), though a key characteristic of UCP1 that is also claimed to occur for
UCP2, owing to its high sequence similarity, is the protein’s ability to bind purine
nucleotides. Studies using E. coli-expressed UCP2 protein report that UCP2 does bind
purine nucleotides and include claims of a nucleotide-bound UCP?2 structure solved by
NMR (57, 156, 204, 205, 300). Notably, several studies use purine nucleotides as a
diagnostic for UCP2-dependent leak activity (49, 50, 52, 53, 65, 66, 74, 164, 205, 301,
302). Liposome reconstitution studies of E. coli-produced UCP2, report that millimolar
concentrations of purine nucleotides are required to inhibit UCP2 activity (57, 93),
which is distinct from UCP1, which only requires micromolar amounts to inhibit
UCP1 activity (57). Most studies reporting on the nucleotide binding properties of
UCP2 are based on bacterially-expressed protein (57, 156, 204-206, 300), which is
reliant on ‘refolding’ using ionic detergents (203). The use of these detergents has
called into question conclusions drawn from such studies (155, 158-162). Therefore, it

remains unclear if UCP2 binds purine nucleotides in the same way as UCP1.
This chapter summarises experiments undertaken to clarify the functional properties of

UCP2, including the development of a novel assay that reports on ligand binding to

solubilised UCP protein without the need to purify.
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5.2. Aims

1. To clarify if UCP2 can conduct protons like that of UCP1, using
proteoliposomes and isolated mitochondria.

2. To determine if UCP2 binds purine nucleotides in a similar manner to that of
UCP1, where purine nucleotide binding increases protein stability, particularly

at low pH.

5.3. Results — Investigation into HsSUCP2 proton conductance
activity

5.3.1. Proton transport assays

Chapter 4 demonstrates that UCP2 could not be purified to homogeneity using
methods established for the purification of UCP1. Despite this, investigation into
proton conductance activity of HSUCP2 was conducted through trials to reconstitute
the final purified samples into liposomes. Given that previous studies have indicated
successful liposomal reconstitution of some UCP2 protein from solubilised
mitochondrial fractions (93), it was rationalised that semi-purified protein samples
could also be reconstituted into liposomes to provide insight into the protein’s proton
transport activity.

In proteoliposomes, proton flux can be monitored through changes in the
fluorescent dye, SPQ, which is quenched by the anions of buffers, such as TES™ as well
as POy but not the protonated forms (191). During protein reconstitution, SPQ is
entrapped into liposomes, along with a high concentration of potassium salts (100 mM
K(TES/PQy,) relative to outside. Following liposome formation, liposomes are
exchanged into buffers devoid of potassium with components otherwise matched
using TEA-salts, and no SPQ dye (see Appendix Figure 4.1 for schematic). In the
experimental set-up, starting fluorescence is low as SPQ is quenched by the TES
anion. Upon addition of the potassium ionophore, valinomycin, K" ions specifically
flow down their chemical gradient across the lipid membrane to generate a charge
gradient, positive outside, negative inside. This membrane potential, in turn, provides
a driving force for protons to enter the liposome. The presence of active UCP1, or
other proton leak routes, results in proton influx that can be monitored by increases in
SPQ fluorescence, which occurs due to the decrease in TES anion concentration from

protonation and associated quenching. Addition of the protonophore, CCCP, as a
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control, allows for protons to rapidly move and equilibrate across the liposomal
membranes, and reveal the total proton transport capacity of the liposomes (see
Appendix Figure 4.1A for schematic). Preliminary data with liposomes generated
using UCP2 samples purified under mild conditions showed minimal levels of proton
transport, which was 100-fold less than rates observed with reconstituted HsSUCP1
controls (see Figure 5.1A for rates and Appendix Figure 4.1B for traces).
Quantification of UCP2 reconstituted into the liposomes using purified inclusion body
standards did not detect any protein in the final sample in the 0 to 40 ng protein range
(Figure 5.1B), though a very faint band could be detected when the proteoliposome
sample is blotted in the absence of UCP2 protein standards (Appendix Figure 4.2),
suggesting that UCP?2 is either present in the picogram range or is not reconstituted

into the liposomes at all. Due to time constraints, this line of investigation was not

explored further.
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Figure 5.1: Investigating UCP2 proton transport activity using liposomes. A) Proton flux
rates of UCP1 and UCP2 liposomes treated with oleic acid, a known UCPI activator, and
aspartate, which is reported to be a transport substrate of UCP2 that is potentially exported from
mitochondria in exchange for Pi/H" (93, 114). B) Quantification Western blot of UCP2
liposomes using protein standards generated as bacterial inclusion bodies; ~0.28 ug protein was

loaded onto gel (liposome sample), assuming 100% reconstitution efficiency.
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5.3.2. Oxygen consumption assays using isolated mitochondria
Preliminary investigations to detect UCP2 proton flux activity were unsuccessful in

liposome assays. Subsequent avenues in exploring UCP2 proton leak was investigated
through oxygen consumption assays using isolated yeast mitochondria. Using a Clark-
type oxygen electrode, oxygen consumption of isolated mitochondria can be measured
following the addition of respiratory substrates such as NADH or succinate. Upon
mitochondrial substrate addition, mitochondria undergo state 2 respiration,
establishing a proton electrochemical gradient across the mitochondrial inner
membrane. Addition of ADP enables state 3 respiration, whereby mitochondria
generate ATP until the ADP is exhausted, at which point they enter state 4.
Respiratory rates are dependent on proton leak pathways, particularly when other
routes of proton re-entry into the matrix, e.g. via the ATP synthase during ADP
phosphorylation, are not active (e.g. during state 2 and state 4 respiration). Addition of
protonophores, like FCCP, allows protons to permeate across the mitochondrial inner
membrane into the matrix, dissipating the proton gradient and relieving back pressure
on the respiratory chain, leading to maximal oxygen consumption rates (110).
Mitochondrial coupling can be quantified through a respiratory control ratio (RCR),
which traditionally is the ratio of respiratory rates supporting ATP synthesis and
proton leak (state 3) to those that are limited by proton leak activity alone (110). In
yeast, an equivalent RCR metric can be calculated by dividing the oxygen
consumption rate gained in the presence of a respiratory substrate and a protonophore
(uncoupled state) by the rate obtained in the presence of respiratory substrate alone
(state 2 respiration) (55). Accordingly, the presence of high proton leak rates results in
low RCR values. To determine if UCP2 can uncouple mitochondria in a similar
manner to that of UCP1, oxygen consumption and RCR values were gained for
mitochondria isolated from yeast induced to express UCP1 or UCP2, or from
respective uninduced controls. For UCP1 control tests, it was found that RCR values
were no different between induced and uninduced mitochondria (see Table 5.1 and
Appendix Table 4.1) (303), and no obvious differences in respiratory rates could be
observed between UCP1 induced and uninduced mitochondria suggesting that
heterologous expression of UCP1 (~2% of mitochondrial protein) did not necessarily
affect expression of mitochondrial respiratory enzymes (Appendix Figure 4.3 and

Appendix Figure 4.4).
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Preliminary tests conducted in the presence of fatty acids and GDP
demonstrated no significant difference in oxygen consumption rates between UCP1-
containing and uninduced mitochondria (Appendix Figure 4.5A). Preliminary
respiratory assays were also conducted with mitochondria induced to express UCP2 or
from matched uninduced controls. In these mitochondria, oxygen consumption rates
were observed to be far lower compared to equivalent UCP1 tests, particularly the
UCP2-containing mitochondria (Appendix Figure 4.5B). The difference in oxygen
consumption rates could be due to the differences between the W303-1B and FGY217
yeast strains or it could be due to differences in how the yeast were grown for
recombinant protein induction. Due to issues with cell growth/low mitochondrial
yields, differences in UCP protein expression levels, limited resolution of the methods,
inability to observe clear changes relating to proton leak induced by UCP1 controls
and potential differences in the wider respiratory behaviour of the different strains
used in these tests, it was decided that this method of detecting proton leak would not

allow for appropriate comparison between proteins and assessment of UCP2.

Table 5.1: Table showing the mean RCR values for HSUCP1 and HsUCP2

containing yeast mitochondria.

UCP1 UCP2
Uninduced Induced Uninduced Induced
Mean RCR: 1.5 1.8 2.0 1.7
S.E.M: 0.31 0.16 0.06 0.09
p-value: 0.46 0.02
Significance? ns *

RCR values were calculated by dividing the oxygen consumption rate obtained in the uncoupled
state (i.e. in the presence of NADH and FCCP), by the rate obtained in state 2 respiration (i.e.
with NADH alone) (55). Error is presented as S.E.M of 4-5 experiments. Statistical analysis
between uninduced and induced mitochondria was conducted using t-tests, *p<0.05. See

Appendix Table 4.1 for individual RCR values obtained.
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5.4. Results — Investigation into HsUCP2 purine nucleotide
binding

Chapter 4 documents various attempts to purify UCP2 using adapted methods
established for UCP1 and the associated challenges. A purified preparation would
allow application of valuable ligand binding assays, e.g. by the CPM thermostability
assay, as has been performed using UCP1 (155, 284). Given that UCP2 could not be
purified to homogeneity, alternative methods of probing ligand binding properties of
UCP2 were explored, particularly to assess purine nucleotide binding, which is well-

characterised for UCP1.

5.4.1. Development of a gel blot-based protein thermostability assay to probe
the ligand binding properties of membrane proteins
To develop a novel assay capable of probing ligand binding properties of membrane

proteins in samples without purification, the same core principles of the CPM protein-
ligand binding thermostability assay were utilised, i.e. the monitoring of cysteine
residue-accessibility changes to track thermal denaturation thresholds. The CPM assay
is well-suited to studying purified membrane proteins, which require detergent
compatibility, and has been used to successfully assess ligand binding to several
carriers (147, 153, 155, 194, 219, 221, 284, 304). Use of the assay has shown that well-
established ligands of UCP1, fatty acid activators (2, 21) and purine nucleotide
inhibitors (31, 305), induce distinct shifts in UCP1 stability thresholds, destabilising
and stabilising the protein, respectively (155, 284).

For assay development, purine nucleotide inhibitors were used to detect protein
thermal stability shifts; UCP1 shows a higher affinity for nucleotide binding at acidic
pH (29, 200, 306, 307), which is reflected in relatively large increases in protein
stability observed at low pH (153, 155). To recapitulate the pH-sensitivity of
nucleotide binding, CPM assays were conducted at pH 6.0 and pH 7.5, using purified
human (Hs)UCP1 in the presence of purine diphosphate nucleotides, GDP and ADP.
Logarithmic variation of nucleotide concentrations was conducted to resolve
concentration-dependent shifts in binding. A prominent concentration-dependent
stabilisation of UCP1 protein could be observed for both nucleotides, as demonstrated
by incremental shifts in fluorescence and first derivative signals obtained from CPM

assays (Figure 5.2A), which was far less prominent at pH 7.5 (Figure 5.2B). UCP1

stabilisation was emphasised at acidic pH, where as low as 10 uM concentrations of

147



GDP and ADP induced a clear stabilising effect at pH 6.0 (by ~10°C) with little effect
at pH 7.5 (Figure 5.2C, Appendix Table 4.2 and Appendix Table 4.3). At 1 mM
nucleotide, a ~20°C increase in apparent Ty, at pH 6.0 and ~13°C increase at pH 7.5
could be observed for each nucleotide (Figure 5.2C, Appendix Table 4.2 and
Appendix Table 4.3). The effect of ligand binding can be expressed as a change in
apparent protein melting temperature from the control (“no ligand”) condition,
denoted as the delta T (ATm). When ATy, is plotted as a function of the nucleotide
concentration, a clear difference in protein stability can be observed at acidic and near
neutral pH (Figure 5.3). ADP demonstrated a slightly higher degree of protein
stabilisation compared to GDP in acidic pH, as shown by higher Ty.s at each
respective nucleotide concentration (Figure 5.3, Appendix Table 4.2 and Appendix
Table 4.3). When plotted on a linear scale, the protein stability increase at pH 6.0
appeared to saturate at >100 uM nucleotide (Figure 5.3A), whereas at pH 7.5, a
saturating effect was not observed in the range used (up to 1 mM) (Figure 5.3A). The
high stabilisation induced at lower pH is more clearly observed in the logarithmic
plots, with thermostability showing a biphasic curve, likely representative of saturated
binding (Figure 5.3B).

The results presented are consistent with previous observations in the literature,
which highlight the pH dependence of nucleotide binding to UCP1 (29, 33, 153, 155,
308). UCP1 protein stability increased in a concentration-dependent manner, with
1 mM nucleotide showing the highest degree of protein stabilisation in the CPM
assay, displaying 10°C to 20°C increases in apparent protein Tw, at pH 7.5 and pH 6.0

respectively.

148



N W A O
S © o o

Fluorescence (A.U)
>

dF/dT

- Blank
— No ligand
0.1 uM GDP
1 uM GDP
10 M GDP
— 100 pM GDP
- — 1000 pM GDP

1
30

50

40 50 60 70
Temperature (°C)

80

o)

Fluorescence (A.U)
N w 3
o 9 o

-
=)

90

pH 7.5

dF/dT

- Blank

— No ligand
0.1 uM GDP
1 uM GDP

~ 10 yM GDP

~” — 100 uM GDP

— 1000 uM GDP

30 40 50 60 70

Temperature (°C)

80

(@)

— - % % %k %% %k
9 80 oy 1 r 1
N— | eprra— |
E 701 2, o
= =
T 60 o ® »
5 ' R
_ NS
<& 5012 _*_
40 T T
pH6 pH7.5

90

No ligand

0.1 uM GDP

1 uM GDP

* 10 uM GDP
100 uM GDP
1000 uM GDP

Apparent T, (°C)

2]
o

E)
<40
@
230
@
? 204
e
S0
L OSSOSO
2
Blank
"E — No ligand
s 0.1 uM ADP
° .~ 1uMADP
— 10 uM ADP
— 100 M ADP
; ' ' ' ] } ' — 1000 uM ADP
30 40 50 60 70 80 90
Temperature (°C)
_.50
=2
< 40
@
230
@
3 20
4
S0
o OO
2
- Blank
5 — No ligand
% 0.1 yM ADP
1M ADP
— 10 yM ADP
~——# — 100uM ADP
— 1000 pM ADP
30 40 50 60 70 80 90
Temperature (°C)
i *kk *okk
807 —s o 1 e No ligand
0.1 uM ADP
kK
70{ X**_ ?{- 1 UM ADP
e ° 10uMADP
60- > e 100 uM ADP
e 1000 uM ADP
50 s 1 2¥
; 2473
.
40 T T
pH 6 pH7.5

Figure 5.2: Shifts in HsUCPI thermostability with increasing purine nucleotide

concentration. A-B) Representative thermal denaturation profiles (top panels) and corresponding

first derivative profiles (bottom panels) of CPM thermostability assays using purified HsUCP1

protein with logarithmic concentrations of purine nucleotides. Experiments were conducted at pH
6.0 (A) or at pH 7.5 (B) in the presence of 0.1% 12MNG in the assay buffer. For each run, 2 ug

purified HsUCPI protein was used, except in blank runs. C) Scatterplots comparing the average

apparent protein T,, at a given nucleotide concentration at pH 6.0 or pH 7.5. Individual points

show the apparent T,, obtained for each run, with the bar representing the mean apparent T,

and error bars showing the S.E.M of three experiments.
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Figure 5.3: HsUCPI thermostability as a function of nucleotide concentration. Changes in
UCPI protein thermostability (AT,,) plotted on linear (A) and logarithmic (B) graphs as a
Sfunction of increasing GDP (left) or ADP (right) concentration at pH 6.0 (gray line) and pH 7.5
(black line). Values are expressed as the mean, with error shown as S.E.M of three experiments.
Points were fitted in GraphPad Prism, using the ‘One-site - Total binding’ model to account for
the fact that the CPM assay cannot account for non-specific binding with increasing ligand

concentration.

5.4.2. Characterisation of PEG-Maleimide reagents for protein labelling
The CPM assay relies on the use of a maleimide-based thiol-reactive probe as a means

of detecting protein thermal shifts in purified samples. In the context of proteins,
maleimide is a useful tool for labelling as the maleimide moiety selectively reacts with
cysteine residues through thiol-Michael addition reactions, whereby the electron-
deficient carbon double bond in the cyclic imide ring undergoes nucleophilic attack by
the cysteine sulfhydryl side chain, forming a stable thiosuccinimide linkage (309, 310)
(Appendix Figure 4.6). Given that CPM can successfully detect thermal shifts of

purified UCP1 protein (155, 284), other maleimide reagents were researched as
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potential probes. PEG-maleimide species have been shown to react with cysteine
residues in mitochondrial carriers to shift the molecular weight of the protein in
PAGE analysis (219), and have the potential to allow tracking of cysteine accessibility
of proteins without purification through application of immunoblot detection.
Commercial PEG-maleimides are available that react to form 2- or 5-kilodalton
covalently-linked adducts at protein thiols (referred to as PEG-Mal-2K and PEG-Mal-
5K, respectively). Labelling with these maleimide reagents should, in theory, result in
molecular weight shifts based on the number of cysteine residues in the protein,
corresponding to the addition of the 2- or 5-kilodalton adduct.

For assay development, UCP1 was used to allow observed trends in protein
thermostability to be checked against data obtained with the CPM thermostability
assay. It was decided that PEG-Mal-2K would be taken forward for testing given its
success in detecting cysteine accessibility in the ATP-Mg/Pi carrier (219). To mimic
the CPM assay, a method was developed that coupled the PEG-Mal-2K reaction with
a temperature ramp to incrementally test protein stability at different temperatures, in
order to gain profiles on changes in cysteine accessibility and thresholds of unfolding.
In these experiments, a thermal cycler was programmed to pre-incubate the samples
with PEG-Mal-2K for 5 minutes at 4°C, followed by a transient (5 second) incubation
at a chosen temperature, before samples are cooled back to 4°C and incubated for a
further 5 minutes to allow PEG-Mal-2K to react with any exposed cysteine residues.
The reaction was subsequently quenched with the addition of the reducing agent, DTT
(see Methods, section 2.19.2 for further details). The process of thermal cycling was
repeated several times over a wide temperature range (30°C to 80°C, at 5°C intervals
for UCP1 samples). To detect nucleotide-induced shifts in UCP1 stability, trials using
PEG-Mal-2K were initially conducted at pH 6.0 where the nucleotide binding is most
pronounced (33, 153, 155, 308), but where the maleimide reaction is slower and could
become limiting (see Appendix Figure 4.7; (311)).

Initial thermostability trials using HsSUCP1 mitochondrial membranes in the
absence of any ligand, illustrated that at least one cysteine residue was PEGylated at
all temperatures where the protein was tested and detected. However, a disappearance
in the UCP1 signal with increasing temperature was observed (see top blot Figure
5.4), which was not expected as SDS-denatured samples still produced a signal in blots
(see Appendix Figure 4.8). Interestingly, the presence of protein signal coincides with

the approximate temperatures in which UCP1 is observed to be folded in the CPM

151



assay (see Figure 5.2A), whilst the absence of signal correlates with temperatures in
which UCP1 is thermally denatured in CPM assays (Figure 5.4, top blot). Therefore,
to confirm if the disappearance of the signal observed in the presence of PEG-Mal-2K
correlated with the denaturation temperature of UCP1, solubilised mitochondria were
subjected to the same thermostability procedure, though in the absence of PEG-Mal-
2K, and where high-speed centrifugation was used to separate folded from unfolded
material. Signals in Western blots probing for folded protein that remained soluble in
the supernatant fraction illustrates similar trends in UCP1 protein thermostability,
with signals observed at temperatures where protein is likely to be folded (Figure 5.4,
middle blot). There are some discrepancies at what exact temperature the UCP1 signal
is lost between PEG-Mal-2K-treated and centrifuge-separated samples, though this
could relate to differences in sample processing following temperature treatment
(Figure 5.4, top and middle blots). Importantly, total fractions of samples subjected to
thermostability assays in the absence of PEG-Mal-2K, i.e. before ultracentrifugation,
shows a signal at all temperatures, consistent with normal Western blotting following
protein separation by SDS-PAGE (Figure 5.4, bottom blot). These findings suggest
that PEG-Mal-2K used in these protocols can separate folded from unfolded UCP1
and can potentially be used to monitor the folded state of the protein, as signals on
Western blots correlate with temperatures at which UCP1 is observed to be

thermostable based on CPM thermostability assays.
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Figure 5.4: Control experiments of the gel blot protein thermostability assay. Western blots of
0.1% DDM detergent-solubilised mitochondrial membrane samples treated with a temperature
ramp, with experiments conducted in the presence (top blot) and absence (middle and bottom
blots) of PEG-Mal-2K. In the absence of PEG-Mal-2K, heat-treated mitochondrial membranes
were either subjected to a high-speed spin to separate out the folded and unfolded material, with
the solubilised supernatant fraction, containing folded protein being taken for Western blot
analysis (middle blot); or samples were just loaded onto the gel following addition of gel loading
buffer (bottom blot). Experiments were conducted in 20 mM bis-Tris (pH 6.0). The incubation
temperature of samples is indicated, with the “Unlabelled” lane representative of samples
incubated at 4°C; ~3.3 ug of isolated mitochondria was loaded into each lane. Images displayed

are unprocessed chemiluminescent images.

Through densitometric analysis, it was observed that when the combined signal for
unlabelled (~33 kDa) and PEGylated (>33 kDa) protein species per lane was plotted
as a function of temperature, the data could be fitted onto a sigmoidal curve that gives
a high starting plateau, representative of folded protein signal, and finishes at 0,
corresponding to the lack of signal produced by thermally denatured UCP1 (see
Figure 5.5 for schematic and Appendix Figure 4.9). Since values obtained from the
densitometry signals are prone to variation in arbitrary units (i.e. variations in overall
blot to blot intensity), Western blots were normalised to the average protein signal of
the first two lanes containing PEG-Mal-2K, as these lanes are representative of folded
protein signal where the temperatures used are unlikely to be sufficient to denature the
protein. Normalisation to the first two PEGylated lanes accounts for variables such as

discrepancies in transfer efficiency between Western blots (see Appendix Figure
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4.9B). The normalised profile is characteristic of a Boltzmann transition (196), though
instead of transitioning from low to high, as is seen in CPM assays, the curve is
inverted and transitions from high to low. When fitted onto a “inverted” Boltzmann
sigmoidal curve, an apparent protein melting temperature can be interpolated (see
Figure 5.5 for schematic and Methods, section 2.19.3 for further details). Since this
thermostability assay is dependent on Western blots for visualisation, one variable that
may influence the apparent protein Tms generated is the effect of blot exposure time, as
prolonged exposure time usually correlates with the signal intensity (312, 313). With
the exception of one repeat, normalised data to fractional changes across each blot, did
not show substantial (>5°C) differences in the apparent protein Tws after 1- and 5-
minutes exposure (Appendix Table 4.4). Thus, to ensure standardisation of calculated
apparent melting temperatures, blots developed for 5 minutes were used for
densitometric analysis.

Taken together, the results presented in this section demonstrate that when
coupled with a temperature ramp, PEG-Mal-2K can be purposed as a potential probe
capable of reporting on the folded state of cysteine-containing proteins. Signals
obtained in Western blot analyses correlate well with temperatures at which UCP1 is
likely to be folded, based on results from the CPM thermostability assay, whilst the
disappearance of protein signal correlates with temperatures at which UCP1 is
unfolded, consistent with CPM assay results. Moreover, when the protein signals are
plotted as a function of temperature, an inverted Boltzmann curve can be modelled
through the points and an apparent protein melting temperature can be obtained. This
novel assay shall be referred to as the “gel blot protein thermostability assay”, thereby

encompassing all the key elements required for its function as a thermostability assay.
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Figure 5.5: Schematic summarising data analysis of Western blots obtained from gel blot
protein thermostability assays. Chemiluminescent images obtained from gel blot protein
thermostability assay experiments were subjected to densitometric analysis, with the area of
interest encompassing both the unlabelled (~33 kDa) and PEGylated (>33 kDa) as shown (top
panel). Values obtained from densitometry were normalised to the average signal of the first two
lanes containing PEG-Mal-2K as these fractions likely represent folded protein, given that
samples are incubated at temperatures that would be considered thermostable for the protein of
interest. Data points are subsequently plotted as a function of temperature, where an inverted
Boltzmann sigmoidal curve can be fitted to obtain an apparent protein T,,. The resulting
“inverted Boltzmann curve” represents a thermal denaturation curve for the gel blot protein

thermostability assay.

5.4.3. Application of the gel blot protein thermostability assay to detect
ligand binding properties of UCPs
The use of PEG-Mal-2K to detect thermal denaturation of proteins in Western blots

show clear trends in HsUCP1 signals, with the presence and disappearance of protein
signals correlating with folded and unfolded states of the protein, respectively, the
results of which are corroborated by fluorescence signals observed in the CPM

thermostability assay (see section 5.4.1).

5.4.3.1. Detection of stabilising interactions between UCP1 and purine nucleotides
To determine if the gel blot protein thermostability assay can detect stabilising trends

in protein thermostability in the presence of inhibitors, as with the CPM assay (155,

194, 221, 304), experiments using HsUCP1-containing mitochondria were conducted
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with purine nucleotides, GDP and ADP. Purine nucleotide diphosphates were tested
to compare melting temperatures obtained from the gel blot protein thermostability
assay, with results from the CPM assay. The CPM assay can detect 1°C resolution
changes in fluorescence, thereby providing readouts for protein melting temperature
with micromolar concentration of nucleotides, with 1 mM nucleotide demonstrating
the highest degree of protein stabilisation (see Figure 5.2C and Figure 5.3). In
contrast, the gel blot protein thermostability assay has a much lower resolution (5°C)
as samples are incubated at individual temperatures, representing the discrete data
points that can be fitted on an inverted Boltzmann curve from which apparent protein
Twms can be produced. Therefore, to assess if pH-sensitive UCP1-dependent thermal
shifts could be observed in the gel blot protein thermostability assay, experiments were
conducted at pH 6.0 and pH 7.5 in the presence of 1 mM nucleotide, as this
concentration induced increases in protein melting temperatures of ~20°C and ~10°C,
respectively, according to the CPM assay (see Figure 5.2C and Figure 5.3).
Consistent with preliminary experiments, in the absence of ligand, a gradual decrease
in protein signal was observed with increasing temperature, with 50% of the signal lost
at ~50-55°C (Figure 5.6, top blot and Appendix Figure 4.10), with thermal
denaturation curves producing average apparent protein Tws of ~50°C and ~53°C at
pH 6.0 and pH 7.5, respectively (see Figure 5.8A (top panel) and 5.8B, for thermal
denaturation profiles and apparent Tws, respectively). In the presence of purine
nucleotides, a clear difference was observed in Western blots, where the protein signal,
indicative of folded protein, was sustained up to 70°C-80°C (Figure 5.6, middle and
bottom blots; see Appendix Figure 4.10 for replicates), with clear shifts in protein
thermostability observed in the Boltzmann curves (Figure 5.8A, top panels).
Interpolated Tws obtained from the gel blot protein thermostability assay are similar to
values generated from the CPM assay using UCP1 purified protein (see Appendix
Tables 4.2 and 4.3 (1000 uM condition) and Appendix Table 4.5, for CPM assay and
gel blot protein thermostability assay results respectively) (155); though the effect of
pH on nucleotide binding was not as pronounced, with only moderate differences
(~3°C to 4°C) in apparent protein Tms observed between pH 6.0 and pH 7.5 (Figure
5.8B). Interestingly, ADP exerted a slightly more stabilising effect compared to GDP
at each respective pH, as demonstrated by higher T., values (Figure 5.8B). Apparent

UCP1 protein Tws generated from the gel blot protein thermostability assay are 5°C-
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10°C higher than values obtained from the CPM thermostability assay. In both assays,
samples include 0.1% detergent, with the gel blot protein thermostability assay
utilising DDM, whilst the CPM assay uses 12MNG, the latter of which has a more
stabilising effect on mitochondrial carriers (155). Hence, the increase in apparent Tr,
obtained from the gel blot protein thermostability assay is likely attributed to the
higher amount of stabilising lipids, such as cardiolipin (155), which is likely at a
relatively high concentration with these detergent-solubilised mitochondrial
membrane samples, but minimal in the CPM thermostability assay with purified
protein.

The results generated demonstrate a proof-of-concept that the gel blot protein
thermostability assay can detect ligand binding interactions without the need for

protein purification.
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Figure 5.6: Representative blots of the gel blot protein thermostability assay conducted with
HsUCPI samples. Western blots of UCPI-containing mitochondrial samples, solubilised with
0.1% DDM, in absence or presence of I mM GDP or | mM ADP, as indicated. Blots show
results for experiments conducted in 20 mM bis-Tris (pH 6.0). The incubation temperature of the
samples is indicated above lanes, with the “Unlabelled” lane representative of samples incubated
at 4°C in the absence of PEG-Mal-2K; ~3.3 ug of isolated mitochondria was loaded into each

lane. Images displayed are unprocessed chemiluminescent images.

5.4.3.2. Initial gel blot protein thermostability assay experiments with UCP2
The gel blot protein thermostability shift assay demonstrates that the binding of UCP1

inhibitors, such as GDP and ADP, which lock the protein into a more stable
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confirmation (153, 237), can be detected using HsUCP1-containing mitochondrial
membranes.

Since the gel blot protein thermostability assay successfully detects purine
nucleotides binding to UCP1, through stabilising shifts in protein thermostability, it
was used to address the question of whether or not human UCP2 can bind purine
nucleotides in a similar way. Initial UCP2 gel blot protein thermostability assay
experiments were conducted as outlined for UCP1, whereby mitochondrial
membranes are solubilised with 0.1% DDM and samples subjected to a transient
temperature spike with temperatures ranging from 30°C to 80°C. Initial results using
HsUCP2-containing membranes show weak signals in Western blots in the presence
of PEG-Mal-2K, suggesting that the protein is unfolded from 40°C (Appendix Figure
4.11). In membranes, UCP2 also showed some ~55 kDa species, both in the
“Unlabelled” (PEG-Mal-2K free) and PEG-Mal-2K treated samples, despite the
presence of DTT in the loading buffer (Appendix Figure 4.11) and was not always
observed in past blots (see Chapter 3, Figure 3.9C and Chapter 4, Figure 4.2). The
~55 kDa species may represent covalent homo- or hetero-protein associations, e.g.
related to protein degradation pathways (45), and/or in vitro processing artefacts, and
along with other higher molecular weight signals were excluded from densitometric
analysis. As such, only the signal associated with monomeric UCP2 and PEG-2K-
labelled species were included for data processing. As the signal for folded UCP2
protein was lost after two data points (30°C and 35°C) (Appendix Figure 4.11), UCP2
samples were tested using a lower temperature range (5°C-65°C) in order to establish a
baseline signal for folded protein in the presence of PEG-Mal-2K. Whilst a readout
could be observed at 5°C-65°C, the signals generated for PEG-Mal-2K treated samples
were faint compared to the unlabelled control, which made densitometry analysis very
difficult (Appendix Figure 4.12). Given that addition of PEG-Mal-2K is used to detect
folded protein, the unlabelled lane is representative of the total amount of UCP2 in
mitochondrial membranes, irrespective of the folded state of the protein. Results from
initial experiments with DDM-solubilised membranes, suggest that over half of the
total protein appears to be unfolded at 5°C, which would be inconsistent with
observations from previous solubilisation screens that show >75% UCP2 solubilisation
in the presence of 0.5% DDM when protein concentration is at 10 mg/mL (see
Chapter 3, section 3.3.6). Use of 12MNG, rather than DDM for membrane

solubilisation resulted in a higher signal intensity for UCP2 protein in the presence of
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PEG-Mal-2K, suggesting that 12MNG is more stabilising than DDM (Appendix
Figure 4.12). Consequently, 12MNG was used to solubilise the UCP2-containing
membranes for the gel blot protein thermostability assay. These preliminary results
indicate that UCP?2 is very unstable compared to UCP1 and other mitochondrial
carriers (98, 147, 155, 219, 220), as a lower temperature range was required to obtain a

signal for folded protein, with 12MNG exerting a more stabilising effect than DDM.

5.4.4. Nucleotide binding properties of HsUCP2
As described, various parameters, such as temperature range and the detergent used

for solubilisation, were adjusted from conditions established for UCP1, to detect the
presence of folded UCP2 protein. Accordingly, UCP2 gel blot protein thermostability
assays using 12MNG-solubilised membranes were conducted in the presence of 1 mM
nucleotides, at pH 6.0 and pH 7.5, sampling a temperature range of 5°C to 65°C to
ensure a baseline signal for folded protein could be obtained. Qualitatively, Western
blot signals obtained for UCP2 demonstrated similar patterns in protein stability,
regardless of nucleotide addition (Figure 5.7 and Appendix Figure 4.13). In the
absence of ligands, UCP2 was observed to be far more unstable compared to UCP1, as
shown by differences in the thermal denaturation profiles (Figure 5.8A), with mean
Thms of ~37°C and ~40°C observed at pH 6.0 and pH 7.5, respectively (Figure 5.8B
and Appendix Table 4.6). The differences in Tws aligns with observations in chapter 4,
that UCP2 is less stable at low pH, as shown by less folded protein in the soluble
supernatant fractions (see Chapter 4, section 4.3.1). Thermal denaturation profiles
show that in the presence of 1 mM nucleotides, no significant shifts in protein
thermostability could be observed at either pH 6.0 or pH 7.5 (Figure 5.8), which is in
line with patterns seen in Western blots (Figure 5.7). These data indicate that human
UCP2 does not bind nucleotides like human UCP1, where nucleotide binding exerts a
strong stabilising effect on the protein (153, 237).
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Figure 5.7: Representative blots of the gel blot protein thermostability assay conducted with
HsUCP2 samples. Western blots of UCP2-containing mitochondrial membrane samples,
solubilised with 0.1% 12MNG. Experiments were conducted in 20 mM bis-Tris (pH 6.0), in
absence or presence of 1 mM GDP or I mM ADP, as indicated. The incubation temperature of
samples is indicated above lanes, with the “Unlabelled” lane representative of samples incubated
at 4°C in the absence of PEG-Mal-2K; ~3.3 ug of isolated mitochondria was loaded into each

lane. Images displayed are unprocessed chemiluminescent images.
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Figure 5.8: Comparison of gel blot protein thermostability assay data from UCPI and UCP2
samples. A) Thermal denaturation profiles generated from gel blot protein thermostability assay
experiments using HsUCPI- (top panel) and HsUCP2-containing (bottom panel) mitochondrial
membranes in the absence or presence of 1 mM GDP or I mM ADP, as indicated, at pH 6.0
(left) or pH 7.5 (right). HsUCPI-containing samples were solubilised with 0.1% DDM, whilst
HsUCP2-containing samples were solubilised with 0.1% 12MNG. Curves are modelled using an
inverted Boltzmann equation, with values displayed as the mean of three replicates. Error bars
represent the S.E.M of three replicates. B) Scatterplot summarising the average apparent protein
T.» of HsUCPI and HsUCP2 obtained from gel blot protein thermostability assay experiments,

in the absence or presence of 1 mM GDP or I mM ADP at pH 6.0 or pH 7.5, as indicated.

Individual points show protein T,,s obtained per replicate, middle bar shows the mean T,, of
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three experiments, with error bars showing the S.E.M. Statistical analysis performed using a
Student’s t-test (*p<0.05, **p<0.005, ***p<0.001). C) Changes in HsUCPI and HsUCP2
protein T,, (A T,,) in the presence of nucleotides at pH 6.0 and pH 7.5. A T,,s were calculated by
subtracting interpolated T,, in the presence of ligand from the interpolated T,, in the no ligand

condition. Error bars are shown as the S.E. M.

Human UCP2 shares the major structural features that have been identified to be
important for nucleotide binding with UCP1. However, results obtained from the gel
blot protein thermostability assay indicate that UCP2 does not bind purine nucleotides
in the same way as that of human UCP1. Cryo-EM structures of human UCP1 locked
with GTP (153) and ATP (237) demonstrate that UCP1 is in a cytoplasmic-open (c-
state) confirmation, where purine nucleotides bind in the central cavity, with multiple
salt bridge and hydrogen bond interactions with conserved amino acid residues. The
symmetry related arginine triplet (R84, R183, R277), equivalent to the substrate
recognition points in other carriers (139), predominantly coordinates the phosphate
moieties of purine nucleotides, but also the ribose group which hydrogen bonds to the
a-phosphate, the interaction of which is supported by Q85. Residues N282 and E191
make hydrogen bond and salt bridge interactions with the base, supported by R92,
which interacts with the ring structure through a cation-r interaction. Moreover, K39
and K138, which partake in forming the matrix salt bridge network that closes the
cavity at the matrix side, form salt bridges with the y- and [B-phosphates, respectively.
Other hydrophobic residues, such as W281, have also been shown to be important for
nucleotide binding (153, 314). Importantly, all of these residues are conserved across
in UCP2 (and UCP3) (Appendix Figure 4.14), suggesting other, potentially more
subtle, differences are responsible for the lack of purine nucleotide binding observed

here.

5.5. Discussion

The results presented in chapter 5 describes the avenues taken to functionally
characterise human uncoupling protein 2. Results obtained from liposomal
reconstitution of samples taken from purification attempts and oxygen consumption
assays on HsUCP2-containing yeast mitochondria did not clarify the question of
whether UCP2 conducts protons in the same way as UCP1. Whilst the question of

UCP2 proton conductance is still left unresolved, the development of a new
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thermostability assay capable of probing ligand binding properties of proteins suggests
that human UCP2 does not bind purine nucleotides in the same way as UCP1 as it did

not induce protein stabilisation.

5.5.1. Gel blot protein thermostability assay development

5.5.1.1. Advantages and limitations of the gel blot protein thermostability assay
The studies presented here show the development of a maleimide-based

thermostability assay capable of probing ligand binding properties of proteins in
impure samples. The ability to probe into thermostability of protein samples in
heterogenous mixtures allows for the characterisation of proteins without the need to
purify proteins, making the assay potentially applicable to many different systems
where protein material is scarce or where it is difficult to isolate the protein in a stable,
folded state, as was the case for UCP2. One caveat of this new technique is that it is
dependent on efficient and specific antibody binding to detect the protein of interest,
also subsequently ensuring that protein epitopes are not occluded by the addition of
the PEG-Mal-2K adduct. Given that PEG-Mal-2K is thiol-reactive, it is highly reliant
on the latency of cysteine residue accessibility in the protein to detect protein

unfolding, and so will not be useful for proteins devoid of cysteine residues.

5.5.1.2. Mechanism of action
A critical attribute of the gel blot protein thermostability assay is the apparent ability to

distinguish folded protein from thermally denatured protein. It was interesting to see
that when proteins were chemically unfolded by SDS, prior to sample incubation with
PEG-Mal-2K and treatment to high temperatures, a protein signal was observed in
blots, despite being denatured with heat as well, compared to using heat alone. Since
the presence of signal correlates with folded protein in the gel blot protein
thermostability assay, it was unclear why such different results were obtained when
the protein was unfolded using SDS vs. heat. A possible explanation for this
observation could be attributed to interference from SDS prior to PEG-Mal-2K
addition to the samples. SDS is an ionic denaturant that is routinely used in protein
electrophoresis analysis, functioning by coating proteins in negative charge, thereby
allowing for protein separation based on molecular mass (315). Addition of SDS to
samples prior to heat treatment, likely prevents PEG-protein aggregation, by ensuring
that the protein is solubilised and can migrate down the gel like conventional SDS-
PAGE. Thermal denaturation of proteins in the presence of PEG-Mal-2K, but in the
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absence of SDS, likely results in unfolded protein aggregates, which prevents the
protein species from entering the gel. Given that PEG-Maleimide can be used as a
cross-linker in various hydrogels (316), it is possible that PEG-Mal-2K exacerbates the
formation of protein aggregates to the extent that addition of SDS later (in the gel
loading buffer) does not recover a signal. Consequently, a gradual disappearance in

protein signal on blots is observed as a function of temperature.

5.5.1.3. Further applications of the gel blot protein thermostability assay
In the context of this work, the gel blot protein thermostability assay was conducted

using human UCP1 and UCP2, both of which are mitochondrial inner membrane
proteins, containing 8 and 6 cysteine residues, respectively. With increasing
temperature, a gradual loss of protein signal is observed, though based on the number
of PEGylated protein species, only two cysteine residues are observed to react at each
given temperature. In the context of other proteins, which have less cysteine residues,
it would be interesting to see if a maximum of two cysteine residues are also observed.
The gel blot protein thermostability assay also demonstrated that UCP1-containing
membranes incubated with purine nucleotides show stabilising shifts in Western blots,
which can be quantified to produce protein melting temperatures, with values close to
that obtained by the well-established CPM thermostability assay (155). It would be
interesting to utilise this assay to detect protein thermal shifts in the presence of
reported transport substrates of UCP2, such as aspartate (93) as well as reported
inhibitors such as genipin (317) and various chromane derivatives (318). Furthermore,
the gel blot protein thermostability assay could be utilised to probe into ligand binding
properties of proteins from native tissues, thereby potentially circumventing the need
to express recombinant proteins altogether. Given the challenging nature of membrane
protein purification, this novel assay has the potential to study ligand binding
properties of other eukaryotic membrane proteins, such as GPCRs (319), which may

also be unstable in various recombinant expression systems (320).

5.5.2. UCP2 does not bind purine nucleotides in the same way as UCP1

Through the development of the gel blot protein thermostability assay, it was observed
that the addition of purine nucleotides did not induce stabilising interactions with
human UCP2, as was observed for human UCP1. The results suggests that UCP2

does not bind purine nucleotides in a similar manner to that of UCP1, despite having
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all the key residues observed to interact with purine nucleotides (4). The results suggest
that subtle deviations in conserved amino acid residues may be responsible for the
differences observed in purine nucleotide binding properties of UCP1 and UCP2.

In the matrix salt-bridge network, HsSUCP1 has a glutamate at position 135
(E135), whilst in HsSUCP2 the corresponding residue is aspartate (D138) (Appendix
Figure 4.14). Through respiratory assays conducted with isolated yeast mitochondria,
Jiménez-Jiménez and colleagues report a 64% decrease in palmitate-induced
respiration in the presence of GDP with a UCP1 mutant where glutamate is
substituted for aspartate (UCP1_E135D) (63). The difference in nucleotide-sensitive,
fatty-acid induced respiration between the UCP1 and UCP1_E135D is significant,
indicating that substitution of glutamate to aspartate negatively affects purine
nucleotide binding (63). Jones and colleagues, propose that E135 in HSUCP1 may be
involved in co-ordinating a proton to support nucleotide binding to UCP1 (153). The
shorter side chain in D138 in HSUCP2 may interrupt this function and prevent
nucleotide binding. Furthermore, a shorter residue may result in a tighter matrix
network, subsequently bringing helices closer together, which may compromise the

ability of nucleotides to fit into the cavity.

In the nucleotide-bound structure, various hydrophobic residues in the central cavity
have the potential to form interactions with guanine moiety of the nucleotide (153,
154). Molecular dynamic simulations of rat UCP1, propose a triplet of hydrophobic
residues (F88, 1187, W281 — rat UCP1 numbering) important in nucleotide binding to
UCP1 (314). In HsUCP?2, valine is found at the equivalent position (V189), whereas in
HsUCP1 isoleucine is conserved (1187) (Appendix Figure 4.14). Mutation of 1187 to
alanine has been shown to significantly reduce GDP-mediated inhibition (314).
Therefore, the subtle change to valine in UCP2, may contribute for the lack of
binding. However, homology models of energy-minimised UCP2, demonstrate that
the HSUCP2, can form the similar interactions with GTP as human UCP1 when

poised in the c-state (see Figure 5.9).
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Figure 5.9: Potential interactions of human UCP2 with GTP in a c-state conformation. A)
Lateral view of human UCP2 in the cytoplasmic-open (c-state) conformation modelled using the
resolved cryo-EM structure (PDB: 8G8W) (153), with a GTP molecule modelled in the substrate
binding site. The three domains are depicted in blue, yellow and red. B) Close-up view of residues
observed to interact with GTP inside the binding cavity. Matrix salt-bridge residues are depicted
in purple, arginine triplet residues shown in black, R96 (part of the cytoplasmic insulator
residues) in magenta and all other residues in gray. Residues that may form potential bonds with
GTP are shown through blue dotted lines. Models were made using the Modeller interface in
UCSF Chimera (321, 322) and energy-minimised in the GalaxyRefine2 server (323). Potential
interactions (observed through the Clash/ Contact tool in Chimera) and depicted as a blue dotted

line.

Another argument, for why purine nucleotides do not induce stabilising interactions
could be that UCP2 may favour an m-state conformation. In the primary cytoplasmic
salt-bridge network, HsSUCP2 has a lysine at position 100 (K100), whereas in HsSUCP1
the equivalent residue is glutamine (Q100). Removal of this charged residue in
HsUCP1 results in a weaker cytoplasmic salt-bridge network as the glutamine cannot
form ionic interactions with D196. In HsSUCP2, residues of the cytoplasmic salt-bridge

network are all able to form salt-bridge interactions between all helices, highlighting
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that the primary cytoplasmic network is likely stronger in HsSUCP2 than HsUCP1.
Furthermore, the existence of charged residues one turn of the helix above the primary
cytoplasmic salt-bridge network, suggest a possibility of a secondary salt-bridge
network that may further the strengthen the carrier in an m-state conformation (171).
Both HsUCP1 and HsUCP2 can form ionic interactions, i.e. K116-E200 and R119-
D202, respectively, which may serve to increase the overall bonding of the
cytoplasmic network. Taken together, these differences in key residues in the primary
and secondary cytoplasmic networks of HsSUCP2, suggest that the protein may be
more stable in an m-state conformation, relative to HSUCP1. Though exactly how
these differences relate to nucleotide binding is not clear. In an energy-minimised
matrix-open (m-state) model of UCP2, potential interdomain interactions between the
arginine triplet and negative residues of the matrix-salt bridge network have been
observed, which may serve to further strengthen the m-state conformation (see Figure
5.10). Given that the arginine triplet and the matrix salt-bridge network are seen to
interact with nucleotides (153, 154), it could be rationalised that purine nucleotides
may preferentially bind in the c-state conformation, thus lack of purine nucleotide
binding observed with UCP2 could be due to the protein’s inability to reside in the c-
state conformation. Whilst not definitive, the m-state model provides a potential
rationale for why human UCP2 does not bind purine nucleotides in a similar manner
to that of human UCP1, as multiple interactions within the protein potentially keep it
locked in the m-state, which may explain the experimental data obtained from the gel
blot protein thermostability assays. Interestingly, inhibition of UCP2 (93) and UCP3
(280) activity by 10 uM BKA, an inhibitor known to lock AAC in an m-state
conformation (141), demonstrated ~50% reduction in metabolite transport activity.
These findings may suggest that these UCP homologues potentially prefer an m-state

conformation as low concentrations of BKA are required to inhibit protein activity.
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Figure 5.10: Potential interactions of human UCP2 in the m-state conformation. A) Lateral
view of human UCP2 in the matrix-open (m-state) conformation modelled using the TtAAC
BKA-inhibited structure (PDB: 6GCI) (141), highlighting potential interactions in the
cytoplasmic salt-bridge network and matrix salt-bridge network. The three domains are depicted
in blue, yellow and red. B) Top-down view of the cytoplasmic gate, consisting of the primary salt-
bridge network (tan) and the secondary salt-bridge network (depicted in orange and labelled in
bold). Residues that may form potential bonds with the secondary cytoplasmic salt-bridge are
shown in gray and labelled in bold. C) Bottom-up view of potential interdomain interactions
formed between the arginine triplet and residues of the matrix salt-bridge network. Residues
involved in potential interdomain interactions are shown as sticks, with the arginine triplet
depicted in black, matrix salt-bridge network residues are shown in purple and residues observed
to form additional interdomain contacts in gray. Models were made using the Modeller interface
in UCSF Chimera (321, 322) and energy-minimised in the GalaxyRefine2 server (323).
Potential interactions (observed through the Clash/Contact tool in Chimera) and depicted as a
black dotted line.
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6. Discussion
6.1. Chapter 3 - Key findings

The low abundance of UCP2 in native sources (38, 185) makes purification of the
protein from tissues impractical. Therefore, the use of bacterial and yeast expression
systems has been utilised to study the function of UCP homologues. Early literature
suggested that UCP homologues are capable of proton transfer activity (47, 48, 57, 58,
60, 61), in the presence of various activators, such as ubiquinone (49, 66), superoxide
(52, 53, 69) and lipid peroxidation products (50, 74) though the findings are widely
debated (71, 80-83).

Bacterial expression systems produce misfolded carrier protein, which require
‘refolding’ prior to biochemical characterisation using ionic detergents (203). Though
soluble in ionic detergents, bacterially-expressed proteins are likely to be an incorrectly
folded form (155, 158-162), as was previously observed for UCP2 (163). Yeast
expression systems have been utilised to study proton leak activities of UCPs, though
uncoupling artefacts have been observed due to protein overexpression (55, 56). In
order to biochemically characterise UCP2 protein activity in isolation, a yeast
expression system was optimised to ensure relatively high levels of recombinant
protein expression for the purposes of protein purification. Chapter 3 shows that
recombinant expression of uncoupling protein 2 in the protease-deficient (Pep4
deletion) yeast strain, FGY217, allowed for UCP2 production to levels 20-fold higher
than native sources (38, 185), with at least 75% of the protein generated found to be
intact following extraction with mild non-ionic detergents, such as DDM and
12MNG.

Previous work has reported that recombinant UCP2 can be expressed in the
wild-type (W303-1B), yeast strain for the purposes of respiratory assays (48, 54-56, 81,
255). With the exception of Stuart and colleagues (56), it is unknown to what degree
UCP2 was expressed in yeast mitochondrial membranes in a correctly folded and
functional form. Through functional complementation studies, Raho and colleagues
have shown functional UCP2 expression in AGC1 knockout strains of yeast, when
grown on oleate (114). Whilst this may be a potential way to express functional
UCP2, it is not known to what degree UCP2 is expressed in these mitochondria and if

growth on oleate would be practical for protein purification purposes.
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It was observed that under a galactose-inducible expression system,
recombinant UCP2 protein was tolerated and sustained in the FGY217 yeast strain
following 22 hours galactose addition. Heterologous expression of UCP2 in wild-type
(W303-1B) yeast mitochondria have suggested that the protein has a short half-life
(44). The exact mechanism of UCP2 protein degradation in yeast is unknown, though
in mammalian systems, evidence suggests that UCP2 degradation is mediated by the
ubiquitin-proteasome pathway (45). This pathway is present in yeast (324). In the
FGY217 strain, the lysosomal degradation pathway is disrupted due to deletion of the
Pep4 gene (167), though it is unclear if the ubiquitin-proteasome pathway is altered in
this strain. It could be reasoned that removal of one of the proteolytic pathways in
yeast may have allowed for the accumulation of intact UCP2 in FGY217
mitochondria, whereas in previous systems, such as the W303-1B, which have

functional proteolytic pathways (325-327), this may not have been the case.

6.2. Chapter 4 - Key findings

Chapter 4 describes steps taken to try and purify human UCP2 protein using a bespoke
purification system that was established for OaUCP1 obtained from native sources
(19). Several rounds of optimisation demonstrated that whilst the S, Q, TP purification
strategy was suitable for purification of untagged UCP1 protein (19, 153, 171), it
proved limited for purifying untagged UCP2 protein, which could be enriched but
remained contaminated with other mitochondrial carriers, such as AAC.

The use of purification tags was not explored for UCP2 as it has been shown to
negatively affect UCP1 protein expression in heterologous yeast systems (215).
Addition of C-terminal histidine-tags were reported to severely affect protein
expression in comparison to N-terminal tags. Furthermore, subtle differences in
protein expression levels were observed when 6x- or 8x-histidine-tags were engineered
into the yeast-expressed UCP1 protein (215). Prior work describes UCP1 protein
expression in the wild-type strain, W303-1B. This thesis describes UCP2 protein
expression in the protease-deficient (FGY217) yeast strain, where heterologous UCP2
expression is tolerated. Given that two papers describe the structure of UCP1 protein
purified using histidine-tagged (153) and FLAG-tagged (154) proteins, future lines of
investigation could explore whether UCP2, expressed in the FGY217 strain, could be
purified using purification tags. The studies in Chapter 3 demonstrated that alteration

of the second amino acid from the native valine to leucine resulted in a ~4-fold
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increase in UCP2 protein expression in the protease-deficient strain. If purification
tags were to be added to the N-terminus, it may be worth engineering a leucine at the
second amino acid position to allow for increased protein expression (231).
Furthermore, protein purification by affinity chromatography, rather than the S, Q,
TP method, would reduce the number of purification steps required for protein
isolation, thereby reducing the chances of protein unfolding during the process. Given
that the gel blot protein thermostability assay, developed in Chapter 5, reports a
relatively low apparent protein melting temperatures for yeast-expressed membrane-
solubilised human UCP2 at ~37-40°C (compared to ~50-53°C for UCP1 in the ligand-
free condition), shorter isolation times may be particularly beneficial.

To increase the likelithood of purifying intact material, mammalian lipids could
be added during purification preparation. The UCP2 preparation is supplemented with
tetraoleoyl (18:1) cardiolipin, which consists of an 18-carbon fatty acyl chain, with an
unsaturated double bond. Mammalian tissues are reported to be more abundant in
tetralineoyl (18:2) cardiolipin species (328). Addition of extra unsaturated double
bonds in cardiolipin may provide more flexibility, which may improve UCP2 protein
stability. Furthermore, addition of known transport substrates to the purification
preparation may also aid in purifying intact protein. Whilst micromolar
concentrations of substrate was observed to destabilise mitochondrial carriers (155),
millimolar concentrations of substrate was observed to induce stabilising shifts in the
presence of lipids (155, 194). This approach could be utilised with proposed transport
substrates, such as aspartate and malate (93) to potentially improve intact UCP2

purification.

6.3. Chapter 5 - Key findings

It was evident from the studies in Chapter 4 that human UCP2 could not be purified
to sufficient homogeneity for biochemical characterisation using the CPM protein
thermal shift assays. As such, Chapter 5 sought to clarify the functional properties of
UCP2 using methods that did not require pure, homogenous samples. Methods taken
to clarify proton transport activity of UCP2 proved challenging and could not be used
to obtain an outcome. To answer the question of whether UCP2 binds nucleotides in a
similar manner to that of UCP1, a novel thermostability assay, capable of probing the
ligand binding properties of proteins in impure samples, was developed. The thiol-

reactive reagent, PEG-Mal-2K, could be used systematically at different temperatures
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as a probe to detect the folded state of the protein in detergent-solubilised
mitochondrial samples and build a temperature sensitivity profile. Western blots
demonstrated the appearance and disappearance of the UCP1 signal that strongly
correlated with temperatures where the protein was observed to be folded and
unfolded, respectively, in CPM assay tests.

The method by which the protein stability is quantified in the gel blot protein
thermostability assay is similar to that of trypsin digestion experiments conducted by
Eckerskorn and Klingenberg (329). These experiments demonstrate that sensitivity to
trypsin can provide information on protein stability and conformation. In these
experiments, it was reported that in the absence of ligand, UCP1 was more prone to
trypsin cleavage, evidenced by a lower molecular weight species in Western blots.
Conversely, in the presence of GTP, the amount of trypsin-cleaved UCP1 protein was
reduced over time, suggesting either a change in protein conformation or stabilisation
exerted by nucleotide addition (329). Similarly, the gel blot protein thermostability
assay is also able to report on the protein stability through changes in protein
molecular weight, which can be quantified as an apparent protein Ty, subsequently
providing invaluable information on protein stability and ligand binding properties.

In the gel blot protein thermostability assay, for human UCP1 in the absence of
ligand, the melting temperatures generated were consistent with reported melting
temperatures gained using the CPM protein thermal shift assay. Furthermore, distinct
stabilising shifts in UCP1 protein thermostability were observed in the presence of
nucleotides, thereby mimicking the trends observed in the CPM assay (155),
highlighting a proof-of-concept principle that the gel-based assay can detect protein
stability shifts induced by ligands. Moreover, the use of the new assay demonstrates
that monomeric UCP2 is inherently unstable compared to UCP1 and does not bind
nucleotides in the same way as it does not induce protein stabilisation. The finding
that UCP2 does not bind purine nucleotides calls into question previous literature that
uses purine nucleotides to verify UCP2-dependent activity. For example, FRET
experiments conducted with fluorescent nucleotides suggests that UCP2 binds in
purine nucleotides in the 3-5 uM range (205), which is approximately three orders of
magnitude less than what was used in the gel blot protein thermostability assay
experiments. However, lack of purine nucleotide binding to UCP2 has been indicated

in previous work (330), including the work by Vozza and colleagues where they show
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~50% UCP2 inhibition in the presence of 10 mM purine nucleotide (93), suggesting a

non-specific interaction that would corroborate observations in our assay.

6.4. Probing into protein thermostability in unpurified
samples

The gel blot protein thermostability assay demonstrates that protein thermostability
can be obtained for proteins in unpurified samples, which is particularly useful if
protein stability is impeded by the purification process or if the protein is scarce, as is
the case for UCP2 (38, 185) and many other eukaryotic membrane proteins (320).
Interestingly, another method, termed ThermoBRET, has recently been developed
which is also capable of determining protein thermostability in unpurified samples
(331). The ThermoBRET assay utilises bioluminescence resonance energy transfer
(BRET) between Nanoluciferase (Nluc) and a thiol-reactive fluorescent dye, sulfo-
cyanine3 maleimide (SCM). In this method, Nluc is engineered onto the N-terminus
of the protein of interest and acts as a light donor, whilst the SCM dye acts as a light
acceptor. Heterogenous samples containing Nluc-tagged protein are heated in a
thermal cycler in the presence of SCM. As the protein unfolds, buried cysteine
residues react with SCM, which quenches the fluorophore’s signal. Protein
thermostability is quantified as the ratio between the light emitted by Nluc and the
SCM dye, which can be fitted on a Boltzmann sigmoidal curve, the midpoint of which
can provide an apparent protein Tr. Furthermore, this method was also able to
observe changes in protein thermal shifts in the presence of ligands or solubilisation in
different detergents (331).

Whilst this method uses a different biochemical approach to measure protein
thermostability compared to the gel blot protein thermostability assay, core elements
are shared between them. Such elements include: the use of a thiol-reactive probe to
monitor protein unfolding, of which the output can be fitted onto Boltzmann curves
that generate an apparent protein Tw. Furthermore, both the ThermoBRET assay and
the gel blot protein thermostability assay have utilised the well-established CPM assay
as a reference control for assay development, with both novel assays providing
comparable protein Tws from purified samples. Like the CPM assay, both methods are
only effective with cysteine-containing proteins owing to the thiol-reactive nature of
the maleimide-based probes (192, 331). Whilst both methods do not need to purify

protein to obtain an output for protein thermostability, ThermoBRET relies on the
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engineering or covalently bonding of an Nluc tag onto the protein to obtain the ratio
between light emissions of the Nluc tag and SCM dye. Moreover, addition of an Nluc
tag may alter protein thermostability, which may provide artefactual readouts in
apparent protein Tr. In contrast, the gel blot protein thermostability assay does not
require tagged or modified protein, making it a potentially versatile method in probing
protein stability in a wide range of applications, as protein thermostability can be
assessed if there are effective antibodies that can visualise the protein of interest in
Western blots. Moreover, both thermostability assays can be used to detect protein-
ligand interactions in unpurified samples through positive shifts in protein
thermostability. The ThermoBRET method can be conducted in a 96-well or 384-well
plate format, which makes the system ideal for drug screens. It is capable of detecting
shifts in thermostability using picomolar concentrations of ligand to protein owing to
bioluminescence signal enhancement of the Nluc tag the substrate furimazine (332,
333). In contrast, the gel blot protein thermostability assay is lower throughput as it is
limited by the number of wells on protein gels as the method relies on Western
blotting for sample detection. The work in this thesis only tests 1 mM concentration of
ligand in the gel blot protein thermostability assay, as this was the concentration
observed to give the greatest shift in apparent protein Tr, in the CPM assay, but it
would be fascinating to see what the minimal concentration of ligand would be
required to detect stabilising shifts in protein-ligand interactions in the gel blot protein

thermostability assay.

6.5. UCP2 is more unstable compared to UCP1
The development of the gel blot protein thermostability assay reveals that UCP2 is

particularly unstable, with apparent protein TS observed at ~37-40°C, whereas UCP1
reported apparent Trs at ~50-53°C. Experiments conducted in this thesis show Tms
obtained using detergent-solubilised yeast mitochondrial membrane samples, which
may not necessarily reflect UCP2 protein stability in vivo. Comparatively, other
methods have been utilised to measure detergent-solubilised, cardiolipin-supplemented
carrier protein thermostability, including the CPM assay and nanoDSF, the latter of
which relies on intrinsic protein fluorescence from native tryptophan residues to assess
the folded state of a protein (334). Despite the different methodological approaches,
the general trend across studies shows that purified mitochondrial carriers exhibit

apparent Ty, in the range of 50-55°C (98, 147, 153, 155). In the case of human UCP1,
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similar Ty, values (e.g. 52°C at pH 6.0 in the absence of ligands) have been reported
across various techniques including nanoDSF (153), CPM and gel blot protein
thermostability assays (see Chapter 5). This comparison highlights that the gel blot
protein thermostability assay can yield protein Tns comparable to already well-
established methods, including nanoDSF, which does not rely on maleimide-based
chemistry to report on protein thermostability (334). Since the gel blot protein
thermostability assay relies on Western blotting to provide a readout, it would be
interesting to see if blotting against other mitochondrial carriers reproduces apparent
Twms obtained from the CPM assay (147, 155, 194, 195, 219) and nanoDSF (98, 153),
thereby further strengthening the application of this novel assay. The notably low Tn
value obtained for UCP2 in detergent-solubilised, yet lipid-containing membrane,
emphasises the highly unstable nature of this mitochondrial carrier protein. Other
carrier proteins, such as the dicarboxylate carrier (DIC) and the oxoglutarate carrier
(OGC), which share various transport substrates with UCP2 (93, 98), exhibit much
higher apparent Trs of 54.1°C and 51°C, respectively (98). The low protein Tr,
obtained for UCP2, suggests either that UCP2 may be prone unfolding even within the
membrane environment, which may contribute to its apparent very short half-life of 30
minutes - 1 hour (44) or that UCP2 may interact with other proteins, as some
researchers have suggested (125, 335), which may potentially stabilise UCP2 in the
mitochondrial membrane.

With respect to UCP2’s short half-life, Azzu and colleagues have indicated that
UCP2 is likely pro-actively controlled via degradation through cytoplasmic
proteasome machinery, though the exact mechanism by which this occurs is unclear
(46). It has been reported that ubiquitin-proteasome system (UPS) may play a role in
regulating cellular metabolism. For example, in various cancer cells it was observed
that under hypoxic conditions, glutamine oxidation was reduced due to cytosolic E3
ligase-mediated proteolysis of OGDH2, a component of the a-ketoglutarate
dehydrogenase complex, which is localised in the mitochondrial matrix (336), though
the exact mechanism by which UPS-mediated proteolysis occurs is also unclear.
Given the emerging evidence that UCP2 is a mitochondrial protein implicated in
regulating cellular metabolism during nutrient stress, especially with regards to
glutamine oxidation (93, 114, 119, 298), it could be argued that the proteasome is
responsible for mediating UCP2 protein turnover. However, given the evidence that

UCP2 is particularly unstable in mitochondrial membranes, even in the presence of
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stabilising lipids such as cardiolipin (155), the UPS system may merely be acting
passively, clearing only already unfolded UCP2 that is generated due to the protein’s
inherent instability.

This thesis shows the recombinant expression of human UCP2 protein in a
yeast system. Protein produced was observed to be predominantly folded in mild, non-
ionic detergents, indicative of folded material. The gel blot protein thermostability
assay suggests that, although extractable from yeast membranes, UCP2 is particularly
unstable, as quantified by low apparent Tws. The physiological relevance of the mouse
UCP2 NMR structure, obtained by bacterial expression and solubilisation in DPC,
has been called into question by many researchers (155, 158-162). This work presented
in this thesis further indicates that the elucidated UCP?2 structure obtained from E. coli-
expressed system is likely to be misfolded. Firstly, the use of a GDP analogue was
used to select for folded UCP2 protein during the purification process, as it was
presumed that UCP2, like UCP1, binds purine nucleotides (156). Secondly, NMR
experiments were conducted at 33°C at pH 6.5 (156), which are conditions where
UCP2 was observed to be unstable in 12MNG-solubilised membranes. Thirdly, the
UCP2 protein structure was reported to bind GDP inside the cavity (156), as is the
case for UCP1 (153, 237), which is inconsistent with results obtained with the gel blot
protein thermostability assay, which observed no stabilising interaction between UCP2
and GDP.

6.6. The biochemical properties of UCP2 are distinct from
UCP1

Human UCP2 has a high (59%) sequence similarity to that of human UCP1 (4), yet
emerging evidence suggest that these proteins likely carry out different physiological
roles (198, 293, 299, 337, 338). Since the discovery of UCP1 paralogues, such as
UCP2, various studies have reported the existence of other uncoupling proteins across
different branches of the evolutionary tree, including plants (339-342), amoeba (343,
344), fungi (345), parasites (346, 347), fish (348-353), birds (354-356) and mammals
(4, 5, 7, 8, 357-365). Whilst most of these proposed uncoupling proteins were named
based on their sequence similarity to UCP1 (4, 6-8, 341, 342, 348, 350-354, 356-358,
366, 367), some were designated as UCPs due to functional reports showing increased
respiratory activity in the presence of fatty acids, which was negatively regulated by

purine nucleotides (340, 343-347, 349, 362) — features commonly associated with
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eutherian UCP1 (2, 3, 9, 27, 29-31, 36, 293, 364, 368). In eutherian mammals, the
physiological function of UCP1 is well-established — the protein facilitates NST by
enabling thermoregulation in newborns (9, 36, 362, 365). Although present throughout
the animal kingdom, the role of UCP1 in non-eutherian mammals is not well-
characterised.

In lower eukaryotes, oxygen consumption assays hinted the existence of UCP1-
like proteins capable of enhancing respiration in the presence of fatty acids (343, 344,
369). In protozoa, such as Acanthamoeba castellani and Dictyostelium discoideum, fatty
acid-induced respiratory activity was shown to be weakly regulated by GDP (344) or
GDP-insensitive (343), respectively. Heterologous expression of A. castellani UCP
(AcUCP) in a yeast system failed to show GDP-regulated, fatty acid-enhanced
respiratory activity, thereby suggesting that other endogenous mitochondrial proteins
present in A. castellani, but not S. cerevisiae are responsible for the previously observed
uncoupling activity (370). Protein sequence comparison of AcUCP with human UCP
paralogues show a 37-43% similarity in protein sequence, with HsUCP4 showing the
highest similarity (370). Like HSUCP2, AcUCP exhibits residues that are highly
conserved in UCP1, such as the key mitochondrial carrier features (1, 133, 138), the
arginine triplet present in the substrate binding site (136, 153, 237), and the presence of
hydrophobic and aromatic residues as part of the cytoplasmic gating elements (153,
237, 314) which have been reported to interact with purine nucleotides (153, 237).
Whilst AcUCP has all the necessary residues for purine nucleotide binding (370),
functional studies have shown that this protein weakly binds GDP (344). This
observation somewhat supports the observations made in this thesis that purine
nucleotides do not bind to HsUCP2 in the same manner as HsUCP1. The protein
sequence for D. discoideurn UCP remains to be elucidated, but it would be interesting to
see if this UCP variant shows the same level of conservation of key UCP residues as
this protein was not regulated by GDP in respiratory assays (343).

Studies into a UCP derived from B. beicheri, the “closest living invertebrate
relative of vertebrates”, shows high protein sequence similarity to HSUCP2 and
HsUCP3 (330). From this study, it was concluded that BbUCP functions more like
HsUCP?2 than eutherian UCP1, as mitochondrial proton leak could not be induced in
the presence of fatty acids and was observed to be unresponsive to GDP (330). Like
AcUCP1, BbUCP has all the conserved structural features of HSUCP1 (330) that has
been reported to participate in purine nucleotide binding (153, 237). Lack of GDP
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inhibition in the presence of fatty acids, suggests that BbUCP does not bind purine
nucleotides like that of UCP1, which aligns with the results obtained in the gel blot
protein thermostability assay that show that HsSUCP2 does not bind purine nucleotides
as observed by a lack of stabilising shifts in protein thermostability.

Recent investigations using Monodelphis domestica, a marsupial model organism,
indicate that MdUCP1 is likely localised to inguinal adipose tissue, which based on
transcriptomic analyses, resembles beige adipose tissue properties (371). Heterologous
expression of MAUCP1 in HEK293 cells indicate that this UCP1 isoform does not
catalyse proton leak activity in the presence of UCP1 activators, suggesting a different
physiological role for MAUCP1 (371). Comparison of protein sequences indicates that
MdAUCP1 shares a higher sequence identity with HsSUCP2 (72%) than with HsUCP1,
which shares 65% sequence identity with MdUCP1. Results obtained with M.
domestica, suggest that modern eutherian UCP1 likely gained its thermogenic
properties following divergence from marsupials (363, 372), following UCP1
localisation to BAT (371). Purification trials using a method capable of purifying
untagged eutherian UCP1 proved to be unsuccessful in purifying folded, untagged
MdAUCPI1 protein from a yeast expression system (Dr. Camila Cotrim — unpublished
work). Interestingly, heterologous expression of either MAUCP1 or HsUCP2 in an
AAC-deficient yeast strain resulted in predominantly unfolded protein that was not
enriched for in the final sample, whereas expression of HSUCP1 in the AAC-deficient
yeast strain yielded folded and functional protein (Danielle Copeman and Dr. Camila
Cotrim — unpublished work). Although anecdotal, differences in recombinant protein
expression and purification supports the idea that the molecular properties of
marsupial UCP1 and human UCP2 are distinct from eutherian UCP1.

Phylogenetic analyses predicts that UCPs, DICs and OGCs cluster together
and likely evolved from a common ancestor (63, 369, 373-376). Emerging evidence
suggests that UCP2 (93, 114, 119) and UCP3 (280) function as metabolite
transporters, rather than uncoupling proteins. Given the wide tissue of expression of
UCP2 (38, 41, 42, 90, 105, 185) and the observation that this protein can transport
various C4 metabolites (93), it is likely that UCP2, UCP3 and ancestral UCP1 proteins
carried out a distinct metabolite transport function, which may have later diverged in
eutherian UCP1, where it likely gained its thermogenic function after it became
localised to BAT (3, 20, 371). This rationale is consistent with the work shown in

thesis, in that UCP2 is less stable than UCP1 (155), and other mitochondrial carriers
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(98, 141, 147, 219, 221). Furthermore, differences in the molecular properties of
UCP2, support the idea that UCP2 functions differently from UCP1. Moreover,
characteristic properties of UCP1, such as the ability to bind purine nucleotides (31-35,
196) and translocate protons in a fatty acid-dependent manner (27, 30, 31), is likely

unique to the eutherian UCP1 variant.
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Appendices

Appendix 1 (Methods)

Appendix 1.1. Chemical, reagents and enzymes
Reagents used for the composition of growth media, including ampicillin and

isopropyl #-D-1-thiogalactopyranoside (IPTG), were purchased from Formedium
(Cambridge).

FastDigest restriction enzymes were purchased through Thermo Scientific: Sacl
(FD1133), Xbal (FD0684), Ndel (FD0583), EcoRI (FD0274). Dpnl (M0202S) and T4
ligase (R0176S) were bought from New England BioLabs. Lysozyme and Zymolyase
20T was purchased from Fisher (10076813) and AMSBIO (120491-1), respectively.
Polyethylene glycol 4000 (PEG) was purchased from Alfa aesar. QIAgen kits:
QIAprep Spin Miniprep kit (27104), QIAquick PCR purification kit (28104) and QIA
gel extraction kit (29704) were obtained from Qiagen.

Ethidium bromide solution, sodium carbonate, 30mL Dounce glass homogeniser,
enhanced chemiluminescence (ECL) kits, BCA assay protein detection kits, 6-
aminocaproic acid, benzamidine hydrochloride, phenylmethylsulfonyl fluoride
(PMSF) were purchased from Fisher Scientific. Protease inhibitor tablets were
purchased from Roche (cat. no: 04 693 132 001).

Detergents, n-dodecyl-R-D-maltopyranoside (DDM) and lauryl maltose neopentyl
glycol (12MNG), were purchased from Anatrace (catalogue numbers: B310 and
NG310 respectively). Triton X-100 (TX-100) and Tween-20 was purchased from
Sigma (T9284 and 9005-64-5, respectively) and N-lauryl sarcosine sodium salt
(sarkosyl) was purchased from Merck (8.14715).

Ni-NTA Superflow cartridges were obtained by Qiagen (1046323). Hydroxyapatite
resin was purchased through Bio-Rad (130-0420). Vivaspin concentrators and ion-
exchange spin columns, Vivapure S and Q Maxi (VS-IX20SHO08 and VS-IX20QHO0S,
respectively), were bought from Sartorius. Thiopropyl sepharose 6B (TPS) was
purchased from Cytiva (T8387), thiopropyl agarose (TPA) was purchased from
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Stratech (THIO-001A-CRE). Sephadex G-25 PD10 columns were obtained from GE
Healthcare Life Sciences (17-0851-01).

Precision plus protein standards (161-0374), 10- and 15-well 4-15% Mini PROTEAN
TGX precast gels (4561083 and 4561086, respectively), and anhydrous hydroxyapatite
(130-04020) were purchased from Bio-Rad. Coomassie Blue stains, InstantBlue and
ReadyBlue, were purchased from Expedeon (ISB1L) and Sigma (87-69-4),
respectively. Antibodies against uncoupling protein 1 (UCP1) and a 6x-histidine tag
were purchased from Invitrogen (cat. no: U6382 and MA1021315-HRP, respectively).
Uncoupling protein 2 (UCP2) antibodies were obtained from Abcam (ab97931) and
Millipore (144-157). Anti-rabbit-HRP conjugated antibodies were purchased from
Millipore (AP132P). Custom-made antibodies against the ADP/ATP carrier (AAC)
(A298) raised in chicken were obtained from the Kunji lab (MRC Mitochondrial
Biology Unit, Cambridge). Anti-chicken HRP-conjugated antibodies were purchased
from Sigma (cat. no: 9046). For UCP1 quantification using bacterially expressed
protein, the UCP1 antibody used for immunoblots were obtained from Abcam
(155117).

7-diethylamino-3-(4'-maleimidophenyl)-4-methylcoumarin (CPM) was obtained from
Invitrogen (D346). Carboxyatractyloside (CATR) was purchased from Cambridge
Biosciences (HY-N1502). Guanosine 5’-diphosphate (GDP) (43139-22-6); adenosine
5’-diphosphate (ADP) (A2754); aspartic acid (A6683); poly(ethylene glycol) methyl
ether maleimide conjugated to either a 2 kilodalton species (PEG-Maleimide-2K)
(731765) or a 5 kilodalton species (PEG-Maleimide-5K) (63187) was purchased from
Sigma (A6683).
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Appendix 1.2. Sequence alignment of the UCP2 constructs

>Construct 1
>Construct 2
>Construct 3
>Construct 4

>Construct_5

>Construct 1
>Construct 2
>Construct 3
>Construct 4

>Construct_5

>Construct 1
>Construct 2
>Construct 3
>Construct 4

>Construct_5

>Construct 1
>Construct 2
>Construct 3
>Construct 4

>Construct_5

-10 ( Yo [ ) 10 20 30
N TP PR IR S M R A (Rt [P EPRDPR PR I
GAGCTCAAAAAATGTTAGGTTTT CAGATGTTCCACCAACTGC
M|L|e6 F R A T D V P P T A
GAGCTCA  TAATGGTTGGTTTTAAAGCAACAGATGTTCCACCAACTGCC
M|v|e F R A T D V P P T A
GAGCTCA  TAATGTTAGGTTTTAAAGCAACAGATGTTCCACCAACTGCC
M|L|e F R A T D V P P T A
GAGCT TGGTTGGTTTTAAAGCAACAGATGTTCCACCAACTGCC
M|V|e6 F R A T D V P P T A
GAGCTCA  TAATGTTAGGTTTTAAAGCAACAGATGTTCCACCAACTGCC
M|L|e6 F R A T D V P P T A
40 50 60 70 80

S T O o [ (S (A [Tt [ I I
CTGTGAAGTTTCTTGGGGCTGGCACAGCTGCCTGCATCGCAGATCTCA!

T V K F L s A G T A & I 2~ D L I
ACTGTGAAGTTTCTTGGGGCTGGCACAGCTGCCTGCATCGCAGATCTCAT
T V K F L s A G T A & I o D L I
ACTGTGAAGTTTCTTGGGGCTGGCACAGCTGCCTGCATCGCAGATCTCAT
T V K F L s A G T A A C I 2 D L I
ACTGTGAAGTTTCTTGGGGCTGGCACAGCTGCCTGCATCGCAGATCTCAT
T V K F L s A G T A & i I 2 D L I
ACTGTGAAGTTTCTTGGGGCTGGCACAGCTGCCTGCATCGCAGATCTCAT
T V K F L s A G T A & I o D L I
90 100 110 120 130

R R N [T [ (SR [ IETR [ [
CACCTTTCCTCTGGATACTGCTAAAGTCCGGTTACAGATCCAA!

T F P L D T A K V R L Q I 2 G E
CACCTTTCCTCTGGATACTGCTAAAGTCCGGTTACAGATCCAAGGAGAAA
T F P L D T A K V R L ©Q I 2 s E
CACCTTTCCTCTGGATACTGCTAAAGTCCGGTTACAGATCCAAGGAGAAA
T F P L D T A K V R L ©Q I 2 G E
CACCTTTCCTCTGGATACTGCTAAAGTCCGGTTACAGATCCAAGGAGAAA
T F P L D T A K V R L ©Q I 2 G E
CACCTTTCCTCTGGATACTGCTAAAGTCCGGTTACAGATCCAAGGAGAAA
T F P L D T A K V R L Q I 2 s E

140 150 160 170 180

S T T [ A [ IR A I
GTCAGGGGCCAGTGCGCGCTACAGCCAGCGCCCAGTACCGCGGTGTGATG

S o, s P V R A T A S A Q ¥ R G V M
GTCAGGGGCCAGTGCGCGCTACAGCCAGCGCCCAGTACCGCGGTGTGATG
S 2 s P V R A T » S A Q Y R G V M
GTCAGGGGCCAGTGCGCGCTACAGCCAGCGCCCAGTACCGCGGTGTGATG
S 2 s P V R A T » S A Q Y R G V M
GTCAGGGGCCAGTGCGCGCTACAGCCAGCGCCCAGTACCGCGGTGTGATG
S o, s P V R A T A S 2 Q Y R G V M
GTCAGGGGCCAGTGCGCGCTACAGCCAGCGCCCAGTACCGCGGTGTGATG
S o s P V R 2 T & S &2 Q Y R G V M
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>Construct 1
>Construct 2
>Construct 3
>Construct 4

>Cons truct_S
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>Construct 3
>Construct 4

>Cons truct_S
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>Construct 3
>Construct 4

>Cons truct_S
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>Construct 2
>Construct 3
>Construct 4

>Construct_5
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eleceeleceelecee]lececlececlececleceeleceelececlene

GGCACCATTCTGACCATGGTGCGTACTGAGGGCCCCCGAAGCCTCTACAA

- T I L T M VvV R T E G P R S8 L Y N

CCATTCTGACCATGGTGCGTACTGAGGGCCCCCGAAGCCTCTACAA

s T I L T M VvV R T E s P R S L Y N

GGCACCATTCTGACCATGGTGCGTACTGAGGGCCCCCGAAGCCTCTACAA

s T I L T M VvV R T E G P R S L Y N

CCATTCTGACCATGGTGCGTACTGAGGGCCCCCGAAGCCTCTACAA

s T I L T M VvV R T E G P R S L Y N

GGCACCATTCTGACCATGGTGCGTACTGAGGGCCCCCGAAGCCTCTACAA

- T I L T M VvV R T E G P R S L Y N
240 250 260 270 280

B T O [ I U [ [ [ (R
TGGGCTGGTTGCCGGCCTGCAGCGCCAAATGAGCTTTGCCTCTGTCCGCA

s L VvV A G L 2 R o M S5 F A S5 V R
TGGGCTGGTTGCCGGCCTGCAGCGCCAAATGAGCTTTGCCTCTGTCCGCA
s L VvV A G L 2 R o M S5 F A S5 V R
TGGGCTGGTTGCCGGCCTGCAGCGCCAAATGAGCTTTGCCTCTGTCCGCA
s L VvV A G L 2 R 0 M S5 F A S5 V R
TGGGCTGGTTGCCGGCCTGCAGCGCCAAATGAGCTTTGCCTCTGTCCGCA
s L VvV A G L 2 R o M S5 F A S V R
TGGGCTGGTTGCCGGCCTGCAGCGCCAAATGAGCTTTGCCTCTGTCCGCA
s L VvV A G L 2 R o M S5 F A S5 V R

290 300 310 320 330

S T S P T (R TR [ R I
TCGGCCTGTATGATTCTGTCAAACAGTTCTACACCAAGGGCTCTGAGCAT

I s L ¥ D S VvV K Q F Y T K G S E H
TCGGCCTGTATGATTCTGTCAAACAGTTCTACACCAAGGGCTCTGAGCAT
I - L ¥ D 8§ VvV K Q F Y T K G S E H
TCGGCCTGTATGATTCTGTCAAACAGTTCTACACCAAGGGCTCTGAGCAT
I - L ¥ D 8§ VvV K Q F Y T K G S E H
TCGGCCTGTATGATTCTGTCAAACAGTTCTACACCAAGGGCTCTGAGCAT
I s L Y D s V K Q@ F ¥ T K G S E H
TCGGCCTGTATGATTCTGTCAAACAGTTCTACACCAAGGGCTCTGAGCAT
I s L ¥ D S VvV K Q F Y T K G S E H

340 350 360 370 380

T T (A O I I I [
GCCAGCATTGGGAGCCGCCTCCTAGCAGGCAGCACCACAGGTGCCCTGGC

A S5 I 5 8 R L L A G S T T s A L A
GCCAGCATTGGGAGCCGCCTCCTAGCAGGCAGCACCACAGGTGCCCTGGC
A S I - 8 R L L A G S T T s A L &
GCCAGCATTGGGAGCCGCCTCCTAGCAGGCAGCACCACAGGTGCCCTGGC
A S I = 8 R L L A G S8 T T s A L &
GCCAGCATTGGGAGCCGCCTCCTAGCAGGCAGCACCACAGGTGCCCTGGC
A S5 I s 35 R L L & G s T T s A L A
GCCAGCATTGGGAGCCGCCTCCTAGCAGGCAGCACCACAGGTGCCCTGGC

A S I e S R L L A 5 S T T s A L A
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>Construct 1
>Construct 2
>Construct 3
>Construct 4

>Cons truct_S

>Construct 1
>Construct 2
>Construct 3
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>Cons truct_5
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>Construct 3
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>Construct 1
>Construct 2
>Construct 3
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>Cons truct_S
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T A R I [ [N [
TGTGGCTGTGGCCCAGCCCACGGATGTGGTAAAGGTCCGATTCCAAGCTC

v A V A O E T D VvV vV K V R F 0O &
TGTGGCTGTGGCCCAGCCCACGGATGTGGTAAAGGTCCGATTCCAAGCTC
Vv A V A Q E T D vV V K V R F Q &
TGTGGCTGTGGCCCAGCCCACGGATGTGGTAAAGGTCCGATTCCAAGCTC
v A V A E T D VvV VvV K V R F Q &
TGTGGCTGTGGCCCAGCCCACGGATGTGGTAAAGGTCCGATTCCAAGCTC
Vv A V A Q E T D VvV VvV K V R F Q &
TGTGGCTGTGGCCCAGCCCACGGATGTGGTAAAGGTCCGATTCCAAGCTC
v A V A Q E T D vV vV K V R F Q &

440 450 460 470 480

R T A P A [ [P [ I I I
AGGCCCGGGCTGGAGGTGGTCGGAGATACCAAAGCACCGTCAATGCCTAC

> A R A G G G R R Y Q 8 T V N A
AGGCCCGGGCTGGAGGTGGTCGGAGATACCAAAGCACCGTCARTGCCTAC
0> A R A G G G R R Y Q 8 T V N A
AGGCCCGGEGCTGGAGGTGGTCGGAGATACCARAGCACCGTCAATGCCTAC
> A R A G G G R R Y Q 8 T V N A
AGGCCCGGECTGEAGGTGGTCGGAGATACCARAGCACCGTCAATGCCTAC
O A R A G G G R R Y Q 8 T V N A
AGGCCCGGGCTGGAGGTGGETCGGAGATACCARAGCACCGTCAATGCCTAC
0O A R A G G G R R Y Q 8 T V N A Y
490 500 510 520 530

B L [ [ [T [ O [ I [
AAGACCATTGCCCGAGAGGAAGGGTTCCGGGGCCTCTGGAAAGGGACCTC

K T I A R E E G F R G L W K G T
ARGACCATTGCCCGAGAGGAAGGGTTCCGGGGCCTCTGGARAGGGACCTC
K T I 2 R E E G F R G L W K G T =3
ARGACCATTGCCCGAGAGGAAGGGTTCCGGGGCCTCTGGARAGGGACCTC
K T I 2 R E E G F R G L W K G T 3
AAGACCATTGCCCGAGAGGAAGGGTTCCGGGGCCTCTGGARAGGGACCTC
K T I A R E E G F R G L W K G T 3
AAGACCATTGCCCGAGAGGAAGGGTTCCGGGGCCTCTGGAAAGGGACCTC
K T I A R E E G F R G L W K G T S
540 550 560 570 580

B T L [ [ [ [ O [ [ [
TCCCAATGTTGCTCGTAATGCCATTGTCAACTGTGCTGAGCTGGTGACCT

P N V A R N A I V N A E L V T

TCCCAATGTTGCTCGTAATGCCATTGTCAACTGTGCTGAGCTGGTGACCT
N V A R N A I V N A E L V T

TCCCAATGTTGCTCGTAATGCCATTGTCAACTGTGCTGAGCTGGTGACCT
P N V A R N A I V N A E L V T

TCCCAATGTTGCTCGTAATGCCAITGTCAACTGTGCTGAGCTGGTGACCT
P N V A R N A I V N C A E L V T

TCCCAATGTTGCTCGTAATGCCATTGTCAACTGTGCTGAGCTGGTGACCT
P N V A R N A I V N ¢ A E L V T
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S T R P [ TR [Pt I I IR R
TGACCTCATCAAGGATGCCCTCCTGAAAGCCAACCTCATGACAGATGA!

Yy b L I K p A L L K A N L M T D D
ATGACCTCATCAAGGATGCCCTCCTGAAAGCCAACCTCATGACAGATGAC
Yy p . I K p A L L K 2 N L M T D D
ATGACCTCATCAAGGATGCCCTCCTGAAAGCCAACCTCATGACAGATGAC
Yy p L I KR pD A L L K 2 N L M T D D
ATGACCTCATCAAGGATGCCCTCCTGAAAGCCAACCTCATGACAGATGAC
Yy b L I K p A~ L L K A N L M T D D
ATGACCTCATCAAGGATGCCCTCCTGAAAGCCAACCTCATGACAGATGAC
Yy b L I K p o L L K A N L M T D D

640 650 660 670 680

S T T L [ [ (S [t [ I I
CTCCCTTGCCACTTCACTTCTGCCTTTGGGGCAGGCTTCTGCACCACTGT

L E H F T S A F G A G F T T V
CTCCCTTGCCACTTCACTTCTGCCTTTGGGGCAGGCTTCTGCACCACTGT
L E H F T S A F G A G F T T V
CTCCCTTGCCACTTCACTTCTGCCTTTGGGGCAGGCTTCTGCACCACTGT
L P C HF T S A F G A G F C T T V
CTCCCTTGCCACTTCACTTCTGCCTTTGGGGCAGGCTTCTGCACCACTGT
L P C H F T S A F G A G F C T T V
CTCCCTTGCCACTTCACTTCTGCCTTTGGGGCAGGCTTCTGCACCACTGT
L E H F T S A F G A G F C T T V
690 700 710 720 730

B O [ U S [ [ [ [
CATCGCCTCCCCTGTAGACGTGGTCAAGACGAGATACATGAACTCTGCCC

I »~ s P V D V VvV K T R ¥ M N S5 2
CATCGCCTCCCCTGTAGACGTGGTCAAGACGAGATACATGAACTCTGCCC
I »~ 8§ P vV D V VvV K T R ¥ M N S5 2
CATCGCCTCCCCTGTAGACGTGGTCAAGACGAGATACATGAACTCTGCCC
I »~ 8§ P V D V VvV K T R ¥ M N S5 2
CATCGCCTCCCCTGTAGACGTGGTCAAGACGAGATACATGAACTCTGCCC
I ~ s P V D V VvV K T R ¥ M N S5 2
CATCGCCTCCCCTGTAGACGTGGTCAAGACGAGATACATGAACTCTGCCC
I »~ s P V D V VvV K T R ¥ M N S5 2

740 750 760 770 780

N T T D PN A e D e M-
TGGGCCAGTACAGTAGCGCTGGCCACTGTGCCCTTACCATGCTCCAGAAG

L G Q Y 8 8 A G H A L T M L Q K
TGGGCCAGTACAGTAGCGCTGGCCACTGTGCCCTTACCATGCTCCAGAAG
L G Q Y 8 8 A G H A L T M L Q K
TGGGCCAGTACAGTAGCGCTGGCCACTGTGCCCTTACCATGCTCCAGAAG
L G Q ¥ S 8 A G H CA L T M L Q K
TGGGCCAGTACAGTAGCGCTGGCCACTGTGCCCTTACCATGCTCCAGAAG
L G Q ¥ S S A G HC AL T MTUIL Q K
TGGGCCAGTACAGTAGCGCTGGCCACTGTGCCCTTACCATGCTCCAGAAG
L G Q Y 8 S A G H A L T M L Q K
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>Construct_1 GAGGGGCCCCGAGCCTTCTACAAAGGGTTCATGCCCTCCTTTCTCCGCTT

E E R o F Y K G F M - F L R L
>Construct_2 GAGGGGCCCCGAGCCTTCTACAAAGGGTTCATGCCCTCCTTTCTCCGCTT
E E R 2 F Y K G F M - F L R L
>Construct_3 GAGGGGCCCCGAGCCTTCTACAAAGGGTTCATGCCCTCCTTTCTCCGCTT
E E R 2 F Y K G F M - F L R L
>Construct_4 GAGGGGCCCCGAGCCTTCTACAAAGGGTTCATGCCCTCCTTTCTCCGCTT
E 5 R & F Y K s F M - F L R L
>Construct_5 GAGGGGCCCCGAGCCTTCTACAAAGGGTTCATGCCCTCCTTTCTCCGCTT
E 5 R 2 F Y K S F M - F L R L
840 850 860 870 880

T T A o [Tt A I I
>Construct_l GGGTTCCTGGAACGTGGTGATGTTCGTCACCTATGAGCAGCTGAAACGA

. S W N V V M F V T Y E Q L K R
>Construct 2 GGGTTCCTGGAACGTGGTGATGTTCGTCACCTATGAGCAGCTGAAACGAG
s S W N V V M F V T Y E Q@ L K R
>Construct 3 GGGTTCCTGGAACGTGGTGATGTTCGTCACCTATGAGCAGCTGAAACGAG
> S W N V V M F V T ¥ E Q L K R
>Construct 4 GGGTTCCTGGAACGTGGTGATGTTCGTCACCTATGAGCAGCTGAAACGAG
. S W N V V M F V T Y E Q L K R
>Construct 5 GGGTTCCTGGAACGTGGTGATGTTCGTCACCTATGAGCAGCTGAAACGAG
s W N V V M F V T ¥ E @ L K R
890 900 910 /920 \ 930
cleeeaonnaloneelonenalonoaloeealonealooa]n-
>Construct 1 CCCTCATGGCTGCCTGCACTTCCCGAGAGGCTCCCTTCTAACTC
A 1L M A A T S R E|&a S
>Construct 2 CCCTCATGGCTGCCTGCACTTCCCGAGAGGCTCCCTTCTAGTAG
A L M A A T S R E|2 R
>Construct 3 CCCTCATGGCTGCCTGCACTTCCCGAGAGGCTCCCTTCTAGTAG
" A L M A A& T S R E|A& R
>Construct 4 CCCTCATGGCTGCCTGCACTTCCCGAGAGGCTCCCTTCIAGTAG
A L M A A T S R E|2 S
>Construct 5 CCCTCATGGCTGCCTGCACTTCCCGAGAGTGTGCTACATAGTAG
A L M A A T S R E LT )

Appendix Figure 1.1: Sequence alignments of HsUCP2 constructs. DNA and protein sequence
alignments of HsUCP?Z constructs, starting from the Sacl restriction site and ending in the stop
codons. To highlight differences in the Kozak sequences, the codon encoding for the amino acid at
position 2 and alterations in the C-terminus, blue, yellow and red boxes are circled around each
respective parameter. Sequences were aligned using Bioedit. Nucleotides are depicted in black,
whilst amino acids displayed underneath each codon are coloured based on the ClustalX colour

scheme (https:/ /www.jalview.org/ help/htmL/colourSchemes/ clustal. htmL).
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Appendix 1.3. Primers designed for HSUCP2 variants
Appendix Table 1.1: Primers designed for the generation of HsUCP2 variants.

Name

DNA sequence (5’2>3’)

Reason for primer design

Primers designed for pYES2 vector (using construct 2 as the backbone DNA)

Construct 3 GGTACCGAGCTCATAATGTTA | Alters the second amino
forward GGTTTTAAAGCAACAGATGTT | acid to leucine
CCACC

Construct 4 GGTAGCTGAGCTCAA4A4AAATG | Produces an adenine-rich

forward GTTGGTTTTAAAGCGG Kozak sequence

pYES2 insert | TAGGGAATATTAAGCTTGGT | To confirm gene insertion

forward ACCGAG into the pYES2 vector

pYES2 insert | TACCTTCGAAGGGCCCTCTAG | following colony PCR

reverse A

pYES2 seq TTCAACATTTTCGGTTTGTAT | Sequencing primers for

forward pYES2 gene inserts

pYES2 seq AACTCCTTCCTTTTCGGTTAG

reverse AG

Primers designed for p MW 172-type vector

pPMW172 GACCACAACGGTTTCCCTCCA | Removal of an internal

SDM forward | GAAATAATTTTGTTTAAAC Xbal site in inherited

PMW172 GTTAAACAAAATTATTTCTGG | pMW172 vector

SDM reverse | AGGGAAACCGTTGTGGTC containing MmUCP1

pMW172 His- | GAGGACATATGCATCATCATC | Adds an Ndel restriction

tag forward ATCATCACGAGCTCATAATGAG | site to the 5’-end of the

TTGGTTTTA protein and a hexa-

histidine-tag in the
encoded protein

pMW172 His- | TACCGGAATTCTAGACTACTA | Adds an EcoRI restriction

tag reverse

GAAGGGAGCCTCTCGGGAAG
TG

site to the 3’-end of the

construct

pMW172

insert forward

TAATACGACTCACTATAGGG
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To confirm gene insertion
into the pMW 172 vector
following colony PCR

pPMW172 GCTAGTTATTGCTCAGCGG
insert reverse

pMW172seq | TGTGTCAGAGGTTTTCACCGT
forward CAT

pPMW172seq | AGGCCCTTTCGTCTTCAAGAA
reverse

Sequencing primers for

pPMW172 gene inserts

Nucleotides that are italicised and underlined highlight changes that have been designed to

incorporate changes in the pYES2 plasmid harbouring the UCP2 gene.
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Appendix 1.4. Production of histidine-tagged UCP standards from bacterial
inclusion bodies

Elution fractions
kDa Total Total A \
Lysate FT Wash Eutionf1 2 3 4 5
200—

150— «

100—
75—

50—

< 6x-His tag

Appendix Figure 1.2: Assessment of histidine-tagged inclusion body purity. Purification
profile of histidine-tagged UCP2 inclusion bodies purified by Ni-NTA chromatography under
denaturing conditions. Coomassie-stained gel (top) and Western blots of Ni-NTA purification
profile, blots were probed using antibodies against UCP2 (middle) and a hexa-histidine tag
(bottom). To determine protein purity, the elution fraction was taken in 2 mL aliquots and
labelled according to when the samples were eluted from the cartridge; for example, elution
Sraction 1 would correspond to the first 2 mL eluate. Coomassie-stained gel shows that a majority
of the protein is eluted after 4 mL, with highly purified UCP2 protein being eluted between

5-8 mL of elution buffer as demonstrated by a single band in the Coomassie-stained gel (top
panel) and Western blots (middle panel). When visualised with hexa-histidine antibody, a
majority of histidine-tagged proteins were seen to be eluted following the first 2 mL elution
(bottom panel). Samples are loaded as a fraction proportional to the total sample volume. ‘Total
lysate’ represents the inclusion body fraction isolated from bacteria following sample clarification

using by centrifugation and a filtration through a 0.2 um filter; F'T represents the ‘flow through’
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fraction, ‘Wash’ corresponds to a wash with slightly acidic pH. The ‘Total Elution’ refers to the

10 mL elution fraction, which is comprised of the individual 2 mL elution fractions.

Protein concentrations of purified inclusion body material were quantified using the
BCA method. To verify that protein concentrations were free from urea
contamination, half-logarithmic protein standards were generated to determine if the

signal on Coomassie-stained gels and Western blots were proportional (see Appendix

Figure 1.3).

Purified UCP2 standards

A

s )
PO O
kba & oSS ROUROPRCIRTY
200+
150+

100—-
75+

50 =
37+~
25+

0T

10-=

200—
150—

100—
75—

50—
37—

» MR

20—
15—
10—

Appendix Figure 1.3: Assessment and quantification of purified histidine-tagged UCP2
protein. Coomassie-stained gels (top) and Western blot (bottom) of histidine-tagged UCP2
protein standards loaded to give a half-logarithmic curve. Protein amounts stated above the lanes
correspond to the protein loaded on the gel. The Coomassie-stained gel shows a single molecular
weight band (top panel), consistent with the size of histidine-tagged UCP2, which is verified by
Western blots (bottom panel). Coomassie-stained gel illustrates that there is a gradual decrease in
protein concentration as a function of protein loaded onto the gel; thereby validating that the
protein concentration obtained following Ni-NTA purification and subsequent urea removal. At
concentrations where protein is undetectable in (ReadyBlue) Coomassie-stained gels (<30 ng

protein/lane), histidine-tagged UCP2 protein was visualised by Western blot using the Millipore

144-157 UCP2 antibody.
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It was crucial to load saturating amounts of protein for Coomassie-staining to assess
UCP2 protein purity. However, high protein loads saturated signals in Western blots,
made it difficult to create linear standard curves for the interpolation of UCP2 protein
expression in our recombinant system. It was therefore essential to optimise the
Western blot procedure to ensure that the detection of the UCP2 standard curve was
not immediately saturating; hence, different combinations of primary and secondary
antibodies were trialled to determine which combination gave the most linear trend

following densitometric analysis (see Appendix Figure 1.4).

Purified UCP2 standards

A

f )
kDa ,50(\%(]9(@\0‘@6(@%(9 \\\Q © Monomeric UCP2
- All UCP2 species
100— 25000- ..
75— = 20000 Combination 1
e 2
g(;_ % 150001 1° Ab = 1:2000
y 10000+ 2° Ab = 1:20,000
o5_ W 2 5000
20— ol
100 — 25000
75— = C
» - 5 200007 . Combination 2
50— ’ < 15000 .
O 100004 ) 1° Ab = 1:4000
37— 2 *
ow = < 50004 S 2° Ab = 1:4000
25— : P
20 = 0 10 2 30
19(5) : 25000-
5 200001 Combination 3
29 < i
23 Frgy 1° Ab = 1:4000
—_ oD o — .
- | 2 5002_ 2° Ab = 1:20,000
20— 0
19g 3 25000
5 20000 Combination 4
50 — S 1eooe 1° Ab = 1:8000
37— 2 2° Ab = 1:20,000
o5 R 5000
20— 0 1I0 2'0 3I0

UCP2 load (ng)

Appendix Figure 1.4: Titration of UCP2 antibodies for optimal Western blot analysis.
Western blots of a UCP2 standard curve (30-1 ng) using different combinations of antibodies
(denoted on the right). Linear standard curves produced following densitometric analysis of
corresponding Western blots. All blots are visualised following 8 minutes exposure using the
ChemiDoc XRS+ system. At high primary antibody concentrations, dimeric species could be

observed at the high end of the standard curve.
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Appendix Table 1.2: Primary and secondary antibody dilutions.

Combination Primary Secondary R’ value
antibody antibody Monomeric | All UCP2
titration titration UCP2 species

1 1 in 2000 1 in 20000 0.993 0.997
2 1 in 4000 1 in 4000 0.982 0.983
3 1 in 4000 1 in 20000 0.986 0.970
4 1 in 8000 1 in 20000 0.982 0.983

Primary antibody refers to the anti-UCP2 Millipore (144-157) antibody, secondary antibody

refers to a goat anti-rabbit HR P-conjugated antibody by Millipore (AP123P). UCP2 standard

curves from Appendix Figure 1.4 were plotted using densitometry values obtained following

incubation with different antibody combinations (as described in second and third columns), for
both monomeric (33 kDa) and all UCP2 protein species (all signals). Little difference is observed
in terms of linear curve fitting, as evidenced by calculated R’ values, hence combination 4 (1 in

8000 primary antibody incubation, followed by 1 in 20,000 secondary antibody) was utilised in

subsequent Western blots.
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Appendix 2 (Chapter 3)
Appendix 2.1. Results from preliminary UCP2 expression trials

Appendix Table 2.1: Cell growth of yeast cells transformed with HsUCP2 construct.

Yeast Optical density (ODspnm)
strain Selective YPL growth culture
lactate starter Pre- 4h 6h 8h
culture induction
(Oh)
W303-1B 0.95 0.05 - - -
FGY217 3.60 1.65 3.30 4.30 5.15

ODyy values taken from preliminary protein expression trials conducted with W303-1B and

FGY217 cells transformed with HsUCP2 (construct 2). Expression was conducted based on

UCPI expression protocols (177, 178), whereby single colonies were inoculated into selective

lactate media supplemented with 0.1% (w/v) glucose prior to inoculation into 50 mL YPL

media. Following 16/ 17 hours growth in YPL, cultures are induced with 1% (v/v) galactose (0

hrs) and following 4-, 6- and 8-hours protein expression. ODgyy values of selective lactate starter

cultures were taken immediately prior to inoculation into 50 mL YPL growth media. ODjy

readings are representative of cell growth prior to induction (0h) and following 4-, 6- and 8-hours

galactose addition. Since W303-1B cells struggled to grow in selective pre-culture following

overnight growth on YPL, these cells were not taken forward for further expression trials.
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Appendix Figure 2.1: Determination of recombinant UCP2 protein expression in yeast
system. A) Representative Western blot of a human uncoupling protein 2 expression trial, probed
with the anti-UCP2 probe provided by Abcam (ab97931) and the corresponding blot stained with
Coomassie Blue stain to visualise total proteins following transfer and immunoblot visualisation
(B). Samples were taken prior to induction with 1% galactose (Oh), and 2-, 4-, 6- and 8-hours
Sfollowing induction, times above blots indicate sample collection following galactose induction.
The Western blot image highlights the inefficiency of the Abcam antibody in detecting UCP2
protein in our expression system. To exclude the notion that the lack of signal in Western blots
could be attributed to inefficient protein transfer from the SDS-PAGE gel onto the PVDF

membrane, the blot was irreversibly stained with Coomassie Blue stain, subsequently showing
whole protein detection on the blot.
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Appendix 2.2. Initial UCP2 solubilisation tests

A Standard buffer Salt/glycerol buffer B 2% 12MNG 4% 12MNG
o o o o Standard S/IG Standard SIG
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Appendix Figure 2.2: Investigating UCP2 solubility under different solubilisation
conditions. A) Western blots of (construct 3-expressed) UCP2 solubilisation fractions, following
treatment with mild, non-ionic detergents, 12MNG and DDM. B) Western blots of (construct 3-
expressed) UCP2 solubilisation fractions treated with 4% detergent with samples mixtures
solubilised in different buffers. Samples were resuspended either in ‘standard buffer’ (50 mM Tris
HCI (pH 8.0), 0.65 M D-sorbitol) or ‘salt/glycerol buffer’ (100 mM Tris HCI (pH 8.0), 10%
(v/v) glycerol, 150 mM NaCl supplemented with a protease inhibitor tablet) as indicated above
lanes (‘salt/glycerol buffer’ is abbreviated to ‘S/G buffer’ in B). Samples were loaded
proportional to the total volume and labelled as: T - total protein; S — solubilised supernatant; P

— insoluble pellet.
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Appendix 2.3. Large-scale protein expression trials
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Appendix Figure 2.3: Preliminary large-scale expression trial using the Drew protocol with
2% glucose starter cultures. A) Cell pellet weights obtained per litre of culture following 22 hours
protein expression. B) Western blots quantifying UCP2 expression following 22 hours induction,
10 ug yeast mitochondrial membranes were loaded onto each lane, with membranes isolated from

cells grown using the UCPI protocol loaded for comparison (‘UCPI protocol (YPL)’ lane).

Expression protocol Drew et al. (2008) Prolonged expression protocol 1
Growth media YPL YPD (0.1% glucose)
Starter media 0.1% glucose | 1% glucose 0.1% glucose | 1% glucose
kDa 12MNG DDM [12MNG DDM 12MNG DDM [12MNG DDM
37 —

G [ —
25 —

Appendix Figure 2.4: Testing UCP2 solubility using membranes derived from large-scale
expression trials. Solubilisation screens were conducted with membranes isolated from cells that
demonstrated optimal growth and UCP?2 expression. Western blots show solubilised supernatant
fractions obtained from cells grown either on YPL growth media using the Drew protocol (left) or
in YPD (0.1% glucose) growth media using prolonged expression protocol 1 (right), with glucose
concentration used in the starter culture shown above. Membranes are solubilised in either 4%

12MNG or 4% DDM as stated above lanes, with samples fractionally loaded onto the gel.
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Appendix Figure 2.5: Large-scale expression trial of cells grown using a variation of

“Prolonged expression protocol 1. A) Schematic of large-scale expression protocol using a

variation of the “Prolonged expression protocol 17, the key difference being prolonged incubation
(~34 hours) in the 100 mL selective starter culture rather than overnight (16-22 hours) growth,
prior to inoculation into 1 L growth media. B) FGY217 cell growth determined by cell pellet
weights obtained per litre of culture following 22 hours protein expression. Cells are propagated in
selective media (SC-ura) containing either 0.1% (w/v) glucose (black bars) or 1% (w/v) glucose
(grey bars), before further cultivation either in 1 L YPD (0.1% (w/v) glucose) or YPL growth
media. C) Western blot quantifying UCP2 expression following 22 hours induction; in each lane
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10 ug yeast mitochondrial membranes were loaded, with membranes isolated from cells grown

using the UCPI protocol loaded for comparison (‘UCPI protocol 6h’ lane).

2% 12MNG | 2% DDM 4% 12MNG 4% DDM |100ng
kba T S P|T S P T S P|T S P |[UCP2
. 37—
Replicate 1 ”s P o S — .4
4% 12MNG 100ng 4% DDM
kDa T P S ucp2| T P S
Replicate 2 37—
— —— - T —

25—

Appendix Figure 2.6: Inconsistencies in small-scale (150 ul) solubilisation screens. Western
blots of fractions obtained from small-scale (150 ul) solubilisation screens. Membranes were
isolated from cells grown in 0.75% (w/v) glucose from two independent tests, as indicated.
Membranes were solubilised in 2% (w/v) or 4% (w/v) detergent as indicated above lanes. 100 ng
purified UCP2 inclusion bodies are used as a control between blots. Samples are loaded as a
fraction of the total volume and are denoted as T — total proteins; S — solubilised supernatant; P

— insoluble pellet.
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Appendix 3 (Chapter 4)
Appendix 3.1. Results from UCP2 binding trials
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Appendix Figure 3.1: Solubilised fraction binding to TPS resin. Coomassie-stained gel (top)
and Western blot (bottom) of fractions taken from the TPS binding trial. The folded supernatant
fraction was incubated with thiol-reactive (TPS) resin _for an hour, prior to flow through and
three sequential washes with TPS wash buffer (50 mM Tris HCI (pH 8.0), 150 mM NaCl,

1 mM EDTA), followed by elution with 150 mM DTT. The resin was resuspended in distilled
water (“TPS-Resin”), and then stripped with 1% (v/v) SDS to elute any strongly bound proteins
(“TPS-Resin strip”). Samples are loaded as a proportion of the total volume, the “TPS-Flow

through” fraction is representative of the flow through fraction followed by a 20 mL chase with
TPS wash buffer.
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Appendix 3.2. Results from S+Q TP purification trials
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Appendix Figure 3.2: CPM thermostability assays of purified samples following HsUCP2 purification trials, conducted with purified native OaUCPI
as a control. Fluorescence (top) and first derivative (dF/dT) (bottom) traces of CPM assays conducted with native OaUCPI and HsUCP2. HsUCP2 samples
were obtained from purifications from different conditions — enriched, alkali-treated membranes (4); under mild conditions with the ion exchange part
conducted at pH 8.0 (B) or pH 9.6 (C); mild conditions with cell lysates treated with 1 mM ADP during mitochondrial membrane isolation (D) and UCP2
derived from WBI12 mitochondrial membranes (E). In all experiments, 2 ug of purified protein sample was used per run.
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Appendix Figure 3.3: Chromatograms of unconcentrated samples from S+Q TPA
purifications in mild alkali pH. A-B) Chromatograms (bottom panels) of size exclusion runs
using unconcentrated eluates from post PD10 samples from S+Q TPS purifications, with
samples resuspended in 20 mM Tris HCI (pH 8.0) (A) or 20 mM piperazine (pH 9.6) (B).
Western blots (top panel) taken from corresponding SEC runs; lanes are labelled to match the
fractions taken; the void peak was taken at 9 mL elution volume. Samples are loaded in

proportion to the fraction volume collected by the AKTA.
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Appendix Figure 3.4: S+Q TPA purification using membranes pre-treated with ADP.

Coomassie-stained gel (A) and Western blots (B) monitoring HsUCP2 and ScAAC protein in

S+Q TPA purification of total, ultracentrifuged membranes. Crude membranes underwent

large-scale membrane isolation in the presence of I mM ADP to destabilise yeast AAC

protein. Gel samples are loaded as a fraction proportional to the sample volume. C)

Fluorescence (top) and derivative (bottom) traces from CPM thermostability assay runs using

the final purified sample from the corresponding S+Q TPA purification. CPM assays were

conducted with 2 ug of purified protein in the absence or presence of I mM CATR, 1 mM
GDP and 1 mM aspartate to detect AAC- and UCP2-dependent thermal shifts, respectively.

Native OaUCPI was used as a control (see Appendix Figure 3.2D for trace with OaUCPI).
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Appendix 3.3. Results relating to HSUCP2 construct 5

Construct 1 Construct 5 Ur(c?)zl:ol
kDa oh 6h 220 |oh  en  22hlen 0.5% DDM 0.5% 12MNG
75— kba T P S| T P S
i 37—,
50— : §
A

37— —| - 25— o W -
25

Appendix Figure 3.5: Expression and solubilisation tests of the construct 5 (HsUCP2
variant with a UCPI-like C-terminus). A) Small-scale (50 mL) expression trial of construct
5, grown and expressed as outlined in “Prolonged expression protocol 3 (see Chapter 3 for
details). Cells transformed with construct 1 was used as a control for protein expression.
Western blot analysis shows that construct 5 produces similar levels of protein to that of
construct 1. UCP2 protein produced as outlined in the UCPI expression protocol were loaded
as a control (‘UCPI protocol 6h’ lane). In each lane, 10 ug mitochondrial membranes were
loaded onto the gels. B) Preparative solubilisation test fractions show that a large portion of
the construct 5 variant can be solubilised in the presence of mild, non-ionic detergent,
consistent with previous preparative solubilisation trials (see Figure 3.10 and Figure 4.1).

Samples are loaded onto the gel as a proportion of the total sample.
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Appendix 3.4. Results from WB12 expression trials

| 24n,30°C, | 22n,30°C,
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37—
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Appendix Figure 3.6: Small-scale WBI12 expression screen of HsUCP2 protein following

prolonged expression protocol 3 (as outlined in Chapter 3). A) Schematic of small-scale

(50 mL) WBI2 expression screen following “Prolonged expression protocol 3" with some

adaptations. Cells are initially propagated in selective glucose starter culture, before 24-hour

growth in 50 mL growth media supplemented with either 0.75% glucose or 2% raffinose
(YPR), followed by 22-hour induction with 1% galactose. B) Western blot of isolated
mitochondria samples obtained from WBI12 UCP2 expression trial, following induction with

galactose (0h); times indicated above lanes represent time cells were harvested following

galactose addition. FGYZ217-derived membranes were loaded to compare protein expression

levels (‘(FGY217 22k’ lane). 10 ug mitochondrial membranes loaded onto the gel.
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Appendix Figure 3.7: Small-scale WBI12 expression screen of HsUCP2 protein following
an adapted UCPI expression protocol. A) Schematic of small-scale WBI2 expression screen
Sfollowing adapted UCPI expression protocols (177, 178). Single colonies are propagated
overnight in 10 mL selective glucose media before inoculation into 50 mL YPD media (0.75%
glucose) media for 16/ 17 hours. Protein expression was induced with 1% galactose for 22
hours. B) Western blot of isolated mitochondria from WBI12 expression trial as outlined
above; times above lanes are representative of time after galactose addition (Oh). FGY217-
derived membranes were loaded for protein expression comparison. 10 ug mitochondrial

membranes loaded onto the gel.
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Appendix Table 3.1: Table summarising purified protein yields from UCP2 S+Q TP

purifications.
Purification [Protein] | Total | Amount of Protein
Condition (mg/mL) | protein | membranes used purified per mg
yield for purification membrane (%)
(mg) | (mg)
320 mg alkali-
Standard UCP1 washed membranes 0.06
purification as 0.38 0.190 | (760 mg total (0'03)
described by (19) untreated '
membranes)
Buffer-exchange by
ultracentrifugation
375 mg total
(pH 9.6).
1.24 3.250 | untreated 0.87
Ton exchange
membranes
conducted at pH
9.6
Buffer-exchange by
ultracentrifugation
375 mg total
(pH 8.0).
1.30 3.090 | untreated 0.82
Ton exchange
membranes
conducted at pH
8.0
250 mg total
Pre-treatment with membranes (pre-
ADP* (pH 8.0) treated with 1 mM
*during preceding 0.68 1.700 | ADP in preceding 0.68
membrane large-scale
isolation step membrane isolation
step)
. 193 mg total
WBI12-derived
0.61 1.525 | untreated (WB12) 0.79
membranes
membranes
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Appendix 4 (Chapter 5)
Appendix 4.1. Liposomal reconstitution of purified UCP2

A

1 2 +Valinomycin 3 4 +CCCP

K* K* H‘\ K*
: , . High /

~__ High K-salts - : % High K-salts H+%H@h K-salts e H* K-salts

) TES TES TES-H

)

;,’A’
=0 1 1 TES-H
Ie-sSPQ He-SPQ He-SPQ #H-SPQ
—~ | +Valinomycin +CCCP
=
= | |
8 TES-H + #-SPQ
@
(3
()
o
o
=}
(T
Time (s)
B UCP1 UCP2
— Control — Oleic — Control — Oleic + GDP
o . — GDP — Aspartate
GDP Oleic + GDP — Oleic — Aspartate +GDP
50- 50+
+CCCP
+Val l
T oA T
= =
£ £
-50- -50-
0 50 100 150 0 S l5I0' - l1(l)0l a .150
Time (s) Time (s)

Appendix Figure 4.1: SPQ flux assays, principles and representative traces. A) Schematic
of SPQ flux assay as described by Orosz and Garlid (1992) (191). Formed liposomes
reconstituted with either UCP1 or UCP2 purified samples are encapsulated with SPQ dye

that is quenched in the presence of the TES ~anion (top panel), represented by low fluorescence
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in experimental traces (bottom panel) (step 1). Upon addition of the potassium ionophore,
valinomycin, a membrane potential is generated due to differences in potassium concentration
in and out of the liposomes. The membrane potential generated following valinomycin
addition provides a route for UCP-meditated proton transport into the liposomes, which is
shown by an increase in fluorescence in traces as protons interact with the TES ~anion,
consequently removing the quenching effect exerted on SPQ (step 2). Charge transfer continues
and reaches a steady state (step 3). Addition of the protonphore, CCCP, allows for continuous
proton cycling across the liposomal membrane, revealing the total proton transport capacity of
the system, which is illustrated by a steep increase in fluorescence (step 4). B) Normalised
traces of HsUCPI and HsUCP2 liposomes, in the absence or presence of various ligands as

indicated.

;5 <UCP2
20—
15—
10—

Appendix Figure 4.2: Western blot showing HsUCP2 liposome fraction without purified

inclusion body standards.
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Appendix 4.2. Oxygen consumption assays

Appendix Table 4.1: Summary table showing RCR values for HsUCP1 and HsUCP2

mitochondria.
Experiment | Replicate UCP1 UCP2
Uninduced Induced Uninduced Induced
1 1 1.1 1.5 2.1 1.4
2 2.3 1.6 1.8 1.7
3 1.4 1.4 1.9 1.7
2 1 1.3 2.0 2.1 1.9
2 2.3 1.9 1.6
Average RCR: 1.5 1.8 2.0 1.7
S.E.M: 0.31 0.16 0.06 0.09
p-value: 0.46 0.02
Significance? ns *

RCR values were calculated by dividing the oxygen consumption rate obtained in the
uncoupled state (i.e. in the presence of NADH and FCCP), by the rate obtained in state 2
respiration (i.e. with NADH alone). Error is presented as S.E.M. Statistical analysis between

uninduced and induced mitochondria was conducted using t-tests, *p<0.05.
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Appendix Figure 4.3: Differences in rates for induced and uninduced mitochondria.
Oxygen consumption rates of mitochondria either devoid (uninduced) or containing (induced)
HsUCPI protein. Rates are normalised to 0.5 mg/mL protein (top panel) and to the FCCP-
uncoupled rate (bottom panel). A) Addition of two substrates (3 mM NADH, followed by

1 mM succinate) were tested to determine if there were limitations in proton transport in the
respiratory chain. B) Addition of oligomycin (1 ug/mlL) was tested to determine potential
proton leak activity by ATP synthase. In all experiments, 1 mM FCCP was added to

determine the maximal rate of proton leak of the mitochondria. Graphs are representative of

one repeat.
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Appendix Figure 4.4: Quantification of HsUCPI in induced and uninduced
mitochondria. A) Western blots quantifying human UCPI expression in yeast mitochondria
using purified bacterial inclusion bodies as protein standards. UCPI protein was probed using
either the Sigma UCPI (U6382) (top panel) or the Abcam (155117) antibody (bottom panel)
at the antibody dilutions stated. B) The Western blot probed with the Abcam 155117
antibody was used for UCPI quantification. The signal obtained was interpolated against a
UCPI standard curve. UCPI content was calculated as a percentage of mitochondrial protein

(see table for values).
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Appendix Figure 4.5: Oxygen consumption rates of UCPI- and UCP2-containing
mitochondria (top panel), with corresponding traces (bottom panel). Oxygen consumption
rates of mitochondria, containing HsUCPI (A) or HsUCPZ (B) protein. Rates are normalised
to 0.5 mg/mL protein. For all experiments, mitochondria were energised with 3 mM NADH
to induce state 2 respiration, prior to addition of 6 uM oleic acid to induce UCPI-mediated
uncoupling activity. 100 uM GDP was added to inhibit UCPI1-mediated proton leak and

1 mM FCCP was added to allow for maximal uncoupling activity. Graphs are representative

of one experiment, with the corresponding traces shown below.
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Appendix 4.3. CPM assay results

Appendix Table 4.2: Triplicate values for apparent protein T,s HsUCPI CPM assay

experiments in the presence of ADP

Apparent T, (°C)
Condition | [ADP] Adjusted | Signi-
Repeat | Repeat | Repeat S.EM
(uM) Mean p value | ficant?
1 2 3
0 (No
, 46.5 50.3 50.5 49.1 1.30
ligand)
0.1 47.8 50.5 51.0 49.8 0.99 >0.9999 ns
pH 6.0 1 50.7 53.5 55.5 53.2 1.39 0.5718 ns
10 60.5 61.3 63.5 61.8 0.90 <0.0001 K
100 65.7 68.0 68.0 67.2 0.77 <0.0001 K
1000 68.2 70.8 72.5 70.5 1.26 <0.0001 K
0 (No
. 43.2 46.0 50 46.4 1.97
ligand)
0.1 42.8 46.5 47.8 45.7 1.50 0.9978 ns
pH7.5 1 43.7 47.3 49.8 46.9 1.77 0.9994 ns
10 45.3 49.5 50.3 48.4 1.55 0.8244 ns
100 49.0 52.0 52.2 51.1 1.03 0.0785 ns
1000 63.0 47.3 63.0 63.0 0.00 <0.0001 K
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Appendix Table 4.3: Triplicate values for apparent protein T,s HsUCPI CPM assay

experiments in the presence of GDP

Apparent T, (°C)
Condition | [GDP] Adjusted | Signi-
Repeat | Repeat | Repeat S.E.M
(uM) Mean p value | ficant?
1 2 3
0 (No
. 48.5 50.5 50.0 49.7 0.60
ligand)
0.1 50.0 51.3 50.5 50.6 0.38 >0.9999 ns
pH 6.0 1 51.5 53.2 52.5 524 | 0.49 0.0794 ns
10 57.7 61.0 60.5 59.7 1.03 <0.0001 K
100 62.0 65.5 65.0 64.2 1.10 <0.0001 K
1000 67.0 69.3 68.0 68.1 0.67 <0.0001 K
45.3 49.5 47.7 47.5 45.3 1.22
47.0 48.8 47.7 47.8 47.0 0.52 >0.9999 ns
75 48.0 49.5 48.5 48.7 48.0 0.44 0.9772 ns
pE s 49.7 51.0 50.2 50.3 49.7 0.38 0.5259 ns
51.2 52.5 52.3 52.0 51.2 0.40 0.0965 ns
60.2 59.7 60.8 60.2 60.2 0.32 <0.0001 K

Apparent protein T,,s obtained from CPM assay experiments conducted in 20 mM bis-Tris
(pH 6.0) or 20 mM HEPES (pH 7.5) + 0.1% 12MNG in the absence and presence of ADP or

GDRP. Value in red is excluded from calculations to obtain the average apparent melting

temperature. Error is calculated as S.E.M. Statistical analysis was conducted using one-way

ANOVA, * p<0.05, **p<0.01, ***p<0.001. Refer to Figure 5.2 for graph.
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Appendix 4.4. Gel blot protein thermostability assay development

PEG-Maleimide

Maleimide moiety

Ethylene glycol $ S/

2-or 5 kilodalton
species

Appendix Figure 4.6: Structures of CPM and PEG-Mal-2K and reaction of maleimide
moiety with the sulfhydryl moiety in the cysteine side chain.
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Appendix Figure 4.7: pH sensitivity of PEG-Mal-2K. Western blots of UCPI-containing
mitochondrial membranes reacted with PEG-Mal-2K under native (folded) and SDS-
unfolded conditions. Under folded conditions, mitochondria were either “untreated” or
solubilised with 0.1% DDM, whereas in denatured conditions, samples were treated with 1%
SDS in the absence or presence of DDM. Experiments were conducted on ice at pH 6.0, pH
7.0, and pH 8.0 as indicated, times above the lanes represent the incubation time with PEG-
Mal-2K, with the “Unlabelled” lane representative of samples devoid of PEG-Mal-2K.

~3.3 ug of isolated mitochondria was loaded into each lane. Images displayed are unprocessed
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Appendix Figure 4.8: Differences in PEG-Mal-2K labelled signals between thermally
and chemically denatured proteins. Western blot of preliminary UCPI gel blot protein
thermostability assay conducted at 30°C to 80°C in the presence of PEG-Mal-2K, with
mitochondria solubilised in the presence of 0.1% DDM. The final lane, “SDS-treated +
80°C” are representative of samples pre-treated with 1% SDS prior to incubation with PEG-
Mal-2K and then heat treated at 80°C. Temperatures tested are indicated above lanes, the
“Unlabelled” lane does not contain PEG-Mal-2K and was kept at 4°C. Each lane is loaded
~3.3 ug of isolated mitochondria.
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Appendix Figure 4.9: Modelling densitometric signals from UCPI gel blot protein
thermostability profiles with inverted Boltzmann sigmoidal curves (A) and following
normalisation to track relative change (B). Data points are obtained following densitometry
analysis of UCPI gel blot protein thermostability assay experiments conducted at pH 6.0 in
the absence of ligand, with inverted Boltzmann sigmoidal curves fitted to generate an apparent
protein T,. A) Graphs showing raw arbitrary units obtained from densitometry analyses,
plotted as a function of temperature. Variation in raw chemiluminescent signals between blots
resulted in differences in calculated protein T,s (see Appendix Table 4.4), hence a form of
normalisation between blots was required. Densitometric data was normalised to the average
signal obtained from the first two lanes containing PEG-Mal-2K, as these fractions represents
folded protein as samples are incubated at temperatures that would be considered
thermostable. B) Graphs plotted using normalised data as described. For both plots, 3 repeats
are shown with densitometry values from different 1-minute and 5-minute exposure times

plotted.
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Appendix Table 4.4: Apparent protein T,s obtained from inverted Boltzmann sigmoidal

curves.
Repeat Blot exposure Apparent melting temperature (°C)

time (min) Densitometry data Normalised data

; 1 51.04 51.44

5 55.81 56.22

5 1 34.49 42.23

5 33.08 43.78

3 1 51.68 52.97

5 54.22 52.54

Melting temperatures are estimated from densitometry data before and after normalisation to

give the fractional change in signal associated with the temperature change. Tests both include

1- and 5-minute blot exposure times. Thermostability experiments were conducted with

HsUCPI-containing DDM-solubilised mitochondria in the absence of ligand at pH 6.0.
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Appendix Figure 4.10: Western blot replicates of gel blot protein thermostability assay for HsUCPI1 samples. Chemiluminescent images of replicate blots
obtained from the gel blot protein thermostability shift assay obtained using 0.1% DDM-solubilised HsUCPI-containing mitochondrial membrane samples,
in the absence or presence of I mM GDP or I mM ADP, as indicated. Experiments were conducted at pH 6.0 or pH 7.5. Lanes represent the incubation
temperature of the samples, with the “Unlabelled” lane representative of samples incubated at 4°C in the absence of PEG-Mal-2K; ~3.3 ug of isolated
mitochondria was loaded into each lane. Images displayed are unprocessed chemiluminescent images. Densitometric analysis was conducted on all blots to
produce thermal denaturation curves, from which an apparent T,, could be obtained (refer to Figure 5.8).
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Appendix Table 4.5: Apparent T,s obtained from gel blot protein thermostability assay

Jfrom HsUCPI samples.
Apparent T,s (°C)
. Signifi-
pH | Condition Repeat | Repeat | Repeat S.E.M | p value
Mean cant?
1 2 3

. No ligand | 56.22 | 43.78 | 52.54 | 51.0 3.80
I(Z 0 +GDP 73.26 | 73.27 | 73.97 | 73.5 0.23 0.0036 **

' +ADP 79.41 | 79.84 | 7597 | 78.4 1.21 0.0021 **

. No ligand | 53.01 | 52.46 | 52.98 | 52.8 0.17
I; s +GDP 69.00 | 69.11 | 71.06 | 69.7 0.68 | <0.0001 wkk

' +ADP 74.20 | 79.29 | 69.89 | 74.5 2.72 | 0.0014 **

Apparent protein T,s of 0.1% DDM detergent-solubilised HsUCPI mitochondrial membrane
samples, obtained from three independent gel blot protein thermostability assay experiments
in the absence or presence of 1 mM ADP or 1 mM GDP. Error shown as the S.E.M shown,
statistical analysis performed using a Student’s t-test (*p<0.05, **p<0.005, ***p<0.001).

Refer to Figure 5.8B for graph.
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Appendix Figure 4.11: Initial results obtained for HsUCP2 gel blot protein
thermostability assay. Chemiluminescent image of an initial attempt applying UCP2
samples with the gel blot protein thermostability assay using conditions tested for UCPI.
Experiments were conducted at pH 6.0 with DDM-solubilised samples incubated between
30°C to 80°C; with temperatures tested indicated above lanes. The “Unlabelled’ lane, which
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is devoid of PEG-Mal-2K, represents the total protein fraction and was kept at 4°C. Each lane
is loaded ~3.3 ug of isolated mitochondria.
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Appendix Figure 4.12: Differences in UCP2 signal obtained in the presence of DDM and
12MNG. A) Western blots of UCP2 gel blot protein thermostability assay experiments
conducted at 5°C to 65°C, with mitochondria solubilised in the presence of 0.1% DDM or
0.1% 12MNG as indicated. Temperatures tested are indicated above lanes; the “Unlabelled”
lane does not contain PEG-Mal-2K and was kept at 4°C. Each lane is loaded with ~3.3 ug of
isolated mitochondria. B) Inverted Boltzmann sigmoidal curves of normalised densitometry
data (left panel), from DDM- and 12MNG-solubilised blots; apparent protein T,s are

summarised in the table.
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Appendix Figure 4.13: Western blots of gel blot protein thermostability assay for HsUCP2 samples. Chemiluminescent images of replicate blots obtained
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from the gel blot protein thermostability assay obtained using 0.1% 12MNG-solubilised HsUCP2-containing mitochondrial membrane samples, in the

absence or presence of 1 mM GDP or I mM ADP, as indicated. Experiments were conducted at pH 6.0 or pH 7.5. Lanes represent the incubation temperature

of the samples, with the “Unlabelled” lane representative of samples incubated at 4°C in the absence of PEG-Mal-2K; ~3.3 ug of isolated mitochondria was
loaded into each lane. Images displayed are unprocessed chemiluminescent images. Densitometric analysis was conducted on all blots to produce thermal
denaturation curves, from which an apparent T,, could be obtained (refer to Figure 5.8).
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Appendix Table 4.6: Apparent T,s obtained from gel blot protein thermostability assay
Srom HsUCP2 samples.

Apparent T,s (°C)
. P Signifi-
pH | Condition | Repeat | Repeat | Repeat S.EM
Mean value | cant?
1 2 3
- No ligand | 36.38 | 35.58 | 39.97 37.3 1.35
16) 0 +GDP 36.26 | 40.47 | 29.88 35.6 3.08 | 0.626 ns
' +ADP 35.39 | 35.88 | 46.75 39.3 3.72 | 0.162 ns
- No ligand | 40.17 | 46.17 | 35.02 40.5 3.24
17) s +GDP 32.99 | 37.80 | 31.09 34.0 1.99 | 0.634 ns

+ADP 4144 | 37.01 | 37.64 | 38.7 1.38 | 0.643 ns

Apparent protein T,,s of 0.1% 12MNG detergent-solubilised HsUCP2 mitochondrial
membrane samples, obtained from three independent gel blot protein thermostability assay
experiments in the absence or presence of I mM ADP or 1 mM GDP. Error shown as the

S.E.M shown, statistical analysis performed using a Student’s t-test. Refer to Figure 5.8B for
graph.
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Appendix Figure 4.14: Sequence alignment of human UCP1, UCP2 and UCP3. Multiple
sequence alignment of human UCPI, UCP2 and UCP3, aligned using MUSCLE sequence

alignment in Jalview. Residues are coloured based on their physiochemical properties:

positively charged residues are in blue; negatively charged residues in red; polar amino acids

are shown in green; hydrophobic amino acids in pink; aromatic residues are in orange; helix-

breakers (glycine and proline) are depicted in magenta and cysteine is shown in yellow.

Mitochondrial carrier structural features are annotated above the sequences: ‘m’ denotes key

residues of the matrix salt-bridge network, with the Q brace depicted as ‘Q’; ‘c’ represents

charged residues of the cytoplasmic salt-bridge network, with the Y brace shown as ‘Y.

Residues that interact with cardiolipin headgroups are shown as an asterisk (*). Residues of

the substrate binding site are illustrated as ‘I’, ‘II’ and ‘III’, representing contact points on

helix 2, 4 and 6, respectively, as outlined by Robinson and Kunji (2006) (136).
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