University of

Strathclyde

Glasgow

Probing the Biology of Zinc AlphazGlycoprotein

Justin Greig

Thesis submitted in fulfilment of the requirements for the Degfé&&octor of
Philosophy
2024
Strathclyde Institute of Pharmacy and Biomedical Sciences

University of Strathclyde



Authors Declaration

This thesis is the result of the author o6s

and has not been previously submitted for examination which has led to the award of a degree.

All experimental,in silico and imaging work irthis thesis was performed by the candidate
unless otherwise stated.

The copyright of this thesis belongs to the author under the terms of the United Kingdom
Copyright Acts as qualified by the University of Strathclyde Regulation 3.50. Due
acknowledgment ost always be made of the use of any material contained in, or derived from
this thesis.

Signed:J C Greig

Date:06/11/24

(0]

f



Page of Declaration

Thisthesis includes material from the following pubésipaper:

8 Minireview

New insights into lipid and fatty acid metabolism from Raman
spectroscopy

Justin C. Greig, William J. Tipping, Duncan Graham, Karen Faulds and Gwyn W. Gould

Raman microscopy can reveal metabolic signatures and heterogeneity at the single cell level.

Visualising lipid metabolism

W2,
N %
' e
Raman ;. > Lipid ad
microscopy e droplet >4
"o »
00000
v Label-free detection v'Metabolite tracking
v Compositional analysis v High resolution
v Live-cell imaging v Lipid heterogeneity

From the themed collection: Analyst Review Articles 2024

The article was first published on 05 Sep 2024

Analyst, 2024,149, 4789-4810 _
https://doi.org/10.1039/D4AN00846D Download PDF - RECgiid s

Citation: Analyst 2024149, 47894810

Link to Published Articlehttps://doi.org/10.1039/D4AN00846D

Sections irthesis:

5.0 Developinga Workflow to Study Adipocyte Heterogeneity Using Stimulated
Raman Spectroscopy

Permission: This article ismcluded, in part, in this thesis with permission frAmalyst

The original source has been attributed as required by the publisher.



https://doi.org/10.1039/D4AN00846D

Abstract

Zinc Alpha 2-Glycoprotein AZGP1ZAG) is a ~40-kDa singlechain polypeptideprotein
thought to contribute to theegulation of weight and body fat through lipid and glucose
metabolism. In healthy individuals, ZAG exerts a homeostatic effect by inducing lipolysis of
adipose tissue to help reduce fat storage and overall weight. ZAG is upregulated in various
carcinomasgancer patients with upregulated ZAG lose weight rapidly and there is a clear link
between ZAG and cancer cachexia. The crystal structure of ZAG revealed arCMBKC}

like protein fold which has been proposed to act as a potential lipid binding sitetiaé be

i mportant for ZAGOGs function.

The work in this thesis aimed to produceimarsilico docking approach to identify ligand(s)
which may bind this grave, and to understand the key interactions between them and ZAG.
Using PLANTS software and theqgiein visualisation software UCSF Chimera, we identified
candidate ligands for binding in ZAGs pocket that have equalled or outscored previous
identified ligands which can now be incorporated into competition binding assays to test their
affinity for ZAG. In parallel, we developed approaches to produce recombinant ZAG using
bacterial and mammalian expression systems, confirmed their structure using fluorescence
spectroscopy and outline initial work to show that the recombinant protein is functional and
canpromote lipolysis in fat cells.

Because a key target of ZAG action is adipocytes, methods were developed to utilise
Stimulated Raman Scattering (SRS) to provide a workflow that allows for aftabghigh
throughput, single cell analysis to investightderogeneric metabolic activity of adipocytes.
Specifically, the approach described allows measurement of lipid droplet nusibernd
qguantifying glucose metabolism using glucabeWe have demonstrated the validity of our

method in 3T3.1 adipocytesncubated in culture for different periods as a model of adipocyte



hypertrophy.Lastly, we adapted a mitochondrial isolation assay to separate cytosolic and
peridroplet mitochondria from 3FB1 adipocytes.

In sum, this study provided tools and insighthédp progress the knowledge and understanding
of ZAG biology, signalling mechanisms and for the investigation of both phenotypic and

metabolic adipocyte heterogeneity.
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1.0 Introduction

1.1 Cancer, Diabetes and Cardiovasculaid@ase

As of 2015, 2.5 million people in the UK are living with cancer. Since 2001, new diagnosis of
cancer in patients each year has risen by 29%, avidn 390,00(beople newly diagnosed in

2024, and around 167,000 people die of cancer each year irkih@docer can affect various
organs and tissues with different areas presenting a greater mortality rate than other types. For
example, pancreatic cancer patients rarely live beyond 5 years whilst women diagnosed with
breast cancer have an 80% survivat rat 5 years. The area of the body that is diagnosed and
the stage of the cancer at the time of diagnosis are important factors dictating survival rate.
Patients diagnosed at stage 4 had a 48% decreased survival rate at 1 year compared with
patients beingliagnosed at stage 1 (Macmillan Cancer Report., 2019)

Cancer can be classed as a neoplasm, i.e. an abnormal uncoordinated growth of cells that
surmounts the growth of regular cells. The tumour serves no purpose and manipulates the host
to receive its owblood supply and nutrients to continue development. A tumour can be classed
as either benign or malignaf@aba and Céatoi, 2007\ benign tumour is not cancerous. The

cells are well diferentiated and have similarities to the neighbouring ti§Baba & Catoi,

2007) They grow at a slower rate than malignant tumours and the higher differentiation levels
of the cells correlate with thalosver growth(Cifone, 1982) These tumours are nanvasive

and do not have the capacity to metastasise.
is greater, and its level of cell differentiation is lower and does not resemtdartbending
tissue(Angell et al., 2017)Along with these phsiological changes a malignant tumour has

the capacity to invade drmetastasis@Patel, 202Q)Cancer ultimately starts through genetic
damage which can be gained through environmental factors such as carcinogenic chemicals

taken in through smoking or UV light radiation from the gdarayanan et al., 2010; Smith,
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2009) These damaged genes ultimately lead to the underlying mutations resulting in cancer

progression.

Diabetes

In healthy individuals, elevated blood glucose results in glucose beindetradsfrom the
circulation into muscle and fat where it is stored until blood sugar levels fall. Insulin is the
hormone of the fed state; released form the pancreas in response to elevated blood glucose,
insulin triggers peripheral tissues to take up giec Diabetes is a metabolic disease which
results in elevated bloaglucose levels, characterised by a failure of insulin action. There are
two main types of diabetes, type 1 and 2. Type 1 diabetes is amamtme disease in which

your body cannot makidne hormone insulin due to a cetlediated immune response on the

beta cells, resulting in damage and dysfunction wittnpancreafRoep et al., 20218% of

people with Diabetebave type (UK, 2023) Type 2 diabetes underlying mechanism is that
sufficient insulin is produced from the pancreas, but this insulin isetalproduce a typical
response in target tissues; a condition referred to as insulin resistance. Extended periods of high
glucose blood levels can result in long term damage, and associated complications include
retinopathy, nephropathy amdrdiovasculadiseas€UK, 2023) The insulin receptor (IR) is

a transmembrane homodimer comprised of two monomers ; an alpha subunit that sits at the
cell surface exposed to the circulatory system that binds the insulin, and a beta subunit that
resides inside the cell that triggers the alting cascade. When insulin binds, a conformational
change results in tyrosine kinase activity autophosphorylating the receptor. This
phosphorylation triggers the insulin signalling pathway resulting in the translocation of glucose
transporter molecule®ff e.g. GLUT 4 to the cell surface via glucose storage vesicles (GSV)
and exocytosis. These GSVs then dock and fuse with the plasma membrane and facilitate
glucose uptake into the cell.

23



Healthy Type | Diabetes Type Il Diabetes

0
o
® o ® o
o o
Insulin . )
( Glucose ©
Y
r’- um————
Insulin . o ® ¥/ Glucose - . 4
receptor - transporter Desensitized = X=
(GLUT4) insulin
o receptor
@ Insulin binds to receptor @ Glucose entry permitted
® e o °

\
\ ;
\\

%

1

GLUT-4

Exocytosus

Figure 1. 1. The Link Between Insulin and Glucose Homeostasis

Glucose uptake can involve the role of inswlihich recruitsGLUT4 to the membrane surfaaad
facilitates glucose homeostasis. Disruption in insulin signalling results in progression to metabolic
health disorders such as Diabetes. Type 1 Diabetic indigicare unable to produce insulin and
therefore insulin dependent glucose uptake cannot be undertaken resulting in upregulated
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concentrations of glucose in the blood (Hyperglycemia). Type 2 Diabetic individuals can produce
insulin, but the insulin signalljnpathway is faulty. This results in disruption to GLUT4 translocating
to the plasma membrane and again results in hyperglycemia. Healthy regulation of glucose after a meal

is facilitated by this pathway. Figures are adapted from BioRender.
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HealthyGlucoseRegulation

Glycogenesis is the anabolic process through which glucose is converted into glycogen, a
highly branched polysaccharide used for energy storage. This process occurs predominantly in
the liver and muscle tissudblan et al., 2016JHargreaves & Spriet, 2020providing a
mechanism to store glucose during periods of excess intake, saftemameals, ensuring a
supply of energy during times of fasting or increased physical activity. While the fundamental
biochemical steps in glycogenesis are conserved across tissues, the regulation, transport
mechanisms, and physiological roles of glyeognthe liver and muscle differ significantly,
reflecting the specialized functions of these organs in glucose homed@istasist al., 2016)
(Hargreaves & Spriet, 2020)n the liver, glucose is transported into hepatocytes via the
insulinrindependentGLUT2 transportefKarim et al., 2012)which allows glucose to enter
freely in response tdufctuations in blood glucose levels. GLUT2 has a high capacity but a low
affinity for glucosg(Thorens, 2015)ensuring that the liver acts as a glucose buffer after meals,
storing large amounts of glycogen. Once inside the cell, glucog#dsphorylated by
glucokinase to form glucosgphosphate, ady regulatory step in glycogenesis. Glucokinase

is unique to the liver and has a highet ichaelis constant) than hexokinase, allowing it to
respond efficiently to postprandial hyperglycemighout becoming saturatd®e Backer et

al., 2016) In muscle tissue, glucose uptake is more tightly regulated by in@llinose enters
myocytes via insulirsensitive GLUT4 transporterg¢Richter & Hargreaves, 2013yvhich
translocate to the cell membrane in response to insulin signalling. This ensures that glucose is
taken up primarily in the fed state, when insulin levels are high. Once internalizedegisico
phosphorylated by hexokinase, which has a lowethan glucokinase, allowing muscle cells

to rapidlyutilize glucose even at lower concentrati¢Ghadt & AlFHasani, 2020)Glycogen

stored in muscle serves as a localized energy reserve for contraction and ATP production
during exercise. Unlike the liver, muscle lacks glueégdosphatase, preventing it from
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releasing free gltose into the bloodstream; thus, muscle glycogen is reserved for intracellular
use during physical activity. The purpose of glycogen storage in these two tissues reflects their
distinct roles in metabolism. Liver glycogen acts primarily as a buffer fodajtucose levels.

During periods of fasting or between meals, glycogenolysis (the breakdown of glycogen) in
the liver releases glucose into the bloodstream, maintaining glucose homeostasis and providing
a continuous supply of energy, particularly for gisedependent tissues like the brain. In
contrast,muscle glycogen is utilized primarily during periods of intense physical activity,
where glucose is rapidly metabolized via glycolysis to meet the immediate ATP demands of

muscle contractiofHargreaves & Spriet, 2020)

1.2  Adipocyte Biology and Their Role in Metabolism

TheAdipocyts Role in GlucoseHomeostasis

When glucose intake exceeds the storage capacity for glycogen, the body diverts excess
glucose toward lipid synthesisa de novo lipogenesis in the adipose tiss(f&meer et al.,

2014) Adiposetissue is a central player in metabolic regulation, governing energy storage,
hormone secretion, lipid metabolism, inflammation, and thermogeflasd & Liu, 2016)

(Kawai et al., 2021)Fenzl & Kiefer, 2014) It functionsprimarily as an energy reservoir,
storing surplus energas triacylglycerts (TAGs) within lipid droplets, which protects non
adipose tissues from harmful lipid accumulation and prevents lipotoxXiCiiazi, 2010)
Adipose tissue can be broadly categorised into two typmte adipose tissue (WAT) and
brown adipose tissue ), which have distinct roles in energy metabolism and glucose
homeostasid/Vhile both tissues store energy in the form of lipids, their physiological functions,
cellular architecture, metabolic activity, and distribution vary significantly, reflectiag th

di stinct contributions to the Dbo(Rogellstalener gy

2014)
27



WATprimarily serves as the bodyds main ener g
triacylglycerols (TAGs). During periods of caloric surplus, white adipocytes accumulate
triacylglycerols which can later be hydrolysed to release fatty acids and glycerol when energy
demand arises, such as during fasting or prolonged physical activity. This mechanisea ensu
that the body has access to energy during periods of deprivatienmajority of WAT is
comprised ofwvhite adipocytesprofessional lipid storing cells that are uniloculabntaining

one large lipid droplet that dominates the majority of the céllnae. This large lipid droplet

allows the cell to store substantial amounts of fat efficiently. White adipocytes are relatively
large cells that can expasignificantly in response to excess nutrient inté&antoro et al.,

2021), enabling the tissue to accommodate increasimergy demand&Vhite adipose tissue

is distributed throughout the body, with prominent depots located subcutaneously (beneath the
skin) and viscerally (around internal organs). Subcutaneougréatides nsulation and
protection against external temperature fluctuations, while visceral fat plays a central role in
metabolic regulationSantoro & Kahn, 2023; Santoro et al., 202Cpnversely, BAT is
comprised of brow or beige adipocytes that are specialised for heat expenttitanagh
thermogenesis. These adipocytes are multilocwdantain multiple lipid dropletsand are

densely packed with mitochondria. It is the iron contained in the high concentrations of
mitochondria that results in the brown appearance of the tissue. These adipocytes are observed
in vast quantities in neworn babies and their thermogenic capabilities maintain body
temperature as netorns cannot shiver to generate heat through musculaityciine
congensus was that as humans aged and géeeability to shiver, humans began to lay down
greater volumes of WAT and dispense of the BA&e et al., 2013)However, it appears the
ambient temperatures at which we have been imagitgntaduring MRI or CT scans do not

pick up these tissues and when temperatures have been dropped to 20 and even 10 degrees
Celsius,BAT is observed in adult@londin et al., 2014)BAT is primarilylocated in specific
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regions, including the interscapular area (between the shoulder blades), around the neck, and
along the spinal cordnd its role in metabolism amdncer achexia progression is discussed

later in1.3 Zinc Alpha 2Glycoprotein.
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Figure 1. 2. Overview of Adipose Distribution and Function

Adipose tissue has many depots in the body and can be broadly categorised into two classes; White
Adipose Tissue (WATand Brown Adipose Tissue (BAT). WAT is comprised of white adipocytes and
their primary function is for lipid storage as energy reserves. They reside as depots under the skin

(subcutaneous) and in the abdominal regions around organs (visceral). BAT issedngbrbrown
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adipocytes and their primary function is for energy expenditure by thermogenesis. These depots are

found closer to the nervous system at the head, neck and Eigimes are adapted from BioRender.
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Traditionally, adipose tissue was thoudbtonly function as storage for energy reserves.
However, this complex tissue is now classified as an organ due to its metabolic,
endocrinological and immunological functiofkershaw & Flier, 2004)Despite being classed

as an organ, adipose tissue exhibits a great deal of plasticity in its phenotype and metabolic
activity. Adipose tissue is primarily composed of adipocytes, spedalés that store excess

fatty acids and lipids through esterification and storing them as triacylglycerides in lipid
droplets However like all organs, the function of this tissue can become dysregulated in
disease and in can be influenced by envirortaidiactors. The optics surrounding fat are
negative, with the focus on it contributing to diseases such as obesity and diabetes. However,
adipose tissue is essential and its importance is demonstrated by the mutation in a gene called
CIDEC( Ganeva et al ., 2 0 2 3 ; IndiRdudls with tilsanuatobmse et a
unable to generate adipocytes that can expand their storage capacity for the intake of fatty acids
and lipids in the diet. Therefore, these circulating fatty acidsipiuts Ideposit in other tissues

and organs such as skeletal muscle and liver in the form of lipid droplets that in turn lead to
disease such as hepatic steat(®sén et al., 2013; Byrne & Targher, 201%his exenplifies

the critical role adipocytes play. This of course is an exaggerated phenotype, however, is
mirrored when we look at diseases such as ob@ién et al., 2013; Byrne & Targher, 2014)

and diabetegCusi, 2010; Fryk et al., 2021Primary adipocytes in humans can expand to
upwards of ~300 em. At this point, adipocyte
of disposal of circulating fatty acids and lipid® abserved with obese subje@usi, 2010)

that have been observed in the mutated CideC patieRst bi o Cabez.aldws, et al
adipose tissue is essential, but the expansion of its lipid droplets beyond capacity leads to
disease(Verboven et al., 2018)There are two methods of expansion for adipocytes;
hyperpasia(Horwitz & Birk, 2023), where adipogenesis results in larger numbers of smaller
adipocytes for lipid storage, and hypertroffhprwitz & Birk, 2023)where already existing
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adipocytes expand. The latter is observed in obesity and is associated with inflammation,
reducel glucose uptake and reduced insulin sensitivity as seen with obesity progressing to type
2 diabetegGustafson et al., 2009; Kim et al., 201B8f well as the variation of droplet size

and number, the location ekcess adipose tissue is important in hgdltkonia et al., 2013)
Subcutaneous fat is storadder the skin whilst visceral is stored around the organs and it is
this adipose depot that has a negative impact on h@alkttkonia et al., 2013)urthermore,

the species of lipid stored in adipose tissue also effects metabolic (Ftallips et al., 2012)
Unsaturated fats a6 eby omeli gienrg dr eédhelad tt h yc H alt
lipoproteins(Mensink & Katan, 1989)Iin contast, saturated fats have negative correlations in
health by upregulating low density lipoproteins that can lead to atherosclerosis, increasing the
risk of stroke and heart diseg®éaki et al., 2021; Phillips et al2012) Thus, despite adipose
tissue being comprised primarily of adipocytes, the overall function of adipose depots are
varied (Tchkonia et al., 2013)This is exemplified further from observations that individual
adipocytes within the tissue exhibit heterogeneity in both morphology and metabolic activity

(Dewal & Wolfrum, 2023; Duerre & Galmozzi, 2022; Kwok et al., 2016)

Dietary FactorsRegulatingMetabolicHealth

Diet plays a pivotal role in shaping metabolic health, with poor dietary choices being a key
driver of obesity, diabetes, and related metabadisorders(Askari et al., 2020; Poti et al.,
2017) Diets high in ultrgprocessed foods are especially harmful, as they are rich in energy
dense but nutrierioor ingredients, particularly saturated f@gillips et al., 2012)Saturated

fats are strongly implicated in the pathogenesis of obesity and diabetes, primarily due to their
effects on energy balance and metabolic regulation. The high caloric density of sdaisated
promotes excessive caloric intake, leading to positive energy balance and weight gain.
Additionally, diets rich in saturated fats enhance lipogenesis, increasing triacylglycerol storage

in adipocytes, which further accelerates the accumulation gqfoseli tissue. Moreover,
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saturated fats may have a weaker influence on satiety signéMafjaars et al., 2009)
compared to other macronutrients, often resulting in overeating and heightened energy
consumption.

Saurated fats are also closely linked to the development of insulin resistance, a hallmark of
metabolic dysfunctioiRiccardi et al., 2004)This ocurs when cells become less responsive

to insulin, impairing glucose uptake in tissues and contributirejevated blood sugar levels
(hyperglycemiq Furthermore, high saturated fat intake is associated with systemic
inflammation (Fritsche, 2015) characterized by increasdédvels of preinflammatory
cytokines. These inflammatory medieg disrupt insulin signalling pathways, intensifying
insulin resistancedyperplasia antlypertropty describewo distinct processes thatlipocytes

can undergo to manage the increased calories observed in the high proceddgpetigasia

refers to anncrease in the number of adipocytes, while hypertrophy describes the enlargement
of existing adipocyteéSantoro & Kahn, 2023; Santoro et al., 20Abjpocyte hyperplasia is
driven by the differentiation of pracsor cells, or preadipocytes, into mature fat cells. This
process is regulated by hormonal signals such as insulin and glucocorticoids, as well as the
bodyés nutritional status. During periods
when energyritake exceeds energy expenditure, hyperplasia allows the adipose tissue to
accommodate increased energy storage. Hypertrophy in adipocytes occurs when individual fat
cells enlarge due to lipid droplet accumulation, primarily composettriadylglycerols
Nutritional factors, including excess dietary fat, and hormones such as insulin stimulate this
lipid accumulation. Physiologically, hypertrophy is a normal response to-tehortenergy
surpluses, such as after meals, when adipocytes expand to storenabtiditergy. However,

in the context of prolonged energy excess, as in obesity, adipocyte hypertrophy becomes
pathological. Overloaded fat cells can become dysfunctional, leading to impaired lipid
metabolism, systemic inflammation, and insulin resistatigs this hypertrophy process that
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has been observed in contributing to insulin resistance and offéaitjoro & Kahn, 2023;

Santoro et al., 2021)
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Hyperplasia Hypertrophy

Figure 1. 3. Two Mechanisms to Accommodate fordreased Lipid Storage

When a surplus of fatty acids are available, increased lipid storage can be facilitated by the adipose
tissue utilising two systems. Hyperplasia is the generation of new adipocytes (adipogenesis) by directing
precursor cells to diffentiate into mature adipocytes. This results in numerous but smaller adipocytes
to share the lipid storage burden. Hypertrophy is the expansion of previously residing adipocytes within

the tissue and results in large white adipocykagures are adaptdcbm BioRender.
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Enlargemengffectinglnsulin Action

Increased fat mass in the visceral adipose tissue compared to the subcutaneous adipose tissue
is an indicator of increased cardiovascular disease risk, but it is the process of hypertrophy that
has ber observed in having a negative impact in obesity and insulin resistance progression in
comparison to hyperplas{®antoro & Kahn, 2023; Santoro et al., 2028)ith hypertrophic
adipocytes an enhanced inflammatomgsponseis observed These enlarged cells secrete
elevated levels of prmflammatory cytokines, such as tumour necrosis faatoma (TNFU )
interleukin6 (IL-6), and monocyte chemoattractant proteitMCP-1) also known as CCL2

This secretion estaBles a state of chronic legrade inflammation within adipose tissue,
which has been shown to disrupt insulin signalling pathw@gttiel, 2021; Santoro & Kahn,

2023; Santoro et al., 202Ihe inflammatory milieus further intensified by the recruitment

of immune cells, particularly macrophages, which infiltrate hypertrophic adipose tissue and
release additional primflammatory mediatoréVerboven et al., 2018; Zatterade al., 2020)

This synergistic effect exacerbates insulin resistance not only in adipocytes but also in
peripheral tissues such as muscle and liver, leading to a systemic impairment of metabolic
function.However, insulin resistance has also been obdanvabsence of inflammatioithe
expansion of the lipidroplet results in less cytosolic space in the adipocyte, and this is thought
to be significant in itself to impact metabolic activity negativédym et al., 2015) This
expansiomresults in a disorganisation in the cytosol and as a conseqeegtreeellular matrix

(ECM) remodelling and fibrosisare observed in thadipose tissue. The expansion of
adipocytegesults in disrupted cortical actin structuresufeng in adipocytes havingducel

tissue compliance andlexibility, whilst changes in cytosolic space impact GLUT4
translocation and resulting in decreased glucose uptake due to insufficient glucose transporters
reaching the plasma membrg@altiel, 2021; Santoro & Kahn, 2023; Santoro et al., 2021)
The expansion o&dipocytes alsanduces endoplasmic reticulum (ER) stress, a condition
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characterized by the accumulation of misfolded or unfolded proteins withifcR lumen
(Gregor & Hotamisligil, 2007)The increased metabolic demands associated with hypertrophy
exacerbates ER stress, activating the unfolded protein response((&E&)r & Hotamisligil,
2007) While the UPR aims to restore cellular homeostasis, prolonged ER stress can lead to
cellular dysfunction and impair insulin signalling pathways,tdbuting to the development

of insulin resistancéGregor & Hotamisligil, 2007)

Adipokine dysregulation is another critical consequence of adipocyte hyper{tdpaguno

et al., 2018) Hypertrophic adipocytes produce significantly lower levels of adipaneati
adipokine known for its insulisensitizing propertigg?ham et al., 2023Reduced adiponectin
levels impair insulin signalling and glucose W@ain peripheral tissues, contributing to
decreased insulin sensitivi(Pham et al., 2023Conversely, hypertrophic adipocytes secrete
higher levelof leptin, which normally functions to regulate appetite and energy balehaen

et al., 2023)However, chronic overproduction of leptin can leateftin resistance, thereby
disrupting metabolic homeostasis and further exacerbating insulin resigRime® et al.,

2023)

Further Consequences oflfpocyte Hypertrophy

A further consequence of adipocyte hypertrop
and no longer able to store lipids. Enlarged adipocytes will no longer store lipids and become
leaky releasing elevated concentrations arf-asterified fatty acids (NEFAS) into circulation

(Fryk et al., 202(@Carpentier, 2021)These NEFAs will then deposit into other organs known

as ectopic lipid deposits and due tegh cells being nespecialised for storing lipids, results

in lipotoxicity of the tissue and form lipid droplgBorén et al., 2013)

Lipid droplets are dynamic organelles essential for safe lipid staraymetabolism, and are

formed when glucose enters the ¢8ho et al., 2019; Olzmann & Carvalho, 2019) this
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pathway, glucose is converted to fatty acids, which are esterified into triacylglycerols (TAGS)
orcholesterol estergatty acids may also be directly transported into adipodyteslipocytes,
glucose uptake, like in muscle, is mediated by insdéipendent GLUT4 transporters. Once
inside, glucose is converted to pyruvate via glycolysis, then ehtetgcarboxylic acid (TCA)

cycle, where it provides precursors for fatty acid synthesis. The fatty acids are then esterified
with glycerol to form TAGs, which are stored in lipid droplets. Much of the glucose transported
into adipocytes in culture is us@s a source of glycerol. Lipid droplet formation occurs within

the ER(Gao et al., 2019; Olzmann & Carvalho, 2019hereneutral lipids accumulate
between the phospholipid bilayer, forming a lens structuregtiaaiually expandsesulting in

acore of neutral lipidgonsistingprimarily of TAGs, and cholesteryl esters. Surrounding this
neutral lipid core is a phospholipid monolayer, distinct from the bilayer of most cellular
membranes. This monolayer is priniyricomposed ofvarious phospholipids such as
phosphatidylcholine, phosphatidylethanolamipteosphatidylinositohndphosphatidylserine

The droplet then begins to bud away from the bilayer forming an independent lipid droplet.
This budding process is rdgted by proteins such as perilipins, CIDE proteins, and seipin,
which facilitate the proper formation and stabilization of lipid drop{&ao et al., 2019;
Olzmann & Carvalho, 2019Yhis storage of neutral lipgdvithin adipocytes is a metabolically
healthy way to handle excess glucose, allowing for energy reserves to be accumulated without

disrupting cellular function.
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Figure 1. 4. A Conserved Mechanism to Store Lipids in Lipid Droplet Organelles

Neutral lipid synthesis such as triacylglycerol (TAG) and sterol esters take place in between the bilayer
of the plasma membrane of the Endoplasmic Reticulum (ER) and is facilitated through diacylglycerol
acyltransferases BAT) for TAG (Box A). This process results the accumulation of lipids and
results in an oil lens formation, decreasing surface tension in the outer leaflet and protrusion is observed
(Box B). Further accumulation and surface tension decrease results in budding of the membrane and is
facilitated through the recruitment of transmembrane proteins such as fat stadagag
transmembrane (FIT) and seipin whilst surface tension is managed through surface proteins like
perilipins (PLIN) (Box C). Droplets begin to bud away from the plasma membrahe BR due to the

size and surface tension restrictions of the droplet (Box D) and when released as droplets can form
contact sites with other organelles. The example shown here is contact with the ER being facilitated by
the Ragelated protein 18 (Rab)l8 NAG-RINT1-ZW10 (NRZ) i1 Syntaxin 18 , Usel, BNIP1

(SNARE) complex (Box E)rigure adapted frortGao et al., 2019)
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However, thissame process packaging the esceisculating fatty acids due to hypertrophic
adipocytes results in the unhealtbgtopic fat deposition in neadipose tissues such as the

liver (Byrne & Targher, 2014)Over time, this can lead to the development of-aleoholic

fatty liver disease (NAFLDJByrne & Targher, 2014)where &t accumulates in the liver in

the absence of significant alcohol consumptiAFLD is considered a reversible condition

in its early stages, but if left unchecked, it can progress talvamolic steatohepatitis (NASH)
(McPherson et al., 2015)hich is characterized by hepatiflammation, oxidative stress, and
cellular damagé€Sheka et al., 2020NASH significantly increases the risk of liver fibrosis,
cirrhosis, and hepatocellular carcinoma, as chramflammation and lipid toxicity cause
irreversible scarring and damage to liver tisGtleomas et al., 20247 hus, while glycogenesis
andde novadlipogenesis are essential processes for managing glucose and lipid homeostasis
(Han et al., 2016)Hargreaves & Spriet, 2020Ameer et al., 2014}heir dysregulation in the
cortext of excessive nutrient intake and insulin resistance can lead to severe metabolic
consequencgdagarajanetal.,2@2. The bodyds capacityntteo st or
liver and muscler asfat in adipocytes is crucial for energy balance, but once this capacity is
exceededh adipocytesoverflow of lipids into noradipose tissues sets the stage for metabolic

diseases such as NAFLD, type 2 diabetes, and cardiovascular disease.
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Figure 1. 5. Whole Body Glucose Homeostasis and Dysfunction

Glucose derived from our food after digestion is distributed to different tissues around the bod
Glucose is up taken into the liver through an insulin independent GLUT2 transporter where it is stored
as glycogen. Insulin facilitated glucose uptake via GLUT4 occurs in both white adipose tissue (WAT)
where it is stored asiacylglycerol (TAG) and irmuscle where it is stored as glycogen (demonstrated

in blue). Chronic continuation of this process results in increased lipid storage in WAT and can result
in leaking of free fatty acids (FFA) where it is up taken by other tissues such as the livensahel m

and stored as TAG (demonstrated in gréén) This leaking form WAT B) results in unhealthy lipid
storage in these nespecialised tissues as lipid dropledd. (Lipid droplets are organelles comprised of

a phospholipid monolayer with integratecbi@ins from the Endoplasmic Reticulum (ER) (Class |
proteins) and recruited proteins from the cytosol (Class Il proteins) to aid in maintaining tension to
safely contain neutral lipids. Continued overflow into these tissues results in disease progueksion s
as Hepatic Steatosi®) were fat accumulation results in inflammation and consequently fibrosis and
scarring of the tissue occurs leading to irreversible damage. Glucose homeostasis diagram was created

in BioRender whilst lipid droplet compositio@)was adapted frorfOlzmann & Carvalho, 2019)
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The Interplay of Adipocytes and Mitochondria in Metabolism

Adipogenesis store glucose as lipids for times in which energy reserves are regpalgdis

in adipocytes is the process by whittiesestoredtriacylglycerols(TAGs) are broken down
into free fatty acids (FFASs) and glycef@luncan et al., 2007; Grabner et al., 2021; Lass et al.,
2011; Yang & Maottillo, 2020) which are thentilised by mitochondria in the adipocyte for
ATP production(Houten et al., 2016)r are released from the adipocyte into the bloodstream
to be used bgther tissue§lensen, 2006).ipolysis isfacilitated by enzymes known as lipases
which catalyse the hydrolysis of the stored TAG@ss et al., 2011Firstly, TAG is hydrolysed
into diacylglycerols(DAGs) byadiposetriglyceridelipase (ATGL and themrmonaylglycerols

via hormonesensitivelipase (HSL)and finally into glycerol and FFA throughonoglyceride
lipae (MGL) (Lass et al., 2011(Figurel. 6). Mitochondria use these now readily available
FFAs to generate ATP for energy througfoxidation (Bartlett & Eaton, 2004)Due to their
size, FFAs transportation across the mitochondrial membsafaeilitated by thecarnitine
palmitoyltransérase (CPT1A) the ratelimiting enzyme for fatty acid oxidatio(Bartlett &
Eaton, 2004)Once across the membrane, FFAs are degriatied\cetyl-CoA, which feeds
into The Citric Acid Cycle(TCA) where the production of reducing equivalents NADH and
FADH: facilitate electron transfer in the electron transport chain (EMaytinezReyes &
Chandel, 2020)The ETCgeneratsa proton gradient across the mitochondrial membaaice
produces ATP for energy use by el and bodyMartinezReyes & Chandel, 202Qigure

1. 6).
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Figure 1. 6. The Interplay Between Lipid and Mitochondria for Energy Production

To provide energy for the body, lipids stored as triacykglgts(TAG) are broken down into free fatty

acids (FFAs) and glycerol, which FFAs are then utilised by mitochondria in the adipocyte for ATP
production. TAG is hydrolysed inwiacylglycerols (DAG) byadipose triglyceride lipase (ATGL) and
thenmonocylglyerols (MAG)via hormonesensitive lipase (HSLAnd finally into glycerol and FFA
throughmonoglyceride lipase (MGLYFAs transport into the mitochondria is facilitated by carnitine

pal mitoyltransferase | ( CP-oxid#&idn cywlbseamdeesutingedgetylu nder g
CoA feeds into The Citric Acid Cycle (TCA). The resulting reducing equivalents of N&RH-ADH?2

facilitate the transfer of electrons for the Electron Transport Train and ATP is produced by the

mitochondria. Figure was made using BioRender
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The striking phenotysof cachexiaaremuscle atrophy and weight log3orporato2016) Our

focus is on weight loss that occurs during this disease and specifically the fate of the adipose
tissue. We have introduced WAT and BAT and their different metabolic capacities and
functionsin 1.2 Adipocyte Biology and Their Role iNletabolisn and introduced the process

of beiging of WAT inl.3 Zinc Alpha 2-Glycoprotein Adipose bravning has gained significant
attention in metabolic research with its potential in being a therapeutic strategy for obesity
(McNeill et al., 2021; Peres Valgas Da Silva et al., 2019; Xu et al., 2008 has been
prominently studied within the context of cold exposure therapy where the use of approaches
such as ice baths have been popularized for their positive effectsdgrabd even mental

health(Peres Valgas Da Silva et al., 2019)

Cold Exposure and Sympathetic Nervous System Activation

Cold exposurdriggersadecreae i n t he bodydés bassympathetfianper at
nervous system (SN) initiate thermogenic processes to maintain core tempe(@ainechi

& Sul, 2021) The SNS releasasorepinephrine (NEjrom sympathetic nerve endings onto
adipose tissues, where it bindsbadrenergic receptoien the surface of white and brown
adipocytegTabuchi & Sul, 2021)Up o n a c t i-adeeneigio nrecepidradenylyl cyclase

is stimulated resulting inincreagd production ofcyclic adenosine monophosphate (CAMP)
which in turnactivates protein kinase A (PKAand initiates the activation of thermogenic gene
regulatss and metabolic processes within adipocyf@abuchi & Sul, 2021)P P AR
Coactivator lalpha (PGEl Uig atranscriptional coactivator that enhances the expression of
genes responsible for mitochondrial biogenesis and oxidative metalaolgis prominently
induced through cold exposufieiang & Ward, 2006)PGG1 hctivatesnuclear respiratory
factors 1 and 2 (NRF1, NRFahdmitochondrial transcription factor A (TFAMJlongsidehe
cofactor PR domaktontaining 16 (PRDM16) leading to gene expression of critical
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thermogenesis genes such as the peroxisome prolifarctivated e c e pt o r(LiahgRkP AR 2 )
Ward, 2006) The translational changes initiated through cold exposure prahaitansition

of white adipocytes into beige adipocytBsough browningesulting in a kg shift of adipose
metabolic activity(Rosell et al., 2014jFigure 1. 7). These beige adipocytes now resemble
brown adipocytes in their energy demands, steering away from energy storage of white
adipocytes. A kegomponent of this translation change is the expression of a mitochondrial
carrier protein called uncoupling protein 1 (UCP(Nedergaard et al., 20Q1As covered in

1.2 Adipocyte Biology and Their Role iMetabolism brown adipocyteproduce heat through
thermognesis and UGR is a hallmark protein in this process. As shown in Fidure,
mitochondria use FFAs for energy production. However, the expressié@mi disrupts the

proton gradient created during oxidative phosphorylatiad,instead of mitochondrutilising

FFAs available for ATP production, it results in heat production thraugtshivering
thermogenesiélrabuchi & Sul, 2021Figurel. 7). This is a key distinction between white and
brown adipose tissuéRosell et al.,, 2014)To maintain corgemperature, mitochondrial
biogenesis occurs to provide increased numbers of mitochondria to generate more heat
(Tabuchi & Sul, 2021)This results in greater levels of lipolysis to provide mitochondria with
FFAs and to match these energy demands, beige adipocytes uptake greater conceftrations
glucose and fatty acids to accommodate (fhabuchi & Sul, 2021)This transformation in the
bodies metabolic activity to burn lipid storage has enticed researchers to advocate this as a
weight loss therapyMaassen et al., 2007; McNeill et al., 20PEres Valgas Da Silva et al.,

2019)
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Figure 1. 7. Exposure to Cold Results in Adipocyte and Mitochondria Remodelling

When temperatures drop, tegmpathetic nervous system (SNSijiates a thermogenic response to
maintain core temperatures. TheSreleasesorepinephrine (NEjrom sympathetic nerve endings
where it binds tds-adrenergic receptorn the surface of white adipocytes. A downstream signalling
cascade is initiated witladenylyl cyclaseresulting in increased production ofcclic ademsine
monophosphate (CAMPyhich in turn activateprotein kinase A (PKAand initiates the activation of
adipose browning gene expression peroxisome prolifesatort i vat ed receptor ( PF
regulated throughP P AR9 C o a-algha (P@AL & juclehnrespiratory factors 1 and 2 (NRF1,
NRF2), mitochondrial transcription factor A (TFAM) a®RR domaircontaining 16 (PRDM16),
resulting in the expression of uncoupling protein 1 (LJRNd starts adipose browning (top panel).
The expression of UGRresults in the metabolic change of the mitochondria with them now producing

heat via thermogenesis instead of ATP production (bottom panel). Figures were made using BioRender.
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1.3  Zinc Alpha 2Glycoprotein

Introduction to ZA@3iology

Zinc a2-glycoproten (ZAG) - previously called.ipid Mobilizing Factor (LMF) - is a ~46kDa
singlechain polypeptide that was originally isolated from human plag®uegi and Schmid,
1961)and isthe product of th&ZGP1 (GenelD: 563). Previousstudies have shown that ZAG
is synthesised by epithelial cells of the liver and prostate, as well asaNABAT (Bundred
et al., 1987) ZAG is secreted from thesellseandZAG protein is foundn blood and other
body fluids such as cerebrospinal fluid, milk and sw@indred et al., 1987) ZAG
contributes to the regulation of weight and body fat through &ipiiglucose metaboirs(M.
Liu et al., 2018)In healthy individuals, ZAGs involved inlipolysis of adipose tissyaesulting
in reducel fat storage and overall weigfttirai et al., 1998) However, in obese individuals
ZAG levels are dereased, and #refore the rate of lipolysis is decreagdracek et al., 2010)
The decline in expression of ZAG has also been viewed to contribute toninssitance
implying that reduced ZAG levels could contributeotzesity and Type 2 Diabetes these
diseases downregulate ZAG product{dracek et al., 2010)These claims are supportiey
studies overexpresgy ZAG and as a result, an increase in insulin sensitivity and glucose

tolerance was observéolgether withdecreasedfastingglucoseevels.
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Figure 1. 8. An Overview of ZAGs Metabolic Activity

ZAG has a myriad of metabolic effects throughout the body. It is involved in driving beta oxidation in
mitochondria for catabolism of free fatty acidsing these as a soce for heat generation through
thermogenesis. It plays a role in glucose homeostasis by driving insulin dependent glucose clearing
from the blood. It dysregulates glucose production in the liver froncadmdydratesources. ZAG is

seen to drive weighoks in cancer patiert&known as cachexiaand its role in cell adhesion promotes

cell migration and invasiom tumours It is involved in lipid metabolism bgtimulatinglipolysis in

lipid droplets.It has a prominent role in driving adipose brownioglivert adipose tissue from storage

to energy production and it inhibits the generation of new adipocytes. Figure was made using

BioRender.
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ZAG in Lipid Metabolism

It is reported thaZAG mediates its lipolytic effect of adipose tissue through the same
mechanismss described above Figurel. 6 by initiating bs-adrenergic receptor activation

and downstream signalling events of CAMP and PKA activdtitirai et al., 1998)Bing et

al., 2010) This results in the translocation of HSL to lipid droplets by phosphoryl@iossell

& Tisdale, 201b). The same metabolic pathway to break down triacyglycerides into FFA
through enzymatic steps of ATGL, HSL and MGL are observed and results in an upregulated
FFA and glycerol into the blood circulatibtmserve as fuel for the bo@@anaszak et al., 2021,
Mracek etal., 2011 AG dri ves the oxidation of these
oxidation, further enhancing energy expenditiiRassell & Tisdale, 2011aBy upregulating
CPTL1A, these fatty acids can be transported actossmitochondrial membrane into the
cytoplasm andindergo catabolisras shown in Figure 1. Furthermore, ZAG stimulates the
expression of UCH in adipose tissue and results in catabolised FFA to be ultimately released
for heat expenditure instead of ATproduction and again results in increased energy
expenditurgElattar et al., 2018; Sanders & Tisdale, 2004)

As well as promoting lipolysis, ZAG is seen impeding the differentiation steps of progenitor
adipocyte chs into mature adipocytd§song et al., 2009; Mracek et al., 2010his is achieved

in partby downregulatinghe adipogenesis regulaterP A Rrd lipogenic enzyme fatty acid
synthase (FAS), preventing lipid droplet format{@ong et al., 2009)This inhibits the body

to lay down new adipose tissue and further prevents storage capacity for inghucioge in

the diet and therefore stopping weight gain.

ZAG inGlucoseMetabolism
ZAG expression correlates with increased insulin sensitivity in adipose (iSaweet al.,
2018) In adipocytes, ZAG regulates sgem the phosphoinositidelBnase/protein kinase B
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(PI3K/Akt) pathway which facilitates the translocation of GLUT4 to the plasma memiorane
insulin mediated glucose internalisation into the adipocyte (Figure (Rubsell & Tisdale,
2012) ZAG enhances insulin sensitivity by upregulating insulin receptor substrate 1 (IRS1)
expression and increagi\kt phosphorylation, stimulating this glucose intake mechanism and
enhancing glucose metaboligfaulconnier et al.2019) In turn, GLUT4 expression is also
upregulated and further stimulating glucose uptakesupport this, overexpression of ZAG in
mouse models has been observed to improve glucose tolerance with clearing of glucose from
the blood and improving relts in the Homeostatic Model Assessment of Insulin Resistance
(HOMA-IR) (Gong et al., 2009)A method used to assess insulin resistance from fasting blood
glucose levels.

In the liver, ZAG interferes with gluconeegesis by downregulating gluconeogenic enzymes
such as phosphoenolpyruvate carboxykinase (PEPCK) and gieqpbsesphatase (G6Pase)

(M. Liu et al., 2018) These enzymes are involved in tleenovagoroduction of glucose which

help regulate glucose blood levels and the decreased availability re$eNteirenergy sources
present fo organs such as brain and kidneys impairing fundiidgang & Dong, 2019)

Its role in metabolism has also been investigating in the brain by overexpression in
proopiomelanocortin (POMC) neurori®iu et al, 2024) These neurons are involved in
regulating metabolism by supressing food intake and body weight gain and disruption in
function of these neurons lead to dysregulation in energy metabdisihn, 2015)
Overexpression of ZAG in these neusgromoted leptirmediated neuron excitation and
increasd energy expenditure in obese miZAG knock out models are observed to inhibit
leptin signalling with the absence of ZAG allowing théiquitination degradation of

acylglycerol kinase (AGK) and prenting leptin to initiate satiet{Qiu et al., 2024)
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ZAG andDiabeteslinsulin Resistance

With ZAGs metabolic involvement outlined above, the dysregulation of this protein has been
observed to contribute to disease progression. In partictgainvolvement in glucose
homeostasitas brought focus to its involvement in Diabetes and insulin resistabsence

of ZAG results in observed upregulated glucose blood levels and susceptibility in weight gain
in mice fed high fat diet¢Gao et al., 2018)Furthermore, decreased ZAG levels increase
insulin resistance with treatment of ZAG stimulating glucose utilization and lipolysis of
adipose tissuéGao et al., 2018)The HOMA-IR results with ZAG treatment mention above
also support this glucose clearing aff¢@ong et al., 2009)As obesity is common with
Diabetes, it has been observed A6 is downregulated with adipose exig#on specifically
hypertrophy (Mracek et al., 2010)As discussed ve and illustrated in Figure 1. 3,
hypertrophy of existing adipocytes results in metabolic disease and ZAG downregulation could
contribute to this.

Taking this together, ZAGs involvement in a myriad of metabolic mechanisms has identified
it as a potendll biomarker in T2D prognosis. Its involvement in lipolysis, inhibition of lipid
storage production, catabolism of FFA, blood glucose homeostasis and gluconeogenesis
supports thisThe downregulatiorof ZAG contribuesto factors that drive insulin resistee

and T2D

ZAG inCancerand Gachexia

ZAG is upregulated in various carcinon{&an et al., 20@). Cancer patients with upregulated
ZAG are observed to lose weight rapidly antble to attenuate this weight loss throdggt
(Mracek et al., 2011 his suggests a compleslationship between ZAG, body adipose levels

and muscle cachexia, this thesis attempts to unravel elements of this relationship.
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Cachexia is a metabolic disease that results in drastic weight loss and muscle avaksisg

tightly associated with cancdPorporato, 2016)The incidence of cachexia is different
depending on the tumour tydeighty percentf patients who suffer from pancreatic or gastric
cancer will have some degree of cachexia whilst 40% of breast cancer patiersisffenl|
(Fearon et al., 2012Twenty percenbf total cancer patients will eidue to cachexieelated
complications(Porporato, 2016)Cachexia results in the patient becoming weak and frail.
Unlike a disease such as anorexia, cachexia cannot be directly regulated through diet alone
(Melstrom et al., 2007)The inclusion of a balanced diet is imperative, but it does not attenuate
the lean skeletal muscfeoteinthat is lost during cachexia. The underlying complicatsn i
excess lipolysis and decreased levels of fat storage. Cachexia affects numerous areas around
the body. It results in muscle atrophy and dysfunction in the fiarhs et al., 2013yhich
ultimately leads to reduced contraction and decreased heart rate, fibrosis of the heart and
ultimately deati{Houten and Reilley, 1980; KalantZadeh et al., 2013pPue to the nature of

the disease, patients are also less likely to have sfidcesatment for cancer. The frailties

that are a result of cachexia limit the levels of chemotherapy and radiotherapy due to the toxic
nature of the treatments and the weakness of the péfieston and Baracos, 2010; Vaughan
etal., 2013)So, it is not only a debilitating disease resulting in poor health, it is also interfering

with the appropriate types of treatments that can be used.
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Figure 1. 9. A Whole Body Cachexia Overview

Cachexia within a patient results in a myriad of organ and tissue dysfunctions which accumulate in
patients undergoing significant weight loss that cannot be attenuated by dietSkieletal muscle

atrophy occurs due to increased protein degradation from Interdg&ulirl), Leukaemia Inhibitory

Factor (LIF) and TNHike weak inducer of apoptosis (TWEAK) overexpression. Cardiac muscle

fibrosis is observed due to Tumour Necrosis Faalpha( TNF U) . Liver steatosi s
overexpression of Interleuki® (IL6), resulting in fat accumulation. IL1 is also involved in satiation by
supressing the hunger hor mone Ghrelin, resultin
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insulin sgnalling by impacting Insulin Receptor Substrate 1 (IRS1), resulting in insulin resistance and
improper glucose clearing in the blodthe focus of this study is the symptom of white adipose tissue
(WAT) browning. Continued tumour release of an adipoldneh as Zin@a2-glycoprotein (ZAG)

results in a conversion of WAT to brown adipose tissue (BAT) which increases energy expenditure.
This results in a net loss of energy for the patient leading to an unregulated weight loss associated with

this disease. Thiimage has been taken fr¢gBi Girolamo & Tajbakhsh, 2022)
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ZAG levels are elevated in patients with epidermal carcinomas such as(Baagiez et al.,
1992) prostatgHenshall et al., 2006and cervicalAbdul-Rahman et al., 2007The role in
which ZAG contributes to regulating weight is shiftédhG is secretedas a cytokine from
tumours and the elevated levels now contribute to increaseghivosgBing et al., 2004)

Mouse models that were implanted with ZAG expressing HEK239 cells resulted in no overall
weight changelean muscle magsdid not decreasbut ZAG-expressing mice exhibitlassof

both epidermal WAT and total body fat mass in comparison with control (hiedtar ¢ al.,
2018) The adipose loss observed was a result of WAT atrophy which led to elevated levels of
circulating free fatty acids (FFAElattar et al., 2018) Furthermore, WAT presentedth a
BAT-like morphology suggesting thaZAG influenced WAT progenitors into BATFan et

al., 2020) Thereforejt was postulated th&ievated levels of ZAG resultediimcreasedVAT
lipolysis and browning of WAT. BAT have a smaller capacity to store lipids and have
increased levs of mitochondria(Fenzl & Kiefer, 2014) BAT have an energy expending
phenotype where they upregulate lipolysis. Thesults in increased levels of free fatty acids
(FFA). Browning of WAT has been shown to beeadfect ofbsAR agonist treatmen{Eollins

and Surwit, 2001)Browning works througlvsAR (Russell et al., 2002cting viathe Protein
Kinase A (PKA) pathwayHirai et al., 1998)

The increased levels of mitoamdriain BAT drive thermogenesis, where the mitochondria
generate heafCollins and Surwit, 2001generatng further energy expenditurdBAT
mitochondriaexpressuncoupling proteins (UCR)hich result in oxidation of the FFA that
have become availablea ZAG treatment This contributes to decreased levels of FFA
available for storage and results in further energy expenditure and weig(Pébaszzelli et

al., 2014) WAT atrophy resulting in decreased energy storage, browning of WAT resulting in

decreased numbers of lipid storing fat and increasing enerepsned fat, elevated levels of
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BAT resulting in upregulated thermogenesis, and elevated UCP all contribute to severe weight
lossin afflicted individuals

Mice inoculated with MAC16 tumours (cachexia tumour modeRibited elevated ZAG gene
expression iNWAT, BAT and liver in comparison to control mod€Ring et al., 2004)In

relation to weight, ZAG protein levels increased in adipose tissue (WAT and BAT) when mice
lost weight.

Mouse models expressing elevated levels of ZAG expressed elevated levels of mMRNA
expression of genes related to cachgx(@P-1 for thermogeaesis activity Cox8 foridentifying
mitochondrialrespirationand Thx1 for beigeadipose tissue detectiqran et al., 2020)
Elevated ZAG levels also upregulate@AR stimulation which also resulted in inaesed
MRNA expression of the same cachexia related genes.

In C57BL/6J mice models ZAG protein levels are low in WAT but strongly expressed in BAT
(Elattar et al., 2018 )providing further evidence of increased ZAG expression in mice models.

A hallmark of cachexia is the shift of white adipose tisSQWAT) to brown adipose tissue
(BAT) (Evans et al.2008) In healthy individuals, adipose tissue is used for the storage of
excess energy whilst brown adipose tissue is to generate heat and to generate energy through
lipolysis (Luo & Liu, 2016) In cachexiapatients are seen with disproportionate leveBAT

in comparison t&WAT (Costa and Holland, 1962; Tisdale, 1999) The whi t e d&ébei ge
no longer stores energy but releast contributing to the struggle of weight gain seen in
patientgDas et al., 2011; Kir et al., 201BAT alsoundergoes thermogenesis and this excess
heat loss also results in greater energy expenditure due to the upregulated IB¥els Af
characteristic oBAT is they have a greater number of mitochondria in comparison to white
(Petruzzelli et al., 2014)These mitochondria use the free fatty acids generated by lipolysis
from BAT via oxidation resulting in further energy expénre (Petruzzelli et al., 2014 he

beiging of theWAT transitions the host into a staikenergy expending mechamis that are

59



chronically increased due to the nature of the disease andigéeuit to attenuate due to the

progressive natur@etruzzelli et al., 2014)

Other Actions of ZAG

The focus of this work is steered towa&8Gs metabolic involvements revolving around
glucose homeostasis, lipolysis and adipose browning. Although not in the scope of this work,
other effects of ZAG deserve a brief mention. For exanmgownregulation of ZAG expression

has shown tdestabilisecell adhesion and enhance migration and invasion of cells observed in
soft tissue sarcoma samples worsening disease progression and pr@ghasist al., 2018)

In another study, ZAG downregulation results in an increased angiogenesis capacity of prostate
cancer, increasing its ability to prolifergi®&en et al., 2024)

Ot her studies have detected increalEmass evel s
spectrometry, with increased concentrations resulting in susceptibility to a bitt§Mastel

et al., 2014) Lastly it appears to have ale in epilepsywith overexpression supressing

seizures induced by infXMMamtalt, 200y f act ors suc

ZAG Structural Biology

ZAG is synthesised as a 28/ino acidlong immature polypeptil (Araki et al., 1988)
Mature ZAG is comprised of three alpha helical domaias &> andas) and two beta sheet
domains 1 andby) (Sanchez et al., 1997JAG was initially crystallised in 1998anchez et
al., 1999)andthe structure is shown in Figute1Q.. This similarity with MHC class proteins
hasfocussedattentionon thea: anda> heliceswhichform a groove, which in MH@ proteins
has been identified as a peptide binding @Xelker et al., 2004)This peptide binding site in
MHC-I results in the restricted recognition bycéll receptos (TCR) and therefore, the binding

of this ligand is imperative to thateraction between MHC and TCR(Adams & Luoma,
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2013) By analogy with MHGL1, the ligand binding in MH€&-like groove may be acial in

ZAG function; presently, the identity of the ligand is unknown and therefore identifying this
ligand could provide significant therapeutic benefit. This is one of the aithssdhesis.

The crystallised ZAGProtein Data Bank 1D 1t7v) containsan eogenous ligand bound in

this pocket; Hexaethylene Glycol (P6G). P6G is a hydrophobic ligand and is encompassed by
hydrophobic residuewithin the groove(Figure 1. 11). This hydrophobic groove is a key
characteristic to ZAG and provides evidence & @06 s capacity adaro bi ng
hydrophobic ligand which could affect activity. In particularly fatty acids have been posited to
bind within this grove(Lau et al., 2019)

More recent work(Kennedy et al., 200has examined the structure of ZAG in complex with

the fluorescent ligand t{dansylamino)undecanoic acid (DAUDA) which is thought to bind

to the grove between the Ul and U2 domains.
backbone to provide evidence of the proposed fatty acid binding. DAUDA was sh@mnitt

a fluorescence signal when incorporated with ZAG, providing evidence for biatimgy. fatty

acids were also incorporated in the assays which resulted in decreased fluorescence due to the
displacement of DAUDA. These include arachidonic, linolaid dinolenic acids, which

exhibit competitive binding with DAUDA and provided evidence for the binding of multiple

fatty acids in the groove of ZA@ennedy et al., 2001h these experimentkey identified a

192 kDa crystallographic assembly unit with six ZAG males and 8 fatty acid molecules,

and identified a key residue, Afghydrogen bonding to the fatty acid in the groove.
Importantly, their work using recombinant purified ZAG suggests that ZAG is a monomer in
the absence of DAUDA but forms a tetramer in pnesence of the ligan@ennedy et al.,

2001)

Mutation of the Arg”® resultsin various effects on the ability of ligand binding in the pocket.

One effect was the closing of tlggoove (McDermott et al., 2006)The same closing is
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observed in the groove of the MHElass protein with a homologous mutat{@®gnnett et al.,
2000; Burmeister et al., 1994roviding compelling evidence for similamding mechanisms
between the two proteindrg’3Lys appeared to disrupt ligand binding, affectamgchoringof
the ligand into the groowesidue(McDermott et al., 2006)The P6G ligand exhibits strong

interactons with the Arg® residue angupports this hypothes{Bigurel. 11) .
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Figure 1. 10. Crystal Structure of Zinc Alpha2 Glycoprotein (ZAG)

Shown is the structure of human ZAG purified from serum and crystallised as oBimeg and

Schmid, 1961)T he protein i s comprised of three al pha s
(b1 and b2) with the protein present bemgenthe Maj or

Ul and U2Thesstrdzsture was solved to 1.95 Angstrom resolution and shown is the ribbon

structure obtained from the PDB database at https://www.rcsb.org/structure/1T7V.
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Figure 1. 11. CrystalStructure of Zinc Alpha2 Glycoprotén (ZAG) with native ligand Hexaethylene
Glycol (P6G)

Shown is the structure of human ZAG purified from serum and crystallised as oyBimey and
Schmid, 1961)The stucture was solved to 1.95 Angstrom resolution and is in the PDB database at

https://www.rcsb.org/structure/1T7\Residue and ligand interactions were visualised using UCSF

Chimera.
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ButWhat is theTrue Ligand?

A predicament arises however with the unknown identity of the ligand. MptGteins have

shown to bind various ligands thatealthe biological functiofiGermain, 1994) Wi t h ZA GO s
close relation to MH@, it is possiblethat ZAG could bind an unknowmumberof ligands,

which like MHG-I would then result in different biological function depending on which ligand

is bound. Previous studiesentioned abovéennedy et al., 20019how the binding of these

fatty acids With this additimal evidence, some focus can be shifted to other residues within
the groove. There is a cluster of aromatic residues that also show strong interactions between
the crystallised P6G ligand. Tryptophé&h Tyrosiné!” and Phenylalanirté! residues are on
theinside of the groove and at the opposite end ofigé®. With the idea of the Argbeing

the anchor, these other residues could be involved in holding the ligand in the required

corformation for ZAG activity.

What does ZAG bind to?

The binding of thidigand could result in conformational change that would allow binding to a
putative ZAG receptor. It is unclear through what receptor ZAG exhibits its effect in cachexia,
but it has been proposed to function throbgadrenergic receptoia adipocytegRussell et

al., 2002; Russell and Tisdale, 201ZAG is a protein that is released from tumours and
contributes to the high degree of adipose tideae in cachexidHirai et al., 1998)Z A G0 s
lipolytic effect is thought to bemediated through the cAMP pathw by bs-adrenergic
activation.There are 3 isoforms df -adrenergis (1, 2 and 3). They are-@oteincoupled
receptors known to be important in thermogenesis and lipolysis in adipdGa#ms &
Surwit, 2001) All threereceptor subtypeare found in both WAT and BAT. By binding to the
bs-adrenergigeceptor lipolysis is promoted by activation of adenylate cycl@assell et al.,

2002)
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ZAG has recently beeshown to be a novel binding partner to amine oxidase caypeaining

3 (AOC3) (Romauch, 2020) By utilising crosslinking and ceimmunoprecipitation
experiments, it was identified that ZAG binds to AOC3 allosterically, resulting in
conformational change of the enzyme amubits its activity AOC3 is an enzyme located on

the cell surface and is strongly expressed in adipo¢Resauch, 2020)A0C3 is known to
catalyse the oxidative deamaition of primary amines resulting in production of hydrogen
peroxide, ammonia and aldehydes. The inhibition of AOC3 via ZAG prevents it catalysing the
removal of amino groups from lipolytic hormonesd therefore promotes lipolysiBOC3
inhibition alsoresults in fibrosis and ZAG deficiency leads to fibrd&temauch, 820) This

study provides insight to another method of action in which ZAG stimulates lipolysis.

In MHC-I, differentligand pairings result in specific T cell receptor interactig@ermain,

1994) With increasing evidence in thieerature that there is a possibility of ZAG interacting
with different receptors and proteins such as enzymes, specific {ffa@dpairings could
result indistinct pairings. This meaning a specific ligand may have to bind for ZAG to pair
with AOC3 andanother forb-adrenergis, possibly resulting in a complex and variable
mechanism in which ZAG exerts its biological effects in cachexia. Such studies exemplify the
need to understand the nature of the ligand and to attempt to identify how this couldtenodul
biological activity. We will be attempting to identify these ligands with the aid sificowork
usingUCSFChimera with collaborators Moleculomics in Swansea.

3.0 Investigating Zinc Alpha 2Glycoprotein Ligand Binding Through Computational

Techniques.
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1.4  Aims of the Project

We hypothesise that ZAG plays major roles in regulating adipocyte function and metabolic
health.With incidenceof obesity at a high rate and the risk of diabetes and cancer increasing
with increased weigh(Pati et al., 2023)obesitycan lead to variousonditionsof adverse
health(Zatterale et al., 2020PDbesity results in increased adipose tissue size, and cancers that
are derived from adipose tissues have elevated levels of ZAG which contribute to developing
cachexiaThese three appetr go hand in handnd understanding the mechanisms in which
ZAG induces cachexia could be of great clinical significartdence, our overarching
hypothesis is that ZAG plays a major role in adipocyte function. To that end, invessgat
followed four interrelated avenues.

In Chapter 3yve set out to gain an understanding of tia¢ureof ZAGGs ligand binding pocket
andto identify important residuesshich may interact with hydrophobic ligands in the MHC
pocketusingin silico techngues for protein visualization and ligand dock{mgrk initiated

during COVID) With these techniques we hopedidentify the endogenous ligand(s) that
interact with ZAG and ultimatelintroduce these intm vitro models(3.0 Investigating Zinc

Alpha 2-Glycoprotein Ligand Binding Through Computational Techniques)

In Chapter 4,we soughtto producerecombinantZAG using bacterialand mammalian
expression systems, and to examine the functional properties of recombinant ZAG using
cultured 3T3L1 adipocytes.

Because a major action of ZAG is to influence adipocyte metabolism, we focussed on
developing stimulated Raman spectroscopy as a tool to study glucose metaGbbgters
describes the development of this assay pipeline, and describes experimentalhiabrk
compares control and hypertrophic adipocytes.

Chaptei6 exploreghe effect of recombinant ZAG on adipocytesitro and explores potential

effects of ZAG on various signalling systems.
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2.0 Materials and Methods

2.1 Materials

2.1.1 List of General Suppliers

General laboratory kits, reagents, and plasticware were obtained fréofiainéng suppliers:
Beckman Coul ter, Hi gh Wycombe, UK

Bi oRad Laboratories, Watford, UK

Cel | Signalling Technology Europe B. V.
Fi s h eicd UKS oughbaoraughfLeicestershire, UK

Merck UK, Pool e, UK

New England Biol abs, Hi tchin, UK

Stratech Scientific, EIl vy, UK

To P o o o o Do Do

Ther mo Fisher Scientific UK, Cheshire,

2.1.2 Solutions
The following solutions were made with pure sterile water unldsswisestated

2x Yeast Extract Tryptonmedia(2YT):

1.6% Tryptone (w/v), 1% Yeast extract (w/v) and 0.5% Sodium Chloride (NaCl) (w/v)

Media for Agar Plates:

1.6% Tryptongwi/v), 1% Yeast extradiw/v) 0.5% Sodium Chloride (NaC{w/v), 2% agar
(w/v), dH0 and ampicillin (106mg/ml)

Tris-acetateEDTA buffer (TAE):

40 mM Tris, 20 mM acetic acid, and 0.4 mM EDTA.

Agarose Gel:
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0.8% agarose powder (w/v), TAE buffer

Lysis Buffer for Bacterial Cultures:

50 mM TrisHCI, pH 8.0, 25% sucrose (w/v), 1 mM EDTA

Detagent Buffer

0.2 M NaCl, 1% deoxycholic acid (w/v), 1% Nonided® (v/v), 20 mM TrisHCI (pH 7.5), 2
mM EDTA

Refolding buffer:

0.1 M TrisHCI, 2mM EDTA, 0.4M L-arginine, 0.5mM oxidised glutathione, ;1M reduced
glutathione

Phosphate buffered salineBS):

85 mM NacCl, 1.7 mM KCI, 5 mMNaHPQs, 0.9 mM KHPQy, pH 7.4

Phosphate buffered saline with Tween (PBST):

85 mM NaCl, 1.7 mM KCI, 5mM NadPQs, 0.9 mM KHPQ4, 0.1% (v/v) Tween, pH 7.

Tris buffered saline (TBS):

20 mM Tris,150 mM NaCl, pH 7.4

Tris buffered saline with Tween (TBST):

20 mM Tris, 150 mM NacCl, 0.1%v/v) Tween, pH 7.4

Cell lysis buffer

50 mMTris-HCI, 50 mM NaF, 1 mM N&.07, 1 mM EGTA, 1 mM EDTA, 1% (v/vylycerol,
1% (v/v) Triton X100, 0.5% (v/v) IGEPAL, 1 mM DTT, 1% (v/\BigmaAldrich Phosphatase
Inhibitor Cocktail Set II, plus SigmAldrich complete mini EDTAfree proteasenhibitor
tablet, pH 7.4

SDSPAGE sample buffer:
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Trizma®base (125 mM, pH 6.7), sodium pyrophosphateRM#) (0.5 mM), EDTA (1.25
mM), sodium dodecyl sulphat&DS) 0.5% (w/v), glycerol 12.5% (v/v), bromophenol blue
sodium salt 0.06% (w/v), and dithiothreitol (DTT) 10 mM

RIPA buffer:

Sodium Chloride (NaCl) (150 mM), EDTA (5 mM), Tris (50 mM, pH 8.0)-8P1% (v/v),
Sodium Deoxycholate 0.5% (w/v), sodium dodewsylphate (SDS) 0.1% (w/v) and
dithiothreitol (DTT) 10 mM

Acrylamide resolving gel:

75 mM TrisHCI pH 8.8, 0.1 % (w/v) SDS, 8 to 12% (v/v) acrylamide, 0.05 % (v/v) ammonium
persulfate and 0.01 % (VADEMED

Acrylamide stacking gel:

25 mM TrisHCI pH 6.8,0.1 % (w/v) SDS, 4 % (v/vacrylamide, 0.05 % (v/vdmmonium
persulfate and 0.01 % (v/v) TEMED

SDS running buffer:

25 mM Tris, 190mM glycine, 0.1 % (w/v) SDS

Wet transfer buffer:

25 mM Tris, 190mM glycine, 20%methanol(v/v)
Ponceau S:
0.2% (w/v) Pogeau S, 1% (v/v) acetic acid

Mitochondria Isolation Buffer:

250 mM sucrose, 5 mM HEPES, 2 mM EGTA, pH 7.2

Mitochondria Isolation Buffer + Bovine Serum Albumin:

250 mM sucrose, 5 mM HEPES, 2 mM EGTA, 1% fatty doee BSA, pH 7.2

Quenching buffer

85 mM NagQ, 1.7 mM KCI, 5 mM NaHPQ, 0.9 mM KHPQy, 50mM NH4CI, pH 7.4
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2.1.3 Bacterial Strains and Eukaryotic€ell Lines

DH5-a and BL21E. colicellswere used for bacterial transformation studies.

3T3L1 cells(Cat#CRL-173RRID:CVCL_0123 used in this study argerived from mouse
embryonicfibroblasts HEK293 cell§Cat# CRL:3216 RRID:CVCL_0063)used in this study
are derived from the kidney of a human embryo. Baghe supplied by American Type Culture

Collection (ATCC).
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2.1.4 Primary Antibodies

Table2.1. List of Primary Antibodies

List of primary antibodies used in this project, showing target proteinspestes, supplier, supplier

catalogue number, Research Resource IdentiRiRiD) number where one was available, and dilution

factor used for westeisiotting (WB).

Target | Species Supplier Catalogue RRID Dilution
Number for WB
VDAC1/3 | Mouse | Abcam abl14734 AB 443084 | 1:1000
b:-AR Rabbit | Abcam ab94506 AB_ 10863818 1:1000
UCP1 Rabbit | Abcam ab209483 AB_ 2722676 | 1:5000
P P A R 9| Rabbit | Abcam ab209350 AB_289009 | 1:500
FAS Rabbit | Cell Signalling 3180 AB_2100796 | 1:1000
Technologies
ACC Rabbit | Cell Signalling 3676 AB 2219397 | 1:1000
Technologies
GAPDH | Mouse | Ambion 4300 AB 437392 | 1:80,000
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2.1.5 Secondary antibodies

Table2.2. List of SecondaryAntibodies

List of secondary antibodies used in this project, showing antibody inaiading host and target

species, Research Resource Identifier (RRilDhber, which technique the antibody was used for, and

the dilution factothe antibody was routinely used at.

Antibody

Supplier

RRID

Dilution Factor

IRDye 800CW
Goatant

Mouse IgG

LI-COR Biosciences

AB_621842

1:10,000

IRDye 800CW
Goat ant

Rabbit IgG

LI-CORBIiosciences

AB_621843

1:10,000

IRDye 680RD
Goat ant

Mouse IgG

LI-CORBiosciences

AB_10956588

1:10,0®

IRDye® 680RD
Goat ant

Rabbit IgG

LI-CORBiIosciences

AB_10956166

1:10,000
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2.1.6 Plasmids

The plasmids useth 4.0 ZAG Expression Methodology of this study wergpQE60 and
pcDNA3.1 plasmids containing the AZGP1 gene for ZAG expressioanstructed by
GeneScripas custom orders, designed by Gwyn Gould prior to initiation of the experimental

work outlined herePlasmid maps are provided in the supplement material

2.1.7 Lentivirus Particles

Lentivirus for mammalian transduction used4® ZAG Expression Methodology were
purchased from©Horizon Discovery Ltd Vector sequence map is provided in the
supplementarynaterial

Item name: Precision LentiORF AZGP1 w/o Stop Codon

Clone ID: PLOHS ccsbBEn_ 05876

Catalogue ID: OHS5900224628376

2.18 Commercial AG

Commercial ZAG used for fluorescence spectroscopy experinredt® ZAG Expression
Methodology was supplied by Malcolm Kennedy and purchased fR&D Systems®.
Commercial ZAGused for glucose uptake assay$.0 Investigating the Impact of Zinc
Alpha 2-Glycoprotein in Adipose Browning Biology and was purchased froBioBench

ShiJiazhuang Quan Jing Biotechnology co., Itd.

74



2.2 Methods

2.2.1 CellLines

HEK293 human embryonic kidney ceffSat# CRI-3216 RRID:CVCL_0063)vere purchased
from the AmericariTissue Culture Collection facility,and used for transfecticand Lent
virus transduction experiments. 3L3 murine fibroblastsvere purchased frorAmerican

Tissue Culture CollectiorCatt CRL-173RRID:CVCL_0123.

2.2.2 Bacterial Transformation

DH5-a and BL21E. coli cells were used for transformation and protein expresBibib-a

and BL21E. coli cellsweremixed withpQE60 plasmid expressing ZAG anereincubated

for 5 minutes in an Eppendorf tube on ice. Bacteria and plasmid transformationweires
heatshocked at 42 on a hot plate for 45 seconds dnetransformation mixvasplaced back

on ice for 2 minutes. 2YT media (1.6% Tryptone (w/v), 1% Yeast extract (w/v) and 0.5%
Sodium Chloride (NaCl) (w/v)jvasadded to the transformation mix in a @0 falcon tube
and incubated at 3T in shaking incubator for 60 minutes. After the incubation, the
transformation mixvasthen spread onto agar plates (1.6% Trypton®), 1% Yeast extract
(w/v) 0.5% Sodium Chloride (NaC{w/v), 2% agarw/v), dH0 and anpicillin (100 ng/ml))
using an ethanedoaked spreader under sterile conditions using a Bunsen bineepreader
was @assed througkhe Bunsen after each plate to prevent cross contamination. Rlates
then wrapped in parafiim and incubated at@®vernight for growth of single colonies.
Colony growth resultdrom a successful transformation as th@E60 plasmid expresses

ampicillin resistance.
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2.2.3 Miniprep

Single coloniesveretaken fromatransformed plate using a pipette tip and dispensed@to

ml falcon tubes with 2YT media and ampicillin (16@/ml). Falcon tubesvereplaced ina
shaking incubator and incubated overnight alC3Tultures underwent the Wiz&dPlus SV
Minipreps DNA Purification System protocol as follows: After overnightubation the
cultures were then centrifuged at room temperaturéQRfr 5 minutes to form a pellet. The
pellet was resuspended with 28Dof Cell Resuspension Solution and 2%0of Cell Lysis
Solution was added and inverted 4 times to maild¥ Alkaline Protease Solution was added,
inverted 4 times, and then incubated for 5 minutes at room temperatu®.(330nm of
Neutralization Solution was added, inverted 4 times, transferred to an Eppendorf tube and then
centrifuged at top speed in the mitrge for 10 minutes at room temperature @28 A spin
column was inserted into a collection tube and the resulting cell lysate from the previous step
was decanted into the spin column and centrifuged at top speed in microfuge for 1 minute at
room temperaire (23C). The collected flow through in the collection tube was discarded and
the spin column was reinserted into the collection tubent®50Wash Solution with ethanol

was added and previous spin step was repeated. The flow through was discargeshdghe

wash step was repeated using 8b06f Wash Solution. Wash solution was then centrifuged at
top speed for 2 minutes at room temperature @23The spin column was transferred to a
sterile 1.5ml microcentrifuge tube and 10Dof NucleaseFree Water was adde the spin
column The centrifuge tube containing the spin column was then spun at top speed in the
microfuge for 1 minute at room temperature @Band resultingn pQE60 DNAbeing eluted

andstored at20 C.
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2.24 Restriction Digest

Agarose gel (0.8% agarose powder (w/v), Trichloroacetic acid (TAE buffer)) wasdieéte
microwave to liquify garose adtheagarose was poured into gel mould and ethidium bromide
was added and mixed until clear. The comb was then added and lefttubttissd 1 kb DNA
ladder and 1@ of each samplavas pipetted into the wells anélgvasrun at 75 volts for 30
minutes. After samples had finished runnitige gel was placed under U.Nght to image the

bands.

2.2.5 Protein Purification

TransformedL21-pQE60 ZAG expressing single colonigsretaken from transformed plate
using a pipette tip and dispensed inton@Cfalcon tubes with 2YT media and ampicillin (100
ng/ml). Falcon tubesvereplaced in shaking incubator and incubated atC3dvernight until
ODsoo optical densitywas achieved. Th resulting culire wasthen transferred to a 1 litre
conical flask containing 40l of 2YT and ampicillin (10Grg/ml) and growrfor 2-3 hours
until ODsoo is achieved. The culture was transferred to BOG@rumsand weighed, before
spinning at 3500xg for 20 minutes at room temperaturéJRi® worktop centrifuge to create
a pellet. The sample pelletd.5 g) wassuspended in lysis buffer (50 mM T4#&CI, pH 8.0,
25% sucrose (w/v), 1 mM EDTA) and cellerelysedwith the addition of lysozyme (thg)
dissolved in lysis buffer and then incubated on ice for 30 minutesdlligonbecame viscous
because of the lysozyme treatment. Mg@D mM), MnCk (1 mM) and DNase | (16g/ml)
were then added and incubated on fime30 minutes. Detergent buffer (0.2 M NaCl, 1%
deoxycholic acid (w/v), 1% Nonidet#0 (v/v), 20 mM TrisHCI (pH 7.5), 2 mM EDTA) was
added to the cell lysate, incubated for 20 minutes on ice and then centrifuged at top speed in

microfuge for 10 minuteat 4 C. After centrifugation, the resulting supernatamas removed
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and the pelletvasre-suspended in 0.5% Triton-X00, 1 mM EDTA solution and centrifuged
at top speed in microfuge for 10 minutes &t 4This proceswas repeated 5 times to produce
a tight pellet containing the recombinant protein.

The tight pelletvasresuspended in thl of 8 M UREA to remove recombinant protein from
inclusion bodies andrdl of Refolding buffer (0.1 M TrigdCl, 2mM EDTA, 0.4M L-arginine,
0.5mM oxidised glutathione mM reduced glutathionayas added and incubated overnight
at 4 C. After the refolding step, two different approaches were taken. The first was taking 1
of the overnight incubation and placing it in vivaspin 20 centrifugal concentrator. Refolding
buffer was gradually added to a total of 20 The sample was then spun at 3500xg until 5

of concentrated ZAG solutiomasleft in the top part of the vivaspin tube. The secapproach
injected 1ml of refolded ZAG using a 28auge needle into a dialysikde (3.57 kDa) and

dialysed in 1 litre of refolding buffer at @ overnight.

2.26 Cell Culture

226.1 Cell Culture of HEK293Cells

HEK293 cells were maintained in a humidified incubator at 37°C, with 5% (v/v)i€©@5

cn? flasks and accompaniedftiy2 ml of Dul beccodés Modified Ea
medium consisting of 10% (v/Myoetal Bovine Serum (FBS), penicillin (50¢ gnl) and
streptomycin (50 e€g/ml) (DMEM full medi a) . \
split by rinsing the montayer of cells with 5nl of sterilised Phosphate Buffered Saline (PBS)

and incubated with il trypsinEDTA (0.25%) at 37°C for &ins to detach the cells from the

flask surface. The cells were then resuspended with 11 ml of DMEM full medium and passaged

for continued culture. Additionally, cells were transferred to 6 well plates for cell transfection
experiments and placed in an inatdr for 24 hours. When the cells became approximately
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60% confluent, cells underwent transfection treatment as detailed below. Cells were harvested

for SDSPAGE and western blotting.

2262 Cell Culture of 3T3L1 Fibroblasts

3T3-L1 murine fibroblastsvere maintained in a humidified incubator at 37°C, with 10% (v/v)

CO in 75 cnf flasks and accompanied by 12 ml of DMEM full medium consisting of 10%
(v/v) Newborn Calf Serum (NCS), penicillin (30g ml ) and streptomycin
were fed every smnd day and passaged as describ@di6.1 Cell Culture of HEK293 Cells.
3T3-L1 murine fibroblasts were also grown in 12 well plates in preparation for differentiation

described ir2.2.6.3 3T3L 1 AdipocyteDifferentiation.

2.2.6.3 3T3-L1 AdipocyteDifferentiation

3T3-L1 murine fibroblasts were grown to confluence in 12 well plstesbated at 37°C, with

10% (v/v) CQ. Differentiation into adipocytes was initiated 2 days post confluence and the
differentiation process lasted 10 dapsy 0 medium cosisted of DMEM supplemented with

10% (v/v) FBS, 0.5 mM 3isobutytl-met hyl xant hi ne (1 BMX) , 1 ¢
dexamethasone, anchM troglitazone. 3 days after differentiation media was changed to Day

3 medium containing DMEM supplemented with 10%vWBS, 1¢e M i nsulnMn and
troglitazone. On day @&nd day 8,media was replaced with medium containing DMEM
supplemented with 10% (v/v)BS. Cells were fully differentiated after DAY and ready for
treatments described i2.2.6.4 3T3L1 Adipocyte Treatments. For aging studies after
differentiation maturity was reached after dayil6ells were fed with medium containing

DMEM supplemented with 10% (v/v) FBS and cells were used between day 10 and day 66
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2264 3T3-L1 AdipocyteTreatments

Cells weretypically used on day 10 after induction of differentiation to investigate adipocyte
browning biology as follows:

[A] For mitochondria analysis, cells were treated with recombinant and mammaliariZZAG

e M alongside their respective vehicle controls (Refolding Buffer and Serum Free Media
collected from Wild Type HEK293 ce)ldor 4 hours and mitdmndria were isolated as
described in2.2.11 Mitochondrial Isolation.Mitochondria samples were then blottéut
voltagedependenainionchannel 1/3 (VDAC 1/3) and uncoupling protéifUCR1).

[B] For browning associated cell signalling, cells were treated with mamnzh&n(27¢ M

for 2, 24 and 48 hours and samples were blotted for peroxisome prolfacitated receptor
gamma (PPABOMN, cacbhboxyl ase (ACC), fadrerergicaci d
receptor (b3 AR).

[C] Cells were treated to measure lipolysis as outlinéddr6.5 Measuring Lipolysis of 3T-3

L1 Cellsbelow.

[D] Cells were treatewvith bacterial and mammalian ZA@7{ e M and commercial ZAG (5

€ g / rolmeasure glucose uptake as outlined.i16.6 Measuring Glucose Uptake in 373

L1 Cells.

2.26.5 Measuring Lipolysis of 3Td.1 Cells

3T3 cells were grown and differentiated asextan2.2.6.2 Cell Culture of 3Td.1 Fibroblasts

and 2.2.6.3 3T3L1 Adipocyte Differentiation. Once cells had reached day 10 of
differentiation, fresh media was given to cells and were treated with bacterial expressed ZAG
(50 ¢ M and respective control oéfolding buffer for 1 and 4 hours. Cells were also treated
with mammalian expressed ZA@7 € M and respective control of Serum Free Media

collected from Wild Type HEK293 cells for 2 hours. After appropriate incubation period,
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media was collected from ¢gland were subject to the Lipolysis Colorimetric Assay Kit from
Sigma Aldrich. Samples were measured on-av8b plate at 57Gm using the BioTek EPOCH

Microplate Spectrophotometer.

2.2.6.6 Measuring Glucose Uptake in 3TFB1 Cells.

3T3 cells were growand differentiated as stateddr2.6.2 Cell Culture of 3Td.1 Fibroblasts
and2.2.6.3 3T3L1 Adipocyte Differentiation Glucose uptake was measured by the uptake of
2-[3H]-deoxyglucose as previously described (Gould et al, 1988)-13Td@dipocytes grown

in 24 well plates and were incubated for 2 hours in sdramDMEM prior to the start of this
experiment. Cells were then transferred to a hot plate at 37°C and washed 3 times with 0.5 mL
of KrebsRinger phosphate (KRP; 130 mM NacCl, 4.8 mM KCI, 5 mM ha&s, 1.25 mM

MgSQy, 1.25 mM CaGl, pH 7.4) solution before being incubateditbe L of KRP. The
were then stimulated with 100 nM insulin for 20 minutes. Glucose transport was initiated by
the addition oR 5 ¢ 2-deaxyglucose and -23H]-deoxyglucosdfinal concentration of 50

eM and 0.5 ¢g) @i5 minetssplaecaty wastérminated by removing the assay
mixture from the cells and immersing the plate? litres of icecold PBS. After akdrying the

plates for 1 hour, 0.25 mL of 1% (v/v) Tritofil00 was added to the wells and incubated at
room temperature for up &4 hours. The samples were added to 5 ml of scintillation fluid and

radioactivity levels were measured using a BeckMati-Purpose scintillation counter.

2.2.7 HEK Transfection

Cells were plated on 6 well plates and incubated at 37°C, with 5% (v/y) @ae cells
reached approximately 60% confluence, treatments of a vehicle control ef&mtionly,
Opti-Mem and Lipofectamine (2% (v/v) final), Ogilem and Xfect reaction buffer and Xfect

polymer (25% (v/v) and 0.3% (v/v) final), Ogilem and pCDNA3.1 lasmid expressing ZAG
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(2.5 mg/ml per well), OptiMem, Lipofectamine and pCDNAS3.1 expressing ZAG (2% (v/v)
final and 2.5ng/ml per well) and OptMem, Xfect reaction buffer, Xfect polymer and
PCDNAS.1 expressing ZAG (25% (v/v), 0.3% (v/v) final and 2&'ml per well) were
preparedvortexed and spun in microfuge at top speed for 30 seconds. Treatments were then
incubated for 20 minutes. Media in 6 well plate was aspirated and replacedmlithf Dptr

Mem, swirled and then aspirated. Incubated treatmeeits then added to the centre of each
desired well in a dropwise manner and incubated f6rhdurs. After incubation, mediaas
aspirated and replaced with DMEM and plateseincubated at 37°C, with 5% (v/v) G@r

48 hours.

22.7.1 Lentivirus Transauction of HEK293Cells

HEK293 cells were plated on a 24 well plate at a density of ‘spé0well and incubated
overnight aB7°C, with 5% (v/v) CQ The next day, DMEM growth media was aspirated and
replaced with DMEM supplemented with Blasticidin S eomihg the appropriate
concentrations for kilturve 0-20 pg/ml)and incubated &7°C, with 5% (v/v) CQ Media

was replaced approximately every32days with the same concentration of Blasticidin S
supplemented DMEM. Cell survival was monitored androptn effectiveness was observed
between & days. Optimum effectiveness is classed as the minimum concentration of antibiotic
that kills 100% of cells within & days. Once the appropriate concentration of Blasticidin S
was determined, HEK 293 cells wereded onto a 24 well plate at a density of Sxls per

well in DMEM and incubated for one day 37°C, with 5% (v/v) CQ DMEM media was
aspirated and replaced with serfiee mediuma nd Pr eci si ofTUnewasi ORF E
added to each well. Cells wereubated aB7°C, with 5% (v/v) CQfor 4 hours, transduction
mixture was aspirated and replaced with DMEM and incubatgd°&t, with 5% (v/v) CQfor

48 hours. Successful transduced colonies expressing Turbe@&féPthen imaged using the
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EVOSE FL afingtSysterin at x10 magnification.

2.2.8 Harvesting Cells andsupernatans for SDSPAGE

After HEK 293cell transfectiorand 3T3L1 adipocyte treatmentplates wereemoved from
incubator and placed on ice. Cell conditioned media was collected intcetaligpendorf
tubes. 151 of Trichloroacetic acid (TCA) was added to each Eppendorf and inverted 3 times
to mix TCA and mediavortexed and then incubated on ice for 15 minutes. After incubation,
samples were spun at top speed &t h microfuge for 20 nmutes. Samples were then placed

on ice and incubated for 10 minutes with occasional mixing. Samples were then transferred
back to microfuge and spun for 10 minutes at top speedCatRlesulting supernatant was
carefully removed using a 2001 pipette tip and discarded. The remaining pellet was
resuspended in sample buffer (SBAGE buffer) (Trizma®base (125 mM, pH 6.7), sodium
pyrophosphate (N&.07) (0.5 mM), EDTA (1.25 mM), sodium dodecyl sulphate (SDS) 0.5%
(w/v), glycerol 12.5% (v/v), bromophenol blg®dium salt 0.06% (w/v), and dithiothreitol
(DTT) 10 mM) and was vortexed to mixM2Tris buffer was then added to neutralise the TCA.
SDSPAGE buffer was then added to reach the desired final volume to run samples on gel.
Samples were stored &0 C if not used immediately.

To harvest cells, each well was washed with Phosphate Buffered Saline (PBS) twice and
discarded. RIPA buffer (Sodium Chloride (NaCl) (x6M), EDTA (5mM), Tris (50mM, pH

8.0) NR40 1% (v/v), Sodium Deoxycholate 0.5% (w/v), sodiurdetyl sulphate (SDS) 0.1%

(w/v) and dithiothreitol (DTT) 10nM) was added to each well and cells were removed using

a cell scraper. Cells were collected usingralJpipette tip and placed in labelled Eppendorf
tubes. Each cell lysate was sheared 10 timesigh a 2Bgauge needle to break released DNA

and samples were spun in microfuge at 4t top speed for 10 minutes to pellet insoluble
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debris. Supernatant was removed and can be stor2d &tif not used immediately. If using
that day, samples are net in 2x SDSPAGE buffer and heated at @for 10 minutes before

western blotting.

2.2.9 Western Blotting

3 ¢l -sotfaipnreed mol ecul ar wei ght marker and 15
polyacrylamide gels 10% (w/v) using a BDpipette. Gels were secured in clamp stands and
submerged with running buffer comprising of glycine (0.19 M), SDS 0.4%) (and
Trizma®base (25 mM). The gel apparatus was then attached to a power source and was set at
150 V for 60 minutes and then increased to Y0@hen samples had run halfway down the

gel. Once the separation was complete, the gel was placed into fartreassette against
nitrocellulose paper, supported with sponge and card. The assembled transfer cassette was
submerged in transfer buffer consisting of glycine (0.19 M), Trizma®base (25 mM) and
methanol 20%v/v). Protein transfer from the gel to theratellulose was at 100 V for 120
minutes. The nitrocellulose paper was incubated in blocking buffer comprising of Bovine
Serum Albumin (BSA) 3% (w/v) in Tris buffered saline with Tween 20 (TBST) (NaCl (100
mM), Trizma®base (10 mM, pH 7.5) and Tween®20 0.{%v)) for 1 hour at room
temperature (23°C). The membrane was then placed in appropriate primary antibody (1:1000)
diluted in BSA 1% (w/v), TBST and rotated overnight at 4°C. After primary incubation, blots
underwent three-thinute washes with TBST whilsocking. They were then incubated with

the corresponding ECOR IRDyeconjugated ammouse/rabbit secondary antibody
(1:10,000) diluted in BSA 3% (w/v) and TBST for 1 hour at room temperature (23°C).
Subsequently, blots underwent another thresinute wash steps in TBST. Proteins were

visualised using the ECOR imaging system.
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2.2.10 Fluorescence Spectroscopy

The fluorescent fatty acid 1-((5-dimethylaminonaphthalerk sulfonyl)amino)undecanoic

acid (DAUDA) wasstored as stock solution of 3 mignl in ethanol, in the dark a0 °C, and
freshly diluted inPhosphateBuffered Saline (PBS; 171 mM NacCl, 3.35 mM KCI, 10 mM
NaeHPQy, 1.8 mM KHPQy, pH 7.2) toa final concentration ol uM before use in the
fluorescence experimentSommercial ZAG was boughtdm R&D Systems® and was made

to stocks of 1& g / ml I n PBS and our ZAG wa sng/ralt a st
Spectrofluorimetry and Fluorescenrioased Ligand Bindindy Fluorescence binding emission
spectra (uncorrected) were recorded at 20 °C with a SPEXMRxaspectrofluorimeter (Spex
Industries, Edison, NJ) using &1l samples in a silica cuvette. Raman scattering by solvent
water was subtracted where necessary. The excitation wavelengths used for DvIB#S

nm, respectively. Fluorescence data were corrected for dilution where necessétte @iy f
standard nonlinear regression techniques (using Microcal ORIGIN software) to a single site
binding model to give estimates of the dissociation constant (Kd) and maximal fluorescence

intensities (Fmax).

2.2.11 Mitochondrial Isolation

Five 10cm pates of fully differentiated 3T-8B1 adipocytes were placed on ice and washed
with ice cold Phosphate Buffered Saline pH (P8S) twice. Cells were then coated in thb

ice cold Mitochondria Isolation Buffe260 mM sucrose, 5 mM HEPES, 2 mM EGTA, pH

7.2) and removed from dish with a cell scraped adipocytes were collategether Cells

were then homogenised with a glass dounce by descending and ascending the pestle with
rotation ten times. Cell homogenate was transferred tmllEppendorfs and spuat 900 x g

in microfuge at 4°C for 10 minutes. The homogenate should now be separated with a layer of
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fat at the top of the Eppendorf containing peridroplet mitochondria (PDM) and the supernatant
containing the cytosolic mitochondria (CM). The fat cakeswemoved by cutting the top of a

tip off and pipetting and placed into a new Eppendorf and the supernatant was also transferred
into a fresh Eppendorf. The supernatant fraction containing the CM was resuspended
thoroughly withMitochondria Isolation Bu#rand spun again at 900 x g in microfuge at 4°C

for 10 minutes and any further fat layer was removed. Keeping both fragments separate, the fat
cake and supernatant were mixed thoroughly Witochondria Isolation Buffer BSA and

spun at9000 x gat 4°Cto pelletthe mitochondria. The supernatant was removed from both
isolates and resuspendedMiitochondria Isolation Buffer BSA and respun at9000 x gat

4°C to pellet the mitochondria again. These final pellets were resuspendéditwithondria
Isolation Bufferabsent of BSA and aliquoted at&0PDM and CM nitochondriapopulations

were aliguoted and stored separatth80°C.

22121 Fixing Cells for Imaging

3T3L1 cells were grown to the desired differentiated state in a 12 well plate with glas
coverslips and placed on ice and washed with ice cold Phosphate Buffered Saline pH 7.0 (PBS)
once. Cells were then incubated with 4% Paraformaldehyde (PFA) for 20 minutes at room
temperature on benchtop with no rocking. PFA was removed and cells wéredweith ice

cold PBS x3. Cells were then incubated in quenching b(@emM NaCl, 1.7 mM KCI, 5

MM NaHPQy, 0.9 mM KHPQs, 50mM NH4Cl, pH 7.4 for 40 mins at room temperature with

slight rocking. Quenching buffer was removed and washed in ice colbR&S Fixed cells

can be stored in PBS and covered at 4°C until nefd&timulated Raman Scattering (SRS).

22.12.2 Stimulated Raman Scattering Microscopy (SRS)

An integrated laser system (picoEmer8ldApplied Physics & Electronics, Inc.) was used to
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produce two synchronized laser beams at 80 MHz repetition rate. A fundamental Stokes beam
(1031.4 nm, 2 ps pulse width) was intensitydulated by an electropticc-modulator (EoM)
with>90% modul ati on dept h, amm @ psaulst widtla ©1 e p uI
nm (<10 cm?) spectral bandwidth) was produced by a kiniloptical parametric oscillator.

The pump and Stokes beams weretighg and temporally overlapped using two dichroic

mirrors and a delay stage inside the laser system and coupled into an invertsddasargy

microscope (Leica TCS SP8, Leica Microsystems) with optimizedIRethroughput. SRS

images were acquired agi a 40x objective (HC PL IRAPO 40x, N.A. 1.10 water immersion

l ens) with a 9.7517T48 ¢s pixel dwell ti me ove
beam was modulated with a 20 MHz EoM. Forward scattered light was collected by a S1 N.A.

1.4 condengelens (Leica Micresystems). Images were acquired atbitZmage depth. The

| aser powers measured after the objective | ¢
beam onl vy, 101750 mwW for the Stokes beam onl"

The gatial resolution of the system50 nm(pump wavelength = 792 nm).

22.12.3 Hyperspectral SRS Imaging.

10ul of PBS was pipetted on 018mm glass slides and fixed cells on coverslips were placed
on top and sealed with nail varnish to prevent cklfgng out.Hyperspectral SRS imagegre
acquired acr oss t'husingra®.4angeetu@ednitite pBnd Bedm andn9.75

€s pixel acthssa bll x 512 frame.

2.2.12.4 Spectral Phasor Analysis.
The SRS image data set acrtss range 28D 17 3 0 5'bwas imported into ImageJ, and an
average intensity projection was created. The spectral plaasdysis was performed as

described by Fu et al2018, using a plugn for ImageJ.21The background areas were
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removed from th@nage using a thrésld intensity mask. Segmentation of gtesor plot was
performed manually using region$-interestto create images of discrete cellular locations.

The corresponding average spectra for each ROl were pliteglExcel.

2.2.13 Data Analysisof Lipid Droplets
Images of 3TA.1 adipocytes were uploaded in FIJI and the following steps were performed
to analyse characteristics of area, perimeter and diameter of lipid droplets in adipocytes:
T I mage > Adjust > Threshold > B&W > Dar k B

T Anal> sSeds Meement s:

Ar ea

Peri meter

Di ameter

Limit to Threshold

Send to the threshold i mage

T Analyse > Analyse Particles

Siz€nfbnity
Circul ar.i0ty: 0.5
ShoMask

Di splay Resul ts
Exclude on Edges
Overl ay

9 Display of results were then transferred and analys®RISM
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2.2.14 In Silico Ligand Docking
ZAG and candidate ligand crystallised structures were obtained from the protein data bank
(PDB) and visualised in UCSF Chimera. All ZAG mutations were performed using the
ORotamersdé6 function in UCSF Chi mer a.
Docking method.
All docking was performed using the online server at Swansea University in conjunction with
Moleculomics and all files containing ZAG (wild type and mutants), candidate ligands and
subsequent docking files are all stored on this server. Tlsving steps were carried out to
perform ligand docking:
1 Logged onto the server of Swansea University to access the virtual machine containing
the PLANTS docking program. The docking simulations need the following files:
1 A denuded receptor saved as a .fildh This receptor is wild type or mutant ZAG
1 An example binding saved as a .pdb file. This is ZAG that already has a ligand bound
so the program has a reference.
1 A ligand structure derived from PubChem saved as a .sdf file. These are our candidate

ligands that are to be docked.

These files have to be prepared for them to be accepted to run in the PLANTS program by
performing the following:
T Receptor is prepar ed efcorr edco cpkdibn gp:r edpf/edl i x
T Prepare exampl-@:exodbafoe!l ex. pdb

T Prepae | igand: dmetl hodpeemalrieglsdayf prep/ o6

Lastly are the files needed to run the docking simulation:

1 call.plants and plants.cfg

Plants docking run using:
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T 6./ call .plants prep/rec.mol 2 ex.sdf prepl/

Files are t hleens svibeewsetdf euastiunrge s. csv o where | i g

All files are exported and viewed and edited using Chimera and Excel.

2.2.15Data and Statistical Analysis

All ligand docking work has been performed using the PLANTS docking soffiarb et al.,
2007)and docking simulations have been ran with my PC but remotely using the computers at
Moleculomicsin Swansea University. All analysis of ligand docking workbeeshperformed

with UCSF Chimera (Pettersan et al ., 2014).

All Stimulated Ramarscattering image analysis was performed using (Sdhindelin et al.,

2012) and spectral phasor analysis and cell segmentation images were generated using the
Spectral Phasor plugin for FIJI (Fu & Xie, 2014).

Western Blot images were generated using (8dhindelin et al., 2012nd all quantification

and statistical analysis was performediraphPadPRISM.

Fluorescence Spectroscopy data obtained from ZAG and DAUDA binding studies were
analysed and generated using Microcal ORIGIN software.

No power catulations have been performed in this thesis.
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Chapter 3
Investigating Zinc Alpha 2-Glycoprotein
Ligand Binding Through Computational

Technigues

MOLECULOMICS J

UCSF CHIMERA

an Extensible Molecular Modeling System PLANTS
Protein-Ligand ANT System
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3.0 Investigating Zinc Alpha 2-Glycoprotein Ligand Binding

Through Computational Techniques

3.1.1 Introduction

One direction taken to figldisease progression is for pharmaceutical companies toogevel
therapeutics for diseases such as cancetelbgloping a drug discovery progrdifakede et

al., 2018) For example, a protehsuch as a receptathat has been identified to drive disease
progression will be extensively studied and the ligand that binds to this protein resulting in
downstreansignaling will be identifiedPerola, 2010Q)This ligandand its interaction with the
protein are then mapped and a screening program is initiated. The identification of the key
residues in the protein and the key groups in the ligand &tliotive development of a synthetic
compound that can bind to the protein irreversibly and prevent function stemming disease
progression. This approach is one that can be applied to our efforts in identification of the
ligand binding partner in the ZAG pgean.

This drug development work can be undertaken using chemical assays designed to modify
potential structures based on an identified pharmacophore to identify more efficacious or
soluble drug targets using simhevitro orin vivoassays. Howeverghe we sought to initiate

this work through computational meadgphafold 3 hasrevolutionized our ability to study
protein structural biology by usirig silico approaches to model protestructuregJumper et

al.,, 2021) Utilizing additional computational programs allows for visualization of pretein
ligand binding sites and assessment of the key residues, and bonds that are involved in these
interactiongPettersen et al., 2004)his approach aim® reduce chemical reagent use, time
and cost by exploring candidatgdnds virtually with a library of selected ligands;fmssing

the heavy leg worln vitro/in vivo assays with a high virtual throughput system that we can

use as a screening process to narrow the number of ligands used in our studies.
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For this work we hve utilized the protein visualization software UCSF Chinjeedtersen et

al., 2004) Chimerais a multifunctional, interactive program with good rendering quality
whilst allowing for customization of visuals using direct interface without the need for coding,
providing a somewhat user friendly experience authcompromise in quality. Like other
molecular programs such as PyMQ@Rigsby & Parker, 2016)UCSF Chimera allows for
imports from the protein data bank (BPthat takes an established protein structure and
generates a computer model which can be manipulated through orientation, residue selection,
naming and coloring to allow for visualization and molecular analysis.

Considering structural analysis, there different approaches when it comes to computational
predictions. One exampls AlphaFold,that has been developed to accurately predict protein
structures that have not been resolved through conventional means as mentioned. Our method
however requires &nown structure for these dockirggudies. Another route is through
molecular dynamicgDurrant & McCammon, 2011that simulates the orientation of protein
protein and protedtigand interactions but is significantly computationally intensive and
requires aparticular skill set. Therefore, we employed software that specializes in Hdigand
protein interactions that can be incorporated with the UCSF Chimera program.

As models of protedigand interactions hawtevelopedso has understanding of the molecular
chemistry. For example, the lock and key developedribiier(Lichtenthaler, 1995presents

a rigid system with the ligand (key) having to precisely fit the protein (lock). This was further
developed byKoshland (Koshland, 1995with the induced fit model were the protein can
undergo conformational change as well as the ligand. It is this flexibility in both the ligand and
protein that has been the focus when developing ligand docking programs suchiNasSSPLA
PLANTS

ProteinrLigand ANT System (PLANTS) is a docking software tool that allows for
computationakxperiments to represent chemical reactionsilico (Korb et al., 2007)This
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system in particulais named after how ants navigate by using pheromones to hone their
direction to their destination and this is loosely translated to the how the docking system
performs. The PLANTS software allows for the ligand and protein to exhibit degrees of
freedom ad flexibility, allowing various iterations of orientation between the two. The
software loads the ligand into an indiscriminate area around the protein of interest and the
program begins to dock the ligand by taking incremental steps towards the pnotiang b
pocket whilst allowing flexibility in the ligand. This is determined by the ligands atom spatial
arrangements that are resolved through the rotation about single bonds and is searching for
what orientation of the ligand exhibits the least degredseeflom. With this first run of
simulations complete, the program selects that orientation of ligand presenting the least degrees
of freedom and uses this as the new starting point for the next set of docking simulations. The
simulation is complete wheiné ligand exhibits the least degrees of freedom in the docked
model showing it has reached an end point and the ligand no longer wants to change orientation.
This final docked ligand is then assigned a binding affinity score that can be compared with
subsguent docking simulations. All of the docked files can then be visualized in UCSF
Chimera to investigate the molecular chemistry of the binding site and elucidate the residues
which are providing the strongest interactions with the ligand such as idegtifydrogen

bonds. Another beneficial feature is that mutations can also be made computationally using
UCSF Chimera allowing for conformational changes in the binding site of the protein. As with
the wild type, these mutated models can be used for doskimdations and through structure
based sequence alignment can be superimposed on top of one another and the mutations effect
on ligand docking orientation can be visualized. In conjunction with Moleculoipsotein
computational team based in Swanseaversity there are expertise in this line iof silico

drug discovery. One example being that Moleculomics were awarded funding to find a drug
treatment for the mutating SARS0V-2 using their technology platforms and are well placed
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for this work. Collding all these features together, allows for a comprehensiglico
screening study to be performed, providing i
motifs. A workflow has been included here to demonstrate the thinking and steps taken in

perfaming thisin silico ligand docking study (Figure 3. 1).
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Ligand Docking Workflow

Lipids are identified from PubChem files are

Research Stage caclhexm serum Sﬂll.lples m Obtain P}lehelm files for uploaded to Moleculomics
literature as candidate candidate ligands Servers
ligands for docking studies
. Files needed for docking
Preparation _ _
& Denuded ZAG — Prepare these files for — Run ligand dockings on
ZAG example binding docking PLANTS

Docking Stage o
Candidate ligand

e

Analysis Stage Transfer docking files and Investigate residue and Export final docking
analyse on Chimera ligand interactions images

Figure 3. 1.Research and Experimental Design for in silico Ligand Docking

Computationaligand dockingstudies performed in this thesis followed the outlined stepss&arch

stage tanvestigate the literature and identify our candidate ligands. A preparation and docking stage to
prepare the ZAG and candidate ligand files to use in the PLANTS docking program. Finally, all docking
results were transferred and analysed using UCSF Chimelantify interactions between the residues

in the ZAG pocket and the candidate ligands.
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3.1.2 Validation of Ligand Docking Programme PLANTS

It has been hypothesised that ZAGO0s biologi
possible selection f | i gands in a gr oov e(Ddkeretwlg 2004) t he U
Crystallised models of ZAG have shown two ligands bound in this pocket(®&&hez et

al., 1999)and DAUDA (Kennedy et al., 2001part of tls project is to determine how these

ligands interact within the groove through protein elbdg and ligand docking analyses. To
determine the validity of the docking simulations that were going to be undertaken, control
docking simulations of the crystallised ligands P6G and DAUDA were performed to determine

if this approach was appropriatadentifying possible novel ligands. The crystallised DAUDA

in the ZAG pocket was initially transferred into the protein modelling progratd@8F

Chimera (Figur&. 2 A) and showed interactions between a Tryptopfi&wresidue, a Tyrosine

117and an Argime "3 residue. The same DAUDA and ZAG .pdb files were then uploaded to

the Moleculomics server and ligand docking simulations were performed using a programme
called PLANTS. This docking was then observed ukli@$FChimera (Figur& .2 B) and the

ligand has docked in a similar orientation with shared residue interaction with the crystallised
DAUDA with Tryptophan'#® Tyrosine''’ and Arginine’3. The P6G ligand was analysed using

the same process but docking did not result in the same orientation (dsttawn). However,

with a strong match between the crystallised and PLANTS docked DAUDA, there was now a

comparative result going forward.
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Figure 3. 2. Initial Ligand Docking Simulation in ZAG Alpha Helix Groove

Crystallised structure of ZAG arAUDA ligand was obtain through Protein Data Bank (PDB) and
was initially analysed using théCSFChimera protein imaging software (A). The ligand DAUDA was
uploaded to the Moleculomics server and a simulation of ligand docking was run using PLANTS

softwae to compare with the crystallised DAUDA orientation in native ZAG (B).

98



3.1.3 Ligand Screening tol dentify Suitable Ligand Candidates for ZAG

With a control established to stdhe ligand docking work, suitable candidate ligands were
identified usingthe literature with lipid serum analyses of cachexia patieaé&ng an
upregulation of Palmitic acid and Stearic a@lller et al., 2019; Riccardi et al., 202QVith

it being hypothesised that a hydrophobic molecule could be the potentialbigaliv partner

to ZAG and that ZAG is upregulated in cachexia patients, it seemed reasonable to use these
two ligands as a starting point. 20 molecules closely related to these acids were selected as
candidate ligands (Tablg.1) and docking simulationwere performed as previou8.1.2
Validation of Ligand Docking Program PLANTS. ThePLANTS docking programme assigns

a scoring system for each docking (TaRlE) based on its number of interactions between the
ligand and the protein. Our control for theleeking experiments is the docked DAUDA ligand
and it has a ligand score -df11.062. Anythingqual tothis scoreor numerically lowegwould

be a desirable ligand candidate to further investiggtEl-Eicosadiynoic acid has a ligand
score 0f-115.276 (Bble 3.1) and exhibits hydrogen bonding between the residues of
Tryptophan'#® Glutamic acid’®, and Threoniné® whilst also interacting with the residues
Arginine "3, Phenylalaniné®, Tryptophant'®, Tyrosine!’, Isoleucine’® and Aspartic acid®
(Figure 3.3 A). Another ligand candidat®,12Octadecadiynoic acid has a ligand score of
110.062 (Tabl&.1). It also exhibits hydrogen bonding between the residu@s/ptophan-4
Glutamic acid’®, and Threoniné®. It shows further interactions withhBnylalaninel®,
Isoleucine’®, Tyrosine'* and Tyrosine'® but does not appear to interact with Arginitie
(Figure3.3 B). A 39 desirable candidate ligandyachidic acid has a ligand score ef12.568
(Table3.1). Arachidic acid shows hydrogen bogibetween Tryptophatf® and Tryptophan

134 residues whilst interacting with Arginirié Phenylalaniné®, Tryptophant'®, Tyrosine!'’

and Tyrosine’®! (Figure 3.3 C). Hexadecanedioic acid is anothigand to investigate with a
ligand score 0f-104.965 (Table 3.1). As with 8,11Eicosadiynoic acid and 9,12
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148 and Threoniné&®

Octadecadiynoic acid it exhibits hydrogen bonding betwiegptophan
but also with Isoleuciné® and other interactions with Tyrosif¥ and Lysine'*’ (Figure3.3

D). The last cadidate is Stearic acid itself. It is given a ligand scorel©6.141 (Table.1).

Its orientation is mirrored in comparison witB,11-Eicosadiynoic acid and 9,12
Octadecadiynoic acidnd as a result it interacts with TryptopH&hand Threoniné® as trey

do but exhibits hydrogen bonding between Arginifeand Tyrosine!!’. There are also
interactions Threonin&* and Aspartic acid® (Figure3.3 E). These top 5 ligand candidates
share common residues that they interact with varying degrees glabll candidates,11-
Eicosadiynoic acid, 9,2®ctadecadiynoic, Arachidic acid, Hexadecanedioic acid and Stearic
acid interact with Tryptophari®. 8,1%Eicosadiynoic acid, 9,}@ctadecadiynoic acid,
Hexadecanedioic acid and Stearic acid interact with drfine 80. 8,14icosadiynoic acid,
Arachidic acid and Stearic acid have a common residue in ArglRir&11Eicosadiynoic

acid, Arachidic acid, Hexadecanedioic acid and Stearic acid interact with Tyrdsine
Phenylalaniné®is a common residue betwe8,11Eicosadiynoic acid 9,1Pctadecadiynoic

acid and Arachidic acid. 8,1Hicosadiynoic acid, 9,}@ctadecadiynoic acid and
Hexadecanedioic acid share a common residue in Isole{fcifmally, Glutamic acid” is a
common residue between 8;Eicosadynoic acid and 9,1:®ctadecadiynoic acid. With this

small screening of ligands undertaken to determine suitable candidates for the ligand binding
partner, it has resulted in the identification of possible key residues in play. The significance

each commonesidue plays in the ligand interaction with ZAG can be investigated by focusing

on each residue individually.
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Table3.1. Candidateligands forDocking Smulations in ZAG

Candidate ligands were chosen based on their similarity to stearic and paliditidgend .pdb files

were obtained through the Protein Data Bank (PDB) and were initially analysed usibg8te

Chimera protein imaging software. The ligands were then uploaded to the Moleculomics server and

simulations of ligand docking were run usiR ANTS software to compare with the crystallised

DAUDA orientation in native ZAG. Total ligand score is an accumulation of the total interactions

between ligand and ZAG.

Candi dat e Ligand Sco Chemi cal Fo
8,-ELcosadiynoi -115. 276 Co b3 ©2
Arachidic acid -112.568 Cz b4 2
DAUDA -111. 062 Cz K3 N204S
9, D2t adecadiyn -110. 941 C1 ¥2 ©2
Stearic acid -106. 141 Ci 3 62
Hexadecanedi oi -104. 965 C1 Hs 04
P6 G -104. 131 CiH2 67
Heptadecanoi c -101. 3 CiHs D2
lHydr oxy mex ad 6 -101. 142 Cs s Ds
2f l uoropal mi ti 97.984 Ci1 K3 FO2
Pal mitic acid -97.9451 Ci ks 02
Myristic acid -89. 94514 CiH28»
Lauric acid -83.4269 Ci 2
Undecanoic aci -80. 9033 CiHi O
Decanoic acid -75. 6844 Ci b2 02
Nonanoic acid -72.8290 CoH1 ©2
Octanoic acid 68. 1017 CsH1 2
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Figure 3. 3. Protein Modelling of Successful Candidate Ligand Dockings in ZAG

Candidate ligands were chosen based on their similarity to stearic and palmitic acid. Ligand .pdb files
were obtained througthe Protein Data Bank (PDB) and were initially analysed usingJ@G8F
Chimera protein imaging software. The ligands were then uploaded to the Moleculomics server and
simulations of ligand docking were run using PLANTS software to compare with the liggstal
DAUDA orientation in native ZAG. Successful ligands 8fll-Eicosadiynoic acid (A), 9,12
Octadecadiynoic acid (B), Arachidic acid (C), Hexadecanedioic acid (D) and Stearic acid (E) were

visualized usingJCSFChimera to identify the participating rdsies and the ligand interactions.
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Table3.2. CommonResiduesThat arel nteracting with SuccessfulLigand Candidates.

Successful ligands of8,11Eicosadiynoic acid, 9,1@ctadecadiynoic acid, Arachidic acid,
Hexadecanedioic acid and Stearic acid were alized usingUCSF Chimera to identify the
participating residues and the ligand interactions. Common residues were identified and collated to

determine importance of the interacting residues.

Common Residues for |Ligands That ®&eei Osk

Tryptddhan 8, Eicosadiynoic acid
9, D2tadecadi ynoic ac
Arachidic acid
Hexadecanedioic acid
Stearic acid

Thredhine 8, Eicosadiynoic acid
9, D2tadecadi ynoic ac
Hexadecanedioic acid
Stearic acid

Tyrostine 8,-El coysnaodiic aci d
9, D2tadecadi ynoic ac
Hexadecanedioic acid
Stearic acid

Argimn®ine 8, ELlcosadiynoic acid
Arachidic acid
Stearic acid

Phenyl &% anine 8, Elcosadiynoic acid
9,D2tadecadi ynoic ac
Arachidic acid

| sol €ficine 8, Ficoyadic acid
9, D2tadecadi ynoic ac
Hexadecanedioic acid

Gl ut ami® acid 8, Elicosadiynoic acid
9,D2tadecadi ynoic ac
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3.1.4 Evaluating theDegree in which ZAQResidueMutations Effect Lipid Binding

By analysing the top ligand candidates, coom residues that these ligands interact with were
identified. To gain an understanding if any of these residues are significant in the way these
ligands could bind, each residue would be mutated to an alanine and the dockings would be
repeated Of note, he rotamers function in UCSF Chimera allows the mutation of these
residues but keeps the protein in the same orientation as thtypeldT hisallowsconsistency

with the wildtype dockings to investigate the interactions with the residueddes not
consider the conformational change that could owgtlr structural residue changes. This type

of work could be included with molecular dynamicgrogram that simulates these changes,
however for our residue interaction investigations, this static appi®aaitable. Tryptophan

148 and Arginine’ were the first residues to be mutated using the rotamers function in UCSF
Chimera. The candidate ligand8,11-Eicosadiynoic acid, 9,}@ctadecadiynoic acid,
Arachidic acid, Hexadecanedioic aci&tearic acidand DAUDA were docked usinghe

method as previously set out3rl.2 Validation of Ligand Docking Program PLANTS

Tryptophant*® Alanine

8,11-Eicosadiynoic acidFigure3.4 A) and9,120ctadecadiynoic acifFigure3.4 B) docked

in a different orientationni relation to the wiledype. Both ligands are no longer exhibiting

hydrogen bonds with Tryptophdmut ant and the 6headd of the
Arginine " side.Arachidicacid (Figure3.4 C) is in a similar orientation in both the witgpe

and mutant, most likely due to the hydrogen bonding in the Tryptoldharexadecanedioic

acid (Figure3.4 D) exhibits a change in orientation \
bond partner of Tryptophatt® and instead, shifting upwards to the tipthe groove and

interacting with Threonin® and Isoleuciné®. Stearic acidFigure3.4 E) no longer interacts

with Arginine "3 in the Tryptophart*® mutant and is still in a similar orientation within the
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groove. But, is not forming hydrogen bondsasn in the wildype. Finally, DAUDA (Figure
3.4 F) docked in the mutant results in a complete flip, with the oxygens located at the base of
the rings now pointing towards the top of the pocket as opposed to the bottom seen in the wild

typeds orientation

Arginine " Alanine

Arginine ® has been identified as a possible ligand anchor within the ZAG groove.
8,11-Eicosadiynoic acid, 9,1@ctadecadiynoic acid and Hexadecanedioic acid did not present
a drastic shift in orientation when docked in the mutaromparison to the wiltiype (data

not shown). In the wildype, the Arginine’® does not appear to play as a significant role in
ligand binding in these candidates and could therefore be the reason for the lack of ligand
orientation shift. However, Achidic acid (Figure3.5 A), Stearic acid (Figur&.5 B) and
DAUDA (Figure 3.5 C) have all presented radical changes in their docking position within the
groove. Despite not showing hydrogen bonding with Argififnérachidic acid has become
outstretchedrad not fitting in the proposed ZAdgand binding pocket (Figurg5 A). Stearic

acid has reversed without its capacity to exhibit hydrogen bonding with the Arginine 73 residue
(Figure3.5 B). And finally, as seen with the Tryptoph&f{ residue mutationRigure 3.5 F)
DAUDAs position has shifted drastically w

Tryptophan*®end as opposed to the Arginifieside.

Threonine®® Alanine

8,11-Eicosadiynoic acidFigure3. 6 A) and Hexadecanedioic acid (FiguBes C) maintained

a similar orientation in relation to the witgipe. Both ligands are still able to interact with the
Tryptophant*® residue which help maintain the liga@adrientation within the pocked, 12
Octadecadiynoic adi (Figure3. 6 B) as a result ofte mut ati on now prese
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upwards as opposed to pointing downwards. Stearic acid (Rg@ér®) also has a similar
orientation t09,12-Octadecadiynoic acith the mutant. However, stearic acid has flipped
horizontally due to Threonine 80 no largoeing able to exhibit Van der Waals forces on the
tail end of the ligand and hold it in place. Lastly DAUDAs (FigBur6 E) orientation has also
changed. Despite Threoniffenot appearing to interact with DAUDA as Arginifitdoes, the
mutation appearto affect the way the rings cannot align in the groove made by Ardihine

Phenylalaniné®, Tryptopharnt'®and Tyrosine®%.

Phenylalaniné®! Alanine

8,11-Eicosadiynoic aciqFigure3. 7 A) and9,12Octadecadiynoic acgl(Figure3. 7 B) head

are ndonger fixed down towards the important residue cluster of IsolediGutamic acid

® Threoniné®and Tryptophah* Instead they now face upwards due to the absent interaction
with Phenylalanine!®® holding the tail end of the ligands in place. eTimutation of
Phenylalaniné® means it can no longer assist in helping the tarachidic acid(Figure3.

7 C) fit in the groove made by Arginirfé, Phenylalaniné®, Tryptophart'®and Tyrosine®%,
Instead, the tail now resides towards the cearterin consequence the head of the ligand now
sits similarly to8,11-Eicosadiynoic acidFigure3. 7 A) and9,12Octadecadiynoic acigFigure

3. 7 B) in the wildtype. The rings oDAUDA (Figure 3. 7 D) do not fit in the groove as they

do in the wildtype.As seen withArachidic acid(Figure3. 7 C), Phenylalanin&* participates

in holding DAUDA in this groove.

Tyrosine''’ Alanine

Both 8,11-Eicosadiynoic acidFigure3. 9 A) and DAUDA (Figure3. 9 E) present similar
orientations to their wildype coungrparts, indicating Tyrosing’ does not play a major role

in the interactions between ZAG and these liga@ds>-Octadecadiynoic aci(Figure3. 9 B),
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Hexadecanedioic aci@Figure3. 9 C) and Stearic acid (Figu& 9 D) on the other hand are
affected.The head oB,12Octadecadiynoic aci@Figure 3. 9 B) is now pointing upwards
despite the minimal role Tyrosirté’ appears to have in the interactions. The absence of the
oxygen from the Tyrosing’ Alanine mutation means it is no longer exhibiting Van \Waals
forces orHexadecanedioic aci@Figure3. 9 C) or hydrogen bonding with Stearic acid (Figure

3.9 D). This results in the ligands flipping vertically and horizontally respectively.

Glutamic Acid®® Alanine

8,11-Eicosadiynoic acigFigure3. 10 A) and9,120Octadecadiynoic aciFigure3. 10 B) can
no longer exhibit hydrogen bonding with Glutamic acid and therefore the head of the ligand is
protruding out of the pocket. The mutation appears to not interact directly with DAUDA

(Figure3. 10 C) andresults in minimal change to the ligand orientation.

Each single mutation has affected the ligand binding to various degrees, all of which have been
guantified using a root mean square deviation test (RMSD). A RMSD takes the coordinates of
all the atoms othe ligand in the wild type dockings and then compares them to the atom
coordinates in the mutant dockings. If a score is below 2.5 Angstroms (A), then the change in
ligand orientation is deemed negligible and the mutations have had minimal effect on the
docking simulations. If the RMSD score is above 2.5 Angstroms, then it is a significant result
with the greater the value representing a greater ligand orientation change. The significant
changes seen in the docking simulations are represeritadi® 3.3, with the Tryptophad*®

Alanine mutations affecting all of its ligand dockings whilst Isoleuéflanine mutations

(Figure3. 8) had negligible effect in the docking of the candidate ligands.
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Figure 3. 4. Protein Modelling of SuccessfulCandidateLigand Dockings inMutated Tryptophart*®

ZAG

Tryptophan'®®, identified as a common residue, was mutated to an Alanine residue UGBI§
Chimera. Mutated ZAG .pdb file was then uploaded to the Moleculomics server and simulations of
ligand dockings sing8,11-Eicosadiynoic acid (A), 9,1@ctadecadiynoic acid (B), Arachidic acid (C),
Hexadecanedioic acid (D), Stearic acid (E) and DAUDAWEye run using PLANTS software to
compare with native ZAG simulations. Ligand dockingsre visualized usingCSF Chimera to

identify the participating residues and the ligand interactions.
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Figure 3. 5. Protein Modelling of SuccessfulCandidate Ligand Dockings in Mutated Arginine

ZAG

Arginine 3, identified as a common residue, was mutated talanine residue usinggCSFChimera.
Mutated ZAG .pdb file was then uploaded to the Moleculomics server and simulations of ligand
dockings using 8,11-Eicosadiynoic acid, 9,X@ctadecadiynoic acid, Arachidic acid (A),
Hexadecanedioic acid, Stearic acid é8jd DAUDA (C)were run using PLANTS software to compare
with native ZAG simulations. Ligand dockinggre visualized usinggCSF Chimera to identify the

participating residues and the ligand interactions.
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Figure 3. 6. Protein Modelling of SuccessfulCandidateLigand Dockings inMutated Threonine®

ZAG

Threonin€®, identified as a common residue, was mutated to an Alanine residué&J@atChimera.

Mutated ZAG .pdb file was then uploaded to the Moleculomics server and simulations of ligand

dockings usin@,11-Eicosadiynoic acid (A), 9, ®ctadecadiynoic acid (B), Hexadecanedioic acid (C),

Stearic acid (D) and DAUDA (E)jvere run using PLANTS software to compare with native ZAG

simulations. Ligand dockings/ere visualized usingJCSF Chimera toidentify the participating

residues and the ligand interactions.
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Figure 3. 7. ProteinModelling of SuccessfulCandidateLigand Dockings inMutated Phenylalanine

101 ZAG

Phenylalaning®!, identified as a common residue, was mutated to an Alangiéuee usingCSF

Chimera. Mutated ZAG .pdb file was then uploaded to the Moleculomics server and simulations of

ligand dockings using,11-Eicosadiynoic acid (A), 9,2®ctadecadiynoic acid (B), Arachidic acid (C)

and DAUDA (D)were run using PLANTS softwaito compare with native ZAG simulations. Ligand

dockingswere visualized usingy CSF Chimera to identify the participating residues and the ligand

interactions.
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Figure 3. 8. Protein Modelling of SuccessfulCandidateLigand Dockings in Mutated Isdeucine "

ZAG

Isoleucin€’, identified as a common residue, was mutated to an Alanine residue¢J@stChimera.
Mutated ZAG .pdb file was then uploaded to the Moleculomics server and simulations of ligand
dockings usin@,11-Eicosadiynoic acid (A), 92ZOctadecadiynoic acid (B), Hexadecanedioic acid (C)
and DAUDA (D)were run using PLANTS software to compare with native ZAG simulations. Ligand
dockingswere visualized usingy CSF Chimera to identify the participating residues and the ligand

interactions.
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Figure 3. 9. Protein Modelling of SuccessfulCandidateLigand Dockings inMutated Tyrosine'!’
ZAG

Tyrosine!’, identified as a common residue, was mutated to an Alanine residudJ@a#LChimera.
Mutated ZAG .pdb file was then uploadedtt®e Moleculomics server and simulations of ligand
dockings usin®,11-Eicosadiynoic acid (A), 9, ®ctadecadiynoic acid (B), Hexadecanedioic acid (C),
Stearic acid (D) and DAUDA (E)jvere run using PLANTS software to compare with native ZAG
simulations. Lgand dockingswere visualized usingJCSF Chimera to identify the participating

residues and the ligand interactions.
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Figure 3. 10. ProteinModelling of SuccessfulCandidateLigand Dockings inMutated Glutamic Acid
0ZAG

Glutamic Acid®, identified as a common residue, was mutated to an Alanine residueUGHfg
Chimera. Mutated ZAG .pdb file was then uploaded to the Moleculomics server and simulations of
ligand dockings using,11-Eicosadiynoic acid (A), 9,2®ctadecadiyaic acid (B) and DAUDA (C)

were run using PLANTS software to compare with native ZAG simulations. Ligand dockérgs

visualized usingJCSFChimera to identify the participating residues and the ligand interactions.
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Table3.3. RMSD Scores ofCandidateLigandsDocked inNative andMutated ZAG

Candidate ligands that had been docked into mutant variants of ZAG were subjected to a Root Mean
Square DeviatioflRMSD) test to identify the difference in atom positions between the wild type and
mutantdockings. Results were then organised based on the significant change in ligand orientation.

*indicates the RMSD test is not effective for these ligands.

Gl ut ami® aci9, D2t adlé oy noi
8,-ELlcosadi yn

Common Res|Ligands That RMSD sco
Mut ated to by Resi due compared t
docking
Tryptddhan 8,-Elcosadi yn|[9. 933
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Hexadecanedi |7. 92
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3.1.5 ExpandingLigand Binding Simulations with Other ZAG Mutants

When the identified important rieésies have been mutated to alanine they lose their side chain,
and as a result have been seen in some cases to have a significant effect in the way the ligands
are binding in the pocket. As well as the mutations to alanine, Tryptdffhamd Arginine’

were mutated to all of the other amino acids to see what influence they had in the ligand docking
simulationsThe fatty acids 08,11-Eicosadiynoic aci@ndArachidic acidwere chosen as they

were impacted the most by the alanine mutation oT tiggtophan'*® andArginine "3 residues
respectivelyA selection of mutations are depicted in Fig8rdl and Figure3. 12 with all of

the RMSD scores for Tryptophaf® and Arginine” presented ifrable 3.4 and Table 3.5

respectively.

Tryptophant*® Mutations

These further mutations performed on TryptopHieffect the docking 08,11-Eicosadiynoic
acidnegatively as reflected in the RMSD scoreSable 3.4. All of the scores exceed the 2.5

A cut off with no mutations presenting a score close to that nidespite the Tryptophatt®
Glutamine mutation having a nitrogen to facilitate hydrogen bonding in the same way the wild
type Tryptophart*® does, it is not the case. The ligand, as is the case with the other mutations
depicted, no longer interacts with tbleister of Isoleuciné®, Glutamic acid® and Threonine

80 residues, but now pointgowards. The Serine residue has the greatest effect on the ligand
orientation with a RMSD scoring of 10.065 A and whilst still a vast change in orientation,

Phenylalaningresents the lowest scoring of 7.032 A.

Arginine ”® Mutations

These further mutations performed on Arginifeffect the docking ofrachidic acid

negatively as reflected in the RMSD scoreJable 3.5. Again, all of the scores exceed the
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2.5 A cut off The Tyrosine mutation results in the greatest changeaichidic acid
orientation with a score of 9.367 A, whilst the changéltdamine results in the lowest score

of 5.534 A.

117



y& od - \ / ¥ ps
7 A N (\

TRP 148 GLN TRP 148 HIS

TRP 148 PHE TRP 148 MET TRP 148 TYR

Figure 3. 11. Selection oProtein Docking Models in Tryptophart*® Mutation Simulations

Tryptophan!#®, identified as a common residue, was mutated to all other amino acid residues using
UCSFChimera. Mutated ZAG .pdb file was then uploaded to the Moleculomics server and simulations
of ligand dockings using,11-Eicosadiymic acidwere run using PLANTS software to compare with
native ZAG simulations. Ligand dockingsere visualized usingJCSF Chimera to identify the

participating residues and the ligand interactions.
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Table3.4. RMSD Scores 0f8,11-Eicosadiynoic acidDocked inMutant ZAG Variants in Comparison

to Native ZAG

8,11-Eicosadiynoic acidlocked into mutant variants of ZAG were subjediz@ Root Mean Square

Deviation test to identify the difference in atom positions between the wild type and mutant dockings.

Results were then organised based on the significant change in ligand orientation.

Tryptophan 18 Residue Mutation RMSD scd®,rEBlodsadiynoic
ZAG i n c¢ o mprygtoghand*binding (A)

Serine 10.065

Al ani ne 9.9383

Hi stidine 8.950

Met hi oni ne 8.903

Gltuami ¢ Aci d 8.378

Lysine 8.278

Leucine 8.187

Val i ne 8. 171

Proline 8.148

Gl ycine 8.115

Cysteine 8. 093

Aspartic Acid 8. 083

Threonine 8.080

| sol eucine 7.931

Asparagine 7.900
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Figure 3. 12. Selection ofProtein Docking Models in Arginine’ Mutation Simulations

Arginine 7, identified as a common residue, was mutated to all other amino acid residudd@Siag
Chimera. Mutated ZAG .pdb file was then uploaded to the Moleculomics server and simulations of
ligand dbckings usingArachidic acidwere run using PLANTS software to compare with native ZAG
simulations. Ligand dockingsvere visualized usingJCSF Chimera to identify the participating

residues and the ligand interactions.
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Table3.5. RMSD Scores ofArachidic acidDocked inMutant ZAG Variants in Comparison tdNative

ZAG

Arachidic aciddocked into mutant variants of ZAG were subjected to a Root Mean Square Deviation
test to identify the difference in atom positions between the wild type and mutant dockings. Results

were then organised based on the significant change in ligand orientation

Argi h"Resi due Mut ati |[RMSBcore difcairmcimiut at e
comparibsrogni Athonedi ng ()
Tyrosine 9.367
Phenyl al ani ne 9.203
Tryptophan 8. 832
Hi stidine 8. 762
Gl ycine 8. 605
Lysine 8.506
Gl utamic Acid 8.350
Threonine 8.303
Met hi oni ne 8.187
Leucine 8.178
Prooel in 8.140
Cysteine 8. 127
Al ani ne 8.121
| sol eucine 8.111
Serine 7.900
Aspartic Acid 7. 844
Asparagine 7. 731
Val i ne 7.374
Gl ut ami ne 5.534
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3.1.6 InvestigatingA ReportedSecondBinding Site Within ZAG& Groove

Ourin silico data has provided preliminary investigatory evidence of the importance that each
residue plays in the binding of ligands in the pocket and altering them to otheesasdults

in poor ligand binding as shown by the docking images and RMSD scores. Interestingly, a
study was recently published that has introduced the idea of ZAG having two independent
binding sites within the same pocK&ahid et al. 2021)The study hd used two fluorescent
probes, DAUDA and C16 BODIPY alongside a number of ligands to demonstrate their
hypothesis. Their findings suggested that ZAG could accommodate two ligands independently
and C16 BODIPY®ds binding sitefindngssare sueprem at e
all docking work up to this point could be scrutinized and the significance of having a
secondary binding site going forward would present further complications in finding a
therapeutic relating to ZAG. Curiousiy, silico docking experiments had been performed but
there were no docking images in the paper and no docking of C16 BODIPYZeseild et al.

2021). We had decided then to dock C16 BODIPY into ZAG ourselves and see where it resided
within the pocket. C16 BODIPY was cked using the same coordinates provided in the
McDermott paper. With our docking techniques, it appears C16 BODPIY resides in the same
area as DAUDA and with the same important residues identified with our previous dockings

(Figure3. 13).
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DAUDA BODIPY C16

Figure 3. 13. ProposedBinding Site of BODIPY C16

Crystallised structure of ZAG and DAUDA ligand was obtain through Protein Data Bank (PDB) and
was initially analysed using théCSFChimera protein imaging software (A). The ligand C16 BODIPY
was obtained as a SMAS code and converted to mol.2 file. This file was uploaded to the Moleculomics
server and a simulation of ligand docking was run using PLANTS software to compare with the

crystallised DAUDA orientation in native ZAG (B).
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3.2 Discussion

3.2.1 Establishing ZAGs Biochemistrywith in silico Docking Work

Although initial docking simulations with P6G did not match the crystalized orientation, this
does not conflict wittsubsequentesults.Due to the size and flexibility of tHe6G ligand it

will have manyorientations within the pocket and therefore a ligand with a-eeflhed
structure was required. DAUDA had also been crystalized in the pocket of ZAG and due to its
dansyl head group, provided a structure with less flexibility in docking orientation and
therefore a good base comparisorvatidate thein silico method of docking. The DAUDA
simulation match (Figur8.2) then gives confidence to screen the candidate ligands (Table
3.1). The PLANTS docking program compiles a score for each ligand dockinagonuased

on the interactions the ligand has with the surrounding residues suah dsr Walsforces

and hydrogen bonds. The DAUDA that was docked (Fi§u2gis our known ligand example

and therefore our control to compare the candidate ligarailssigThese screened ligands that
then produced a similar score have merit that they could be a ligand and binding partner for
ZAG. From the 20 candidate ligands screened, the 5 of-Bddsadiynoic acid, 9,22
Octadecadiynoic acid, Arachidic acid, Hexealeedioic acid and Stearic acid were the closest
match to our control of DAUDATable3.1). The molecular models obtained from the docking
simulations show key common residues that were interacting with the ligands 82ble
Although these residues halveen observe(Kennedy et al., 2001; McDermadt al., 2006)

these common residues have been identified independently from the dockings with no bias
input and further validate the docking simulations work. TryptopHfarwas chosen for
mutation first as it was identified to interact with all the ®ssful ligand candidates in the
docking simulations. With the residue mutated to an alanine, there was no longer the nitrogen
on the tryptophan available to exhibit hydrogen bonding with the oxygen on the ligands. It
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appears that Tryptophaff plays a sigificant role in the binding of these ligands based on the
shift of orientation in the mutant compared to the wild type presented in the ligand dockings

(Figure3. 4).

As with Tryptophan“® the Arginine’ was also identified as a potential importagidue in

the ZAGligand interaction. Although it was not identified to interact with as many ligands as
the tryptophan residue, its position at the end of the binding pocket presented it as a potential
target. By mutating the Arginin€ to an alanine itloes appear to play a significant role in the
binding of Arachidic acid, Stearic acid and DAUDA due to drastic change in binding within
the pocket. Previous studies have shown that Arginine side chaingabinécids such as
arachidonic in the adipocytipid-binding protein (ALDP)(LaLonde et al., 1994)With
Arachidic acidalso being a 2@arbon chain fatty acid, it wasas chosen via the screening
process and the arginine to alanine mutation resulting in the ligand orientation adds further
validation to the Arginine’® being importat in the ligand binding site of ZAG. These
simulations then have to be translated imtwitro experimentsThe Gould lab hapQE60
plasmids expressing these mutant variants of ZAG. BeR1lines have been transformed and

the mutant ZAG is now ready tme produced using the protocol that has been produced from
the work carried out isteps4.1.37 4.1.7. Time prevented further work on this element of the

project.
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3.2.2 Further Investigation into the ZAG.igand Binding Pocket

Thein silico data preseed in3.1.3 Evaluating theDegree in which ZAGResidueMutations

Effect Lipid Binding and 3.1.4 Expanding Ligand Binding Simulations with Other ZAG
Mutants provide preliminary investigatory evidence on the importance of the identified
residues in the ZAGidand binding groove. Alongside the conformational changes and
interactions identified from the docking of the candidate ligands, the mutation of these residues
and RMSD scores collected, further emphasize the role the native residues play in ligand
binding within the groove. As discussed3i.3 Evaluating theDegree in which ZAQResidue
Mutations Effect Lipid Binding a RMSD score above 2.5 is a representation that the ligands
position has significantly changed as a result of the mutations. By introducihgr mutant
models, it provides further evidence of the importance of the original residues and helps
consolidate oum silico work. As observed in Tablg2 and Table3.3, mutation to another
amino acid does not improve the docking of the ligandsutite conditions selected. The
RMSD score is evaluated by comparing the selected ligand docking coordinates in the mutated
ZAG in comparison to our original ligand dockings in native ZAG. However, as observed for
fatty acids like Hexadecanedioic acid, #ygnmetry of the molecule highlights a limitation in

the scoring system. Hexadecanedioic acid is residing in the same place as the wild type in
Isoleucine’® ALA and Threoniné® ALA, but the score of 6.253 and 6.539 respectively would
suggest otherwise hE ligand has flipped horizontally, meaning the oxygen atoms now reside
on the opposite side. The coordinates given for these atoms are therefore different and the
scoring is a result of this. However, due to the symmetry of the molecule, Hexadecanedioic
acid can have the same orientation, but the scoring cannot reflect this. However, taking these
two outliers aside, the mutations, dockings and RMSD scoring provide further simulated

evidence in the importance of the native residues.
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As described i13.1.4 Evaluating the Degree in which ZAG Residue Mutations Effect Lipid

Binding, a limitation in thisin silico study is the use of a static docking simulatioogsosed

to a dynamic docking program. A further limitation of this study would be scale. 20 candidat

|l igands were docked in ZAG and mutant varian
allow for a larger scale screening to be performed. This would mean a greater quantity of

candidates analysed and possible identification of more ligands.
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3.2.3 New Insights or Conflicting Information?

As discussed previously, it has been hypothesid t h a't |l igand interact.
would be i mperative to give ZAG its biologic
and U2 domains has been shown to have an el e
designated important ano acid residues. Only in this position has it been discussed that the
ligand would reside. However, two recent studies by (Zahid et al. 2016) and (Zahid et al. 2021)
have suggested otherwise. This group hypothesised that ZAG has two independent binding
sites adjacent to one another in the same groove and that these can accommodate two ligands
simultaneously. If this were to be the case, all of our in silico work would need to reevaluated.
Their hypothesis is based on spectrofluorimetric data. As discussed.7 Validating the

Refolding Procedure of ZAG, fluorophores like DAUDA and BODIPY will emit a different
wavelength of fluorescence depending on their environment. The first case put forward is that

as ZAG oligomerises with the addition of increasingaentration of zinc, the binding site is
obstructed and effects BODIPY binding but not DAUDA, concluding that BODIPY utilizes a
different binding site in the groove of ZAG to DAUDA (Zahid et al. 2016). The second paper
expands this further by suggestihgt DAUDA and BODIPY compete for the same pocket as

the two separate binding sites overlap with one another (Zahid et al. 2021). The supplementary
data provided in (Zahid et al. 2021) shows the same shifts in fluorescence as observed
previously, however,hese shifts are observed with BODIPY and ligands in the absence of
ZAG. The papers r easoni n-ndubed élactrodtransferfremthes fi Ox
singlet excited state of the BODIPY fluorophore to an elegbamor chelator on the BODIPY
probecauses an increase in BODIPY fluorescenc:
BODIPY and ligands are creating a complex with one another, which the ZAG groove can
accommodate side by side as opposed to the ligand competing with the BODIPY fluorophore.

However, we believe that the explanation of this arises from the formation of micelles. Micelles
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are a cluster of amphiphilic molecules that will form when fatty acids in solution aggregate to
provide protection for their hydrophobic tails (Figure 3. IA)these instances, the fluorescent
probe-which is also a fatty acid derivativean integrate into these micelles and result in
artificial fluorescence spikes due to the probe transitioning from the aqueous state to an apolar
state. Each fatty acid cimalength has a critical micelle formation index (CMC) that measures
when micelle formation wil/l occur (Tabl e 3.
formation, instead it is an accumulation process based on the fatty acids available. If ¢his is th
case, then it would be critical to verify this with our own experiments as the current findings
are superficial. With this reasoning, the idea would be to repeat these BODIPY and ligand
experiments to generate data to show that the fluorescence peéksraneicelle formation

and not the BODIPY and ligands binding side by side in the ZAG pocket as suggested.
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Hydrophilic head
Hydrophobic tail

Amphiphilic molecule

Figure 3. 14. Representation oMicelle Formation
Amphiphilic molecules like fatty acids consist of a hydrophilic head and a hydriaghdlfleft). When
these molecules are in solution, they aggregate together to protect the hydrophobic tail and form a

micelle (right).
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Table 3.6. Critical Micelle Formation Index

When lipids accumulate to a certain concentration, they reach th#daalcnnicelle formation
concentration (CMC). Micelle formation can interfere with experiments such as the Shewiroetry

work with fluorophores and result in false positives.

Lipid CMC (mM) Lipid CMC (mM)

5:0 PC 20 4:0 PS (5mM Ca2*)t 4
6:0 PC 15 5:0 PS (5mM Ca2*)t 2
7:0PC 14 6:0 PS (5mM Ca2*)t 12
8:0 PC 0.27 7:0 PS (5mM Ca2*)t 038
9:0 PC 0.029 8:0 PS (5mM Ca?*)f 0.4
10:0 PC 0.005 8:0PS 2282
12:0 PC 90 nM 10:0 PS 0.096

14:0 PC 6 nM 8:0 Lyso PC 60

16.0 PC 0.46 nM 10:0 Lysoc PC 6-8
8:0 PG 121 12:0 Lyso PC 0.4-0.9

10:0 PG 0.42 14:0 Lyso PC 0.043-0.090

12:0 PG 0.13 16:0 Lyso PC 4-8.3 uM

140 PG 0.011 18:0 Lyso PC 0.4 uM

Lipid Acronyms Key

PC = phosphatidylcholine
PG = phosphatidylglycerol
PS = phosphatidylserine
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Preliminary investigatory work has begun on this two site hypothesis théthdocking
simulation shown irrigure 3. 13. This is the same BODIPY fluorophore that was used in the
spectrofluorimetic experiments and the same coordinates have been used to dock B&DIPY
the paper used for their own docking experiments. The propwsedinding site is formed

with the residues ofyrosiné?, Glutamaté&, Leuciné®, Arginine'®’, Alanine'*® Glutamaté®®
andThreoniné®, and from our docking, BODIPY does not dock in the newly proposed second
binding site shown in Figur8. 15, but regdes in the same pocket as the original site. This
provides us with preliminary data to support the micelle formation hypothesis and gives reason
to question the two binding site finding& further build on from this work, we can perform
docking simulatons that will dock the BODIPY and selected ligands simultaneously and

observe if they are indeed accommodated side by side iri&Zpd@gket.
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Figure 3. 15. Proposed Secondary Binding Site in ZAG
Original ligand binding site is represented in blue whiist new site is represented in rédyure has

been taken fromZahid et al. 2021)
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4.0 ZAG ExpressionMethodology

4.1.1 Introduction

The original intention was to visit Oxford Expression Systems to perform expression tests for
protein produagon. Unfortunately, due to COVID restrictions the facility closed to external
visitors and did not reopen in time for the visit to take place. The intention of this visit was to
test various expression systems (bacterial, yeast, baculovirus, mammadipargkliiietermine

which suited best for our protein production. With the expertise and guidance available, this
process was anticipated to have taken around 3 months . Without this, we proceeded to express
our protein and looked at various expression systeEmmake our protein in houderotein
expression systems are essential tools for the production of recombinant proteins, playing a
critical role in molecular biology, biopharmaceuticals, and industrial applications. The choice
of expression system is gigid by factors such as protein complexity, requirement for post
translational modifications (PTMs), yield, scalability, and c&stamples of systemssed

include bacterial, insect, and mammalian cell cultures, each with specific advantages and
limitationsfor heterologous protein expressi@iveraDe-Torre et al., 2022)

Bacterial Expression Systems, in particuldklcherichia coli(E. coli) are a favoured vector

for protein production as they can teadily transformed witlan engineered plasmidhe

plasmid is engineered to express a protein of interest and can be grown under section pressure
with a resistant gene present such as G4Basticidin S E. coliare capable of rapid growth

of high density cultures in short time frames which result in large scale protein production
accounting to mg/ml of final product. Due to their easy handihrey are widely used and are
therefore culturé through robust methodssing well defined medias such as a Terrific Broth

or 2YT resulting in a cost effective method
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One drawback however are bacteriads | ack of
Reticulum resulting in protein production lacking post translation fizations (PTMs) such

as glycosylation, phosphorylation and acetylafBimatwa et al., 2021)rhesePTMs can be

crucial to a protei@s function and therefore opens questions to proteins synthesised via bacteria

in their effect in mammalian cells. Another crucial complication & proteins expressed in
bacteria cells can be packaged in inclusion badkatwa et al., 2021When produced in

high quantities, the proteins are misfolded and are contained in these inclusion bodies and
therefore the cells have to be treated harshly with UREA or Guamditorelease the protein

and denature it. This protein then has to be refolded and these extra steps can add further steps
in protein production. However, they are a strong model for structural enzymes and basic
proteins and with their forgiving handling, higtelds and cheap costs are an effective model.
Another consideratiolis insectcell expressionsystemsusing Spodoptera frugiperddSf9,

Sf21)with the Baculovirus Expression Vector System (BEVB)is system i@rimarily used

in the production of recomibant proteins including vaccines, viral coat proteins, and
eukaryotic proteins used in functional assays and structural bigegperbaum, 2015)
Although these ara more specialised system of protein production, thieisystenthe group

in Oxford specialise in. Compared to bacterial systems, the insect cell culture requires large
bioreactors and the ability to transfer the genes via transd&obriitz et al., 2023)t is also

a more complicated system with a greater number of steps resuitiggeater time
consumption. However, unlike the bacterial cells, protein production in insect cells undergo
the PTMs mentioned above with proper protein
translational effects on protein activ({fychutz et al., 2023With the large bioreactors in place

protein production can be at a larger scale. Protein production can be excreted imedithe

making for easier collection and purification with no need for denaturing and refolding steps

as seen in some bacterial systé®shitz et al., 2023)
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The last system introduced here iammaliancell expressiorsystemswhich utilise cells such
asChinese Hamster Ovary (CHO) cedisdHuman Embryonic Kidney (HEK293) cel(Elied|

et al., 2015) These are immortal cells lines that can be cultured and paseagedended
periodsmaking them a desired candidate for protein produdiidied! et al., 2015)These
systemsare preferredover insect cell$or producing therapeutic proteins, such as monoclonal
antibodies, cytokines, and hormones, as well as viral vectors for gene theepy their
closeness to huam cell protein productiofMcKenzie & Abbott, 2018)Mammalian cells are

also burdened with a greater price point with specialised media such as DMEM and bovine
serum, heated incubators and extensive cell culture periods in air dluwets to generate
stable cell lines. However, despite these requirements, lab groups that include cell culture in
their practice have these facilities in place and with personnel well versed in cell culture
techniques. As these cells are mammalian, pretendergo the PTMs like the insect cells but

are related closer to human PTMs which is desirable when studying a protein for its effects in
a human system like our ZAG is in cacheffcKenzie & Abbott, 2018)Again, these proteins

are secreted with correct folding due to disulphide bond formdbamby & Creighton)and

with being secretethto the surrounding media of cells, can be collected and concentrated for
treatments or even used to supplement media to form a conditioned ({@editng & Clynes,

2011) Stable cell lines can be generated through various means such as transfection with DNA
and a transfection reagent such as Lipofectamine or Xfect and then selected with a selection
pressure such as G418 and Blasticidin(FeisKujawa et al., 2021) Another method
transduction, uses a virus such as an adenovirus or lentivirus which leads to stable integration
into the host cellrad a higher rate of introduced gene expresfiagKujawa et al., 2021)

With these multiple options on offehd selection of a protein expression system depends on
the endpoint for the useBacterial systemeffer the highest yields and are highly scalable for
simpler proteinswhilst insect and mammalian systems produce lower yields but result in
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functionally relevant protes with the requiredP?TMs like glycosylation or phosphorylation

(Duan & Walther, 2015; Ramazi & Zahiri, 2021)

In this chapter are outlined approaches for expression of ZAG using botriklaand

mammalian cell lines for subsequent functional analysis.
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4.1.2 Conformation of pQE60 and pCDNA3.Rlasmid Construction

A pQEG60 plasmid with a ZAG expressing regiwas constructed to produce ZAG with no
translational modifications i&. coli cells whilst a pPCDNA3.1 plasmid expressing ZAG was
constructed to express ZAG in mammalieells with posttranslation modifications that
naturally ocur. Both plasmids were manufactured by Genescript for the Gould Lab before my
arrival (plasmid maps praded in Supplementary matefiaDH5-a cells were chosen for
transformation as they are engineered to maximise transformation efficiency with a recAl
mutation that results in high plasmid insert stabili§ostylev et al., 2015)This recAl
mutation results in reduced recombinase activity and inhibits homologous recombination,
therefore prducing a greater transformation success rate. Each plasmid also contains an
ampicillin resistance gene which allows the transformed cells to grow in presence of ampicillin
whilst the wild type cells will not grow. Restriction digest assays were then peddo ensure

the bacteria growing were expressing the correct plasmids and the restriction enzymes were
cutting at the correct size (Figudel). pQE60 digest experiments resulted in single cuts with
single digests using Bam HI, Eco RI, Bgl Ill and Hihdwvhilst a double digest of Bam HI +

Bgl Ill resulted in two cuts producing two baras predicted, one of which contains the ZAG
coding sequencelrhe pCDNAS3.1 double digest of Hind 11l + Xba | produced two baasls

predicted, one of which encodes the@Msert.
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Figure 4. 1. Restriction Digest opQE60 and pCDNAS3.Plasmids

Minipreps of plasmics underwent single digestsr double restriction digests as indicated before
separation on agarose gélg. Expected band sizes indicative of the presentbeoZ AG insert were
Bam/Bgl (for pQE60) and Hindlll/Xbal (pCDNA3.1) which in both cases liberate the insert at the

expected size. The small size of some of the released fragments mean they are not clearly visible on
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this image.Both pQE-60 (B) and pcDNA3L (C) plasmids were designeénd ordered by Gould lab
from GenescriptRed line shows the addition of the ZAG insert cDNA. This included ZAG tagged
with a hexahis sequence at thet€rminus and lacking a leader sequence for the bacterial expression

vectorpQE®60 as indicated (BRlasmid maps wergeneratedisingSnapGene.
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4.1.3 Optimising theConditions for ZAGExpression in E. coli.

Now that plasmid transformations were shown to be successful, optirgrewth conditions

was the next step. Although DHbcells are optimal for plasmid transformation tlaegnot

be suitable for protein expression. BLR1coli competent cells are deficient in a cytoplasmic
protease Lon and an outer membrane protease @espling in decreased protein breakdown
and thus increased protein accumulation. Therefore, both 2aH&nd BL21 cells were
transformed and grown under various conditions to compare ZAG protein expressica. DH5
cells grown for 5 hours showed weak expression of ZAG in comparison witloargrowth
periad of BL21, which showed a&ubstantially greateexpression of ZAG. The same was
observed between the twtrainsfor 24-hour growth ZAG expression was consistently higher
in BL21. Both plasmids were constructed with a lac operon gene to promote thesexp e
ZAG when in the presence of IPTG. However, IPTG induction appears to have a negligible
effect in increasing ZAG production in both Did5and BL21 cellsthis likely reflects a leaky
promoter Having established that BL21 cells grown for 24 houmessed significant levels

of ZAG, the next step was to optimise a method to extract ZAG from the transfoacteda
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Figure 4. 2. Effects of Time and IPTGInduction on ZAGExpression inTransformed DH54 and

BL21 CompetentCells

DH5-a andBL21-pQE®) cells were grown at 3€ for 50r 24 hourswith or without induction using

mM IPTG. Cell lysates were analysed by Western Blotting for ZAG (34 kBhpwn is a
representative immunoblot using SIGMA aBAG in which equal volumes of culture were lodds

each condition; similar data was also obtained using an Origene. Loaded in each lane are:

1. DH5 alpha 5 hour timepoint; 2. BL21 5 hour timepoint; 3. DH5 alpha 24 hour timepoint; 4. BL21 24
hour timepoint; 5. DH5 alpha 24 hour timepoint w/ IPTG ingug 6. BL21 24 hour timepoint w/

IPTG induction; 7. DH5 alpha 24 hour timepoint w/ IPTG induction (2); 8. BL21 24 hour timepoint w/
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IPTG induction (2); 9. 3T21 lysate sample. The positions of molecular weight markers are shown.

ZAG predicted size is 3% kDa.
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4.1.4 Releasing ZAG from nclusion Bodies in BL21Cells.

When recombinant protein is expressed at high quantities in bacteria, it results in insoluble and
misfolded protein being packaged in inclusion bodies. This is due to the foreign nétwe of
protein, with cysteine residues forming disulphide bonds which the bacteria systems do not
support(Kennedy et al., 2001)ncluding the recombinant protein, inclusion bodies can also

be heavily contaminated with other parts of the cell such as membrane andlicpibteins.

We considered it likely that ZAG may be in inclusion bodies and first tested this riditi2h.
bacteria expressing ZAG were growxernightto achieve andDegoo and a cell pellet was
collected. The pellet was lysed in 0.5% Tritorl®0, 1 nM EDTA, followed by a
centrifugation step, and a sample collected from the supernatant to determine the effectiveness
of this step in releasing ZAG into a soluble fraction. The data in Fg8relearly reveal that

even after two further extractions intdegent, the majority of ZAG remains in the pellet,
representing inclusion bodieSherefore, the next stage was to extract ZAG from the inclusion

bodies and decontaminate it from other cellular proteins.
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Pellet Super Super Super Resulting BL21-
1 natant natant natant pellet pQEG60
| 2 3 ZAG

Triton Washes

Figure 4. 3. Effects ofSubsequentTriton-x-100 Wash Steps on theCleanliness of ZAGEXxpression
BL21 expressing ZAGvere grown to & ODgoo andcentrifugedo harvest the bacteridhe cells were
extracted using Triton A00 to attempt to liberate soluble ZAG. The pellet from this first extnadsi
labelled Rllet1 and the supernatant ibtdled Supernatant A further two extractions were performed
(Supernatan and 3) which liberated only modest amounts of proteins, with the majority of ZAG
remaining in thékesulting gllet, indicating egression in inclusion bodies. The sample was centrifuged
and a sample of supernatant collected and pellet washed in the same faglositive control sample

of BL21-pQEG60 expressing ZAG was used for comparisbdAG expressionCell lysates and final

pellet were analysed for ZAG (34 kDa) by Western blotting.
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4.1.5 Denaturing and Refolding ZAG

The next process was to extract ZAG from the inclusion bodies by denaturing them and
refolding the released prote{®arboczi et al., 1992As shown in Figurd. 3, the resulting

pellet afterTriton washes shows strong ZAG expressiod we reasoned this was a good start
point as the detergent wash likely removes an element of contaminating proteins (although this
was not formally examined)Urea extraction wassed as outlined in sectidviethod 2.2.5

Protein Purification and a representative result is shown in fighird. After the denaturing

and refolding step, both supernatant and cell lysate samples were recoveredl|eT ladtgre

Urea extraction contained lower amountZAG in comparison to the pellet before the
denaturing and refolding steps. The supernatant however, resulted in a significantly increased
ZAG concentration in comparison to the pellet. BL21 expressing ZAG was used a positive
control. Theseasults imply that ZAG has been released from the inclusion bodies and the next
procedure would now be to isolate the ZAG protein to produce a homologous sample for
experiments. Because of time limitations, we did not optimise this process as sufficient
maerial was obtained from this method to allow further work. Hence, we focussed on the next

stages.
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Figure 4. 4. Effects on ZAGExpressionAfter Denaturing and Refolding Treatment ofResultant
Triton X-100Wash Step Pellet

After forming a tight pelle(Pellet), inclusion bodies wersesuspendeih 1ml of 8M urea to solubilise
inclusion bodies. Thereaft@ml of Refolding buffer (0.1 M Tri$iCl, 2mM EDTA, 0.4M L-arginine,
0.5mM oxidised glutathione, ;1M reduced glutathione) was added and incubatednight at 4C.
Refolded sample was spun to pellet insoluble debrisfimadl supernatant was collected. Original
supernatant after triton wash ste@@i¢inal Supernatahtwas included to confirm majority of ZAG
resided in the pellet @et) before deaturing stepsA positive control sample of BL2RQE60
expressing ZAG was used for comparisb@AG expressionDenatured sample was analysed for ZAG

(34kDa) by Western blotting.
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4.1.6 Evaluating Methods forPurifying ZAG

With the ZAG expressing in aaldge concentration in the resulting denatenefdlded
supernatant mix, the next procedure was to purify the ZAG from the rest of the proteins in the
mixture. ThepQEGO plasmid was constructed so that the expressed ZAG hasTadighis

then allows the wrification of ZAG through the application of Nickel beads or a Nickel
column. Purification was attempted using Nickel beads, however a large quantity of ZAG was
not attaching to the beads and furthermore, the ZAG that was attaching was not eluting off
(data not shown)}dowever, during this process, it became apparent that the majority of protein
within the refolded fraction migrated with the molecular weight expected for ZAG (see below).
Hence, we considered usi ng t urficationfas aficststem n 06 n e
in biological characterisation.

Two different approaches were then considered. The first, using a vivasgenugal
concentrator and the second, dialysis. Both approaches were considered as they separate the
desired targefrom the remaining contents they are in solution with. Figure 4. 5 shows the
vivaspin experiment and a refolded ZAG sample obtained through the prodedaried in
Method2.2.5 Protein Purification Whenprocessed in a vivaspin chambée refolded AG

remaingn the top compartment of tkencentratoand everything else passes through the filter

into the bottom of the tube. The concentrated ZAG solution produced a clean intensersignal

both immunoblot and SBBAGE staining (Figurd. 5). Similarly, the dialysis experiment also

resulted in a clean intense ZAG expressitatd not shown
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Figure 4. 5. ZAG ExpressionCleanlinessAfter Vivaspin Centrifugation

(A) Refolded ZAG samplavas placed in a vivaspin 20 centrifugal concentrator afoddieg buffer
was gradually added to not precipitate the ZAG prodivaspin was spun &500xgto concentrate
ZAG (Conc ZAQ and elution was also collecteBI(te). A positive control sample of BL21
pQEGO expressing ZAG was used for compariebZAG expression (B) The same samples were

analysed by immunoblotting.
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4.1.7 Validating theRefolding Procedure of ZAG

With thein silico data giving us a strong investigatory base by providing us insights into the
structure and residue roles, it was impartem try and translate this into the lab work.
Immunoblotting has shown that we can express and purify ZAG from BL21 cells and produce
a clean blot after the wash, denaturing and refolding steps. The blots however provide no
information on the structure activity of the protein, only that it is present. To validate the
refolding process of our ZAG protein, we have used fluorescence spectroscopy coupled to the
binding of the fluorescent ligand DAUDA. As discusse®.d Investigating Zinc Alpha 2
Glycoprotein Ligand Binding Through Computational Techniques DAUDA has been
shownto bind in the groove of ZAG by crystallograpliyau et al., 2019)fluorescence
spectroscopy(Kennedy et al.,, 2001work and our own docking simulationseg 3.0
Investigating Zinc Alpha 2-Glycoprotein Ligand Binding Through Computational
Techniqueg. We used this weltharacterised binding to validate our refolding preces
ZAG. DAUDAOGSsS exci t amnmaadchasvaaaemesion waydlehgthioflsbd33 4 5
when alone in solution, as demonstrated in Figuré A . D A U @&isbian wavelength

alters when bound to protein. This transition from a solvent environmentiocdor protein
binding site in ZAG is known to produce a blue shift in fluoresc€Kesmnedy et al., 2001)

To further help us validate our refolding process, we used a commercially made ZAG as a
positive control. Addition of & | of commerci al ZrasGltedliDagbluenl  t o
shift representing the DAUDA binding in the ZAG pocket. Addition of a second 5ul again
emphasised this shift (Figude 6 A).

With the commercial ZAG and DAUDA pairing providing a positive control, the same
procedure was repeated for aiAG. A blue shift was also observed with the increasing
additions of our bacterial recombinant ZAG, shown by the shift from the DAUDA only peak
represented by the black line (Figdres B). This experiment is consistent with the notion that
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bacterially epressed ZAG has refolded, validating our denaturing and refolding techniques
and allowing us to proceed with using both our recombinant ZAG to investigate its effects in

cell work.
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Figure 4. 6. Fluorescence SpectroscofgxperimentsVerify ZAG Refdding

A fluorescence mgnsbem)of@enMshpreBDA ualn qree i n buffer o
of commercial ZAG1 eg/ml) (A) or recombinant ZAG0.95mg/ml) produced from BL21 trasformed

cells (B). Fluorescencéased Ligand Bindindy Fluorescence biridg emission spectra (uncorrected)

were recorded at 20°C with a SPEX FMax spectrofluorimeter (Spex Industries, Edison, NJ) using

2 ml samples in a silica cuvette. Raman scattering by solvent water was subtracted where necessary
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4.1.8 Testing theBiological Activity of ZAG

With our denaturing and refolding steps being validated by incorporating DAUDA and
fluorescence spectroscopy, we sought to establish if our ZAG was biologically active. In the
literature ZAG has been shown to stimulate lipolysi3T8-L1 adipocytes. We therefore
incubated 3T4d.1 adipocytes with increasing concentrations of recombinant ZAG and assayed
lipolysis using a colorimetric kit which allows the detection of glycerol from media samples
by incorporating a glycerol probe into tha after ZAG incubations have finished. As shown

in Figure4. 7, glycerol levels in the media increased with increasing concentrations of ZAG
(0-40¢ | rag/ml) vhen assayed at either 1 hour or 4 hothisse results alongside the lack

of glycerol in the control and refolding buffer samples demonstrate that our recombinant ZAG
is indeed inducing lipolysis and therefore our ZAG has refolded antive.admepoints of 1

and 4 hours allow faan initial and then sustained lipolysis action to be captivedrecognize

that tresedatado not inform on theconcentration ofraction of the sample that is biologically

active.
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Figure 4. 7. Glycerol isReleased fron8T3-L1 AdipocytesAfter ZAG Stimulation

3T3-L1 adipocytes at day 10 pedifferentiation were incubated in fresh media and treated with
increasing volumes of recombinant ZA80 ¢ MYor 1 and 4 hours. Media was then collected and
probed for glycerol using Sigma Aldrich Lipolysis Colorimetric Assay Kit. Samples were measured at

570nm using the BioTek EPOCH Microplafpectrophotometen=1, Plotted using PRISM.
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4.1.9 Transfection of HEK293Cells toEstablish a ZAGExpressingCell Line

In addition to recombinanZAG in bacteria we reasoned thaa ZAG with native post
translational rodifications would also be of benefit to analyse if these modifications effect the
biological actvity of ZAG. Purely from a workload point of interest also, as ZAG is released
from the cell, collecting the protein from the cell supernatants would fere efficient
process than from the bacteria. Therefore, transfection experiments were pertamged
HEK?293 cellsto express ZAG and to ascertain whether ZAG would be secreted; we also
compared two different transfection agents (Xfect and Lipofectamine) (Fg8jeThe data
shown in Figurel. 8 reveal that ZAG is expressed and secreted from tlediseand that Xfect
consistently gave high expression levdsiferences in band weight between recombinant
ZAG and mammalian suggests that mammalian ZAG excreted from HEK293 cells has

undergone PTMs resulting in a larger protein.
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Figure 4. 8. ZAG Protein Expression inCell and SupernatantSamplesAfter pPCDNA3.1Transfection

of HEK293 Cells

HEK293 cells were grown to approximately 60% confluencetesatments of a vehicle control of
Opti-Mem only(M), Opt-Mem and Lipofectamine (2% (v/v) filaL), Opti-Mem and Xfect reaction
buffer and Xfect polymer (25% (v/v) and 0.3% (v/v) fin@l)), Opt-Mem and pCDNAS3.1 plasmid
expressing ZAG (2.5g/ml per well)(D), OptirMem, Lipofectamine and pCDNA3.1 expressing ZAG
(2% (v/v) final and 2.%9/ml perwell) (L+D) and OptiMem, Xfect reaction buffer, Xfect polymer and
pCDNA3.1 expressing ZAG (25% (v/v), 0.3% (v/v) final and 2&'ml per well) (T+D) were
performed on individual wells for-8 hours.A positive control sample of BL2RAQE60 expressing
ZAG (34kDa)was used for comparisqgrt). Both cell lysates and supernatants were collected and

analysed fomammaliarzAG (43kDa) using Western blotting.
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4.1.10Transducing HEK293Cells for ZAG Production

The advantage of expressing our protein using badtetiee ease of transformation and the

high expression rate using BL21 bacterium. However, the proteins being packaged in inclusion
bodies result in a laborious and time consuming process in recovering the protein through the
process of lysing, cleaningedaturing and refolding. In mammalian cells, ZAG is secreted
from the cell and, because the cells are eukaryotic, ZAG will be correctly folded and
glycosylated, which will allow for easy collection and the protein being active.

Another method to expressA in mammalian cells is to create a stable HEK293 cell line
using a Lentivirus construct from Ler@RF (©Horizon Discovery Ltd; Supplementary
materia) and employing an antibiotic selectable marker to identify Z#gSitive cell clones.

The Lentivirus haveen constructed with the AZGP1 gene to express ZAG, a Blasticidin S
resistance gene to allow selection for our transient cells and a turboGFP gene that is expressed
in the nucleus upon successful transduction allowing easy detection of ZAG expredsing cel
The virus has a disabled viral genoar&has been modified to contain only essential genetic
elements necessary for packaging and integration. These include the 5' LTR, Psi sequences,
polypurine tracts, Rev responsive elements and 3' THR.virustherefore can infect the host

and pass the desir&lasticidin Sresistance and AZGP1 gene into lEK293 cells without
replicating itselfTherefore, successful transduction would allow us to utilize the HEK293 cells

as ZAG production lines.

We first hadto establish what concentration of Blasticidin S was going to be used for our

selection process. Wild type HEK293 cells were incubated with Blasticidir2840g / ml ) f or

7 days. 5,10and 20g / ml had killed all <cell sgimhfagn che

some viablecellsandelg/ mlI appeared to ha#®8A)eed)3iamdi bl e

5¢ g/ ml Bl asticidin S concentrations were con’

that3e g/ ml resul t ed i nd4 ABp Tharéfore; the sklectbre caricdntratioh i g u r
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for the Lentivirus transduction experiments was setatg3/ ml . HEK293 cell s w
approximately 50% confluence and were infected with lentivirus particles with a tite? of 10
TU/ml. Cells were imaged usinEVOS imaging system to detect GFP signal in the nucleus
(Figure4. 10) A GFP signal was seen within the nucleus and therefa#293cells had been
successfully transduced. The next step was then to select these transduced cells with the 3
€ g / Bidsticdin Ssupplemented DMEM to creagtable cell linesinitial transduction was
performed at 1DTU/mI to test effectiveness of genome integration into our HEK293 cells.
Since this was established, our desired outcome was to produce a stable cell life with t
optimum genome integration, cell survival and protein production concentration. Too high a
concentration of virus would result in poor cell survivability and too little would result in poor
protein production. HEK293 cells were grown as above and eapodentivirus over a range

of serial dilutions to transduce cells at decreasing concentrations of virus and afterwards
subjected to the optimum 8 g / ml o f Bl asticidin S for stab
(measurement of functional virus particlesthh/A1 having the greatest concentration of viral
particles and decreasing incrementally to A7 with the lowest concentration opatizles)

of Al resulted in greater cell death concentrations and titers of A5, A6 and A7 resulted in low
guantities of wus integration (data not shown). However stable genome integration and cell
selection was observed with A3, A4 and A5 titer concentrations and ZAG secretion was
observed supernatants in a concentration dependent manner &iglje The band running

ata larger weight also suggests ZAG is being secreted with PTMs compared to the bacterial
ZAG from BL21 cells. These results indicate successful stable cell line production and

mammalian ZAG secreted into the incubated media of cells.
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Control 1 pg/ml 3 pg/ml

--

5 png/ml 10 pg/ml 20 pg/ml

B Control 1 pg/ml

- 100 um

3 ng/ml 5 pg/ml

161



Figure 4. 9. Determining theEffective Dose of Blasticidin S foiTransduced HEK293ell Selection
HEK293 cells were growion a24 well plate at a density of 5xper well andgrown in DMEM
supplemented witBlasticidin S containing the appropriatencentrations for kill curve (20 pg/ml).
Cells were imaged after 3 days to check cell viability (A) and were imaged again after day 7 (B) to
determine appropriate Blasticidin S selection concentration. Cells were imaged using the EVOS

imaging system at10 magnification.
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Figure 4. 10. Successfulentivirus Transduction of HEK293Cells toExpress ZAG

HEK?293 cells were growan a24 well plate at a density of 5xer well andncubated with Precision
Lenti ORFE for 72 hour seEV@irhagisg systern a x10 magnifieation o s i n g

detect TurboGFP signal in transduced cells. Brightfielda#dJGFP (B)
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Figure 4. 11. Stable HEK293ZAG TransducedCell LinesSecrete ZAG in aiter DependeniManner
HEK?293 cells were growon a24 well plate at a density of 5xper well andncubated with Precision
Lent i ORF# hdurs rat various virus titer concentrations (A2 representing the greatest
concentration of virus with greatest Multiplicity of Infection (MOI) and subsequéoitdidilutions for

A3 and A4 resulting in lower viral content per well). Media was replenished with DMEM for 48 hours
and afterwards transduced cells were then subjected to 7 days of selection medium (DMEM
supplemented Bg/ml Blasticidin S) and refresheevery 23 days to produce stable cell lines that
express ZAG. Equal loading of cell supernatants at decreasing viral titer concentrations from three
separate wells (A2A2, A2; representing triplicate at the same viral concentration) aapdsitive
controlsample of BL2IpQEG60 expressing ZAG was used for compariSamples were analysddr

recombinant ZAG and mammali@AG (34kDa and 43kDa respectively) imestern blotting.
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4.1.11 Testing theBiological Activity of MammalianZAG

Our imaging and westellslot data show our success in expressing mammalian ZAG. As with
our recombinant ZAG, we performed the same lipolysis experiment laid dut.8Testing

the Biological Activity of ZAG. As shown in Figured .12, glycerol levels in the media
increased wiht increasingoncentrations of ZAG (@0¢ | 50& tMvhenassayed after 2 hour
treatments. These results that our mammalian ZAG expressed from our HEK293 cells is indeed
inducing lipolysis and therefore our ZAG secreted into the media is folded angtés Again,

we recognize that this data does not inform on the fraction of the sample that is biologically

active.
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Figure 4. 12. Glycerol isReleased fronBT3-L1 AdipocytesAfter MammalianZAG Stimulation

3T3-L1 adipocytes atday 10 postifferentiation were incubated in fresh media and treated with
increasing volumes of mammalian ZA&0¢e N for 2 hours. Media was then collected and probed for
glycerol using Sigma Aldrich Lipolysis Colorimetric Assay Kit. Samples were measured ai570
using the BioTek EPOCH Microplate Spectrophotometer. Each bar is the mean of triplicate wells, and

datafrom a representative experiment is shoRiotted using PRISM.
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4.2 Discussion

4.2.1 Optimizing ZAGExpression andPurification

As discussed previously, ZAG is aivkr of lipolysis in adipose tissue. ZAG is chronically
upregulated in carcinomas deriv&éom adipose tissu@ing et al., 2004) This upregulation

results in a weight loss that cannot be attenuated through diet and results in a poor prognosis
for stage 4cancer patient@KalantarZadeh et al., 2013)Theproduction of this protein will
therefore allow the study of its biological effectwvitro and its biochemistry vie silicowork.

As mentioned at the steof this chapter, the unfortunate circumstances in which we could not
visit Oxford meant a considerable period of time was spent learning and troubleshooting
protein expression methods. The difficulty in purifying this protein is the involvement of the
inclusion bodies. Asnentioned, protein production in bacteria can result in protein being
misfolded and packaged in these vesifkadantarZadeh et al., 2013Yhese inalsion bodies

have to be extracted from the cells and the protein removed to isolate the desired protein. Each
subsequent step in purifying ZAtas been refined on a small scale to identify the most suitable
method in producing ZAG form bacterid1.2-4.1.6).

Although not homogenous, the ZAG concentration after vivaspin centrifugation results in a
large fraction of the total protei(88%) (Figure 4. 5). As mentioned iM.1.6 Evaluating
Methods forPurifying ZAG, there had been difficulties in isolating the protein using Nickel
beads. Isolating ZAG using the vivaspin columns and dialysis methods were initially being
used as a detection methodotaserve how clean the sample couldBeth methods result in

a cleaner expression for ZAG, but provided no information on the protein structure or its
function and this was a concern with the denaturing step needed to extract the protein from the
inclusion bodies. As discussed4ril.7 Validating the Refolding Procedure of ZAGwe have

means to test our proteins structure with the fluorescent spectroscopy and indeed with
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DAUDA, we observe a blue shift in fluorescence in both our commercial ZAG and
recombnant ZAG, showing we have successfully expressed and refolded our protein.
However, this method is limited in approach. Due to the purity of the commercial ZAG (<95%)
minuscule amounts are needed for these experiments. In contrast to this, our recaAnant

is having to be added in larger quantities to produce a detectable similar blue shift in
fluorescence. This highlights that although refolding has taken place with our refined
procedures, we do not know at what the extent of successful refoldingusiogd the
increased concentrations needed might suggest a low refolding rate. To address this, circular
dichroism (CD) would be a useful approach. CD provides information on the chemical
structure of a protein by measuring the difference in absorptipolarised light. Differences

in the structure results in polarity in opposite directions (left and right) and uses this to account
for the secondary structures of alpha helices and beta sheets and then determines the structure
of the protein. Our ZAG ample could then be referenced to a fully folded protein like our
commercial ZAG and the CD spectrum would allow us to determine the percentage of how
much recombinant ZAG is folded correctly in our sample. This was our initial approach (data
not shown), bt the formulation of the refolding bufféd.1 M TrisHCI, 2mM EDTA, 0.4M
L-arginine, 0.5mM oxidised glutathione, 5nM reduced glutathioneinterfered with CD
spectral analysis. Attempts were made to perform salt exchanges with dialysis and vivaspin
cd umns but resulted in our protein falling o
our recombinant ZAG in an appropriate buffer; this resulted in reliance on the fluorescence
spectroscopy experiments for structure data.

Althoughat what capagytwas unclear, data from the fluorescence spectroscopy experiments
showed that our refined protein production and refolding methods resulted in expressed and at
least some folded ZAG. The lipolysis experimentd.ih8 Testing theBiological Activity of

ZAG show that this recombinant ZAG is functionally active and provides further support of
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correct refolding Alongside establishing a bacterial expression system, the generation of a
mammalian system for ZAG was of equal importance and success of thirisdut both

4.1.9 Transfection of HEK293Cells to Establish a ZAGExpressingCell Line and4.1.10
Transducing HEK293Cells for ZAGProductionand biological activity of the expressed ZAG

is recorded in Figurd. 12.

Both HEK293 and CHO cells have beesed for the production of stable cell line production
due to their amenable nature towards transfection and transduction techniques paired with their
robustness for cell cultur€lEK293 cellsalsohave a rapid growth rate and alldé@r protein
collection from confluent cells regularly without the need totransfect.Additionally, as
HEK293 cells are derived from human cells, they can express proteins with native PTMs which
would mearexpressedAG protein would perhaps better mimic human Z4lgcosylation
patterns.Collating PTMs using a databa$@amazi & Zahiri, 2021show that PTMs are
involved in disease progressiavith neurodegenerative diseases and cancer being highly
driven by these modifications on proteins. Furthermore, it is shown that even the expression
system resudtin different activitywith the ZAG secreted in triple negative breast cancer being
functionally different than ZAG expressed in fpRsitive breast cancéverma et al., 2024)
Therefore the expression system is an important consideration for protein production.
future, fluorescence spectroscopy and CD experinstrasld be perfored with mammalian

ZAG to support the biological activity observed.

Limitationsin this chapter are thigolysis assays int.1.8 Testingthe Biological Activity of

ZAG havingonly one experiment-urthermorelipolysis assay robustness could be improved

by having a denatured ZAG to run as a negative control and positive control of isoproterenol

would allow for clarity in ZAG lipolytic effect.
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Chapter 5
Developing a Workflow to Study Adipocyte
Heterogeneity Using Stimulated Raman
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5.0 Developing a Workflow to Study Adipocyte Heterogeneity

Using Stimulated Raman Spectroscopy

5.1.1 Introduction

Fat Cells areHeterogeneous

White adipose tissue (WAT) stores energy as triacylglycerols under conditions of energy
surplus and efficiently mobilises this energy as fatty acids when redMoetyny et al, 2021)
Changes in adipocyte metabolism are regulated by hormones, nutrients, and circadian rhythms
(Santoro et al., 2021)n humans WAT is largely found in subcutaneous regions (SCWAT) and
around vital organgsisceral WAT; VWAT) which differ in physiological rolé¥ang Loureiro

et al., 2022pnd ardlifferentially associated with metabolic disease and diseaséSaskoro

et al., 2021; Yang Loureiro et al., 2022)

Recent studies have used lineage tracing and trarsoigs to identify different populations

of adipocytes within a single tiss@®ackdahl et al., 2021; Langin, 2021nterestingly, these
different adipocyte populations are associated with different insulin séyséti both whole

cell and wholebody levels, suggesting that these different adipocyte populations have a
significant impact on disease developm@ackdahl et al., 2021; Langin, 2021; Lee et al.,
2019) However how these populations differ metabolically is completely unknown, but this

is likely to be of key importance.

Assigning functional properties such as metabolic activity to specific subsets of cells is
difficult, as cells/tissues are usually studied agypations, and effects on specific subsets of
cells are masked by population averaging. Therefore, although we know (e.g. from scRNAseq)
that there are different populations of adipocytes within a depot, and that these relate to
metabolic disease risk, wenderstand little abouhetabolismat a single cell leveNumerous

populationbased studies have correlated insulin sensitivity, nutrient uptake, lipogenesis and
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lipolysis and release of adipokines with (for example) adipose cell size-tyme{Santoro et

al., 2021; Stenkula & Erlansehlbertsson, 2018; Yang Loureiro et al., 2022pwever, none

have provided any insight into singtell metabolic activityi a significant gap in our
understanding of tissue futian.

The study of adipocyte metabolic activity down to the individual cell level and how this may
negatively impact the total adipose tissue function is a significant factor that must be considered
when looking at metabolic health. Are the contents eflilese expanding droplets contributing

to disease progression? Imaging techniqgues, most commonly the application of
immunofluorescence imaging is widespread to study all cell types. However, this method
requires the use of fluorescent tags that integvatethe chemistry of the cells and lipid stains
such as Oil Red @Mehlem et al., 2013)LipidTOX™ (Liu et al., 2009)and BODIPY
(Spangenburg et al., 2014)e neutral lipid stains that cannot extract specific in&tiom on

the lipid species within the adipocyte droplets. Therefore, an imaging technique that can
elucidate this information on lipid species is of importance. This type of work has been
previously demonstrated by applying Raman Spectroscopy techii@reig et al., 2024)as

will be discussed below.

3T3L1 Adipocytes as Model System

3T3L1 adipocytes are a widely used model to study adipocyte fundiRuiz-Ojeda et al.,

2016; Zebisch et al., 201Brimary adipocyte isolation from animal and human models comes
with difficulties in acquiring, handling and culturing longevityillanuevaCarmona et al.,

2023) 3T3L1 cells are fibroblast derived from mice and are directed to adipocytes through
differentiation, resultig in a robusin vitro working model that translates to vivo work
(Zebisch et al., 2012These adipocytes can be cultured for extended periods in plates and have
been deployed in studying adipose biology with a range of techniques such as; investigating
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GLUT4 trafficking cell signaling through protein expression changes by western blotting
(Bremner et al., 202ZBremner et al., 2023analyzingtheir metabolic activity by examining

the cultured media contents for the release of free fatty acids and glycerol from the breakdown
of triacylglycerols using lipolysis colorimetric ki(Merrett et al., 2020and they can be grown

on coverslips to be deployed for imaging by immunofluoresc@teehaus et al., 2023uper
resolution(Geiser et al., 2023nd dSTORMAnNNa et al., 2022)Koester et al., 2022 hey

are widely used and exhibit robust insuksponses.

The Principles of Raman Spectroscopy

Raman scattering is an optical technique that investigates the vibrational modes of molecules
through inelastic scattering of the incident light source. Most Raman scag&pegments

make use of a confocRaman microscope coupled to a monochromatic light source, typically

a laser at 405, 532, 633, 785 or 1064 Anfaser is focused on the sample with an objective
lens such that both elastic (referred to as Rayleigh scattering) and inelastic scattemesl phot
(referred to as Raman scattering) are produced following the interaction with the molecules at
the sample focus. Raman scattering of photons can result in photons with lower energy and
longer wavelength (red shifted) relative to the incident photonsitbr higher energy and
shorter wavelength than the incident photons (blue shifted). These are known as Stokes and
anti-Stokes respectively. At room temperature, most molecules will occupy the ground
vibrational state, and therefore, Stokes Raman scagtisrpredominant, and the incident laser
results in vibrational excitation. Rayleigh scattering photons have the same energy (and hence
frequency) as the incident photons. Most commercial Raman systems use an upright
microscope configuration whereby thejexdiive lens focuses the laser onto the sample and
collects the scattered (both Rayleigh and Raman scattered) photons. The Raman scattered
photons are separated from the Rayleigh scattered photons using a dichroic mirror and a notch
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or edge filter. By emjlying a spectrograph, the Stokes (or -&ttkes) Raman scattered
photons can be separated based on wavelength. By determining the wavelength shift in nm,
which is usually expressed @)stheaesuRmgrRaman s hi f t
spectra can besed to identify molecular vibrations for molecular characterisation. As such, a
Raman spectrum plots the wavelength shift {craaxis) against the relative number of photon
counts (usually counts/s, or equivalenrgxis).

Coherent Raman (CARS) scaiitgy techniques require the use of two incident laser beams,
termed the pump and Stokes laser. In most cases, the pump laser is a tuneable laser across the
range 700 990 nm generated by an optical parametric oscillator, whilst the Stokes beam is a
fixed wavelength laser, usually 1031, 1040 or 1064 nm. The two beams are spatially and
temporally overlapped and focussed onto the sample. When the frequency difference between
the two lasers is tuned to match a vibrational mode within the sample, coherent Raman
scattering processes can occur. CARS was first described in(lV@&8&r & Terhune, 1965)

and generates an at8tokes scattering signal through fauave mixing of the incident pump

and Stokes lasers. The CARS signal is technically simple to detect using a photomultiplier tube
because the signal is blghifted elative to the incident laser wavelengths, with the use of
bandpass filters enabling the detection of the CARS signal. Howeveresomant background

and resultant spectral distortions can occur during image acquisition. Stimulated Raman
Scattering (SRSWas first reported in 196@Voodbury & Ng, 1962galthough it was not until

2008 that the first demonstration of SRS microscopy for biological samples was realised
(Freudiger eal., 2008) When the frequency difference between the pump and Stokes photons
is matched to a vibrational frequency in the sample, stimulated Raman loss (SRL) and
stimulated Raman gain (SRG) result. The detection of SRS is achieved by detecting the SRL
signal or SRG signal which is typically small (of the order’ 1010* cm?) in the pump or

Stokes beaniDunnington et a).2024) respectively using a modulation transfer scheme via
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lock-in amplifier. However, SRS is free from nossonant background and SRS spectra are
free from spectral distortion unlike CARS, which makes SRS an attractive method for

hyperspectral imagingpplications for material characterisation.
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Figure 5. 1. Understanding the Key Differences in Raman Spectroscopy

Energy level diagrams for Rayleigh scattering, Raman scattering, CARS and SRS. (a) Rayleigh
scattering is an elastic process whereby ptotare scattered with the same energy as the incident
photons. Raman scattering is an inelastic process where photons are scattered with a lower energy
(Stokes scattering) or higher energy (Bttokes scattering) relative to the incident photons. In CARS,

two incident photons at the pumpj and StokesXs) frequencies simultaneously interact with the
chemical bond which has a vibrational frequency that is equal to the difference frequency of the two
beams. In doing so, the chemical bond is stimulated to a vibrational excited statentdpaxtion of

the coherently excited chemical bond with a second pump photon results in the generation ef an anti
Stokes photon¥(ag) which is blue shifted (higher energy than the incident photons). In SRS, two
photons interact with a chemical bond sudit the frequency difference between the pump and Stokes
beams matches the energy of the chemical bond. In doing so, the energy of the pump photon is
transferred to the chemical bond resulting in the generation of a Stokes photon with a lower energy. (b)
Modulation transfer detection scheme. The Stokes beam is modulated at a high frequency which results
in a SRL signal that is modulated in the pump beam and a SRG signal that is detected at the modulation

frequency in the Stokes beam. The SRL signal is ysaattacted from the laser noise using a otk
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amplifier. (c) A comparison of SRS and CARS imaging of mouse skin. TheiGtation of skin lipids

is detected at 2845 ¢i whilst the offresonance image at 2780 'énis free from signal in SRS
imaging, mn-resonant background is detected in the CARS image. Image adapted and reproduced from
(Freudiger et al., 2008)ith permission the American Association for the Advancement of Science

(2008).
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Figure 5. 2. Representative RamaBpectraof Biological Specimens

Biological samples stimulated with monochromatic light results in vibrations in chemical bonds. Each
chemical functional group has its own distinct peak and by tuning to the desired wavelength, desired
chemical groups can be targetedha high wavelength region (283005 cm') and fingerprint region
(300-1900 cm). Tools developed to aid in biological study have been developed for the innate silent

region (180e2800 cmt) with deuterium and alkyne tags.
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5.1.2 Development of SRS Thaaiques to Investigate Adipocyte Heterogeneity

With the information collated in the Ramapectrashown above in Figurg 2, we can select
wavelengths of light that will induce vibrations in desired areas of interest and generate images
of 3T3-L1 adipocyes(Butler et al., 2016)By stimulating samples at single wavelengths such

as 2930 cm (Figure5.3), it is possible to focus on the GBtretch representing proteins in our
sample, whereas if samples are stimulated at 2854 ttra symmetric Chistretch found in

lipids are stimulated and visualiz@densonnet et al., 2024Jhis individual tuning allows for

single image acquisition of different chemical charadiessf our adipocytes and shows we

can acquire labdree images of our cells. This method of single image acquisition has been
used for example to identify lipid droplet formation in prostate ¢glislop et al., 2022and

liver cells following exposure to drugs such as cyclospori(T#ping et al., 2024)This
method is therefore effective in showing phenotypic differeitesamples before and after
treatments if it is suspected that the chemistry of the sample has altered.

Although we and the field have demonstrated that {&ibel imaging is possible, this single
image process is limited in its application. So, as wedliagle images, it is possible to acquire

a lambda scan in the high wavelength region (32800 cm'), an example of which is
presented irigure5. 3for illustration, taken from studies discussed in more detail below. The
system will initiate vibratios in cells at 3050 crhand will retune down in incremental steps
towards 2800 cmhwhilst acquiring images at each retuning step. This generates ~40 separate
images of cells collated as a stack that represents the total chemical information of the high
wavelength region that can relate to molecular composition information. This stacked data set
therefore allows for the generation of a Rarspectreof individual adipocytes. These Raman

data sets contain spectra at pixel locations from aefieed samplarea of interest anithe

result is a threglimensional dataset with coordinates of x and y for the spatial area and the
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spectral information contained in the Z axis. This is referred to as hyperspectral imaging and
is a popular method for SRS microscopypmlogical samplegHu et al., 2018Fu, 2014)

As with Raman scattering, several multivariatelysia methods have been reported to unmix
overlapping in the hyperspectral SRS datasets mainly becauseHh&tr€tching region is

highly overlapping and many biomolecules have similar Raman spectra. Spectral unmixing
using spectral phasor analysis, P@Aultivariate curve resolution, and least absolute shrinkage
and selection operator (LASSO) are popular methods for unmixing hyperspectral SRS imaging
datasets to enable the detection of discrete features within a sample. Our selected post image
unmixing mehod, Spectral phasor analysis (see mett2o2id2.4 Spectral Phasor Analys)s.

uses Fourier transformation to project every pixel from a 3D hyperspectral SRS dataset onto
the 2D phasor plane (a schematic outlining this approach is shduiguire5. 3from datasets
discussed more fully below). Spectral phasor analysis is a convenient method because it
requires no prior knowledge of the sample, and clustering of the phasors based on spectral
similarity can be used to identify regions in the sample whick bawilar, or the same, Raman
spectral profile. The first example of spectral phasor analysis applied to hyperspectral SRS
imaging data was reported in 2014 for lafvek detection of cellular organelléBu & Xie,

2014) and since then it has been applied widely to study cellular and tissue composition
(Hislop et al., 2023; Huang et al., 2020; Murmtl., 2023; Swiatlowska et al., 2024; M. Wei

et al., 2019)bioorthogonal Raman prob@raddick et al., 2023; Zhu et al., 2028)d protein
aggregategWong et al., 2023)We therefore now can conceptualesevorkflow to image
adipocytes labelree, whilst acquiring the chemical information of these samples and a post

unmixing method. Specific steps in this workflow are outlined below.
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Figure 5. 3. Acquisition Capabilities of SRS

Single frame imagesf@T3-L1 adipocytes can be acquired by stimulating cells at a single wavelength
of light demonstrated here at 2930t sweep of images can be taken as a stack (lambda scan) with
incremental changes in wavelength (3050'¢n2800 cm'). These stacks nabe given coordinates by
post unmixing spectral phasor program which generates Repeatradata as a heatmap representing

biomolecule signals. Shown is representative data from studies outlined in detail below.
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5.1.3 Raman Can be Exploited to Study Mstolic Readouts.

A key advantage of SRS for cellular imaging is the fact that detection of cellular biomolecules
including proteins, lipids and DNA can be achieved based on the intrinsic Rpeensand
without any additional labelling. However, as shawirigure5. 2, Raman spectroscopy has a
silent region (1802800 cmt) which has been exploited by the field for developing tools. In
this region there are no stimulations of vibrations when biological samples are exposed to light
and thereforenoimagean be gener ated. Due to this O6sil
of developing Raman reporters is that they can be extremely small by design (down to a single
chemical bond) which invokes a greatly reduced perturbation of the parent molédsileas
opened up opportunities for imaging drugs and small molecules using miniaturised Raman
reporters based on alkynes and nitriles in a way that is not achievable using other optical
imaging techniquegBensm et al.,, 2022) Furthermore, because the Raman stretching
frequency is defined by the atoms which make up the molecular bond, the use of isotopic
editing strategies for labelling and metabolic probing has been extremely fruitful. For example,
the use ofdeuterium as a natural isotope of hydrogen results in a red shifting ofi the C
stretching (20002300 cm?) compared to CH stretching (28008100 cm?l). As such,
extremely minor modification of lownolecular weight metabolic precursors and drugs enables
their visualisation in the ceBilent region of the Ramapectrausing deuterium labelling.

For adipocyte metabolic studies, a key tool is deuterated labelled glucose (gljoabech

can be used to studie novdipogenesis by comparing newly syntheslZipid species after
glucosed; treatment by comparing the deuterium signal integrated into those lipids with the
previous existing lipid¢Du et al., 202Q)Adipocytes store glucose, largely by conversion to
glycerol and incorporation into TGAs and as a precursor for cholesterol esters in their droplets
(Ameer et al., 2014 Further expansion of the isotopic colour palette for Raman microscopy
has demonstrated the iagt of 13C labelling of alkynes antPN probing of nitrile groups to
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increase the spectral colours available for imagigioka et al., 2020)The application of

such tools could offer new insight into adipocyte heterogeneity.
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Aims of this Chapter

A criticism of the 3T3L1 adipocyte model is the riitlocular nature of the cells. Primary
adipocytes isolated from mice and humans are unilocular and therefore a natural wariness has
persisted that 3FB1 adipocytes are not an appropriate model for translational biology despite
the back catalogue of stigg performed in this cell line. They are generally used between days
7-12 post differentiation, however, a passing comment from Dr Robin Klemm (University of
Oxford) at a conference suggested that upon prolonged incubation of these cells, they become
uni-locular and more akin to primary cells isolated from rodent and human adiposeTissue.

my knowledge, this increased incubation period has not been published and this could address
the multtlocular criticism often made for this cell line. In this chaptee set out to examine

the biochemical and functional properties of dT13adipocytes grown in culture for prolonged
periods and to ascertain effects on lipid droplet size, number and chemical properties as a
function of time postlifferentiation.

Previows work to quantify glucose uptake in single cells has relied upon the expression of a
fluorescent glucose biosensor within cé€htu et al., 2018)While informative, this requires
transfection and may be hampered by the expression of the bulky probecocataly
reflecting glucose levels. Moreover, this method cannot reliably report on subsequent glucose
metabolism. Hence, we have turned to Raman imaging to study glucose metabolism,
employing deuterated glucose (hereafter glugbyeHere, we outline aovel analysis pipeline

aimed at facilitating a molecular analysis of adipocyte metabolism using a suite of Raman
imaging approaches, coupled to chemical probes antineffimage analysis tools and
approaches which we believe will offer new insight intijppacyte (and other cell) lipid and

glucose metabolism.

184



5.14 3T3-L1 Adipocytes Undergo Hypertrophy with Increased Incubation

3T3-L1 adipocytes were grown for prolonged periods to test how long these cells could be
cultured, and the functional consequenad this period. Figurés. 4A, shows 3T3L1l
adipocytes 14 days post differentiation (by convention, these cells are used in most experiments
between day 10 and 14 after differentiation), and at 66 days post differentiation. Adipocytes
were incubated forgriods beyond 66 days but started to form sheets of cells and would detach
during media replenishment (data not shown).

As can be observed, extended periods of culture did indeed result in the appearance of uni
locular adipocytes (Figurg 4 A). There wee less than half of the number of droplets in day

66 than day 14 (Figurg 4 B) with the larger droplets often completely occupying almost the
entire adipocyte cytosol. Naturally, this results in droplets having greater diameter G-ijure

C) and perireter measurements (Figuse4 D) with the largest droplet of day 66viag an
area of appr o%atimesthe sizg of hé lar@est giraplet at day 14 (which was
appr oxi ma f)@igues. 4 B).0hissprasents an exciting opportunity of possible study

of adipocyte expansion in cell culture as an alternatitieetasolation fromn vivomodels. As

well as 3T3L1 adipocytes, studies have utilized HEK2@3stenberger et al., 200@nd
HEPG2(Eynaudi et al., 20219ell lines to investigate lipid droplet formation and/or fusion by
treating with fatty acids like oleic ac{@&ynaudi et al., 2021)known as lipid loadingto study

the mechanics of fusion and adverse effect on liver function. This expansion in droplet size
however could allow for the 3TB1 model to be exploited to study the biochemical and
functional consequences of lipid droplet expansion in future studies. Some preliminary data on

this is presented in the discussion below from colleagues in the lab.
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Figure 5. 4. Lipid Droplet ExpansionObserved in 3T3.1 Adipocytes with Prolonged Incubation

3T3L1 adipocytes were differentiated as outlined?ip.6.3 3T3L1 Adipocyte Differentiation then

grown in culture for either 14 or 66 days, (D14 and D66, respectively). Brightfield images of &elpocy
were acquired with an EVOS imaging system at x10 magnificationL3TiBvage processing (A) and

data acquisition were performed with FIJI and data analysis on droplet measurements (B) Lipid Droplet
Quantity (C) Diameter (D) Perimeter and Area (E) wadgrmed using PRISM as outlined2r2.13

Data Analysis of Lipid DropletsA series of representative images is shown, with quantification of

>100 cells under each condition presented-iD.B
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5.15 Demonstrating This Heterogeneity in Single Cells

As the phasor plot is the coordinate data from the chemistry of the(Eeall& Xie, 2014) a

phasor plot could be described as a fingerprintafacell as it will have unique chemical
vibrations dependent on its chemical structure and therefore generate a different phasor plot
for each cel(Figure5. 5). As proof of concept, we imaged 3T3 adipocytes and taken two
representative images frometsame coverslip to show how this workflow can be exploited. In
Figure5.5, two adipocytes are presented with notable phenotypical differences with smaller,
numerous lipid droplets (Figufe 5 A) compared to Figurg. 5 B which shows a cell with
fewer, lager lipid droplet numbers.

This difference is then demonstrated further with the corresponding phasor plots of each cell
differing in their spread of cordinate data that compliments the visual difference with this
chemical difference. As the data caclied to generate these images are a result of the stimulated
chemical vibration within the adipocytes, the-aalinate data in the phasor plot is a direct
representation of chemistry within the adipocyte. Therefore, this workflow has demonstrated
chemicaly andphenotypicallythe heterogeneity within our adipocyte samples without the use
of lipid dyes and congruent with the ability to decompartmentalize those cell features. This is
illustrated here using two clearly distinct cells, but quantification ofynm@ages of this type

will facilitate deconvolution of harder to discern changes (see below).
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Figure 5. 5. Heterogeneityn 3T3-L1 Adipocytes

3T3L1 adipocytes at day 14 pedifferentiation were imaged on SRS as outlined2i@.12.3
Hyperspectral SB Imaging.Despite fibroblasts being from the same passage, plated and differentiated
under the same conditions, adipocyte heterogeneity is clearly evident here by the number of lipid
droplets. Spectral phasor analysis from to quite visibly distinct asdlpresented as image stacks to

clearly demonstrate this, with the differences observed almost akin to a fingerprint.

188



5.16 SRS and Phasor Combination Allows for Cell Image Segmentation

The phasor plot contains molecular information of cells and has demonstrated with
lambda scans of individual adipocytes. Those plots have been applied to show whole cell
heterogeneityFigure5. 5), however, the strength of the post unmixing phasor method allows
for segmentation of the image itself and in doingpsoyides a means to isolate desired regions

of interest within the cells. We next applied this to study characteristic regions of the cell, as
demonstrated in Figure 6. Each characteristic of the cell has its own specific region within
the plot: nucleusplasma membrane and lipid droplets have been used here to visualize this.
These regions can then be used to generate an image of isolated regions, as Siomwr®.in

7. Therefore, by utilizing SRS imaging, we can (i) take lgbet images of cellsji) identify
differences in the chemistry of the adipocytes and (iii) use post unmixing spectral phasor
methods to segment desired regions of interest all within the same sample set and with
minimum sample preparation, spatial and temporal visualizatkamgta-15 mins per lambda

scan.
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Figure 5. 6. Cellular Organelles Have Their Own Phasor Plots

3T3-L1 adipocytes were grown and used at day 14 after differentiation. Shown is data from a typical
experiment. By selecting regions of interest in oulscé is possible to dissect the coordinates for
particular organelles. (A) represents the phasor plot for the entire image whilst organelles (B) nucleus,
(C) cell membrane and (D) lipid droplet shown selected generate their own distinct region esthre ph

plot. Hatched boxes indicate the regions used for phasor analysis in each panel.
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